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Abstract

Physical inactivity is a global challenge as physical activity (PA) levels are lower than ever
before in human history, and burden of non-communicable diseases continue to increase
worldwide. PA is a complex behaviour, and unlike earlier beliefs that environmental factors
are main contributor to PA behaviour, genetic factors are receiving increasingly more
attention. It is likely that there are many genes, each with only small effect size, influencing
the PA levels. These, in turn, interact with other biological and environmental factors to
determine activity level of an individual. Genes that favour higher physical fitness have likely

a more indirect contribution to PA behaviour.

Many potential candidate genes, influencing PA directly and indirectly, have been discovered.
Despite many studies on the subject, results are still inconsistent, at least partly due to poor
study design. ACE and ACTN3 genes are the most widely investigated in field of exercise
genomics. Main focus of many studies is the effect these genes have on athlete sprint and
endurance performance. However, increasing number of studies are directed towards the
potential effects in the general public. ACE insertion/deletion (I/D) and ACTN3 R577X
polymorphisms are of special interest. I-allele of the ACE gene, and X-allele for the ACTN3
gene has been generally associated with improved endurance, while D-allele and R-allele for
the ACE and ACTN3 genes, respectively, has been associated with sprint and power related

phenotypes. Both polymorphisms are also potential candidate genes for influencing PA levels.

Frequency of the different alleles for the ACE I/D and ACTN3 R577X polymorphisms
demonstrates a large variation in different population. The present study found that
approximately 24% of the Norwegian subjects were homozygous for either D or I-allele for
the ACE I/D polymorphism. Around 53% were heterozygous. For the ACTN3 R577X
polymorphism, the frequencies were approximately 31%, 49%, and 21% for RR, RX and XX
genotype, respectively. Genotype frequencies for both genes did not deviate from Hardy-
Weinberg Equilibrium, and were similar to what had previously been found in other

Caucasian populations.

Female subjects showed significantly higher self-reported PA levels compared to male
subjects. This corresponds well to other studies on the Norwegian population. There was no
association between the two genes and self-reported PA levels in the study population of the
present study. It is likely that other than ACE and ACTN3 genes influence levels of self-
reported PA in the Norwegian population.
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Terms and abbreviations
Adenosine triphosphate (ATP) — a high energy molecule that stores energy in all living cells

Aerobic exercise-exercise during which the aerobic energy pathway is the main contributor
to energy; usually performed over prolonged period of time and are of low to moderate

intensity (e.g. walking, running, etc.)

Anaerobic exercise- exercise during which the anaerobic energy pathways are main

contributors to energy (e.g. strength training, sprinting etc.)

Ang I- Angiotensin I

Ang II- Angyotensin II

bp- base pair

BP- blood pressure

CAP-accreditation- The College of American Pathologists’ laboratory accreditation
CLIA-certification- Clinical Laboratory Improvement Amendments- certification

Direct calorimetry- measures the heat produced and released by an individual; this method

has a limited practical application due to expenses and time consumption

Eccentric exercise- exercise during which force is applied (e.g. weights are held) while the

muscle is lengthening, usually used in relation to resistance training
Fatigability- susceptibility to get exhausted/fatigue

Haplotype — a set of linked genetic variants or alleles on a single chromosome or a part of a

chromosome

Homeostasis- process within a biological system of maintaining stability by regulating its

internal conditions

HUNT- The Nord-Trendelag Health Study
HWE- Hardy Weinberg Equilibrium
Hypertension- high blood pressure

Indirect calorimetry-method for estimating energy expenditure by measuring consumption

of O, and production of CO,

KAM study- Kolorektal cancer, Arv og Milje molecular epidemiological study



KO mice- Knockout mice that is bred with a gene/-s that is/are inactivated (in this case Actn3

gene) in order to observe/ study phenotypic changes

Linkage disequilibrium (LD)- non-random association between certain alleles. Alleles in LD

are more likely to occur together
LV- left ventricle of the heart/ left ventricular

METs- metabolic equivalents, multiples of the resting metabolic rate. One MET equals the

amount of oxygen consumed at rest (approx. 3.5 ml/min/kg VO,)

Muscle hypertrophy- muscle growth; a biological adaptation to increased workload
NCDs- Non-communicable diseases

NORCCAP study- Norwegian Colorectal Cancer Prevention study

Overload- greater than normal intensity/load is needed in order to induce training related

adaptations

PA- physical activity; any bodily movement produced by skeletal muscle requiring energy

expenditure

PCR- polymerase chain reaction

Power output- rate at which work is done; Power output = (Force generated*Distance)/Time
QTL- Quantitative trait loci

RAS- Renin-angiotensin system

RAAS- Renin-angiotensin-aldosterone system

SBBP- Short Physical Performance Battery is an assessment tool for measuring lower
extremity functioning and physical performance in elderly. It consists of repeated chair

stands, balance stand and 4m walk.
SNP-single nucleotide polymorphism
Static (isometric) training- training in which the length of the muscles do not change

Vascular tone- the level of how constricted blood vessels are compared to the maximally

dilated state

Vasoconstrictor- nervous signal or substance that makes the blood vessels to

constrict/narrow



Vasodilator- nervous signal or substance that makes the blood vessels to dilate/expand

VO;max- maximal oxygen uptake/consumption also called aerobic capacity; it is a measure of

individual’s capacity for aerobic energy production



Aim of the study

The aim of this study is to:

e genotype and determine the prevalence of the ACE and ACTN3 alleles in the

Norwegian population

e cstablish a baseline for future studies on genes and exercise on various groups of

individuals such as those affected by diabetes, obesity and aging

e determine if there is an association between the ACE and ACTN3 genotype and self-

reported physical activity level
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1 Introduction

Humans are designed for physical activity (PA), and early Homo sapiens could not have
emerged and spread so successfully without the ability to perform physically demanding
work. Many of the traits characteristic to humans, such as upright posture and bipedal
locomotion, gave necessary evolutionary advantages in the harsh evolutionary environment.
In modern societies, however, the technological progress (Bouchard et al., 2012) that started
around 200 years ago with the Industrial Revolution (Levine, 2014), has made humans less
active than ever before (Bouchard et al., 2012). According to some authors, Homo sedentarius
would be a more appropriate description of human beings as a species nowadays (McArdle et

al. (2010); Levine (2014)).

PA is a complex behaviour (Bray et al., 2011), and is defined as any bodily movement
produced by skeletal muscle requiring energy expenditure (Bouchard et al., 2012). Any
behaviour, including PA, is influenced by three factors: genetic (i.e. biological),
environmental and an interaction of both, as demonstrated in Figure 1. Until recently,
environmental factors have been receiving most attention in literature. However, many studies
are now pointing towards the heritability of the PA levels in humans and other organisms
(Lightfoot, 2011a). It has now become clear that despite of the significant impact of
environmental factors on PA levels, genetics strongly influence whether a person is sedentary
or physically active (De Moor et al., 2009). PA is likely influenced by several or many genes
acting together (Bray et al., 2011), each with only a small effect size, needing a very large
sample to detect such effects (De Moor et al., 2009). Biological factors are, in turn, often
affected by both environmental and other biological factors and are therefore called complex

traits (Brutsaert and Parra, 2009).

11



Genetics
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Figure 1: The complex relationship between physical activity, health-related fitness and
health. These are in turn influenced by environmental factors (e.g. social and physical
environment) as well as genetics (Bouchard et al., 2012).

Another factor possibly influencing PA participation is the level of one’s fitness and how well
an individual responds to exercise (Nicklas, 2010). Thus, the genes that favour fitness and
trainability would probably increase the levels of PA (Stubbe et al., 2006). Also for
trainability, large heterogeneity has been observed (Nicklas, 2010). Those experiencing no or
little change in their physical fitness as a result of regular exercise (low responders) on one
phenotype (e.g. endurance) will experience improvements in another phenotype (e.g. power),

as response to exercise is a trait-specific phenomenon (Sarzynski et al., 2011).

An increasing number of companies offer their services in tailoring a gene-based training
program for the general public, as well as athletes. Tests are normally based on data obtained
on candidate gene studies and genome-wide association studies. A set of single nucleotide
polymorphisms (SNPs) have been revealed having both favourable and less favourable alleles
(Bouchard, 2012), covering traits associated with various endurance, power and injury
phenotypes (DNAFit, 2014) or trainability (XRGenomics, 2014). By determining the

genotype for these SNPs, individuals that are high and low responders to exercise could be
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identified (Bouchard, 2012). Some of the tests are available online (DNAFit (2014);
XRGenomics (2014)) or over the counter (Boots, 2014), while others are prescribed by
physician (PathwayGenomics, 2014). With growing knowledge of the genetic basis of
performance, individualizing training according to the genetic profile may become a way of
maximizing the beneficial effects on health (Sarzynski et al., 2011) thereby improving
performance in future athletes (Roth, 2007), promoting compliance to regular exercise in the
general public (Nicklas, 2010), and decreasing negative health effects of inactivity (Lightfoot,
2011b).

An increasing amount of evidence implicates that lack of PA have many negative impacts on
our health, such as an increasing burden of chronic diseases, loss of functional capacity
(Bouchard et al., 2012) and psychological disorders (Levine, 2014). Physical inactivity is one
of several contributing causes leading to non-communicable diseases (NCDs) which are
chronic, non-transmittable diseases that kill around 36 million people globally (World Health
Organization, 2010). Four main types of NCDs are cancers, chronic respiratory diseases,
diabetes and cardiovascular diseases. Although most of the deaths caused by NCDs occur in
low- and middle-income countries, also high-income countries, including Norway, are
affected. These diseases affect mostly elderly people; however, all age groups are affected.
Increased PA levels in everyday life is one of the ways to reduce NCDs (World Health
Organization, 2013), which also combats other social and health issues caused by overweight

and inactivity (World Health Organization, 2014).

