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Abstract
Low back pain (LBP) is the leading cause of years lived with disabilities worldwide. Intervertebral
disc (IVD) degeneration is a strong contributing factor to LBP. Recent studies have shown that
genetic determinants contribute markedly to IVD degeneration but knowledge about the actual
genes involved as well as their roles is still limited. The aim of this thesis work was to study
genetic factors that may predispose to IVD degeneration. Using both family and case-control
association study designs, variants in five genes showed association with IVD degeneration on
magnetic resonance imaging (MRI) in a population-based sample and among patients with sciatica
due to lumbar disc herniation (LDH).
We performed a candidate gene association study of the known variants implicated in IVD
degeneration in a Finnish cohort of 538 young individuals with a moderate degree of lumbar IVD
degeneration on MRI. We were able to confirm the associations of variants in the IL6, SKT, and
CILP genes, which provides further evidence for true associations. Based on our earlier linkage
study in Finnish sciatica families, we performed a candidate gene analysis and identified IL17F as
a potential candidate gene. To the best of our knowledge this is the first study to observe an
association between this gene and discogenic sciatica. Both IL-6 and IL-17 are pro-inflammatory
cytokines with elevated expression levels in herniated tissues, which suggest a role in IVD
degeneration. Study of the role of genes coding for inflammatory mediators is of interest as it may
contribute to the understanding of the overall inflammatory response of the disc.
In addition, we reported on the involvement of SKT in the etiology of lumbar disc herniation
(LDH) both in Japanese and Finnish case-control samples. Experimental studies in mice have
shown that Skt homozygous mutants exhibit disc abnormalities resulting in a kinky tale phenotype.
We hypothesized that the human homolog SKT could have long-term importance in the onset of
IVD degeneration by making the discs more vulnerable. Finally, through linkage studies and in
the subsequent association analyses, the role of CHST3 as a novel risk factor for IVD degeneration
was identified. CHST3 encodes an enzyme that catalyzes the sulfation of chondroitin, and
mutations in this gene are associated with spondylepiphyseal dysplasia and humerospinal
dysostosis. In our study, we identified this gene using genome –wide linkage based on data from
a Southern Chinese family and speculated that mild CHST3 reduction caused by the reported
susceptibility SNP could result in disc degeneration in adults in conjunction with other risk factors.
This thesis provides new information about the genetic background of IVD degeneration and
new insights into the etiology of the disease. The specific roles of these genes in the IVD function
and pathogenesis of sciatica are not clear however, and need to be elucidated.

Keywords: association analyses, cytokines, genetics, intervertebral disc degeneration,
linkage studies, low back pain, sciatica
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Tiivistelmä
Alaselkäkipu on yksi yleisimmistä sairauksista ja johtava syy työkyvyttömyyteen. Välilevyrappeuma myötävaikuttaa merkittävästi alaselän kipuun. Vaikka aiemmat tutkimukset ovat osoittaneet, että perintötekijöillä on vahva osuus välilevyrappeumaan, altistavat geenit ja niiden rooli
tunnetaan huonosti. Tämän tutkimuksen tavoitteena oli arvioida tiettyjen perintötekijöiden
osuutta välilevyrappeumassa ja tunnistaa taudille altistava geeni perheaineistossa aiemmin
havaitulta kromosomialueelta. Aineistoina tutkimuksessa olivat perheaineistot sekä laajat potilas-kontrolliaineistot suomalaisesta ja aasialaisista väestöistä. Tutkimuksessa osoitimme, että
perimän vaihtelut viidessä tutkitussa geenissä altistivat erilaisille välilevyrappeuman taudin
muodoille.
Tutkimus, jossa analysoimme aiemmin tunnistettuja alttiusgeenejä, vahvisti IL6, SKT ja
CILP geenien vaihteluiden osuuden taudin alttiustekijöinä. Tutkimusaineistona oli pohjoissuomalainen syntymäkohortti, jossa välilevyrappeuma oli määritetty magneettikuvauksella (MRI).
Suomalaisessa perheaineistossa tehdyn kokogenomin laajuisen kartoituksen pohjalta analysoimme IL17F geenin mahdollisena uutena alttiusgeeninä oireiselle välilevytaudille. Kahdesta geenin variantista koostuva haplotyyppi assosioitui tautiin merkitsevästi.
Lisäksi osoitimme, että SKT-geenin tietty muutos altistaa välilevyn pullistumille sekä japanilaisessa että suomalaisessa potilasaineistossa. Hiirikokeissa on havainnoitu, että SKT-geenin
homotsygootti mutaatio johtaa välilevy-poikkeamaan, joka edelleen aiheuttaa hiiren poikkeavan
häntäilmiasun-. Hypoteesimme oli, että ihmisen SKT -geeni voi myötävaikuttaa välilevypullistuman kehittymiseen altistamalla välilevyt rappeumalle. Edelleen, laajassa usean populaation
aineiston käsittävässä tutkimuksessa osoitimme CHST3-geenin muutoksen altistavan välilevyrappeumalle. Peittyvästi periytyvät muutokset tässä geenissä aiheuttavat perinnöllisiä harvinaisia luusairauksia.
Tämä väitöstutkimus tarjoaa uutta tietoa välilevyrappeuman geneettisestä taustasta ja auttaa
taudin syiden tutkintaa. Geenien rooli välilevyn toiminnassa ja muutosten vaikutus taudin kulkuun vaativat kuitenkin vielä lisätutkimuksia.

Asiasanat:
alaselkäkipu,
assosiaatioanalyysi,
perinnöllisyystiede, välilevyrappeuma
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1

Introduction

Intervertebral disc (IVD) degeneration is a condition associated with both genetic
and environmental factors. Research on IVD degeneration has focused largely on
environmental factors but over the last two decades the genetic aspect has been
recognized. Although the number of studies on genetic determinants of IVD
degeneration has increased over time, little is known of the genetic processes that
underlie the development of degeneration. The etiology of IVD degeneration
remains unknown and the mechanisms attributed to it are poorly understood.
IVD degeneration is a major contributing factor to low back pain (LBP),
which is the most debilitating condition globally and affects most individuals at
some point in their life. It has been estimated that almost 80% of all people have
LBP during their lifetime with an annual point prevalence of about 30%. The
socioeconomic impact of such an estimate is quite high and it has been reported
that in the US the total cost of LBP exceeds 100 billion dollars per year. It is a
major factor affecting quality of life and individual suffering. It is also the most
common factor that limits activity in individuals younger than 45 years of age.
The purpose of this thesis was to study genetic factors contributing to IVD
degeneration. Although a number of genetic loci have been investigated using the
candidate gene approach, the strength of the associations reported has been
modest and not replicated in different populations. Increased knowledge of the
predisposing genetic variants can aid in the identification of people at risk and
offer diagnostic tools and solutions for future therapeutic interventions for such a
common yet complex condition.
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2

Review of the literature

2.1

Spine

The human spine, or the human vertebral column as it is also known, is a
structure responsible for supporting the body, protecting the spinal cord and spinal
nerve roots and allowing trunk movement. Its unique structure enables it to
perform all of these functions simultaneously (Putz & Muller-Gerbl 1996). The
human vertebral column consists of 24 vertebrae which are divided into seven
cervical, twelve thoracic and five lumbar vertebrae (Fig. 1). A typical vertebra can
be divided into two basic regions, a vertebral body and a vertebral arch. The bone
in both regions is composed of an outer layer of compact bone and a core of
trabecular bone also known as cancellous or spongy bone. The vertebral body is
the large anterior portion of a vertebra that supports the weight of the human
frame. The vertebral arch is made up of pedicles and laminae protecting the spinal
nerve. Each vertebral body is designed to provide the greatest amount of strength.
The vertebral bodies are connected to one another by fibrocartilaginous
intervertebral discs creating a flexible column that supports the weight of the
trunk and the head. The spine has four curves, two kyphotic that convex
posteriorly and two lordotic that convex anteriorly. The spinal curves along with
the vertebral bodies and the intervertebral discs help to absorb the load applied to
the spine. These loads include the weight of the trunk as well as the loads applied
by the different movements of the spine. The different kinds of movements are
flexion, extension, lateral flexion, rotation and circumduction. (Cramer, Gregory
D., Darby, Susan A., Cramer, Gregory D., 2014)
2.1.1 Intervertebral disc, IVD
The IVDs are complex structures that lie between the vertebral bodies and
connect them together; they are the main joints of the vertebral column (Raj
2008). There are 24 IVDs located in the spine: six cervical, twelve thoracic, five
lumbar and one between the sacrum and coccyx making up almost 30% of the
height of the vertebral column. The shape of an IVD is determined by the shape
of the two vertebral bodies to which it is connected. The thickness of the IVDs
varies between the different regions of the spine with the thickest discs in the
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Fig. 1. Lateral view of the vertebral column. This is a public domain image.
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lumbar region and thinnest in the upper thoracic region. The adult disc is an
avascular structure despite having a rich vascular supply during fetal development
and shortly after birth. By the second decade of life the blood vessels narrow and
diminish (Cramer, Gregory D., Darby, Susan A., Cramer,Gregory D., 2014). The
innervation of the disc differs from the innervation of most of the musculoskeletal
tissues in that the few nerves are mainly restricted to the outer lamellae (Roberts
et al. 1995). The main function of the IVDs is mechanical; they regulate the
amount of movement that can occur between the vertebrae and provide flexibility
to the whole column by constantly transmitting the loads arising from the body
weight and body movements (Raj 2008). Overall, the IVDs along with their
adjacent vertebrae constitute the most fundamental elements of the vertebral unit
and are essential for the mobility of intervertebral joints (Colombier et al. 2014).
2.1.2 IVD composition
The primary components that make up the disc are water, cells –mainly
chondrocyte like cells and fibroblasts-, proteoglycans (PGs) and types I and II
collagens. The composition of the IVD varies with the location in the spine as
well as within the disc. The IVD consists of three regions known as the annulus
fibrosus (AF) located peripherally, the nucleus pulposus (NP) located centrally
and the cartilaginous endplate (CEP) that limits all but the most peripheral rim of
the disc superiorly and inferiorly(Walter et al. 2014) (Fig. 2). Each region is
composed of different proportions of the main disc components with type I
collagen predominating in the AF and type II collagen predominating in NP. The
main structural differences between the AF and NP are displayed in Table 1.
Table 1. Differences between normal AF and NP
Feature

AF

NP

Cell shape

Elongated

Rounded

Dominant collagen type

Type I collagen

Type II collagen

Proteoglycan content

<25%

~70%

ECM water content

Low

High

Primary form of degradation

Loss of structural integrity

Loss of PG and water

Modified from Kepler et al. 2013 reprinted with permission from Elsevier.
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Annulus fibrosus
The AF is composed of fibroblasts which mainly synthesize type I collagen fibers
(Colombier et al. 2014). The extracellular matrix (ECM) of the AF is organized
into 15-25 concentric rings or lamellae, which are formed by closely arranged
collagen fibers with a smaller percentage of elastin. The orientation of collagen
fibers in the AF layers is not uniform; their direction alternates with each lamella
and can vary both among individuals and from one vertebra to the next (Kepler et
al. 2013). The AF can be divided in two regions, the outer and the inner part. The
outer AF is highly organized, rich in type I collagen with a relatively low PG and
water content (Colombier et al. 2014). The cells are fibroblast-like with elongated
nuclei that are aligned with the collagen fibers (Kepler et al. 2013). Moving
towards the inner AF, the cells are more rounded and chondrocyte-like and the
ECM, which is poorly organized, is composed of type II collagen, PGs and water.
In general the collagen content of the AF is up to 60% of the dry weight and PG
accounts for about 25% (Buckwalter 1995, Freemont 2009). The outer AF has a
higher resistance to tension than the inner AF, and overall the structure of the AF
serves as a boundary for the NP (Colombier et al. 2014, Freemont 2009).
Nucleus pulposus
The ECM in the NP is rich in Type II collagen and PGs. The main PG is aggrecan,
which makes up as much as 50% of the NP dry weight and due to its hydrophilic
nature is responsible for the high water content of the disc (Kepler et al. 2013).
Along with type II collagen, the high water content allows the NP to be elastic
and deform under stress (Colombier et al. 2014). Cells of the NP are of
notochordal origin at birth but over time are replaced by chondrocyte-like round
cells similar to those found in the AF, and gradually the distinction between the
NP and the inner layer of AF becomes difficult to detect (Cramer, Gregory D.,
Darby, Susan A., Cramer,Gregory D., 2014). The NP can alter its shape and
position during loading and different movements of the spine, and can act both as
a fluid or solid depending on the nature of the loading (Iatridis et al. 1996) .
Cartilaginous endplate
The third morphologically distinct region is the CEP, a thin layer of hyaline
cartilage and fibrocartilage. The hyaline cartilage is located opposite the vertebral
24

body and the fibrocartilage is found adjacent to the remainder of the IVD
(Cramer, Gregory D., Darby, Susan A., Cramer,Gregory D., 2014). CEPs are
composed only of chondrocytes and the ECM is rich in PGs and type II collagen
in a ratio of 2:1 (Colombier et al. 2014). CEPs are very important for disc
nutrition, since they are the sites of the blood vessel network that is responsible
for nutritional intake during development and growth of the discs.

Fig. 2. IVD anatomy of a segment of the spine. (Modified from Ioannidis et al. 2009.
Reprinted with permission from Macmillan Publishers Ltd: Nature Materials 2009)

2.1.3 Disc degeneration
IVD degeneration occurs in the majority of adults already at the age of 30 in one
or more of their discs. Moreover, IVD degeneration is considered to be the first
step of degenerative changes in the spine as a whole.
With advancing age the IVDs undergo substantial changes in both
composition and structure that frequently lead to loss of structural integrity
(Walter et al. 2014). The ability of PGs to retain water is ultimately related to the
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ability of the NP to resist compression and this ability is compromised with aging
as the PG content decreases. Degenerated discs have a lower water content and
when loaded their height decreases. Furthermore, the lamellae of the AF lose their
normal orientation and arrangement, which causes the mechanical strength of the
disc to weaken. Tissue fissures and clefts are formed, which then further
compromise the mechanical integrity of the discs (Walker & Anderson 2004).
IVD degeneration can be grouped in two distinct categories in relation to the site
that is affected. According to this, one type of IVD degeneration is a consequence
of endplate defects and develops mostly in the upper lumbar and thoracic spine;
while the other results from annulus fissures and develops primarily in the lower
lumbar spine (Adams & Dolan 2012).
The distinction between changes due to aging and due to pathology is hard to
define. The degenerative process of the disc begins early in life and pathologic
changes characterized as degeneration have been recognized already from the
second decade in life (Eskola Pasi J et al. 2010, Kjaer et al. 2005, Takatalo et al.
2011, Walker & Anderson 2004). Although the discs degenerate with age and can
be asymptomatic, a pathologic IVD degenerative process is accompanied by pain.
Features of IVD degeneration that are accompanied by pain include fissures that
are present in the AF, structural changes to the vertebral body endplates and disc
narrowing due to the collapse of the annulus (Cheung et al. 2009, de Schepper et
al. 2010, Videman et al. 2003). Also the ingrowth and sensitization of nociceptive
nerves are associated with painful IVDs (Coppes et al. 1990, Freemont et al.
1997, Olmarker 2008). Contrary to this, biochemical changes within the IVDs
such as PG and water loss appear to be due to aging with little or no direct
association with pain (Bendix et al. 2008, Jensen et al. 1994, Videman et al.
2003). However, it has been shown that a high proportion of individuals with no
pain exhibit degenerative features that further complicate the distinction of
normal aging-related degeneration from pathologic (Brinjikji et al. 2015). In this
context; pathologic IVD degeneration refers to a painful condition.
A number of diverse etiological factors are thought to be involved in the
pathogenesis of IVD degeneration, although the events leading to it are not well
understood. Factors such as genetic predisposition, smoking, infection, abnormal
biomechanical loading, nutrition insufficiency and aging play a role (Battie et al.
2009, Cheung et al. 2009, Roberts et al. 2006, Stirling et al. 2001, Wang et al.
2012). The particular role and contribution of each of these factors in IVD
degeneration is currently unknown although it has been demonstrated that the
genetic significance is high with heritability estimates up to 74% (Sambrook et al.
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1999). Vergroesen et al. (2015) portrayed IVD degeneration as a vicious cycle of
events involving cells, ECM as well as biomechanics and indicated that all factors
are interrelated and important. In their model of the degenerative cycle of IVD
degeneration, homeostasis of the IVD is dependent on the interaction of cells,
ECM and biomechanical stress. A disruption in the balance of these factors leads
to progressive degeneration (Vergroesen et al. 2015). The degenerative cycle can
be drawn on the genetic background of an individual as illustrated in Figure 3.

Fig. 3. The degenerative cycle. Adapted from Vergroesen et al. 2015. Reprinted with
permission from Elsevier.

As degeneration progresses the IVD becomes less able to efficiently absorb
physiological loads, which results in load transfer to adjacent vertebral bodies
leading to endplate changes, osteophyte formation and trabecular microfractures
(Kepler et al. 2013, Roberts et al. 2006).
Biology of degenerated discs
One of the initial causes of disc degeneration is thought to be failure of the
nutrient supply to the disc. As blood vessels are lost with aging the endplate’s
diffusion efficiency decreases. This leads to an acidic microenvironment in the
disc due to the lowering of oxygen tension and the buildup of lactic acid. A fall in
nutrient supply thus affects the ability of disc cells to synthesize and maintain the
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disc’s ECM, but does not interrupt the production of degradative enzymes (Kepler
et al. 2013). These nutritional changes can ultimately lead to disc degeneration
(Raj 2008).
With the continuous decrease of nutrient diffusion through the endplates the
IVD may experience increased levels of cell death (Boos et al. 2002, Johnson &
Roberts 2007). Due to the lack of phagocytes within the disc, the dead cells are
not removed and may remain in the matrix for long periods of time. The dead
cells together with viable cells can give rise to increased cell density although the
number of viable cells decreases with aging and degeneration (Bibby et al. 2002,
Buckwalter 1995, Gruber & Hanley 1998). Disc cells also undergo phenotypic
changes during aging and degeneration, which include changes in morphology,
metabolism and response to the environment (Wang et al. 2014). Annular cells
become more rounded and chondrocytic, and the notochordal cells of the NP are
replaced by chondrocytic ones (Oegema 2002, Tolonen et al. 2006). Due to the
insufficient amount of active and viable cells the IVD is unable to maintain and
produce large ECM molecules, which in turns accelerates the loss of PGs and
alters collagen synthesis (Wang et al. 2014). Furthermore cytokines have been
shown to have an important role in normal IVD function. In particular an
imbalance in the interleukin-1 (IL-1) regulation system can induce tissue changes
associated with degeneration (Freemont 2009). More information on IL-1 is given
in the chapters that follow.
2.1.4 Imaging and classification of degenerative features
Degenerative change of the disc is a broad term that includes many features,
which can be sub-grouped into categories based on those specific features. Each
category with distinctive features is presented in Table 2 and the classification is
based on Fardon et al. (Fardon et al. 2014) (Table 2).
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Table 2. Classification categories of degenerative changes
Category

Features

Annular fissures

Concentric
Radial
Transverse

Degeneration

Desiccation
Fibrosis
Disc space narrowing
Diffuse bulging of the annulus
Fissuring
Mucinous degeneration of the annulus
Intradiscal gas
Osteophytes of the vertebral apophyses
Defects
Inflammatory changes
Endplate sclerosis

Herniation

Protrusion
Extrusion

Different classification schemes have been used to grade the degrees of IVD
degeneration based on the morphological characteristics of the lumbar spine:
Thompson scheme, Dallas classification, Modic classification and Pfirrmann
classification (Fig. 4). These are adjusted to suit the specific research needs
(Fardon et al. 2014) .
The most commonly used imaging techniques are MRI and computed
tomography (CT). MRI is the gold standard in demonstrating disc degeneration
and in the evaluation of its different degrees (Suthar et al. 2015).
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Fig. 4. Mid-sagittal view on T2-weighted images of the whole spine MRI with the
Pfirrmann

classification.

The

grading

is

described

according

to

the

same

classification. (Modified from Teraguchi et al. 2014. Reprinted with permission from
Elsevier).

2.1.5 Abnormal (painful) disc degeneration of the lumbar spine
The degenerative process weakens the disc and alters its disc/vertebral interface
leading to structural failure. Fissure and tear formation within the annulus may
enable the ingrowth of blood vessels and nerves capable of expressing
nociceptive information and this process involves the secretion of inflammatory
30

pain-related mediators. The cascade of events that are mediated by the secretion
of inflammatory molecules may account for the disparity of painful degenerative
discs as opposed to those that are not painful (Edgar 2007).
Low back pain
LBP is one of the most common musculoskeletal conditions with a lifetime
prevalence as high as 84% (Macfarlane et al. 2012). It is one of the four most
common disorders globally and is the leading cause of years lived with disability
(YLDs) in all developed countries. Overall low back and neck pain accounted for
70% of all YLDs from musculoskeletal disorders (Vos et al. 2012). In addition to
various etiologic factors, such as genetic predisposition, lumbar IVD degeneration
is a major contributing factor in LBP according to twin studies (Livshits et al.
2011, MacGregor et al. 2004). Since disc degeneration is quite common even in
asymptomatic individuals the association of IVD degeneration with LBP has been
debated in the past (Borenstein et al. 2001, Jensen et al. 1994). However, this
view has changed over the years based on more recent studies that show
associations of lumbar IVD degeneration and LBP. In a Finnish study, the
severity of disc degeneration on MRI was associated with the severity of low
back symptoms among young adults over a period of three years (Takatalo et al.
2011). Moreover, Chou et al. reported a significant association between disc
degeneration and chronic LBP in a systematic review (Chou et al. 2011).
Furthermore an important cause of LBP is thought to be the presence of
innervated pathologies of the vertebral endplate and intervertebral disc (Fields et
al. 2014).
Sciatica
Sciatica is a common musculoskeletal disorder with a population prevalence of
approximately 5% according to Finnish surveys (Heliovaara 1989, Kaila-Kangas
et al. 2009). It is defined as pain radiating from the back to the leg, normally
below the knee (Frymoyer 1988). In the majority of cases sciatica is caused by a
herniated disc with nerve root compromise, although lumbar stenosis and rarely
tumors are also possible causes (Al Nezari et al. 2013). Disc herniation is more
likely to be symptomatic between the ages of 40 and 45 years (Cheung et al.
2009). Although several structures may be involved in generating LBP symptoms
by a herniated disc it is accepted that neural structures surrounding the disc may
31