Changes in physical and socioeconomic environments, both at work and at peoples’ homes,
have contributed to various types of low-intensity PA. Sitting has become the most common
human behaviour for many individuals, especially in industrialized countries (Hamilton and
Owen, 2012). Large interindividual differences in PA levels have been observed between
different subgroups within a population (e.g. ethnicity, gender and age). Observed PA
differences among different ethnic groups can be partly explained by the cultural, religious
and socioeconomic differences (Katzmarzyk, 2012). A study from the Finnmark County,
Norway found significantly different self-reported PA levels in Norwegian and Sami ethnic
groups. The Sami population demonstrated a higher total PA score compared to the
Norwegian population, with the main contributor being PA levels during work. More than
50% of the study participants of the Sami origin lived in the typical Sami municipalities, with
reindeer industry being dominant (Hermansen et al., 2002). The Norwegian population,

however, was found to be more active when compared to subjects from five large immigrant

13



groups in Oslo, Norway. Approximately 50% of immigrants reported that they were inactive
compared to 20% Norwegians. Typically, immigrant men were more physically active than
immigrant women, while the opposite was true for the Norwegian population. Subjects with
lower levels of education tended to be more sedentary (Kumar, 2008), indicating social

factors contributing to activity levels.

In general, women tend to be less physically active than men, due to both social factors
(Katzmarzyk, 2012) as well as biological/genetic gender differences (Lightfoot, 2011a).
However, it could vary between different populations, as some studies report the opposite
(Aspenes et al. (2011); Kumar (2008)). Age-related differences are most likely influenced by
social, psychological and biological mechanisms. Children tend to show the highest levels of
PA, with levels decreasing in adolescents and adults (Katzmarzyk, 2012). PA has be found to
be influenced by environmental factors to a higher degree during childhood, and has a
decreasing influence with an increasing age (Stubbe et al., 2005). Biological factors that are
proposed as possible causes to the observed differences are neurobiological changes and

general physiological decline, to name a few (Katzmarzyk, 2012).

Despite of the large amounts of information available on the importance of PA, only one in
five adults in Norway meets the recommended PA levels (Norwegian Institute of Public
Health, 2009). It is recommended to adhere to a minimum of 150 minutes moderate intensity
exercise/activities or 75 minutes of high intensity activities weekly as well as reduce sitting.
The positive effect of exercise is dose-dependent, i.e. exercise above the recommended time
gives additional health benefits. The Norwegian Directorate of Health also emphasizes the
importance of resistance training of larger muscle groups at least two times a week. Regular
resistance training improves muscle strength by adaptation of the neural system and/or
inducing protein synthesis leading to increased muscle mass (McArdle et al., 2010). This, in
turn, can decrease occurrence of injuries as well as improve recovery from them, but, most
importantly — makes daily life activities easier to perform (Hubal et al., 2011). Endurance
training, on the other hand, induces pulmonary, cardiovascular and metabolic adaptations
(McArdle et al., 2010), and can provide various benefits. One of the positive effects of
endurance training is a decrease in prevalence and mortality from coronary artery disease

(Mersy, 1991).

It has been observed that some individuals experience little or no improvements in their
maximal oxygen consumption (aerobic capacity, VOomax) in response to standardized aerobic

training programs, while others improve it by 100% compared to the initial levels (Bouchard
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and Rankinen, 2001). There are similar variations in response to resistance training stimuli.
Around 20-30% of both muscular fitness and VO, is thought to be genetically determined
(McArdle et al., 2010). However, the exact mechanisms behind variations in trainability are
not clear. Factors like age, gender or ethnic origin does not seem to have major influence
(Bouchard and Rankinen, 2001), and yet undetermined genetic factors are likely the main
cause for such variations. Individuals with the same genotypes are more likely to have similar
responses to regular exercise compared to those with different genotypes (Sarzynski et al.,
2011). Variations in trainability have been observed in both the general population (Bouchard,
2012) and athletes performing at top level (Ahmetov and Rogozkin, 2009). As lack of
improvement in physical fitness in response to training may weaken individuals’ compliance
to training, identifying genetic markers that could predict individuals’ response to aerobic
and/or resistance training could maintain the motivation to start and pursue exercising
(Nicklas, 2010). Advances in biotechnology have allowed to investigate various genes and
genetic markers that could possibly be associated with various fitness phenotypes (Gibson,
2009), such as PA levels (Lightfoot, 2011a), muscle strength/size (Hubal et al., 2011) or
aerobic capacity (Pitsiladis et al., 2011). Today’s technology, such as high-throughput
sequencing and genome-wide association studies (GWAS), allows faster data generation and
analysis, improving our knowledge about genetics behind complex traits (Wolfarth et al.,

2014), as well as making genotyping a lot more affordable (Roth and Thomis, 2011).

Table 1 demonstrates some of the most frequently studied genes associated with endurance,
power and voluntary PA. Some of these genes are also thought to interact with exercise to
influence body composition. Genes that commonly are associated with endurance phenotype
are ACE, ACTN3, ADRB2, BDKRB2 and PPARA; muscle power/strength —ACE, ACTN3,
MSTN, PPARA; training response phenotypes — ACE, ACTN3, BDKRB2, VDR. Voluntary PA
levels are thought to be influenced by ACE, ACTN3, DRDI1, LEPR, MC4R, MSTN, NHLH?,
PAPSS2, VDR (Lightfoot, 2011a). Genes that are thought to influence body composition in
interaction with exercise/physical activity are ACE, ADRB2 and PPARA; obesity- MC4R,
LEPR (Sailors and Bray, 2011). Several of these genes are also a part of the genetic tests used
for tailoring personalized training programs by several companies (DNAFit (2014); Sports
Gene (2014); PathwayGenomics (2014)). Tests targeted towards weight management include
MC4R, ADRB?2 (Sports Gene, 2014), LEPR and PPARA genes (PathwayGenomics, 2014).
Athletic ability/physical fitness tests focus on ACE, ACTN3 (Sports Gene (2014); DNAFit
(2014)); ADRB2, BDKRB2, PPARA, VDR (DNAFit, 2014).
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Table 1: Genes frequently associated with fitness related traits (endurance and
power), physical activity (PA).

Candidate gene Gene function Assogated
with
ACE Blood pressure control; water and sodium E?, P
Angiotensin I converting  regulation PA*** BC®
enzyme
ACTN3 Structural protein found in fast twitch fibers * E°, P*!,
Alpha-actinin-3 PA***
ADRB?2 Part of adrenaline release regulation; mobilization E? BC®
Adrenergic receptor 2 of fuel during exercise *
BDKRB?2 Vasodilation, blood pressure control * E*
Bradykinin Receptor B2
DRDI1 Regulation of neuron growth, mediation of PA*
Dopamine receptor 1 behavioural responses
LEPR Stimulation of gene transcription, regulation of fat BC®,
Leptin receptor metabolism ©© PA***
MC4R Regulation of energy homeostasis © BC**,
Melanocortin-4 receptor PA***
MSTN Regulation of cell growth and differentiation; gene P!, PA**
Myostatin product of MSTN gene likely negatively regulates
skeletal muscle growth °
NHLH? Transcription factor PA*
Nescient helix-loop-helix
2
PAPSS2 Involved in initial muscle development ¢ PA**
3'-phosphoadenosine 5'-
phosphosulfate synthase 2
PPARA Fat and carbohydrate metabolism regulation *° E/P?, BC®
Peroxisome proliferator-
activated receptor alpha
VDR Regulation of Vitamin D3 and Ca*" levels in P?, PA***

Vitamin D receptor

blood ?

E- Endurance; P- Power; BC-body composition

PA- Candidate genes for physical activity *; * three or more lines of evidence supporting candidacy °; **
potential candidate gene (at least two lines of evidence *; *** genes with limited support for candidacy *
a)DNAFit (2014) b)Pitsiladis et al. (2011) c¢) NCBI (2015) d) Lightfoot (201 1a) e)Sailors and Bray

(2011) f)Hubal et al. (2011)
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Among the genes described in Table 1, ACE and ACTN3 are some of the most widely
investigated genes in field of exercise genomics. These are potential candidate genes for PA
levels as well as various traits related to elite athletic performance and exercise. Associations
with the latter phenotype have received most of attention (Wolfarth (2011); Thomis (2011)),
however, a number of studies have focused on the effects of the ACE and ACTN3 genes,
either together or seperately, in the general public as well. Associations for both genes have
been found with trainability of cardiorespiratory traits (Montgomery et al. (1997); Myerson et
al. (2001)), physical function (Buford et al. (2014); Pereira et al. (2013b); Alfred et al. (2011))
and muscle strength (Rodriguez-Romo et al. (2010); Pereira et al. (2013a); Lima et al. (2011);
Moran et al. (2006)) having been investigated. Evidence for their status as candidate genes for
PA levels as well as fitness related traits for these two genes, however, is limited, as

replication studies are produced contradicting results (Loos et al., 2015).

Despite the large number of studies on many candidate genes, results are contradictory,
causing entropy in the body of knowledge (Appell Coriolano and Duarte, 2012). It has been
suggested the declaration a gene as a candidate gene for a particular trait should only occur if
at least three or four independent lines of evidence supporting its candidacy are found in
human and/or mouse models. Lines of evidence can be the functional relevance of a gene;
location within a known quantitative trait loci (QTL); existing haplotype differences;
expression difference, etc. (DiPetrillo et al. (2005); Lightfoot (2011a)). Both ACE and ACTN3
genes are functionally relevant and are located within currently identified QTL associated
with PA levels in mouse models, but not in human models. ACTN3 also shows a haplotype
difference (Lightfoot, 2011a). Both genes have been associated with improved endurance
performance (Bouchard and Hoffman, 2011). Novak et al. (2009) suggested that endurance
capacity might determine PA levels, and this was true in both mouse and human models.