become compressed and/or mechanically irritated resulting in a chemical
inflammation of the nerve root and subsequently to radicular pain (Miyoshi et al.
2011). The complete pathophysiological response to disc herniation can vary
among individuals and studies have reported disc herniation to be common in
asymptomatic individuals as well (Brinjikji et al. 2015)
2.1.6 Inflammation in IVD
Degenerated discs produce increased amounts of inflammatory mediators, which
suggest their role in the degenerative process of the IVD. A variety of
inflammatory mediators have been implicated in IVD degeneration including
nitric oxide (NO), interleukins (IL), matrix metalloproteinases (MMP),
prostaglandin E2 (PGE2), tumor necrosis factor alpha (TNFα) and several
cytokines. Of these, TNFα and cytokines of the IL-1 family have been studied
most extensively. Both IL-1 and TNFα are produced by cells of the IVD and they
have been implicated in the pathogenesis of IVD degeneration (Cuellar et al.
2013, Le Maitre et al. 2005, Seguin et al. 2005). In fact, degenerated and
herniated discs exhibit increased expression of both TNFα and IL1β (Le Maitre et
al. 2007). Both of these have been found to induce ECM degrading enzymes and
decrease synthesis of ECM components in vitro (Le Maitre et al. 2005, MillwardSadler et al. 2009, Studer et al. 2011). In a recent study Phillips et al. concluded
that within the IVD IL1β is a master regulator influencing other cytokines and
chemokines (Phillips et al. 2015). Another cytokine that has been closely
associated with disc degeneration is IL6, which is also secreted by IVD cells
(Rand et al. 1997). Indeed, herniated disc tissue samples exhibit higher expression
levels of IL6 compared to control samples (Andrade et al. 2013). Furthermore,
several cytokine genetic variants have been associated with IVD degeneration and
will be presented in more detail in the chapters to follow.
Traditionally, inflammation has been seen as a response to infection or tissue
injury but it remains unclear if it is a cause or consequence of IVD degeneration
and herniation (Molinos et al. 2015). During the course of degeneration increased
aggrecan and collagen degradation takes place in the disc tissue with significant
changes to the phenotype of the IVD cells and elevated levels of inflammatory
cytokines (Risbud & Shapiro 2014). With an advanced stage of degeneration
clefts and tears are formed in the AF and the NP, which is usually contained, leaks
into the external environment. This triggers immune cell activation and
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infiltration as blood vessels invade the IVD through the clefts and tears of the AF
(Shamji et al. 2010).

2.2

Genetics of complex diseases

Genetic studies have identified a plethora of associations between single
nucleotide polymorphism (SNP) alleles in the human genome and several human
diseases. In particular genetic studies aim to find and characterize the risk of a
disease by focusing on DNA sequence variants (DSVs) among individuals that
contribute to susceptibility to a disease (Marian 2012b). The human genome
contains 3.2 billion nucleotide bases (A, C, T and G). These are assembled into
chromosomes that are packed inside the nucleus. It is well recognized that most of
the genome is almost identical among humans with just 0.1% difference and this
difference accounts for all the individual differences including susceptibility to a
disease (Roberts et al. 2010).
Investigation of the human genome has been facilitated by two major global
projects, the Human Genome Project, which sequenced the human genome, and
the HapMap project, which identified and annotated the sequence location of
SNPs (Collins & McKusick 2001, International HapMap Consortium 2003). The
vast majority of DSVs in the genome are SNPs and the SNP database (dbSNP,
build 132) lists more than 37 million variants among humans (Marian 2012b). In
2008 another consortium on better understanding the human genome was
launched: the 1000 Genomes project, which aimed to sequence the DNA of 2500
individuals of different ethnic backgrounds in order to provide a comprehensive
resource on human genetic variation (1000 Genomes Project Consortium et al.
2012).
It has become evident, that many human diseases cannot be attributed to
malfunction of single genes but arise due to complex interactions among multiple
genetic variants. A complex trait results from the interaction of genetic and
environmental factors such as our physical and chemical environment. Thus a
complex phenotype is the outcome of various genetic and non-genetic
determinants (Marian 2012b). In complex diseases, alterations in several genes
can create exquisite and significant additions to the susceptibility of a particular
individual.
There have been two hypotheses influencing the design of complex genetic
phenotypes that are based in the common or rare abundance of variants: the
33

common disease –common variant (CD-CV) hypothesis and the rare variant –
common disease (RV-CD) hypothesis. The first implies that complex phenotypes
are the result of combined effects of a vast number of common variants each
exhibiting a modest effect. In contrast, the second implies that various rare
variants with large effects sizes are the main driving force of heritability of the
complex phenotypes (Marian 2012b). Common and rare variants are
characterized according to their population minor allele frequency (MAF) which
is >5% for common and <1% for rare (Bodmer & Bonilla 2008).
The allelic spectrum of variation in a particular gene may be better explained
by one of the two hypotheses, but for a complex trait a composite encompassing
all influential genes needs to be constructed (Iyengar & Elston 2007).
2.2.1 Candidate gene associations
The candidate gene approach has been the most common approach to study the
association of a gene of interest with the pathogenesis of a specific phenotype. A
gene can be considered a candidate based on its known function or potential
involvement and is usually analyzed through case-control or prospective allelic
association studies. The entire gene or specific parts of it, such as the coding
regions splice junctions and regulatory reference points are sequenced in cases
and controls (Rodriguez et al. 2011). Also specific SNPs such as nonsynonymous (nsSNPs) or regulatory SNPs can be chosen and sequenced. The
frequencies of alleles and genotypes are calculated and then compared between
cases and controls using various analytical methods. The sequencing approach
offers the opportunity to identify and compare frequencies of all variants whether
common or rare, known or novel (Marian 2012b).
2.2.2 Genome-wide studies
Linkage Mapping
The method traditionally used to identify disease genes is genome–wide linkage
analysis, which has been extremely successful for mapping genes that control
monogenic 'Mendelian' diseases such as cystic fibrosis (CFTR) (Tsui et al. 1985)
and Huntington disease (Gusella et al. 1983). In Finland in particular it has led to
the identification of 36 monogenic diseases that are more frequent in Finland than
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in any other population (Norio 2003a, Norio 2003b, Norio 2003c). In general for
linkage analysis to succeed, markers that flank the disease gene must segregate
with the disease in families. Variants that cause monogenic disorders are often
rare, so each segregating disease allele will be found in the same 10–20 cM
chromosomal background within each family (Hirschhorn & Daly 2005). The
Finnish population exhibits low genetic diversity compared to other European
populations and has gone through several bottlenecks causing genetic isolates
within Finland. This has attributed to the enrichment of some disease causing
genes and losses of others creating the landscape for what is known as the Finnish
disease heritage (FDH) (http://www.findis.org/heritage.html).
Genome-wide linkage analysis has also been carried out for many common
diseases and quantitative traits. In some cases genomic regions that show
significant linkage to the disease have been identified, leading to the discovery of
variants that contribute to disease susceptibility such as inflammatory bowel
disease (IBD) (Hugot et al. 2001, Ogura et al. 2001, Stoll et al. 2004)
schizophrenia (Stefansson et al. 2002) and type 1 diabetes (Nistico et al. 1996).
However, for most common diseases, linkage analysis has achieved only limited
success, and the genes discovered usually explain only a small fraction of the
overall heritability of the disease. (Hirschhorn & Daly 2005)
Genome-wide association studies
Genome-wide association studies (GWAS) investigate common genetic variants,
typically SNPs and are based upon the CD-CV hypothesis (Chen et al. 2014).
With the advances in sequencing technologies and the reduction in costs, GWAS
has almost taken over the candidate gene approach (Marian 2012b) and is
revolutionizing the study of the genetics of common diseases. In GWAS,
hundreds of thousands of single-nucleotide polymorphisms (SNPs) are compared
between affected individuals and matched controls, and variants that show
differences in frequency between the two groups are identified (Brookfield 2013).
GWAS results often produce variants with modest effect sizes and alleles that are
rarely the main risk alleles. Therefore, SNPs identified in GWAS can explain a
small fraction of phenotypic variability and heritability in the population (Marian
2012a).
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2.2.3 Common vs rare variant hypothesis and missing heritability
Although GWAS have been successful in identifying common genetic variants
associated with various complex diseases, few actually causal alleles have been
identified and the variants seem to pose modest risk (Hindorff et al. 2009). Most
of the common variants implicated in various diseases found so far through
GWAS are associated with modest values of odds ratios (OR) ranging between
1.2 and 1.5 (Fig. 5) making it difficult to determine the functional basis of any
given association.

Fig. 5. Summary table of odds ratio distribution for common and rare variants from
various studies (Adapted from Bodmer 2008. Reprinted with permission from Nature
Publishing Group)

GWAS are designed to cover variation of common variants of MAF >5% leaving
low frequency (MAF 1%-5%) and rare variants (MAF<1%) unexamined and
hence a large portion of the genomic landscape of complex diseases unexplored.
As a consequence the paradox of missing heritability emerged. While the missing
heritability may arise from common alleles of small effect, it could also be due to
alleles that are found only very rarely in the population. These could be of large
effect and yet still not be detected by GWAS. Rare variants due to their low
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frequency and small input to the overall inherited susceptibility of a disease will
not be detectable in GWAS (Bodmer & Bonilla 2008). Their discovery depends
on different strategies of which a schematic overview is displayed in Figure 6.