However, it has not yet been supported by other studies (Lightfoot, 2011a).

1.1 The ACE gene

The ACE gene is located on chromosome 17 (Wang et al., 2008), contains 26 exons and codes
for angiotensin-converting enzyme (ACE), which acts on many different substrates. Two
different species of ACE enzyme (somatic and germinal) are transcribed from the same gene,
but each has different sites of action. The germinal form is expressed in testes only (Corvol,

1995), and it is the somatic ACE that is relevant for this study. ACE can be found as a
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membrane bound enzyme in many types of tissues (Paul, Mehr et al. 2006), and as a freely

circulating enzyme (ACEpjasma) 1n various body fluids (Corvol 1995).

The main physiological function of the enzyme is within renin-angiotensin system (RAS,
Figure 2), which is a system that maintains normal blood pressure (BP, Coates (2003)). RAS
gets activated by sympathetic stimulation or by blood volume and/or electrolyte loss in the
body. Angiotensinogen, produced by liver, is cleaved by an enzymatic hormone renin
(released by kidneys) into angiotensin I (Ang I). ACE, in turn, cleaves Ang I into angiotensin
IT (Ang II), which is an effective vasoconstrictor i.e. it causes blood vessels to constrict,
increasing the BP. In addition, ACE catalyses degradation of a potent vasodilator bradykinin
(Woods et al., 2000), causing a hypertensive reaction, i.e. increased BP as a result of

decreased diameter of blood vessels (Puthucheary et al., 2011).

Renin- angiotensin system (RAS)

Angiotensinogen

tf—————— Renin

A 4

Angiotensin |

——— ACE enzyme

L
Angiotensin Il Bradykinin
N ve d
i Y Y 4
Vasoconstriction Cell growth Vasodilation Metabolic influences

Figure 2: Schematic diagram of the physiological pathways of the Renin-angiotensin-system
(RAS) showing the complex physiological system ACE enzyme is a part of. In addition, ACE
enzyme is catalyzing degradation of the potent vadodilator, bradykinin, from the kinin-
kallikrein system (Roth, 2007)

RAS is also a part of Renin-angiotensin-aldosterone system (RAAS) which is a system
involved in sodium (Na') and potassium (K") regulation. In RAAS, Ang II stimulates
excretion of the hormone aldosterone from the adrenal gland. Aldosterone excretion leads to
reabsorption of Na', retention of water and excretion of K'. As a consequence of increased

blood plasma volume, the arterial BP rises (Sherwood, 2013). RAS and RAAS are endocrine
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systems (Sherwood, 2013), however, local and cellular RAS exist as well. These are found in
various types of tissues such as heart, lungs, brain (Paul et al., 2006) and skeletal muscle.

Local and systemic RAS systems have been shown to interact (Paul et al., 2006).

Local muscle RAS may influence human performance (Jones and Woods, 2003). In contrast
to the systemic action of endocrine RAS, local RAS has a metabolic role (Montgomery and
Brull, 2000). It is likely that any differences in the expression of ACE may cause a variation
in breakdown of BK and production of Ang II. Muscle RAS may affect performance as it
plays a role in regulation of metabolism and vascular tone (Jones and Woods, 2003). Gordon
et al. (2001) demonstrated that Ang II is necessary for skeletal muscle growth following
overload during resistance training. However, RAS is likely not as important for normal
maintenance of muscle mass. ACE may also have a similar impact on cardiac muscle growth

(Gordon et al., 2001).

1.1.1  ACE |/D polymorphism
ACE insertion/deletion (I/D) polymorphism is a length polymorphism, where 287-bp Alu

repeat is either present in intron 16 of the insertion allele (I-allele) or absent in the deletion
allele (D-allele; Woods (2009)). Alu sequences are particularly rich in guanine and cytosine,
and are common in human genome (Speicher et al., 2010). Frequency of the three existing
genotypes (I, ID and DD) varies among populations, as shown in Figure 3 (for more detailed

overview of genotype and allele prevalence see Appendix A).

In Caucasian populations, frequency distributions are found to be around 25% for each of the
homozygous genotypes and 50% for the heterozygous genotype (i.e. a 1:2:1 ratio; Jones and
Woods (2003)). It varies slightly, however, among the different populations of Caucasian
ancestry (Rankinen et al., 2000b). Earlier reported ACE /D polymorphism frequencies in
healthy Norwegian subjects for DD and II genotype, respectively, are 32% and 21% in
Tronvik et al. (2008); and around 27% and 23% in Bohn et al. (1993). Populations of African
ancestry have, in general, a higher prevalence of the D-allele (Mathew et al. (2001); Barley et
al. (1994)). Indian (Mathew et al., 2001), Samoan and Yanomami Indian (Barley et al., 1994),
and Pima Indian (Foy et al., 1996) populations, on the other hand, have higher frequency of I-

allele compared to Caucasian and African populations.
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Figure 3: Genotype frequencies (%) of the ACE I/D polymorphism in various populations. a)
Tronvik et al. (2008); b) Bohn et al. (1993); c) Jones and Woods (2003); d) Mathew et al.
(2001); e) Barley et al. (1994); f) Foy et al. (1996)

One possible effect of the I/D polymorphism is the large interindividual differences in
ACEpasma concentrations found in healthy Caucasian subjects (Rigat et al., 1990). Subjects
carrying the D-allele had been found to have higher ACEjasma levels than the carriers of the I-
allele. DD and II individuals have the highest and lowest ACEsma levels, respectively.
Intermediate concentrations have been measured in heterozygotes. DD subjects have also
been shown to have the highest degradation rate of BK (Brown et al., 1998), thus
counteracting vasodilation. Studies on populations of different ethnic origins have showed
racial differences in ACEpjsma activity associated with the ACE I/D polymorphism. The
largest association between the polymorphism and ACEpasma levels have been found in
Caucasian subjects (up to 47% (Brown et al., 1998)). In Pima Indians (USA) only 6.5% of
ACE,lasma levels could be explained by the ACE 1/D polymorphism (Foy et al., 1996), while

no significant association was found in black South African males (Payne et al., 2007).

From all genes associated with human performance, ACE I/D polymorphism (Wang et al.,

2008) is the most widely studied for its association with endurance performance (Pitsiladis et
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al., 2011). Despite many studies, results are neither conclusive nor consistent (Wang et al.,
2008), creating a lot of debate (Woods, 2009). In general, the D-allele is associated with
sprinting (Myerson et al. (1999) and short-distance swimming (Myerson et al. (1999); Woods
et al. (2001)), among others. The I-allele, on the other hand, is associated with elite endurance
rowing (Gayagay et al., 1998), long distance running (Myerson et al. (1999); Hruskovicova et
al. (2000)), inline skating (Hruskovicova et al., 2006) and other endurance type of activities.
Other studies, on the contrary, have found an opposite association for the D-allele in Israeli
Caucasian athletes, i.e. frequency was highest among marathoners (77%) and lowest among
sprinters (57%). The control group had intermediate frequencies (66%) (Amir et al., 2007).
Similar findings were found in Iranian athletes (Shahmoradi et al., 2014). These results
suggest that carrying D-allele may be beneficial for endurance performance in some ethnic
groups (Amir et al., 2007). Despite the positive findings, several studies have not been able to
find any association between ACE 1/D polymorphism and athlete status, e.g. Rankinen et al.

(2000b); Taylor et al. (1999); Orysiak et al. (2013); Ash et al. (2011).

Studies conducted on non-athletes have revealed that ACE I/D polymorphism may, among
other things, influence degree of increase of strength (Folland et al., 2000) and aerobic power
after a training program (Defoor et al., 2006); influence functional responses to exercising in
older adults (Buford et al., 2014); determine physiological and skill parameters in adolescents
(Moran et al., 2006); influence PA level in pubertal boys (Maestu et al., 2013) and adults
(Winnicki et al., 2004).

Folland et al. (2000) found that increase in static strength after a nine-week strength training
program was strongly genotype-dependent. Carriers of the D-allele (i.e. DD and ID genotype)
showed larger increase in static strength compared to the II genotype, with heterozygotes
having the largest increase (97% greater improvement compared to II subjects). The study
population was healthy males without prior strength training history. There were no genotype-
dependent differences in pre-training strength. This study indicates that the ACE gene plays a
role in skeletal muscle hypertrophy as a result of overload, probably through the systemic
and/or local skeletal muscle RAS. Presence of the D-allele seems to promote the hypertrophy,

which is one of the most important factors in gained strength after a period of overload.

One of few studies investigating ACE I/D polymorphism’s influence on physical,
physiological and skills parameters in adolescents found that female homozygotes for the I-
allele performed better at vertical jump tests and had greater handgrip strength. The authors

did not, however, observe any effect in male teenagers. It was concluded that I-allele is
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associated with a strength phenotype. Another conclusion was that in the general population
the ACE 1/D polymorphism has a modest influence on physical phenotype (Moran et al.,
20006).

A study done by Vaughan et al. (2013) on men of Swiss descent showed that carriers of the I-
allele (i.e. II and ID genotypes) experienced greater gains in endurance related parameters
after a period of aerobic training. DD subjects, on the other hand, showed smaller or no
improvement, depending on the parameter. The effect of the I-allele is likely exercise-type
dependant, as changes occurred among men who were assigned to cycle, but not those who
run. This study also discovered that during training and recovery from exercise, there is an I-
allele dependant upregulation of a number of genes that are related to glucose and lipid

metabolism.