Fig. 6. Schematic overview of steps taken in search of low frequency and rare
variants. (Adapted from Panoutsopoulou et al. 2013. Reprinted with permission from
Oxford Journals)

This has led to the re-examination of the interplay of the environment, gene-gene,
gene-environmental interactions and rare genetic variants in complex diseases.
There is growing evidence that rare variants can play a role in complex diseases,
which shifts the focus from the CD-CV hypothesis to the RV-CD hypothesis. This
evidence is also in line with some early studies of human genetic variation such as
the studies on the lipoprotein lipase (LpL) gene in which both common and rare
variants were shown to influence the gene’s function (Nickerson et al. 1998). A
quick comparison between ORs of both common and rare variants that were
obtained from various studies showed that rare variants have ORs greater than 2
(Fig. 5) (Bodmer & Bonilla 2008).
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2.2.4 Next generation sequencing methodologies
The concurrence of the technological advances in DNA sequencing and the
affordability of sequencing have brought forward new screening methods
targeting the entire exome (whole exome sequencing/WES) or genome (whole
genome sequencing/WGS) in the search for the genetic etiology of complex traits.
These approaches characterized as next generation sequencing (NGS)
technologies have progressed rapidly over the last decade and transformed
genomic research. NGS can generate whole genome and exome data as well as
target specific genes or loci of interest (Clark et al. 2011). The advances made in
the field of NGS are very encouraging and targeted resequencing for instance has
been utilized in the identification of genetic variants underlying many disorders
ranging from different types of cancer to inflammatory bowel disease, and
hereditary hearing loss to name a few (Ng et al. 2010a, Ng et al. 2010b, Park et
al. 2015, Shearer et al. 2010, Worthey et al. 2011).
2.3

Genetics of IVD

The contribution of genetics in the development of IVD degeneration is well
established. Although the etiology is likely multifactorial and disc degeneration
related conditions have been attributed to many factors, recent studies suggests
that genetic factors can contribute up to 70% of an individual’s risk (Battie et al.
1995, Bijkerk et al. 1999, Sambrook et al. 1999). This strong genetic contribution
is supported by twin and family studies
Varlotta et al. found in their study on familial predisposition for lumbar disc
herniation that 32% of adolescent patients with disc herniation had a family
history of the disease (Varlotta et al. 1991). Matsui et al. reported evidence that a
family history of operated lumbar disc herniation had a significant implication in
lumbar degenerative disc disease (Matsui et al. 1998).
A series of twin studies have also shed light on the contribution of genetic
determinants in disc degeneration. Sambrook et al. in their studies on twins
reported a strong heritable component to disc degeneration in the lumbar as well
as in the cervical region (Sambrook et al. 1999). Similarly, studies in the Finnish
twin cohort have established hereditary associations with degenerative disc
changes (Battie et al. 1995, Battie et al. 2009). Overall such studies have
provided insight into the importance of genetics as a risk factor for IVD
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degeneration, despite the fact that information on the actual associating genes is
lacking.
2.3.1 Genetic association studies
The candidate gene approach has been used to study complex diseases by looking
for a correlation between selected genetic variants and the susceptibility to the
specific disease (Tabor et al. 2002). Selecting genes that have a potential
functional role in the metabolic pathways within the IVD may associate with the
degenerative disc’s phenotype. An array of genes has been studied and those
genes can be grouped into categories based on their potential function in the disc:
genes relevant to the structure of the IVD, genes responsible for producing
enzymes of the disc matrix with catabolic or anabolic function, inflammatory
genes, and genes with a different function (Table 3). A summary of the studied
genetic variants that are associated with IVD degeneration is shown in Table 4
and the genes are described in more detail below.
Table 3. Genes associated with IVD degeneration in humans in categories according
to their potential function
Category

Gene

Gene name

Structural

Type I collagen

COL1A1

Type IX collagen

COL9A1,COL9A2,COL9A3

Matrix degrading

Type XI collagen

COL11A1,COL11A2

Aggrecan

ACAN

Asporin

ASPN

Cartilage intermediate layer protein

CILP

Thrombospondins

THBS

Matrix metalloproteinase 1

MMP1

Matrix metalloproteinase 2

MMP2

Matrix metalloproteinase 3

MMP3

Tissue inhibitors of metalloproteinase TIMP
Inflammatory
Other

Interleukin 1

IL1

Interleukin 6

IL6

Vitamin D receptor

VDR
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Table 4. Summary of genetic variants and IVD degeneration
Gene

Polymorphism

Population

Reference

COL1A1

rs1800012

Dutch

Plujim et al. 2004

Greek

Tilkeridis et al. 2005

rs2075555,rs1007086

Finnish

Videman et al. 2009

COL9A2

Trp2 allele

Finnish

Annunen et al. 1999

Chinese

Jim et al. 2005

Col9A3

Trp3 allele

Finnish

Paassilta et al. 2001

COL11

rs1800587

Finnish

Noponen et al. 2003

rs1337185/rs1463035/rs2072915

Finnish

Videman et al. 2009

Japanese

Kawaguchi et al. 1999

Korean

Kim et al. 2001

Finnish

Solovieva et al. 2007

Finnish

Videman et al. 2009

rs9277933/rs2076311
ACAN

VNTR

rs1042631/rs1516797

Chinese/Japanese Song et al.2008

ASPN
CILP

rs2033711

Chinese

Seki et al.2005

Japanese

Minet al. 2009/10

MMP1

rs1799750

Chinese

Song et al. 2008

MMP2

rs243865

Chinese

Dong et al. 2009

Japanese

Takahashi et al. 2001

English

Valdes et al. 2005

Chinese

Yuan et al. 2010

MMP3

TIMP

C124T

English

Valdes et al 2005

IL1A

rs1800587

Finnish

Virtanen et al. 2007

Finnish

Solovieva et al. 2004

Danish

Eskola et al. 2010

rs2071375

Finnish

Videman et al. 2009

Il1B

rs1143634

Finish

Solovieva et al. 2006

IL6

rs13006435

Finnish

Noponen-Hietala et al. 2005

rs1800797/rs1800796/rs1800795

Danish

Eskola et al. 2010

rs2228570

Finnish

Videman et al. 1998

rs731236

Australian

Jones et al. 1998

English

Valdes et al.2005

Chinese

Cheung et al. 2006

N.European

Williams et al. 2012

VDR

PARK2
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rs926849

Structural genes
Type I collagen
Type I collagen, a trimeric molecule that is encoded by the COL1A1 and COL1A2
genes, is a major protein in skin ligaments and bone. It is found primarily in the
outer AF. . A promoter region polymorphism of COL1A1 has been associated
with disc degeneration (Pluijm et al. 2004, Tilkeridis et al. 2005a). Elderly Dutch
individuals homozygous for the T allele showed a higher risk compared to those
who were heterozygous (Pluijm et al. 2004). This association was also reported in
a study with Greek military recruits, although the study sample was very small
(Tilkeridis et al. 2005b). It has been shown earlier that this polymorphism is
associated with osteoporosis and increased fracture risk, and that the T allele has a
functional effect on gene regulation that leads to higher mRNA and protein
expression. This imbalance is associated with a debilitated bone structure (Mann
et al. 2001). More recently, a study by Videman et al. reported that two COL1A1
variants associate with disc signal intensity loss providing more evidence on the
possible role of type I collagen in the development of disc degeneration (Videman
et al. 2009).
Type IX collagen
Type IX collagen is a trimeric molecule containing three different α chains (α1,
α2, and α3) encoded by the COL9A1, COL9A2 and COL9A3 genes, respectively.
Type IX collagen is found in the AF, NP and endplates, and mutations in Col9a1
have been shown to affect IVD degeneration in murine models. Transgenic mice
overexpressing a mutant α1 collagen and mice with an inactivated Col9a1 have
accelerated IVD degeneration and a higher incidence of disc herniation than agematched controls (Boyd et al. 2008, Kimura et al. 1996).
Annunen et al. were the first to show an association between the Trp2 allele of
COL9A2 and IVD degeneration among Finnish sciatica patients (Annunen et al.
1999). This finding has been studied extensively with both supporting and nonsupporting findings (Higashino et al. 2007, Jim et al. 2005, Kales et al. 2004,
Seki et al. 2006, Wrocklage et al. 2000).
Similarly the study by Paassilta et al. resulted in the identification of another Trp
allele (Trp3) of COL9A3 using a slightly extended set of Finnish sciatica patients
(Paassilta et al. 2001). There was a three-fold increase in risk for the disease in
41