Genetic variation within the ACE gene could also predict the adherence to training. This is,
however, still in early stage of research (Nicklas, 2010), and the evidence for its candidacy as
a gene determining levels of PA is still limited (Lightfoot, 2011a). Associations have been
found between ACE I/D polymorphism and PA in pubertal boys. Subjects with DD genotype
were found to be significantly more active (light PA and total PA measured by accelerometer)
compared to II subjects who were more sedentary (Maestu et al., 2013). This contradicts the
findings from a study by Winnicki et al. (2004) on adults. They found that DD subjects of
both genders were more often sedentary compared to II subjects in mild hypertensive
individuals. Heterozygotes had intermediate PA levels. PA levels were assessed by a
questionnaire. According to the authors, family status, age and gender, in addition to the ACE
I/D genotype, were significantly related to PA levels. No significant associations with PA
were found for BMI, smoking, and other factors. Another study failed to find any association
between ACE 1/D polymorphism and leisure time PA in adults (Fuentes et al., 2002).
Contradicting results between these studies could be a consequence of methodological

differences.

A study of effects of two treatments - structured PA or health education - on physical function
of older Caucasian adults revealed that treatment*genotype interaction was significant.
Carriers of D-allele improved their gate speed as well as performance on the Short Physical
Performance Battery (SPPB, see Terms and Abbreviations for more information) as a result of
structured PA, compared to a group with the same genotype, but who received health
education. II subjects in the exercise group, however, showed less improvement compared to

IT counterparts in the education group. Exercisers with II genotype experienced as much as
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21.1% lower improvements in SBBP than the education group with the same genotype, and
clearly demonstrated reduced responsiveness to exercise compared to carriers of the D-allele.
This study was the first of its’ kind to implicate that ACE I/D polymorphism is a source of
variability in response to exercise in the elderly. The authors speculate that the chosen types
of tests and exercise may favour carriers of D-allele, and results may differ if other test and

training modes are used (Buford et al., 2014).

There are many suggested mechanisms by which ACE I/D polymorphism may exert its effects
on fitness phenotypes. Firstly, lower degradation of BK, as observed among I-allele carriers,
leads to increased delivery of substrates to the skeletal muscles increasing their efficiency
(Jones and Woods 2003). Secondly, II subjects are shown to possess higher degrees of slow
twitch muscle fibers which are engaged during aerobic exercise, compared to DD genotype,
with a higher percentage of fast twitch fibers engaged during anaerobic exercise (Zhang et al.,
2003). An increased number of the more efficient slow twitch fibers could be one of the
explanations for the increased mechanical efficiency associated with the I-allele (Williams et
al., 2000). Thirdly, increase in left ventricle (LV) mass after a strength and endurance training
period is greatest in carriers of the D-allele and smallest in II genotype (Montgomery et al.,
1997). Larger LV leads to increased contractile force of the heart, according to McArdle et al.

(2010), and is a reversible adaptation.

1.2 The ACTN3 gene

Although ACTN3 R577X is not as well studied as ACE 1/D, positive associations with fitness
phenotypes have been found (Bray et al., 2009), and the body of evidence for the associations
is continuously growing (Macarthur and North, 2011). Skeletal muscle genomics is still in its
early stages, and ACTN3 is the only structural protein that has been widely investigated for its
association with muscular phenotypes. It is due to the role of structural proteins in
maintaining the size and integrity of a muscle fiber that genetic variations may cause
variations in muscle performance and size (Hubal et al., 2011). ACTN3 gene is a protein
coding gene located on chromosome 11. It encodes a protein with the official name alpha
actinin 3 (o-actinin-3 further in text). ACTN3 is a highly conserved gene (North et al., 1999)
found in many species (Mills et al., 2001), but has the largest variation in mammals
(MacArthur and North, 2004). a-actinin-3 is a member in the alpha-actin binding protein
gene family (NCBI, 2015) consisting of four different a-actinin coding genes (Sjoblom et al.,

2008), with the different isoform genes being scattered on different chromosomes (Beggs et
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al., 1992) and producing at least six different proteins (Sjoblom et al., 2008). One of the
isoforms, a-actinin-2, is mostly expressed in cardiac and oxidative muscle cells, while a-
actinin-3 is almost exclusively expressed in fast muscle fibers (Mills et al., 2001) where it

plays a role in the structure of a Z-line (Z-disk) found in sarcomeres (Sjoblom et al., 2008), as

demonstrated in figure 4 and 5.

Figure 4: Structure of skeletal muscle. a) Skeletal muscle consisting of muscle bundles
(fasciculi) b) Individual muscle fibers within a fascicule c) An individual muscle fiber
consisting of myofibrils which have a striated appearance due to the repeating units —
sarcomeres d) Sarcomere consists of actin filaments, myosin filaments and titin filaments
with Z-disks being boundaries between neighbouring sarcomeres (Picture is from APSU
(2009); figure text adapted from McArdle et al. (2010)).
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« F-actin

Figure 5: Structure of Z-disk. a-actinin, showed in red, cross-links actin filaments (blue) of

two subsequent sarcomeres. a-actinin interacts with the protein titin, which is shown in gray
(Sjoblom et al., 2008).

1.2.1 ACTN3 R577X

R577X polymorphism, in particular, in ACTN3 gene has been investigated for its influence on
athletic performance (MacArthur and North, 2004). The R577X polymorphism is a transition
mutation where cytosine has been transitioned to thymine in exon 16 of the ACTN3,
converting arginine to a stop codon. This nonsense mutation (North et al., 1999) leads to a
premature termination of the translation of mRNA to protein (Pierce, 2012). Due to the stop
codon, less than 2/3 of the protein is synthesized and it is likely degraded rapidly. As the
mutation is located at amino acid residue 577, the polymorphism is denoted by R577X
(rs1815739; MacArthur and North (2004)). Initially, R577X polymorphism was thought to be
an excellent candidate gene for neuromuscular disease as a-actinin-3 protein was lacking in
biopsies taken from homozygotes for X-allele (XX). Biopsies from homozygotes for wild
type R-allele (RR) and heterozygotes (RX), on the other hand, showed presence of the protein
(North et al., 1999). However, as XX genotype was discovered also among healthy
individuals, it became apparent that R577X polymorphism is common among the general
public (MacArthur and North, 2004) and likely is not associated with an abnormal

neuromuscular phenotype.

This suggests that a-actinin-3 may be redundant in humans as other factors, such as the a-
actinin-2, likely compensate for the lack of protein in the Z-disks of the fast twitch fibers
(North et al., 1999). Both proteins have similar structure, function, localisation and
overlapping expression pattern (Mills et al., 2001). However, a-actinin-3 may still provide
some evolutionary advantages that cannot be compensated for by a-actinin-2. After all, the
ACTN3 gene has been conserved through the evolutionary history of many mammals (North
et al., 1999). As the ACTN3 gene product is exclusively expressed in fast muscle fibers, it is
likely essential for optimal high-speed contraction (Yang et al., 2007), and lack of it may have
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negative consequences for sprinting (Yang et al., 2009). Associations between the R-allele
and sprinting are confirmed by many studies, but the link between the null allele and

endurance performance is not as clear (Yang et al., 2007).

X-allele has been found in all populations investigated (Yang et al., 2007), however, the
frequency of the minor allele varies significantly in different populations (North et al., 1999).
The X-allele may have been maintained in larger frequencies in some human populations due
to recent positive selection (MacArthur and North, 2004), with highest frequency in Eurasia
and lowest in Africa (Mills et al., 2001), as shown in Figure 6. See Appendix B for a more

detailed overview of genotype and allele frequencies in different populations.
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Figure 6: Genotype frequencies (%) of the ACTN3 R577X polymorphism in various
populations. a) Mikami et al. (2014); b) Vincent et al. (2008); c)Norman et al. (2009); d)
Yang et al. (2003); e) Roth et al. (2008), f) Scott et al. (2010) g) Yang et al. (2007)

Frequency of XX genotype in populations of European (Caucasian) ancestry is approximately
18% (Vincent et al., 2008). In the Swedish population, frequency of the 577X homozygotes is
around 19% with an X-allele frequency of 44% (Norman et al., 2009), and is similar to those
reported in other Caucasian populations (Garatachea et al. (2014), Eynon et al. (2014),
Vincent et al. (2008), Yang et al. (2003), Roth et al. (2008)). Populations with lowest X-allele
frequencies are Jamaican (0.14) with only 2% of the population being homozygotes for that

allele (Scott et al., 2010); African Bantu (allele frequency: 0.10; XX genotype frequency: 1%)
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((Mills et al. (2001); Yang et al. (2007)) and Kenyan/Nigerian populations (allele frequency:
0.09; XX genotype frequency: up to 1%; Yang et al. (2007)). Such large differences in the X-
allele frequency among populations suggest that ACTN3 may influence individuals’ fitness
under different environmental conditions (Yang et al., 2003). One of the possible explanations
for such positive selection could be the shift towards more efficient muscle metabolism, i.e.

slow-twitch traits in fast-twitch fibers (Yang et al., 2009).