individuals with at least one Trp3 allele. The finding was confirmed in another
Finnish occupational sample in which Trp3 associated with disc degeneration
(Solovieva et al. 2006). This finding has not been replicated in Japanese or
Chinese populations (Higashino et al. 2007, Jim et al. 2005). Also in a southern
European study the presence of the Trp3 allele in the cases failed to reach
statistical significance (Kales et al. 2004).
Type XI collagen
Type XI collagen is composed of three α-chains: α1, α2 and α3. There have been
a few associations of specific SNPs with disc degeneration related conditions in
different Finnish sample sets, but these findings have not been replicated in other
populations. Noponen-Hietala et al. reported an association of an intronic SNP in
COL11A2 and an increased risk of developing degenerative lumbar stenosis,
while Solovieva et al. reported an association of a different intronic variation and
increased risk of disc bulges (Noponen-Hietala et al. 2003a, Solovieva et al.
2006). Videman et al. reported associations of two COL11A1 and three COL11A2
variants with MRI-defined disc bulging and signal intensity (Videman et al.
2009).
Aggrecan
Aggrecan is a large proteoglycan responsible for attracting and holding water by
negatively charged GAGs. Thus, aggrecan helps the disc to resist compressive
loads and absorb shock (Buckwalter 1995). As the disc degenerates, the water and
aggrecan contents decrease in the NP. The human aggrecan gene (ACAN) carries
a variable numbers (from 13 to 33) of tandem repeat polymorphisms in the part
encoding the chondroitin sulfate (CS1) domains. Carriers of the smaller number
of repeats may have fewer CS chains and that could reduce intradiscal pressure
and increase susceptibility to degeneration. (Roughley et al. 2006a, Roughley et
al. 2002, Roughley et al. 2006b)
Kawaguchi et al. were the first to study the association between this
polymorphism and disc degeneration among Japanese women with multilevel
disc degeneration on MRI. The alleles with fewer repeats (18 or 21) were
overrepresented among those with IVD degeneration (Kawaguchi et al. 1999).
There was further support for this finding in a Korean study in which they
reported an overrepresentation of the allele with the 21 repeats in individuals with
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degeneration (Kim et al. 2011). A study by Videman et al. reported associations
of aggrecan gene polymorphisms with specific degenerative phenotypes on MRI.
More specifically variant rs1042631 was associated with disc bulging and signal
intensity loss, while variant rs1516797 was associated with disc height narrowing
(Videman et al. 2009).
Asporin
Asporin is a member of the small leucine rich PG family and asporin mRNA is
expressed in articular cartilage as well as in other tissues. Asporin contains a
unique stretch of aspartic acid residues in its amino-terminal the number of
consecutive residues varying from 11 to 15 (Lorenzo et al. 2001). Among
Chinese and Japanese subjects the polymorphic allele with 14 aspartate repeats
was associated with disc degeneration (Song et al. 2008) .
Cartilage intermediate layer protein (CILP)
A CILP polymorphism in exon 8 has been shown to associate with IVD
degeneration in an association study of Japanese cases with symptomatic
degeneration. The functional analysis presented further evidence that the C allele
was the risk allele and that it results in increased binding and inhibition of TGF-β
(Seki et al. 2005). This finding was further supported among Japanese judo
athletes where male carriers of the C allele were more at risk of having disc
degeneration. Interestingly, no such association was found in female athletes (Min
et al. 2009, Min et al. 2010). This association has not been found in other ethnic
association studies although it has been reported to associate with osteoarthritis in
Caucasians.
Thrombospondins
Thrombospondins (THBS) are glycoproteins with diverse functions related to the
ECM. They aid in the regulation of the levels of MMP2 and MMP9, which have
been found to be important in the pathogenesis of disc degeneration (Bein &
Simons 2000, Bornstein 1995). They tend to bind to collagen and take part in cellto-cell as well as cell-to-matrix communications during tissue genesis (Friedl et
al. 2002). Hirose et al. reported an association between a THBS2 gene variant and
disc herniation in a Japanese population (Hirose et al. 2008).
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Matrix degradation
Matrix metalloproteases are key proteins involved in the turnover and remodeling
of the ECM along with their regulators: tissue inhibitors of metalloproteinases
(TIMP) and THBSs (Seguin et al. 2005). For the disc to retain its integrity the
ECM remodeling by breakdown and synthesis should remain in balance.
Therefore alterations in the expression of these proteins could be related to disc
degeneration.
Matrix metalloproteinase 1
Song et al. reported that individuals lacking a guanine insertion in the MMP1
promoter region had an increased risk of degeneration compared to individuals
with this insertion (Song et al. 2008). The guanine insertion enhances promoter
activity and one would expect increased MMP1 production to associate with
degeneration (Song et al. 2008).
Matrix metalloproteinase 2
Dong et al. reported that carriers of the CC genotype of SNP rs243865 in the
MMP2 gene had an increased risk of symptomatic disc degeneration as opposed
to individuals who carry at least one T allele (Dong et al. 2007). This
polymorphic site is involved in the disruption of the Sp1 transcription factor
binding site, which results in decreased transcriptional activity (Price et al. 2001).
Matrix metalloproteinase 3
Takahashi et al. reported an association between the MMP3 (5A/6A)
polymorphism and IVD degeneration among elderly Japanese subjects.
Individuals carrying the 5A5A or 5A6A genotype were more at risk of disc
degeneration compared to those carrying the 6A6A genotype (Takahashi et al.
2001). This finding was confirmed in English (Valdes et al. 2005) and Chinese
populations (Yuan et al. 2010) but not in a Finnish population (Noponen-Hietala
et al. 2003b).
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Inflammatory genes
Interleukin 1
Interleukin 1 is a cytokine produced in response to infection or injury. There are
three members in the IL-1 gene family, IL1α, IL1β and IL-1RN. Solovieva et al.
reported an association of SNP rs1800587 in IL1α with disc degeneration and disc
bulges and of SNP rs1143634 in the IL1β with disc bulges among middle-aged
Finnish working men (Solovieva et al. 2004). In further support, an association
between the IL1α polymorphism and symptomatic disc degeneration was
observed in a Finnish occupational sample (Virtanen et al. 2007a). Among young
Danish girls, carriers of the T allele of IL1α had an increased likelihood of disc
degeneration (Eskola Pasi J et al. 2010) .
Interleukin 6
Interleukin 6 (IL-6) is a pro-inflammatory cytokine implicated in LBP and
sciatica (Burke et al. 2002). Three promoter (rs1800795, rs1800796, rs1800797)
and one exonic (rs13006435) SNPs have been reported to associate with disc
degeneration. More specifically, an exonic SNP was found to associate with disc
degeneration in Finnish sciatica patients. The haplotype constructed from those
SNPs (GGGA) associated with degeneration (Noponen-Hietala et al. 2005).
Similarly, an association of the haplotype constructed from the promoter SNPs
(GGG) and early IVD degeneration was observed among young Danish girls but
not in boys (Eskola Pasi J et al. 2010).
Other genes
Vitamin D receptor
Two VDR polymorphisms FokI and TaqI have been studied extensively with disc
degeneration. A FokI polymorphism is found in exon 2 of VDR and individuals
carrying the T allele produce a full length VDR protein whereas individuals
carrying the C allele produce a shorter protein (Arai et al. 1997). It has been
reported that the T allele is the risk allele for disc degeneration but the specific
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function of the protein is not well understood (Eser et al. 2010, Videman et al.
1998b).
The TaqI polymorphism is found in exon 9 and the allele t has been shown in
many studies as the risk allele for disc degeneration. The first to report this
association was Jones et al. in an elderly Australian population in which the
individuals homozygous for the risk allele had an increased risk of osteophytes
and disc narrowing (Jones et al. 1998). Videman et al. reported that male carriers
of the tt genotype showed lower disc signal intensity and a higher number of
annular tears compared to those carrying the TT genotype (Videman et al. 1998a).
Cheung et al. showed an association of the t allele and disc degeneration in a
large Chinese sample. They also showed an age correlation of the association as
they reported a 5-fold increase in individuals less than 40 years of age (Cheung et
al. 2006).
Thus, it seems that the associations reported so far of the VDR gene are very
robust since they have been replicated and verified in different ethnic populations.
2.3.2 Family linkage studies
Although the genetic component in disc degeneration has been known for a long
time and a genetic predisposition for the development of symptomatic lumbar
IVD degeneration has been acknowledged, only a few studies have been
conducted in families using the linkage analysis approach. To be exact, just three
studies have used the linkage approach. Virtanen et al. reported suggestive
linkages on chromosomes 4, 6 and 21, of which chromosome 21 was the most
promising. In that study they used 14 Finnish families with confirmed history of
symptomatic disc degeneration and sciatica in affected individuals (Virtanen et al.
2007b). Williams et al. reported evidence of a linkage for lumbar IVD
degeneration on chromosome 19 among dizygotic twins (Williams et al. 2008). In
the third study only one single family was used with siblings exhibiting an
extreme and rare phenotype of multiple herniated discs along with paraplegia.
They showed evidence for linkage on chromosome 6 (Zortea et al. 2002).
2.3.3 Genome-wide association studies
The first GWAS study at the time of writing this thesis was published in 2013
(Williams et al 2013). It is the first study using genome wide meta-analysis for
lumbar disc degeneration. They reported an association of SNP rs926849 located
46

at 6q25.2-27 within an intron of the PARK2 gene. Also, a reduced PARK2
expression was observed (Williams et al. 2013). PARK2 and its mutations are
associated with an array of conditions such as Alzheimer’s, diabetes and a form of
Parkinson’s disease. It encodes the parkin protein, a component of the E3
ubiquitin ligase complex, which mediates the targeting of non-wanted proteins for
proteasomal degradation. It is interesting to note that this gene is located on
chromosome 6, a region of potential interest also in a study of Zortea et al., in
which they used an extreme and rare phenotype of multiple herniated discs as
well as paraplegia in siblings (Zortea et al. 2002).
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3

Outlines of the present study

The main objective of this work was to identify genetic factors that predispose to
IVD degeneration among subjects with or without symptoms. The specific aims
are divided into two categories based on the plan of research undertaken:
1.
2.

To study the association of a set of candidate genes with IVD degeneration
among population-based young adults and in a case-control sample set,
To identify novel genes predisposing for disc degeneration in Finnish and
Chinese families.
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4

Material and methods

4.1

Population sets

The populations used for the different studies were mainly of Finnish, Japanese
and Chinese origin. For articles I and II, Finnish population sets were used,
whereas in works III and IV the main findings were from Japanese and Chinese
populations and then replicated further in Finnish populations.
4.1.1 Northern Finland Birth Cohort 1986 (I)
The study population consisted of members of the Northern Finland Birth Cohort
1986 (NFBC 1986) with an expected date of birth between July 1, 1985 and June
30, 1986 (n = 9479) in the two northernmost provinces of Finland; Oulu and
Lapland. The 2969 that lived within 100 km of the city of Oulu received a postal
questionnaire in 2003. Altogether, 1987 responded with a mean age of 18
(response rate 68%) and were invited to participate in a physical examination,
which took place in 2005-2006 at a mean age of 19. The participants of the
examination (n = 874) were invited to participate in lumbar spine magnetic
resonance imaging (MRI). The study population consisted of 538 subjects with
both DNA sample and lumbar spine MRI.
4.1.2 Finnish Families (II)
The Finnish family set consisted of 14 families with a total of 186 members, 91
males and 95 females aged 17 to 88 years. They were divided according to their
status as affected (n=73), unaffected (n=48) and unknown (n=65). Affected
individuals were characterized as those having a sciatica episode that lasted for at
least two weeks and/or those operated for disc herniation. This family set has
been earlier described in Virtanen et al. 2007.
4.1.3 Subjects in case-control analyses (II, III, IV)
The Finnish case-control group consisted of 635 unrelated individuals with 420
cases with discogenic sciatica. All cases had unilateral pain radiating from the
back to below the knee, i.e. sciatica, with a duration of 3 weeks to 6 months
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(mean duration 2.5 (SD 1.5) months), who did not respond to non‐steroidal anti‐
inflammatory analgesics. The patients were examined clinically and had lumbar
MRI on enrollment and three years later. Clinical presentation had to be
concordant with MRI findings. Approximately 5% of the cohort did not have a
herniated disc on MRI. In all, 29% of the subjects had been operated on for
herniated discs by the time of follow‐up assessment. The control group consisted
of 215 unrelated individuals aged from 21 to 72 years (mean = 43, SD = 10) of
whom 143 were females and 72 males. They were all Finnish and from the same
region of Finland.
4.1.4 Subjects in studies III and IV
The characteristics of the study populations used for studies III and IV besides the
Finnish case-control group are shown in Table 5. Different cohorts have been
used in various stages of the studies, therefore information provided here is on
their numerical value and phenotype as described in the original publication.
More comprehensive descriptions can be found in the original articles.
Table 5. Populations used in studies III and IV
Cohort

Population

Phenotype

Cases

Controls

Total

Study

Japan A

Japanese

LDH

525

564

1089

III

Japan B

Japanese

LDH

337

332

669

III

J1

Japanese

LDD with sciatica

366

3331

3697

IV

J2

Japanese

LDD with sciatica

544

15800

16344

IV

J3

Japanese

LDD with sciatica

242

622

864

IV

NC

Chinese

LDD with sciatica

572

776

1348

IV

SC-1S

Chinese

Severe LDD

270

271

541

IV

FI

Finnish

LDD with sciatica

281

393

674

IV

F2

Finnish

LDD with sciatica

118

4642

4760

IV

SC-1S

Chinese

LDD

1379

IV

SC-2

Chinese

LDD

1620

IV

SC-1S+SC-2s Chinese

LDD

600

600

1200

IV

F3

Finnish

LDD with sciatica

420

215

635

IV

J1'

Japanese

LDD with sciatica

366

888

1254

IV

J2'

Japanese

LDD with sciatica

544

433

977

IV

*As described in the original publications
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4.1.5 Ethical consideration
The present studies (I-IV) were approved by the Ethics Committees of the
participating centers. Written informed consent was obtained for use from all the
subjects participating in the studies.
4.2

Genotyping and polymorphism selection

Throughout the studies many polymorphisms were selected for analysis. The
main polymorphisms selected for analysis are mentioned throughout the text but
more detailed listings of them as well as the genotyping procedures undertaken
are presented in more detail in the original publications.
4.2.1 Study I
At the time of the study we listed the known candidate genes and polymorphisms
that were previously reported to associate with disc degeneration in order to
replicate in a well-defined cohort. All selected variants were located on genes
with prior evidence from candidate gene association studies or were
hypothetically relevant to the phenotype in question. Overall 19 SNPs distributed
in 16 genes were selected and genotyped using the SNaPshot Multiplex method
by Applied Biosystems. The analysis was carried out using the ABI3031xl
Genetic Analyzer (Applied Biosystems) and the genotypes were determined using
GeneMapper software (Applied Biosystems). For the verification of the results
we chose to sequence a random 10% of our samples by direct sequencing using
the ABI3031xl Genetic Analyzer (Applied Biosystems).
4.2.2 Study II
Earlier in a family based study, the genomic region around marker D6S294 was
shown to display a maximum two point LOD score of 2.36 suggesting evidence
for linkage and a possible candidate region for association with sciatica. Both
IL17A and IL17F genes are located nearby prompting us to investigate them as
potential candidate genes. The exonic regions of both genes were sequenced by
direct sequencing in a selected group of affected individuals from our family set
and three variants were further genotyped in our case-control set using the
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SNaPshot multiplex method by Applied Biosystems. Those variants were
rs7747909 from IL17A and rs11465553 and rs763780, from IL17F.
4.2.3 Study III
Skt homozygous mutant mice have been shown to exhibit late onset IVD
abnormalities of the NP. For that reason the human SKT gene was chosen to be
examined as a candidate gene in the etiology of LDH. Tag SNPs throughout SKT
were genotyped in a Japanese LDH case-control set (Japanese A population)
using the multiplex PCR-based Invader assay, TaqMan SNP genotyping assays or
direct sequencing. A second Japanese group was used (Japanese B population) for
replication purposes as well as our Finnish case-control set. The genotyping of the
latter was done using the SNaphot Multiplex System by Applied Biosystems.
4.2.4 Study IV
The genotyping for the study was performed in four stages using various methods
depending on cohort origin. For the GWAS the J1 cohort was genotyped using an
Illumina HumanHap550v3 Genotyping BeadChip in stage 1. In stage 2 selected
SNPs were genotyped in the J2 cohort using the Affymetrix GeneChip Custom
10k array or a multiplex PCR-based Invader assay (Third Wave Technologies), or
direct sequencing of PCR products using ABI 3700 DNA analyzers (Applied
Biosystems) according to the manufacturer’s protocol. In stages 3-4, SNPs were
genotyped using the multiplex PCR-based invader assay or direct sequencing of
PCR products using ABI 3700 DNA analyzers (Applied Biosystems), SNaPshot
Multiplex System (Applied Biosystems) or the Sequenom platform (Sequenom)
according to the manufacturer’s protocol.
4.3

Quantitative real-time PCR (III, IV)

4.3.1 Study III
SKT expression in IVD tissue and normal cartilage was examined using real-time
RT-PCR. RNA was extracted from IVDs tissues and normal cartilage using the
RNeasy Lipid Tissue Kit (Qiagen). cDNA was synthesized from total RNA using
Multiscribe reverse transcriptase and an oligo-dT primer (Applied Biosystems).
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4.3.2 Study IV
Total RNA was extracted from IVD tissues using the Trizol reagent (Invitrogen).
First-strand cDNA was synthesized using a SuperScript III First-Strand Synthesis
System for RT-PCR (Invitrogen). Pyrosequencing was used to determine the
relative levels of the CHST3 rs4148941 allelic mRNA products in disc tissues
obtained from individuals with a heterozygous genotype. Expression of miR513a-5p was detected using TaqMan micro RNA assays according to the
manufacturer’s primer design and protocol (Applied Biosystems). The
PolymiRTS database was used to look for predicted miRNA binding sites (Bao et
al. 2007)
4.4

Linkage analysis (IV)

To identify genetic loci associated with IVD degeneration a 2-stage linkage
analysis in families of Southern Chinese origin with early-onset IVD degeneration
was carried out. The first-stage genome-wide linkage analysis was performed
with 89 individuals from families using 400 microsatellite markers with an
average resolution of 10 cM. In the second-stage linkage analysis, 37 individuals
from 8 new families were added, with 19 new microsatellite markers added at 5cM intervals around the candidate regions. PRISM human linkage mapping set
v2.5-MD10 was used for the linkage analysis (Applied Biosystems). Genotype
data collection and allelic assignment were performed by using GeneMapper v3.7
(Applied Biosystems).
4.5

Functional analyses (IV)

Luciferase assays were carried out in transfected C2812 chondrocytes courtesy of
Dr. Mary Goldring; Weil Cornell Medical College, New York, USA. More details
are given in the original publication.
4.6

Statistical analysis

Association and Hardy-Weinberg equilibrium analyses were assessed using the x2
test for all studies. Odds ratios and other statistical measures were calculated
using SNPStats (I, II), SAS (I), Microsoft Excel (III), SPSS15.0 (IV). Linkage
disequilibrium was estimated using Haploview software (III, IV). Haplotypes
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were estimated using SNPStats (I, II), PHASE program and the Markov-chain
method for haplotype assignments (I). For meta-analysis the Mantel-Haenszel
meta-analysis of the ORs was implemented (III) and PLINK (IV). Multiple
testing using the Bonferroni correction was used (I, IV). A P-value less than 0.05
was considered significant.
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5

Results

5.1

Association of IL6, SKT and CILP polymorphisms with IVD
degeneration (I)

Overall five variants in three genes of the 16 genes studied were associated with
susceptibility to moderate IVD degeneration in our study. Table 6 presents the
genotype frequencies and respective ORs for individual SNPs.
The strongest association that we observed was for the IL6 polymorphisms.
The G-allele of both rs1800795 and rs1800797 of IL6 was associated with the
degenerative phenotype in an additive manner: (rs1800795, MAFs of 0.490 and
0.398 in subjects with and without IVD degeneration, respectively, OR=1.45,
95% confidence interval, CI=1.07-1.96; rs1800797, MAFs of 0.490 and 0.409 in
subjects with and without IVD degeneration, respectively, OR=1.37, 95%
confidence interval CI=1.02-1.85. Haplotype analyses revealed association
between the GGG haplotype (from rs1800797, rs1800796, rs1800795
respectively) and moderate IVD degeneration (OR=1.48 95% confidence interval
CI=1.09-2.01) (Table 7). Only SNP rs1800796 from this haplotype did not
individually associate with IVD degeneration. The most frequent haplotype of all
subjects was AGC.
The GA genotype of the SKT polymorphism rs16924573 was associated with
reduced risk of IVD degeneration (p=0.024, OR=0.27, 95% confidence interval
CI=0.07-0.96). The frequency of the GA genotype was lower among subjects with
IVD degeneration (2.0%), compared to subjects without IVD degeneration
(6.5%). The CILP SNP rs2073711 was associated with IVD degeneration but only
among females. The CT/TT genotypes compared to the CC genotype resulted in
an OR=2.04 95% confidence interval CI=1.07-3.89 with P=0.05 after correction.
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Table 6. Table of Genotype frequencies of the analyzed SNPs
Subjects without IVD

Subjects with IVD

degeneration*

degeneration*

Minor

OR (95%CI)

Gene

SNP

allele

11

12

22

11

ADIPOQ

rs2241766

G

94.3

5.7

CILP

rs2073711

T

31.7

49.8

COL9A2

rs12077871

T

96.7

3.3

COL9A3

rs61734651

T

78.8

20.8

0.4

COL11A2

rs1799907

A

53.2

40.4

COL22A1

rs2292927

T

59.1

IL1A

rs1800587

T

43.1

IL1B

rs1143634

T

IL1F10

rs3811058

IL6
IL6

12

22

88.6

11.4

18.5

24.0

54.0

96.0

4.0

85.3

14.7

0.0

NS

6.4

50.7

42.9

6.4

NS

35.2

5.7

59.3

37.0

3.7

NS

46.3

10.6

42.7

44.7

12.7

NS

57.0

36.9

6.2

54.7

35.3

10.0

NS

C

81.2

17.6

1.2

83.3

16.0

0.7

NS

rs1800797

G

35.4

47.3

17.3

24.8

52.4

22.8

rs1800796

C

93.8

6.2

94.0

6.0

IL6

rs1800795

G

36.5

47.5

16.0

25.5

51.0

23.5

LEPR

rs1137100

G

39.6

49.8

10.6

48.0

38.7

13.3

NS

LEPR

rs8179183

C

78.0

19.2

2.9

80.5

18.8

0.7

NS

MMP9

rs17576

G

37.1

45.7

17.1

37.6

46.3

16.1

NS

MMP10

rs470154

T

90.6

9.4

90.0

7.9

2.1

SKT

rs16924573

A

93.4

6.6

98.0

2.0

THBS2

rs9406328

T

52.5

41.8

5.7

59.5

31.8

8.8

NS

VDR

rs10735810

T

45.1

48.5

6.4

54.3

37.9

7.9

NS

NS
22.0

NS
NS

1.37 [1.02 – 1.85] 1
NS
1.45 [1.07 – 1.96] 2

NS
0.26 [0.07 – 0.96] 3

1) log-additive model, corrected p=0.074 2) log-additive model, corrected p=0.042 3) p=0.023
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Table 7. Frequencies of the IL6 haplotypes and diplotypes
Subjects without IVD

Subjects with IVD

degeneration

degeneration

Haplotypes

n

%

n

%

OR [95 % CI]

AGC

287

59.1

151

50.7

1.00

GGG

177

36.4

136

45.6

1.48 [1.09 – 2.01]

GCG

15

3.1

9

3.0

0.88 [0.37 – 2.12]

other

7

1.4

2

0.6

–

AGC / AGC

86

35.0

37

24.7

1.00

GGG / AGC

102

41.5

71

47.3

1.61 [0.97 – 2.67]

0.0650

GGG / GGG

33

13.4

30

20.0

2.22 [1.17 – 4.22]

0.0152

GCG / AGC

10

4.1

5

3.3

1.01 [0.31 – 3.23]

GGG / GCG

5

2.0

4

2.7

1.17 [0.28 – 4.80]

GGC / AGC

3

1.2

1

0.7

0.70 [0.07 – 7.28]

other

7

2.9

2

1.3

5.2

P-value
0.0122

–

Association of IL17F and sciatica (II)

We analyzed IL17A and IL17F as candidate genes for sciatica because they were
located near the strongest linkage peak of the genome wide scan performed earlier
with our Finnish sciatica family set. Association analysis was performed using the
exonic regions for either gene in selected affected individuals from our family set
and the variants that were polymorphic were further analyzed in the case-control
set. Of those variants studied only the IL17F rs763780 associated with sciatica.
Genotype frequencies as well as haplotype frequencies are presented below
(Table 8, Table 9).
Table 8. Association of rs763780 and discogenic sciatica
Cases

Controls

Minor

1

Gene

SNP

allele

11

12

22

11

12

22

OR (95%CI)

IL17F

rs763780

C

0.88

0.12

0

0.82

0.17

0.01

0.58 (0.35-0.96)1

IL17F

rs11465553

A

0.91

0.09

0

0.86

0.14

0

0.85(0.521.4)

P=0.035
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Table 9. Haplotype associations of IL17F variants in the case-control population
Case

Control

Haplotype

Frequency

Percent

Frequency

Percent

OR (95 %)

P

CA

2

0.50

2

0.26

-

-

CG

40

9.90

49

6.27

0.61 (0.39-0.94)