Many studies have found higher frequency of the a-actinin-3 deficient XX genotype
compared to RR genotype in endurance sporting disciplines (Pimenta et al. (2013); Yang et al.
(2003); Eynon, Banting et al. 2014). RR genotype, on the contrary, is more common among
athletes in sprint/power disciplines (Pimenta et al. (2013); Yang et al. (2003)) in Caucasian
populations (Yang et al., 2009). In other populations, such as East African populations, lack
of a-actinin-3 does not seem to influence muscle performance in athletes (Yang et al., 2007).
Although some studies have managed to find associations between athlete performance and
genotype, others have failed. In general, there are fewer studies finding associations between
muscle strength and the ACTN3 R577X genotype in men compared to women (Hubal et al.,
2011). Women may have a larger effect from a-actinin-3 on muscle power than men (Yang et
al., 2003), at least partly, due to hormonal difference in males and females (McArdle et al.,
2010).

Lack of the o-actinin-3 may have an impact on the health of the general population
(MacArthur et al., 2008), and a number of studies exist that have been investigating different
aspects of muscle performance in the general public. ACTN3 may have some subtle effects on
skeletal muscle and, thus, might be one of the genetic factors contributing to normal
variations in muscle function (North et al., 1999). Vincent et al. (2008) found that XX
subjects demonstrated less rapid force generation in their fast twitch fibers compared to the
RR genotype. As heterozygotes showed intermediate values in muscle strength
measurements, the R-allele likely has additive effect on power enhancement. Similarly, soccer
players with RX genotype demonstrated intermediate values compared to the homozygotes in
all phenotypes tested, i.e. sprint (10m, 20m and 30m run), jump and VOymax. Carriers of the
R-allele demonstrated better results at strength tests, while XX homozygotes had higher
VO,max values, indicating better ability for endurance (Pimenta et al., 2013). Increased
numbers of fast twitch (type IIx) fibers in RR subjects could be the explanatory factor for

improved ability in performing dynamic movements (Vincent et al., 2008).
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XX subjects seem to show higher sensation of muscle soreness after a acute eccentric exercise
(see Terms and Abbreviations for explanation) compared to R-allele homozygotes, as
discovered by Vincent et al. (2010). This is in agreement with the higher levels of indicator
molecules of muscle damage in XX subjects. Such differences between the RR and XX
genotypes were possibly caused by the structural differences in the muscles. RR subjects
showed larger (80%) repair responses after the exercise, indicating that the protein product of

ACTN3 may have a protective function against muscle damage.

There are studies, however, where the findings make the effects of the R577X genotypes on
muscle strength characteristics more unclear. XX subjects have been shown to have a larger
response to resistance training after the intervention compared to RR counterparts despite the
lower strength at the baseline. They speculate that greater increase in strength among XX
individuals could be due to greater damage to the muscle after resistance training, caused by
lack of a-actinin-3 in their fast-twitch muscles (Clarkson et al., 2005). Muscle damage is the
stimulus necessary for the adaptive responses to occur (McArdle et al., 2010), and could make
the fast-twitch muscles of X-allele homozygotes better at adapting to training. However, they
are not able to develop as much power in their muscles as RR and RX subjects. ACTN3
R577X could explain around 2% of baseline strength and strength after the intervention in this
study, but there are likely many genes contributing to the genetic variation in muscle response

to resistance training (Clarkson et al., 2005).

Due to their structural role in muscle fibers, the mechanisms by which the ACTN3 nonsense
polymorphism exerts its effects on performance may be easier to determine than for the ACE
I/D polymorphism, where the polymorphism is located in an intron. Findings of the ACTN3
knockout (KO) mice model have been useful for studying possible mechanisms. Studies on
KO mice has showed that the a-actinin-2 is likely upregulated within these fast twitch muscle
fibers, altering their metabolism towards more aerobic. Thus, metabolism in fast-twitch
muscles becomes more similar to the metabolism of the slow twitch fibers that gets activated
under endurance type of activities. Increased mitochondrial enzyme activity is likely to occur
within fast twitch muscles lacking the a-actinin-3 protein, also indicating more efficient
aerobic adenosine triphosphate production. A running test confirmed that the KO mice
managed to run further before exhaustion than the wild type mice (MacArthur et al., 2007).
Study by Norman et al. (2009) did not find differences in power output, fatigability or muscle
fiber composition across the different R577X genotypes in moderately to well-trained

individuals. However, similar to the KO mice study, expression of the a-actinin-2 was found
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to be upregulated in XX individuals, compared with the wild-type homozygotes. The authors
also suggest that ACTN3 genotype may regulate training response as a result of repeated

exercise.

Other changes observed in KO mice compared to their wild type counterparts were reduced
fiber diameter and changed contractile properties of the fast twitch muscle. In addition, better
ability to recover from fatigue and reduced grip strength were observed in KO mice, possibly
due to lower muscle mass. There were no morphological or behavioural differences between
the two types of mice. Similar change in metabolism is likely to occur in humans as well
(MacArthur et al., 2008). In humans ACTN3 homozygotes for the nonsense allele have been
found to have around 5% fewer type IIx (fast twitch) fibers compared to the wild type
homozygote. The same was true for relative muscle surface area covered by this type of fibers
(Vincent, De Bock et al. 2008). These findings, however, could not be replicated by Norman
et al. (2014). Another mechanism could be connected to use of muscle glycogen, which is
utilized as the main carbohydrate energy source for working muscles (McArdle et al., 2010).
Muscle glycogen use seems to be ACTN3 R577X genotype dependent in fast-twitch fibers as
glycogen levels remained higher in XX subjects compared to the RR and RX subjects despite
being at similar levels prior to sprinting activity. This could indicate poorer utilization of the

glycogen as a energy source in XX subjects (Norman et al., 2014).

1.3 Study design in exercise genomics

Most complex traits in sports science are equivalent to quantitative traits, i.e. traits that are
measurable (VOymax, muscle mass etc.), and these measurements are continuous variables
(Gibson, 2009). In order to track down genes influencing complex traits two common
approaches are used: GWAS and candidate gene studies (Gordish-Dressman and Devaney,
2011). However, pinpointing most important genetic factors is challenging due to the

multifactorial nature of complex traits (Roth, 2007).

GWAS is a hypothesis-free approach meaning that no previous knowledge about candidate
genes 1s necessary. In GWAS, a large number SNPs, evenly spread across the human genome,
are analyzed using high-throughput microarray-based genotyping methods (Rankinen and
Bouchard, 2012) in order to determine regions, QTL, associated with a particular quantitative
trait (e.g. muscle strength). QTLs are co-transmitted together with a gene/genes associated
with the specific phenotype of interest (Roth and Thomis, 2011), and are helpful for

decreasing the number of genes needed to be investigated in order to find a candidate gene for
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a trait. Instead of investigating all potential genes within a genome, one can focus on genes
located within QTLs (Lightfoot, 2011a). GWAS is especially useful for studying complex
traits (Roth and Thomis, 2011), such as physical performance. When QTL is found, other
methods can be used to find allele responsible for the trait (Roth, 2007) as identified SNPs are
not necessarily functional themselves, but they might be in linkage disequilibrium with the
causal variant. One of the disadvantages of GWAS are the large number of subjects necessary
in order to achieve high statistic power due to the multiple statistical tests computed during
GWAS. With adequately large sample size, even genetic variants with small effect sizes can

be detected (Roth and Thomis, 2011).

Most of the studies referred to in this study are genetic association studies, however. These
types of studies investigate the effect of a polymorphic allele (SNPs, insertions/deletions etc.)
on a particular trait. Knowledge about its location, function and possible mechanisms of
action is necessary prior to the study (Roth and Thomis, 2011). In addition, the phenotype
should be defined appropriately as it determines the statistical method used for the analysis
(Gordish-Dressman and Devaney, 2011). Despite of the fact those, in most cases, effects of
individual genes are small, up to 90% of studies on physical performance focus on candidate
genes (Brutsaert and Parra, 2009). Candidate gene association studies, either based on
randomly selected subjects or case-control study design (Roth and Thomis, 2011), often
investigate genes known to be involved in metabolic pathways or physiological systems
influencing physical fitness phenotypes (Bray, 2000). Many studies often focus on a single
gene/polymorphism, although focus on multiple gene studies is increasing (Roth and Thomis,
2011). In approximately 15% of all physical performance candidate gene studies, ACE 1/D
polymorphism has been investigated. However, the results are still contradictory, as large

sample size is required in order to pinpoint loci with small effects (Brutsaert and Parra, 2009).

Many polymorphisms associated with PA levels and other exercise related traits are relatively
common. Recent studies support the rare variants-common disease hypothesis. Rare genetic
variants contribute significantly to complex traits despite their low frequency. These are often
located within coding or regulatory regions, and can have major effects on common
traits/diseases. Such rare variants are normally not included in GWAS and other types of
association studies (Rankinen and Bouchard, 2012). One should also consider that epigenetics

is another potential factor determining the levels of activity (Lightfoot, 2011b).

The genetic data available indicates that it will, rather soon, be possible to determine subjects

responding well to an exercise program, as well as those responding poorly or being intolerant
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of exercise (Rankinen and Bouchard, 2012). However, wide application of genetic tests for
improved performance or picking out talents is not yet possible, as research is still in its
infancy (Roth, 2007). Predictability of such tests is low (Hubal et al., 2011), especially of
those based on a single genetic marker, such as the over-the-counter test available in Norway.
Predictability could only be improved by gaining more knowledge (Hubal et al., 2011)
through large and properly designed studies (Rankinen and Bouchard, 2012).
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2 Materials and methods

2.1 Study population

Genotype frequency of the ACE I/D and ACTN3 R577X polymorphisms is the main focus of
the present study. Frequency calculations are based on a sample of 1079 individuals whose
EDTA blood samples were available (genotype study population further in text). Self-reported
physical activity (PA) data were available for 1268 individuals (PA study population further
in text; personal communication, Bjurholt, 2015). All subjects are from the Kolorektal cancer,
Arv og Milje molecular epidemiological study (the KAM study). Subjects filled out a detailed
questionnaire on physical activity level and nutrition data, among others, as a part of the
KAM study (Skjelbred et al., 2006). KAM study is approved by the Regional Ethics
Committee and the Data Inspectorate. Only subjects from Telemark with no risk for

adenomas or low risk adenomas were genotyped in this thesis.

KAM-study cohort, in turn, is based on the screening group from of Norwegian Colorectal
Cancer Prevention Trial study (The NORCCAP study) as described elsewhere (Skjelbred et
al., 2006). Briefly, approximately 21,000 subjects 50-64 years old of both genders were
randomly drawn from population registers of the city of Oslo and the county of Telemark
(clinicaltrials.gov, 2015) by their home address, and invited to participate. Detailed
description of study design and exclusion criteria for the NORCCAP study has been published
earlier (Colhoun et al. (2003); Bretthauer et al. (2002)). Attendance rate was high for
Telemark County, i.e. approximately 70% (Bretthauer et al., 2002). Answers from the
questionnaire from the NORRCAP study were later used to validate the responses on self-
reported PA levels from KAM study, which is the basis of PA estimates in this study. Around
450 participants filled out the questionnaire at three separate occasions, two times during the

NORRCAP study and once during KAM.

In order to analyse association between ACE I/D and ACTN3 R577X polymorphisms and PA
levels, data from genotype and PA population was combined. The new data set consisted of
individuals with both genotype and PA data (N=926; the combined study population further

in text), as shown in Figure 7.
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Combined study > ACE genotype (N=622)
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Figure 7: Overview of the three different study populations (physical activity (PA), genotype
and combined study populations) obtained from Kolorektal cancer, Arv og Miljo (the KAM
study). Data from the genotype and the combined study population have been used for
calculations in the present study.

*unpublished data from the study of Bjurholt, A.M.

Study is based on analysis of two separate study populations, i.e. the genotype and the
combined study population. Genotype frequency data are based on genotype study population
baseline characteristics of which is presented as means = SD and the coefficient of variation,
where appropriate, in Table 2. See Appendix C a) and b) for baseline characteristics for the

PA study population and the combined study population.

Table 2: Baseline characteristics of the genotype study population

Variable Total (N=1079) Male (N=554) Female (N=515)
mean + SD CvV mean + SD CvV mean+SD CV
Age (year) 55.8+3.8 6.9 56.0+3.8 6.8 55.5+3.9 7.0

Anthropometric data
Weight (kg) 78.7+13.8 17.5 84.7+11.9 14.0 72.0+125 174
Height (cm) 173.1+8.6 4.9 179.2 + 6.1 3.4 166.7+5.5 33
BMI (kg/m?) 26.2+3.7 14.3 264+£3.2 12.2 259+4.6 17.6

SD- standard deviance; CV=Coelficient of Variance

2.2 Extraction of DNA

Salting out procedure, described in Miller et al. (1988) with some modifications, was used in
order to extract genomic DNA from venous blood stored at -20°C prior to extraction (Hansen

et al., 2005). Three times the sample volume lysis buffer (155 mM NH4Cl, 10 mM KHCO;, 1
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mM EDTA, pH 7.4) was added to thawed, anticoagulated blood samples. Samples were then
incubated at 3°C for 30-60 min and centrifuged. The pellet containing nucleated cells were
then resuspended in 10 ml SE buffer (75 mM NaCl, 24 mM EDTA, pH 8.0). 500 ul 20% SDS
and 50 ul protease K were added and samples were incubated over night at 40°C. After
incubation 2.0 ml 6M NaCl was added to each sample and shaken for 15 seconds. Lysate was
then centrifuged at 5000rpm for 15 min at 3°C in order to create a protein pellet. Two
volumes of cold absolute ethanol were then added to supernatant. The precipitated DNA was
then washed in 3 ml 70% ethanol, air dried and then moved to a 2.0 ml tube containing 200-
1000 ul TE-buffer (10 mM Tris, 0.1 mM EDTA, pH 7.5). DNA was then dissolved by
shaking it at 800 rpm for 24 hours at room temperature. Stock solution was stored at 4°C until

use.

2.3 Quantification of DNA

DNA was quantified with Picodrop Microliter UV/Vis Spectrophotometer (Picodrop Limited,
United Kingdom) by 260 nm absorbance. Purity of DNA was measured by 260/280 nm ratio.
Each sample was measured twice, and average concentration value was used for making
working solution with approximate DNA concentration of 100 ng/ul. Average DNA
concentration of stock solutions was 585.6 ng/ul (range from 11.5 ng/ul to 1099.6 ng/pl),
with average purity at 1.69 for 1079 samples.

2.4 Genotyping for ACE I/D polymorphism with PCR

Genotyping for both the ACE and ACTN3 gene polymorphisms were done by being blind to
subject identity.

The insertion/deletion (I/D) genotype for the ACE gene was identified by polymerase chain
reaction (PCR) amplification with Eppendorf Mastercycler gradient (Eppendorf AG,
Germany) and MJ Research PTC 200 Thermal Cycler (Bio-Rad Laboratories, Inc., USA).
Each reaction mixture of 24.5 pl contained 2% dimethyl sulfoxide (DMSO), 1x PCR buffer,
0.2mM dNTP, 2mM MgCl, 0.2 pmol/ul of each primer, 0.5U/ul Taq polymerase. Approx.
100 ng of genomic DNA was added to each PCR reaction with total volume of 25.5 pL.
Forward primer was 5'-CTGGAGACCACTCCCATCCTTTCT-3' and reverse primer 5'-
GATGTGGCCATCACATTCGTCAGAT-3' (Rigat et al., 1992). Initial denaturation at 95°C
for 3 min was followed by 30 cycles of denaturation (95°C, 15 sec), hybridization (53°C; 45
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sec) and extension (72°C; 30 sec). After final elongation (72°C; 5 min) the PCR products were
stored at 4°C until separating DNA fragments with gel electrophoresis. PCR resulted in three
possible outcomes: DD (190 bp), ID (490 and 190 bp) and II (490 bp; Abigail (2012)).

There was one negative control per 39 samples. No positive controls were used initially.
Samples that gave no results and samples that gave unclear results were re-analyzed, with

samples that have been genotyped successfully as positive controls.

The I allele was generally weakly amplified in heterozygotes despite the addition of 2%
DMSO in PCR reaction. DMSO is added into PCR reaction to facilitate denaturation of the
DNA strand (Altshuler, 2006). In order to avoid mistyping of ID individuals as DD, another
PCR reaction was carried out with insertion specific forward primer (5'-
TTTGAGACGGAGTCTCGCTC-3') and standard reverse primer, as described by
Shanmugam et al. (1993). Only samples with DD genotype were analyzed during this PCR
reaction. Each reaction of 25.0 ul contained 12.5 pl AmpliTaq Gold® PCR Master Mix, 5%
DMSO, 0.2 pmol/ul of each primer, and approx. 100 ng template DNA. PCR reaction
conditions were as follows: initial denaturation at 95°C for 3 min was followed by 30 cycles
of denaturation (92°C), hybridization (61°C) and extension (72°C) for 1 minute each. After
final elongation (72°C; 7 min) the PCR products were stored at 4°C until analysis. Insertion
specific PCR reaction yielded a 408bp long DNA fragment in carriers of the I-allele (II and
ID genotypes) and no PCR product in DD subjects.

2.5 Separation and visualization of PCR products

PCR products were separated by 6% polyacrylamide gel electrophoresis (PAGE) for 30 min
at 150V. Size standard Phi-X174 RF DNA/Hae III (Thermo Fisher Scientific Inc, USA) was
used. Gel staining was conducted by adding GelRed® (Biotium, Inc., USA) directly in slot: 1
ul 6X Standard Loading Buffer (Omega Bio-tek Inc, USA) with 2XGelRed® + 4 ul sample,
as suggested by Genaxxon (2011). Gels were visualized by UV light with Gel Doc system
from Syngene (Division of Synoptics Ltd).

2.6 Genotyping for ACTN3 R577X polymorphism

Genotyping of ACTN3 R577X polymorphism was carried out with TagMan® SNP
Genotyping Assay, assay ID C 590093 1 (Applied Biosystems®, USA) on StepOne™
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Real-Time PCR System (Applied Biosystems®, USA). Genotype calling was done by
StepOne Software v2.0.

Each reaction of a total of 15 pul genotyping mixture contained 8.44 ul Genotyping Master
Mix, 0.42 ul Assay mix (40x), 6.33 ul distilled H,0 and 1.5 pl of DNA template (approx. 100
ng/ul). Reaction conditions were as follows: 30 sec at 60°C followed by initial denaturation
stage for 10 min at 95°C ; denaturation stage for 15 sec at 95°C followed by annealing at
60°C for 1 min in cycling stage with 40 cycles altogether; at final post read temperature was

kept at 60°C for 30 sec (ThermoFisherScientific, 2013).

In addition to the duplicate samples, two no-template controls (water instead of DNA
template) and two positive controls (one of each homozygous genotype) were used on each
48-well plate, as suggested in McGuigan and Ralston (2002) in order to ensure accuracy of
the AD-assay. Genotypes of positive controls were previously determined by 23andMe, Inc.,
privately-held company offering personal genetic analysis service. Laboratory testing is done
in CLIA-certified and CAP-accredited laboratory (see Terms and abbreviations). They use
[Nlumina HumanOmniExpress-24 format chip (Illumnia, San Diego, CA, USA) for genotyping
purposes (23andme.com). According to producer of this chip, it covers common genetic
variations with strategically selected tagSNP and, thus, is well suited for GWAS (Illumina,
2014).