0.024

TA

27

6.68

35

4.48

0.65 (0.39-1.09)

0.1052

TG

335

82.92

696

89.00

1.66 (1.17-2.35)

0.0041

5.3

Association of SKT and LDH (III)

To confirm the candidacy of SKT in LDH, we studied SKT expression in different
human tissues using real-time RT-PCR that revealed specific and high SKT
expression in IVD tissue. Case-control analysis using 68 tag SNPS (tSNPs)
revealed six SNPs with nominal p values of <0.05. These SNPs were further
genotyped in the Japanese A population and three of them significantly associated
with LDH. To determine which of these SNPs most highly associates with LDH, a
second population was recruited (Japanese B population) consisting of 337 cases
and 332 controls. The associations were replicated for two of the SKT SNPs with
LDH. Meta-analysis using the Mantel-Haenszel meta-analysis of the ORs method
in the two Japanese populations revealed rs16924573 as the most significant
associating SNP (p=0.0015; OR=1.31; 95% CI=1.11-1.55). The association of this
SNP was tested also in the Finnish case-control set, and the result was replicated
(p=0.026; OR=2.81: 95% CI=1.09-7.24). Meta-analysis of the Japanese and
Finnish populations showed significant association (p=0.00040; OR=1.34; 95%
CI=1.14-1.58) (Table 11).
5.4

Association of CHST3 and IVD degeneration (IV)

The CHST3 gene (in 10q21.2-q23.1) was analyzed as a candidate gene for IVD
degeneration because linkage analysis showed the maximum NPL Z-score to be
3.72 at 98.96cM (D10S569) within the 10q21.2-q23.1 region. Case-control
association studies were performed using seven independent cohorts (Table 6, p.
53) in a GWAS composed of four stages, in which the number of SNPs was
reduced and the sample size increased at each stage.
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In the final stage the involvement of miRNA binding sites was hypothesized
and an analysis using the PolymiRTS database was performed (Bao et al. 2007).
We found that SNPs rs4148941 and rs4148949 were within the predicted miRNA
binding sites for miR-513a-5p (also known as miR-513) and miR-626,
respectively. With these SNPs as the best candidate causal variants, we performed
replication studies using cohorts from Japan and Finland. This was followed by a
final meta-analysis using only severely affected individuals (top 20th percentile)
from the SC-1S + SC-2S cohorts as a more appropriate subgroup, with both
rs4148941 and rs4148949 achieving genome-wide significance using an allelic
model (Table 10). Analysis using a dominant model gave similar P values,
although not genome-wide significance, with a Bonferroni corrected threshold set
at 1.07 × 10–7 for a total of 467,709 SNPs analyzed throughout the study.
Table 10. Associations of the 2 most significant SNPs of CHST3
Allelic model

Dominant model

SNP

OR (95 %)

P

OR (95 %)

P

rs4148941

1.31 (1.19–1.44)

4.50x10-8

1.48 (1.27–1.71)

2.40x10-7

rs4148949

1.29 (1.17–1.41)

8.40x10-8

1.48 (1.28–1.71)

1.14x10-7

5.4.1 CHST3 expression
CHST3 expression in various human tissues using quantitative RT-PCR detected
high specific CHST3 expression in IVD tissues, bone, and cartilage. Comparison
of CHST3 expression in normal and degenerative IVD tissues found similar
expression in the NP, AF, and cartilage endplates.
We then genotyped the tissue samples and CHST3 mRNA levels were tested
against rs4148941 and rs4148949 under both additive and dominant models.
Differential expression was significant under the dominant model, but not the
additive model. Individuals with the risk genotypes for rs4148941 (AA/AC) and
rs4148949 (CC/CT) had significantly lower levels of CHST3 mRNA than did
individuals with the CC and TT genotypes, respectively, which suggests the risk
alleles directly affect CHST3 mRNA levels. We detected no significant difference
in expression of COL2A1, another gene expressed in disc cells, with respect to the
genotypes for rs4148941, which suggests the effect is specific to CHST3.
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5.4.2 MiR-513a-5p is expressed in IVD tissues
We hypothesized that the risk allele would function through interaction with miR513a-5p or miR-626. We therefore tested the effect of the CHST3 3′UTR
sequence containing rs4148941-A/C or rs148949-C/T alleles using a luciferase
reporter system in an immortalized human chondrocyte cell line, C28I2. We
detected little or no expression of miR-513a-5p or miR-626 in C28I2 cells and
C28I2 cells transfected with the rs4148941-A/C or rs1418949-C/T reporter
constructs showed no differences in luciferase activity. When we repeated the
experiments with exogenous miR-513a-5p, the luciferase activity for the
rs4148941-A reporter was 27% less than that in cells transfected with the
counterpart rs4148941-C reporter (P = 0.02). In contrast, cells transfected with
either the rs4148949-C or -T reporter in the presence of miR-626 showed no
significant difference in luciferase activity. This is consistent with mRNAs
transcribed from the risk allele for rs4148941 being less stable.
To assess whether this allelic difference occurs in human IVD samples, we
quantified CHST3 allelic-specific transcripts in individuals with the AC genotype
for rs4148941 by pyrosequencing. There was a significant difference between the
relative levels of the A and C allelic products as a percentage of total CHST3
mRNA for all tissues of the IVD. These data support rs4148941-A being the
functional risk allele and causing a preferential reduction in CHST3 mRNA.
Finally, we showed that miR-513a-5p was expressed in the IVD tissues that could
influence the level of CHST3 mRNA. There was no significant difference in the
expression level of miR-513a-5p between control and IVD degeneration samples
or according to the risk genotype, which suggests that the allelic difference is
primarily a consequence of the interaction between miR-513a-5p and the risk
allele of CHST3.
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5.5

Summary of Thesis findings

The main findings on the variant associations studied throughout this
investigation are given in the table below:

Table 11. Main findings of the variants studied for this Thesis.
Gene

SNP

Population

Phenotype

OR (95% CI)

IL6

rs1800795

Finnish

Disc degeneration

1.45 [1.07–1.96] 0.042

IL6

rs1800797

Finnish

Disc degeneration

1.37 [1.02–1.85] 0.074

CILP

rs2073711

Finnish

Disc degeneration

2.04 [1.07–3.89] 0.05

SKT

rs16924573 Finnish

Disc degeneration

0.26 [0.07-0.96] 0.023

SKT

rs16924573 Finnish and Japanese

Herniation/sciatica

1.34 [1.14–1.58] 0.00040

IL17F

rs763780

Sciatica

0.58 [0.35–0.96] 0.035

CHST3 rs4148941

Finnish

Finnish Chinese and Japanese Herniation/sciatica

P

1.48 [1.27–1.71] 2.40x10-7
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6

Discussion

IVD degeneration is a multifactorial condition and is associated with both genetic
and environmental factors that affect many people worldwide. It is believed to be
an intermediate stage in the pathologic state of disc degeneration and several
studies suggest that IVD degeneration is associated with low back symptoms. The
genetic studies of multifactorial traits are complicated by several factors and both
rare and common genetic variants are considered to influence the susceptibility to
them.
In this thesis, both candidate gene association and linkage analyses were
performed. Association analyses assess the possible relationship of a specific
genetic variant to a phenotype in a population sample. It is considered to be a
robust strategy for detection of common polymorphisms with small or modest
effect sizes (OR<2) (Bodmer & Bonilla 2008). Linkage analyses assess the cosegregation of a genetic marker with the disease in families of two or more
generations. It can be an effective method for the identification and mapping of
rare variants with large effect sizes (OR>2) (Hirschhorn & Gajdos 2011).
The genes selected for the analyses in this thesis were due either to their
previous reported candidacy or due to significant linkage signals within or near
them. In studies I and III, candidate gene association analyses in case-control
setting were performed and they provided additional evidence for previously
reported genes such as IL6 and CILP as well as for SKT as a new susceptibility
gene. In studies II and IV the strategy was to first use family based linkage
analysis methods and then to analyze the genes near or within regions with
significant linkage signals. Then the potential candidate genes would be analyzed
in case-control association settings. The combination of both family and casecontrol studies led to the identification of IL17F and CHST3 as potential
susceptibility genes for IVD degeneration.
6.1

IL6 SNP polymorphisms and IVD degeneration (I)

IL6 is a pleiotropic cytokine that is expressed in many cells and is one of the most
important mediators of inflammatory reactions in humans (Samuel et al. 2008)
The role of IL6 and in particular the effect of three common promoter
polymorphisms (rs1800797, rs1800796, rs1800795) have been studied previously
for the presence of sciatica, but also in relation to IVD degeneration among 12- to
14-year-old children (Eskola Pasi J et al. 2010, Noponen-Hietala et al. 2005). In
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our population of young adults two of the three promoter variants were associated
with moderate IVD degeneration with the G allele of both rs1800797 and
rs1800795 being the risk allele for IVD degeneration.
Haplotype analysis of the promoter SNPs further strengthened the role of IL6.
Our study showed that haplotype GGG associated with moderate IVD
degeneration. Furthermore, the risk for moderate IVD degeneration was higher
for the carriers of the GGG/GGG diplotype. This finding is in accordance with an
earlier observation that GGGA was the risk haplotype among sciatica patients
(Noponen-Hietala et al. 2005). Furthermore, the GGGA haplotype was a
predisposing factor for future sciatica symptoms (Karppinen et al. 2008).
In conclusion, IL6 is an interesting gene as it has been implicated also in
other conditions. For instance, the same IL6 promoter SNPs are also associated
with the most severe forms of distal interphalangeal osteoarthritis (Kamarainen et
al. 2008). Osteoarthritis and IVD degeneration share pathological and clinical
features, even though the extent to which the etiological determinants of these
diseases' processes are similar is not known (Ryder et al. 2008). Those three
common promoter polymorphisms are reported to influence the transcription of
IL6 with the G allele by each being responsible for the increased overall
transcription of IL6 (Terry et al. 2000). Overproduction of IL6 has been
associated with a spectrum of age-related conditions, including atherosclerosis,
peripheral vascular disease, coronary artery disease, and osteoporosis (Omoigui
2007).
6.2

Association of height and IVD degeneration (I)

An interesting observation was that both males and females with IVD
degeneration of the NFBC 1986 were significantly taller. In a recent cohort study,
body height recorded at baseline was found to associate with a higher likelihood
of back surgery and LBP during the 12-year follow-up. The association was
statistically significant in males, although the trend was similar for the females
too (Coeuret-Pellicer et al. 2010). In a study of 12- to 14-year-old Danish children
height was also associated with IVD degeneration on MRI (Eskola Pasi J et al.
2010). Also in a study among middle aged women living in the UK, it was
reported that individuals with radiographically defined IVD degeneration
progression were taller compared to those without IVD degeneration progression,
although the difference failed to reach statistically significant levels (Hassett et al.
2003). The issue of height is interesting and a possible explanation could be due
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to the IVD size. Larger discs might be predisposed to degeneration due to the
greater diffusion distances of nutrients to the center of the NP (Urban et al. 2004).
Also higher discs might be at an increased risk of mechanical failure under
external loading (Natarajan & Andersson 1999).
6.3