For some samples automated genotype calls were not created, likely due to some technical
issues. Although there were clusters along the horizontal and vertical axes as well as at the
diagonal, these yielded “undetermined” call on allele discrimination plot (see Appendix D).
For many of these samples raw data were available, and thus, these results were read

manually.

2.7 Determination of physical activity levels

Energy expenditure during PA is often measured in metabolic equivalents (METs) which
compare oxygen consumption during an activity compared to the resting level. One MET is
resting metabolic rate, i.e. amount of oxygen consumed during rest, which is set at 3.5 ml
O,/min/kg (for a subject weighing 70 kg). Two METs would then be oxygen consumption
twice the resting level, and so on. METs provide a useful method of estimating functional
capacity of a person (Jetté et al., 1990) and intensity of an activity (Ainsworth et al., 2000).

Intensity of different activities is commonly classified as light when breathing is close
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to/slightly above normal level and perspiration is minimal (up to 4 METSs); moderate when
breathing is above normal and there is a definite perspiration (5-8 METs); heavy when
breathing and perspiration is heavy (8 and higher METs; Jetté et al. (1990)). In order to
improve cardiorespiratory fitness, activities should be at 6 METs and higher (McArdle et al.,
2010).

PA levels and physical capacity score in METs are calculated based on KAM study
questionnaire data. Questions and response options are presented in Table 3. A total of 1268
individuals had responded on questions about their PA habits by choosing one of the provided
alternatives as an answer (PA study population). Focus of the questions on PA in KAM study
was on aerobic (endurance) type of exercise. As it did not map the habits of resistance and
other type of anaerobic training, PA calculations in this study are based exclusively on aerobic
PA.
Table 3: Questions and response options on participants’ physical activity habits in KAM

study
Question Response options

Have you cycled or walked to work during the past No
five years? Once a week
Several times a week
Daily
Do you hike? No
Once a week
Several times a week
Were you participating in sports or outdoor activities No
at a younger age? Yes
How often do you exercise for at least 20 minutes? Never
Less than once a week
Once a week
Several times a week
Daily
If you exercise, do you perspire? No
Yes
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MET levels were assigned to each activity (cycling, walking or exercise) depending on how
often the particular activity was conducted (=PA level). By combining PA level with
perspiration data, sum of physical capacity was calculated. This estimate was, in turn, used to
determine participants’ physical capacity score and MET category (unpublished data). PA
levels and sum of physical capacity were later used in the analysis of association between the
ACE 1/D and ACTN3 R577X genotypes and PA levels. In order to investigate associations
between genotypes of ACE I/D and ACTN3 R577X and PA, participants from the combined
study population (n=926) were grouped in two categories based on their response on whether

they reported participation in any kind of PA or not.

Several of subjects (n=455) filled out similar questionnaires at several occasions i.e. twice
during the NORCCAP study and once during KAM-study. In order to validate answers on
PA questions from KAM-study, responses were compared (data not shown). Questions about
PA in both studies were rather similar, with only minor differences (see Appendix E for

questions regarding PA from NORCCAP study).

2.8 Data analysis

Chi-square test (xz) was used in order to test whether or not the results were in Hardy-
Weinberg equilibrium (HWE). Differences in genotype distribution between male and female
subjects; between the genotype and the combined PA and genotype study populations; and
between genotype frequencies in present study and populations from other studies were
investigated contingency Chi-square test. Both tests were done by the R Commander package,
R version 3.1.1. Associations between ACE I/D and ACTN3 R577X genotype and physical
activity was investigated with two-tailed t-test and univariate and multivariate general linear
models with post hoc (Bonferroni) test in IBM SPSS Statistics, version 22 (Chicago, IL,

USA). Level of significance for all calculations were set at p=0.05 for all tests.
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3 Results

3.1 Frequency of ACE I/D genotype

According to Shanmugam et al. (1993) amplification of I-allele in heterozygotes is suppressed
in PCR reaction of unknown reasons. After completing all runs with first protocol,
heterozygotes were clearly underrepresented (38%), while homozygotes for D-allele were
overrepresented (36%) compared to what was expected from the HWE (i.e. genotype
frequency of around 25% for each homozygote and 50% for heterozygotes). After performing
insertion-specific protocol, 733 out of 1079 samples were genotyped successfully; 173 were
homozygous for the deletion (D) allele, 174 were homozygous for insertion (I) allele and 386
were heterozygous, i.e. 23.6%, 23.7% and 52.7% of the total genotype study population,
respectively (see Table 4). Genotype was impossible to determine for 360 samples. Out of
these, 345 yielded no PCR product even after repeated PCR run; 6 were genotyped as possible
DD subjects; 6 were genotyped as possible ID subjects; 3 were genotyped as possible II
subjects, but without certainty, and thus were not included in the statistical analysis.

Table 4: ACE I/D genotype frequency distribution in the Norwegian population (the genotype
study population)

Genotype, n Total Male Female = Unknown gender
(%) (N=1079) (N=554) (N=515) (N=10)
(n=733) (n=364) (n=366) (n=3)
II 174 (23.7) 94 (25.8) 80 (21.9) -
ID 386 (52.7) 193 (53.0) 191 (52.2) 2
DD 173 (23.6) 77 (21.2) 95 (26.0) 1

N-Total number of subjects in the genotype study population;, n-number of subjects with
successfully determined genotype.

The observed genotype frequencies did not deviate from HWE (y°=2.08, df=2,p=0.35). Allele
frequencies were 0.55 for the D allele and 0.45 for the I-allele. Genotype frequencies did not
differ significantly between male and female subjects (x*= 3.02, df =2, p=0.22).

3.2 Frequency of ACTN3 R577X genotype

Out of 1079 samples, genotype was impossible to determine for 243 samples, thus the sample
size for ACTN3 R577X polymorphism was 836 subjects whose genotype was successfully
determined. 30.9% (n=258) were homozygous for the R-allele, 48.6% (n=406) were
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heterozygous, and 20.6% (n=172) were homozygous for the X-allele, as demonstrated in

Table 5. Allele frequencies were 0.55 for the R-allele and 0.45 for the X allele.

Table 5: ACTN3 R577X genotype frequency distribution in the Norwegian population
(genotype study population)

Genotype, n Total Male Female Unknown gender
(%) (N=1079) (N=554) (N=515) (N=10)
(n=836) (n=407) (n=425) (n=4)
RR 258 (30.9) 111 (27.3) 143 (33.6) 4
RX 406 (48.6) 204 (50.1) 202 (47.5) -
XX 172 (20.6) 92 (22.6) 80 (18.8) -

N-Total number of subjects in the genotype study population; n-number of subjects with
successfully determined genotype

The observed ACTN3 R577X frequencies in the Norwegian population were in HWE (x*=
0.15, df= 2, P=0.93), and did not differ significantly between genders (x’= 4.49, df = 2, p-
value =0.11).

3.3 Associations between physical activity and ACE I/D
and ACTN3 R577X genotype

The combined study population included 926 subjects for whom the PA responses were
available, in combination with one or both genotypes. Genotype frequencies from the
combined study population did not differ significantly from frequencies found in the genotype
study population (p= 0.90 and p=0.93 for the ACE and ACTN3 genes, respectively). PA and
genotype data for ACE I/D and ACTN3 R577X for the combined study population are
demonstrated in Table 6 (see Appendix F for questionnaire response summary). 74.1%
(n=686) of the subjects had PA levels of over 10 METs, and 7.5% (n=69) had levels under 7
METs. Similarly, 7.0% (n=67) of the subjects had physical capacity score under 7 METs,
while 74.1% (n=686) demonstrated capacity score above 10 MET. 34 (3%) subjects from the
combined study population responded that they do not participate in any kind of PA (data not

shown).
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Table 6: Physical activity (PA) level, physical capacity score, and genotype frequency
distribution for ACE I/D and ACTN3R577X polymorphisms in the combined study

population
Variable

Total PA level
<7MET
7-10 MET
>10 MET
Total physical capacity score
<7MET
7-10 MET
>10 MET

ACE
11
ID
DD

ACTN3
RR
RX
XX

Total (N=926) Male (N=476)

n (%)

69 (7.5)
171 (18.5)
686 (74.1)

65 (7.0)
115 (12.4)
746 (80.6)

Genotype

(n=622)
141 (22.7)
333 (53.5)
148 (23.8)

(n=726)
222 (30.6)
359 (49.5)
145 (19.9)

n (%)

42 (8.9)
109 (22.9)
325 (68.3)

39 (8.2)
73 (15.3)
364 (76.5)

(n=307)

73 (23.8)
167 (54.4)
67 (21.8)

(n=354)
101 (28.5)
180 (50.9)
73 (20.6)

Female (N=450)
n (%)

27 (6.0)
62 (13.8)
361 (80.2)

26 (5.8)
42 (9.3)
382 (84.9)

(n=315)
68 (21.6)
166 (52.7)
81(25.7)

(n=372)
121 (32.5)
179 (48.1)
72 (19.4)

Results are presented as means = SD; CV=Coefficient of Variance; PA- physical activity; N-
Total number of subjects in the combined PA and genotype study population;, MET =

metabolic equivalent.

Women were found to be significantly more physically active than men (p<0.05); however,

difference was modest. No associations were found when tested between PA levels or

physical capacity score across ACE and ACTN3 genotypes; or when adjusted for gender and

BMI. Similarly, no associations were found when combined effects of both polymorphisms

were investigated. See Appendix G for self-reported PA data and genotype frequencies for
ACE /D and ACTN3 R577X polymorphisms in the PA study population.
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4 Discussion

Genes influence many aspects of physical fitness and exercise response. ACE and ACTN3
genes are among the most studied genes in the field of exercise genomics. They are thought to

have influence on traits such as muscle strength, endurance and trainability.