SKT as a novel susceptibility gene in the etiology of LDH and
IVD degeneration (I, III)

Based on the phenotype of the knockout mouse and on the mRNA expression data
of the human SKT and mouse Skt genes, we examined SKT as a candidate for an
LDH susceptibility gene. In the case-control association study using tag SNPs that
covered SKT, we found the association of SKT with LDH in different ethnic
populations. The results of the genetic studies, including the association study in
two Japanese populations, the haplotype association study, and the replication
study in a different ethnic population, strongly suggested that the SNP
rs16924573 is the most significantly associated SNP with LDH in SKT, although
we could not completely exclude the possibility of the presence of a more
significantly associated SNP in a region that was not covered.
Using meta-analysis for a total of >2200 Japanese and Finnish subjects, we
confirmed the association of the SNP rs16924573 and LDH. The inclusion criteria
of the two studies were basically the same. Both patient groups had discogenic
sciatica with LDH ascertained by MRI; however, the ethnic variations were large
in the allele frequency and the OR. The ethnic difference in the association of
LDH susceptibility genes has previously been reported (Seki et al. 2006, Virtanen
et al. 2007c).
The association of the SKT rs16924573 variant with IVD degeneration in
young individuals of study I, has not been previously observed. In our population,
carriers of the minor allele A, which is a rare allele in the Finnish population,
were at a reduced risk of IVD degeneration. Our current finding is in line with the
earlier findings; however, the differences between the phenotypes in these studies
need to be noted. These findings from the young cohort, alongside the casecontrol findings of study III provide some support for the hypothesis that SKT
could have long-term importance in the onset of IVD degeneration by making the
discs more vulnerable to IVD degeneration.
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6.4

IL17F as a susceptibility gene in discogenic sciatica

IL17, a pro-inflammatory cytokine, is associated with the inflammation process
and is involved in a number of inflammatory disorders. An elevated expression
level for IL17 has been observed in degenerated and herniated tissue, which
suggests a role for IL17 in IVD pathology (Shamji et al. 2010). Also, it has been
shown that human IVD cells respond to IL17 and other pro-inflammatory costimulants by increasing the production of inflammatory mediators (Gabr et al.
2011). The specific role of IL17 in the etiology and pathogenesis of IVD function
and degeneration is not clear but perhaps these findings are indicative of the role
of IL17 in the overall inflammatory process of the degenerative cascade of IVD.
Generally, inflammation has mostly been correlated with disease progression, and
it is yet not known whether it is a cause or consequence of IVD degeneration and
herniation (Molinos et al. 2015). The rs763780 polymorphism is a C/T single
nucleotide variation on chromosome 6 and it has been studied in relation with
other diseases such as asthma and rheumatoid arthritis to name a few (BoguniaKubik et al. 2015, Kawaguchi et al. 2006). To the best of our knowledge this is
the first study to assess the genotype and allele frequency of rs763780 in IVD
degeneration and to analyze an association of the rs763780 polymorphism and
patients with discogenic sciatica.
6.5

Gender and ethnic differences

In our cohort of young individuals with IVD degeneration (study I) we observed
an association between the CILP variant and IVD degeneration only in females.
CILP encodes the cartilage intermediate protein, which inhibits the transforming
growth factor β1- (TGF-β1) mediated induction of extracellular matrix proteins
through direct interaction with TGF-β1 (Seki et al. 2005). In our study, the T
allele was associated with an increased risk of IVD degeneration. This finding is
in contrast to previously reported associations among Japanese subjects, which
indicated the C allele as the risk allele for symptomatic lumbar disc disease (Seki
et al. 2005) as well as for lumbar IVD degeneration (Min et al. 2009, Min et al.
2010). However, a replication study in Finnish and Chinese populations did not
find an association between CILP and symptomatic disc disease or MRI-defined
IVD degeneration (Virtanen et al. 2007c). Interestingly, the C allele was
associated with a reduced risk of knee OA (Valdes et al. 2004), which is in
accordance with our findings that the T allele, and not the C allele, is the risk
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allele (Valdes et al. 2004). Although it was shown in functional studies that the C
allele is responsible for increased binding and inhibition of TGF-β1, the
discrepancies in the association studies could simply be due to the difference in
allele frequencies between European and Japanese populations (Seki et al. 2005).
Gender differences in susceptibility to complex disease such as asthma, diabetes,
lupus, autism and major depression, among numerous other disorders, have been
reported (Kaminsky et al. 2006). Some studies have shown that females are more
at risk of developing severe IVD degeneration compared to males (Griffith et al.
2007, Wang et al. 2011a, Wang et al. 2011b). However gender specific variants
associated with IVD degeneration have not been widely reported.
6.6

CHST3 as a novel risk factor in IVD degeneration (IV)

Aggrecan is the most abundant proteoglycan in the disc matrix and contains
abundant chondroitin sulfate glycosaminoglycan side chains. Proper sulfation of
glycosaminoglycan side chains is critical for water retention within the disc to
maintain proper osmotic pressure to resist compressive forces. Thus, the activity
of CHST3 would be important for IVD function. A GWAS comprising four stages
allowed the identification of an SNP (rs1245582) closely associated with IVD
degeneration, with CHST3 as the nearest gene. This approach minimized the
possibility of false-positive associations due to population stratification in stage 1
and reduced the number of SNPs required for genotyping in stage 2. In stages 3
and 4, while rs1245582 did not show significant association except in the Chinese
study of replication 2, when we set the significance threshold to P < 0.05, the risk
allele frequency in each of the cases and controls showed a common trend
throughout all phases of the association studies. Importantly, this multistep
association study and meta-analysis provided the first evidence of an association
between IVD degeneration and rs1245582 by an unbiased approach. The fact that
rs1245582 was within a large LD block that contained only CHST3 provided us
with a match in the gene list from our linkage analysis and the confidence to carry
out a detailed association study that substantiated CHST3 as a novel risk factor
with genome-wide statistical significance. Although we did not find a significant
difference in the level of CHST3 mRNA in IVD tissues from control and IVD
degeneration patients, this could be due to the limited number of samples and
consequent lack of statistical power or other unknown mechanisms. Clarification
will require a much larger set of IVD samples. However, we did find evidence
supporting rs4148941-A as a functional risk allele that reduces the CHST3 mRNA
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level. We speculate that a mild reduction in CHST3 expression caused by the
susceptibility SNP could result in disc degeneration in adults in conjunction with
other risk factors.
6.7

Future challenges

Over the last decades the advances in genetic research have been enormous. In the
last decade in particular genotyping technologies have been successful in the
rapid characterization of DNA sequences of the human genome at an ever
declining cost. Next generation sequencing technologies have enabled whole
genome sequencing approaches as well as more targeted sequencing of the whole
exome. In the case of IVD degeneration, future genetic contributions can be
established by focusing on the next generation sequencing approaches.
The study populations used in this study can provide good models for further
research for almost any type of genetic studies although their sample size remains
modest. Both family and case-control population sets are currently being
expanded and updated, and a combination of linkage study with the new
sequencing methods could identify rare variants with large effect size. Linkage
analysis of variants segregating within families can serve as a guide to indicate
which specific regions to select for targeted DNA sequencing in identifying genes
of importance. Furthermore, utility of the NFBC cohort can provide information
on the possible environmental exposures and gene-environmental interactions.
A major challenge in IVD degeneration is defining phenotypes for disc
degeneration related conditions. It is an issue that has been controversial at times
and generates a lack of uniformity among different studies. IVD degeneration
unfolds in a complex cascade of events resulting in complex phenotype(s). A
comprehensive analysis of the biology of the IVD degeneration on a molecular
level is essential in order to understand the pathology and pathogenesis of this
disabling condition. Especially given the frequent disconnect between
radiographic appearance of degenerative changes and associated symptoms, it is
necessary to have an understanding of the normal IVD and IVD cell function.
Clarifying the tissue-level source of symptoms in IVD degeneration can have
important implications for future research.
It is of interest that despite many reported genetic association studies in
relation to IVD degeneration; only a few have been replicated in different
populations. As mentioned earlier, it can be that the differences in phenotype
definition can hinder efforts to replication findings between populations and an
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effort to define more universally accepted phenotyping should be undertaken. In a
systematic review, which evaluated the level of evidence in genetic association
studies in lumbar disc degeneration, the authors found only a weak credibility of
the established findings (Eskola et al. 2012). As a possible reason for the weak
evidence they suggest the phenotype heterogeneity between the studies, stressing
the importance of a clear definition of disc degeneration related phenotypes
(Eskola et al. 2012).
In general, in order to confirm the established findings and reduce false positive
associations, validation in different populations is essential. Lack of association
could be due to some variants being population specific or due to the approach
taken to test the association. Because of the different extent of linkage
disequilibrium across the genome in different populations, it is important that
customized approaches should be employed in association studies in different
populations. For example, the Finnish population exhibits lower rates of genetic
diversity and genomes of the Finns display higher LD compared to populations in
mainland Europe (Sajantila et al. 1996, Varilo et al. 2003). In contrast, African
populations exhibit higher genetic diversity and hence a smaller extent of linkage
disequilibrium (Foo et al. 2012). Overall the Finnish population is substantially
more homogeneous genetically than most populations (Jakkula et al. 2008,
Salmela et al. 2008). Genetic studies on the Finnish population have successfully
led to the identification of genes underlying rare diseases (Peltonen et al. 1999).
Furthermore health records in Finland have been well documented over the
decades providing excellent background for epidemiological studies as well. The
availability of nationwide health records in Finland has been an important factor
in initiating The Sequencing Initiative Suomi (SISu) project (www.sisuproject.fi)
which aims to generate whole genome and whole exome sequence data from
Finnish samples. The ultimate goal is to build knowledge and tools for genome
health initiatives by combining all those health resources (Lim et al. 2014).
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7

Conclusions

The main purpose of this thesis was to evaluate whether specific genes are
involved in the etiology of IVD degeneration. With the combination of linkage
analysis and case-control association analysis, polymorphisms of five genes
showed association with IVD degeneration. We were able to validate previously
reported associations of IL6, SKT and CILP with IVD degeneration in our young
cohort. We also identified IL17F as a potential candidate gene and to the best of
our knowledge this is the first study to observe an association between this gene
and discogenic sciatica. Additionally, we were able to show the involvement of
SKT in the etiology of LDH. Finally we were also able to identify CHST3 as a
novel risk factor for IVD degeneration. Although our results provide new insights
into the etiology of IVD degeneration, the specific roles of these genes in IVD
function as well as in the etiology and pathogenesis are not clear and have yet to
be elucidated. Overall, the results of this thesis provide new information about the
genetic background of IVD degeneration and our findings contribute to the
progress of its research in general.
Genetics highlights relationships between biological systems, and although it
is still unclear how the genetic variation influences the development of disc
degeneration, as the number of known IVD degeneration susceptibility alleles
increases, our understanding of disease etiology will also increase. Elucidating the
molecular genetic background of disc degeneration related pathologies has the
potential to provide better therapeutic treatments, possible prevention and perhaps
even reversion of the phenotype of question.
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