Genotype frequencies for ACE 1/D polymorphism vary widely across populations. In
Caucasian populations, in general, genotype frequency is 25% for II and DD genotypes and
50% for heterozygotes (Jones and Woods, 2003). In the present study approximately 24%
were found to be homozygous for either I or D allele, and 53% were heterozygous for ACE
I/D polymorphism. These results are consistent with two earlier studies on Norwegian
subjects (Bohn et al. (1993); Tronvik et al. (2008)). Genotype frequencies did not deviate
from HWE, indicating correct genotyping, sufficient sample size (Roth, 2007) and/or no
stratification of the sample (Marchini et al., 2004). The study population of the present study
is homogenous and large enough to be a good representative of a Norwegian population
(Skjelbred et al., 2006). The results from the present study can be used as a reference group in

further case-control or intervention studies.

In order to determine genotype for ACE I/D polymorphisms, two different PCR protocols
were used (i.e. three-primer method). The first PCR reaction is designed for amplifying both
alleles (I and D), while the other protocol is designed for amplifying the insertion allele only.
Amplification of the I-allele can sometimes be suppressed in heterozygotes under PCR-
reaction (Shanmugam et al., 1993). This was also observed in the present study as the DD
genotype was overrepresented after the initial two-primer PCR protocol, and there was no
concordance with HWE. However, genotyping results after running PCR protocol with
insertion-specific forward primer showed many heterozygotes incorrectly genotyped as
homozygotes for D-allele. Many studies use the three-primer genotyping method, which
demonstrates genotyping consistency of 92-100% (Glenn et al. (2009); Shanmugam et al.
(1993)). However, some studies (Defoor et al. (2006); Shahmoradi et al. (2014); Maestu et al.
(2013)), including the earliest study of Norwegian population (Bohn et al., 1993), only used a
two-primer-protocol, which have genotyping accuracy of 55% (Glenn et al., 2009).
Genotyping errors could eventually lead to false associations, meaning that results from these
studies should be treated with caution. Eisenmann et al. (2009) performed genotyping using
PCR-restriction fragment length polymorphism protocols on two polymorphisms that are
known to be in complete linkage disequilibrium with ACE I/D polymorphism. These
polymorphisms were previously described by Glenn et al. (2009). This was done as other
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standard methods (two-primer method and deletion-specific primer method) returned
inconsistent results. Wang et al. (2013) reported using a TagMan® assay for determining
genotype for ACE 1/D polymorphism by genotyping a SNP in perfect linkage disequilibrium
with ACE I/D. Using AD-assay could be more advantageous in studies with large sample size
as assays are known for producing reliable and reproducible results (Life Technologies,
2011). Standard PCR protocols are labour intensive as two separate PCR protocols are

necessary for achieving 100% genotyping accuracy.

Many (n=345) of the total of 1079 samples in this study did not yield any results even after
repeated PCR runs. DNA was extracted by modified salting out procedure, and the
quality/quantity is generally sufficient for genotyping. It may, however, be necessary to purify
the DNA for better results. One possible cause for lacking results is too low concentrations or
no DNA in the working solution. However, this is unlikely, as only few samples had low
concentrations in the stock solution. In addition, several of these yielded results for the

ACTN3 gene.

It is generally accepted that around 18% of the Caucasian population are a-actinin-3 deficient
(Vincent et al., 2008). Frequencies of the RR genotype in Caucasian populations ranges from
27 to 39%, while for the XX genotype — 11 to 27%. Genotype frequencies for R577X
polymorphism in the present study were 30.9, 48.6 and 20.6% for RR, RX, and XX genotype,
respectively. Allele frequencies were 0.55 and 0.45 for R and X allele, respectively. Observed
frequencies did not differ significantly from HWE, and were similar between genders. To the
best of my knowledge, there are no previous studies on ACTN3 R577X polymorphism
conducted on Norwegian subjects. Findings of the present study are consistent with earlier
findings in other Caucasian populations, such as the Swedish population (Norman et al.,
2009). Minor allele frequency in the Swedish population have been reported to be 0.44, and
19% are homozygotes for XX genotype. The present population is representative for general
Caucasian population, and can be used as a control group in further studies on people affected

by diabetes, obesity or other conditions.

For the ACTN3 R577X polymorphism, it was not possible to genotype 243 out of the 1079
samples. For most of the samples, a software problem was the main reason for missing data.
However, for some samples too large variation in template concentrations within samples
could potentially explain lack of results. It is generally suggested to normalize input of
template DNA in reactions. The assay based methods, such as the one used in the present

study, is a method of choice in many of the association studies on ACTN3 gene. It is a robust
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(McGuigan and Ralston, 2002) genotyping method yielding highly accurate results. The
method is less labour intensive (Life Technologies, 2011) compared to conventional PCR

methods.

Well designed studies are crucial for finding associations between genes and complex traits,
such as PA. Results from previous studies suggest that up to 70% of PA participation can be
explained by genetic factors (Stubbe et al., 2006), and genes influencing levels of PA are not
deterministic genes, but susceptibility genes (Hagberg, 2010). This means the person is born
with predisposition towards being inactive/active (Lightfoot, 2011b). Many studies have
found associations between ACE I/D and ACTN3 R577X polymorphism and elite physical
performance and various traits in the general public. However, many studies have failed to
find this association. Potential weaknesses for many of these studies are mixed cohorts (e.g.
mixed nationalities (Cam et al., 2007); differences in study design; small population size;
using results from studies that are not specifically designed to discover associations between
genetic marker and complex traits (Rankinen et al., 2000b). Small sample sizes (Loos et al.,
2015) have insufficient power to detect effects of a gene on a complex trait (Hattersley and
McCarthy, 2005) and are at higher risk of finding false positive association (Rankinen et al.,
2000a).

The NORRCAP study (samples of which later were basis for the KAM-study biobank) had a
strong study design, partly due to large sample size of a homogenous study population and
high attendance rate (around 70% for participants from Telemark county), as described in
earlier studies (Gondal et al. (2003); Hansen et al. (2005)). The study design of the present
study is strengthened further as the high minor allele frequencies reported for both
polymorphisms in Caucasian populations, i.e. up to 50% for the I-allele in both ACE (Jones
and Woods, 2003) and ACTN3 gene (Clarkson et al., 2005) makes it possible to draw a

balanced sample from the population by common random sampling strategies (Roth, 2007).

Findings of the present study found no association between the ACE I/D and ACTN3 R577X
polymorphism and levels of self-reported PA. Association between the polymorphisms in the
present study was based on whether subjects reported any engagement in PA or not, i.e. active
vs. sedentary. To get a proper evaluation of this association it is crucial to have a correct
measure of the PA level. In the KAM cohort data from questionnaires were used.
Significantly higher PA levels among women compared to men were found, which is
consistent with findings from other studies on Norwegian subjects (Kumar (2008);

Bertheussen et al. (2011)). These results differ, however, from what is generally accepted, i.e.
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men are more active than women (Lightfoot, 2011a). The study population of this particular
study demonstrated rather high PA levels. Around 70% of the combined study population
demonstrated PA levels above 10MET, meaning that these persons are generally physically
active. Compared to other populations, these are high levels of activity (De Moor et al., 2009).
In addition, around 74% of the subjects had physical capacity score above 10 METs, at least
partly confirming high PA levels, as physical capacity score was estimated by combining the
PA level data with the intensity of the reported activities (i.e. perspiration data). Only 34
individuals (3%) from the combined study population did not report any participation in PA
(i.e. were defined as sedentary), thus, giving a small sample size when tested against the
active group for association between ACE and ACTN3 genes and PA levels. However, results
did not change considerably when low PA level group (under 7 METs, n=69 (7.5%)) was
tested against the group with high self-reported PA levels (above 10 METs, n= 686 (74.1%)).

Although questionnaires are widely used and cheap tools for mapping PA behaviour, they
present a major weakness - self-reported measures of PA are subjective (Ainsworth et al.,
2015) as participants do not always recall their past activities accurately (Bray et al., 2011).
As a result, the power to detect PA-gene relationships is potentially weakened. Nevertheless,
questionnaires are often used in genetic studies (Bray et al., 2011). It has been shown that the
self-reported PA levels are often over or underestimated compared to the real PA levels. In
addition, levels of vigorous PA tend to be overestimated (Prince et al., 2008) which could
potentially explain why so many individuals in the present study are highly active (MET
above 10). All these factors could represent a potential weakness of the present study,
especially as the questionnaire used in the KAM-study was not developed specifically for the
purpose of determining PA levels. It had rather been designed to map participants’ lifestyle in
order to gain as much information on potential risk factors for development of colorectal

cancer (Skjelbred et al., 2006).

According to Prince et al. (2008), the most accurate estimates of PA levels can be obtained by
direct measures of PA (e.g. direct or indirect calorimetry, different wearable sensors etc.).
However, as these methods are too expensive to use in large studies, instead questionnaires
and other self-reporting tools are widely used (Bray et al., 2011). Direct methods are
commonly being used to validate questionnaire data (Prince et al., 2008). The questionnaire
from the KAM-study is, although slightly less detailed, fairly similar to the questionnaire used
in The Nord-Trendelag Health study (HUNT; Kurtze et al. (2008)). Results from the short

questionnaire used in HUNT 1 were reproducible, and comparable with the other validated
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assessment methods, such as the validated International Physical Activity Questionnaire,
direct measurements of energy expenditure and VO;pm,x measurements. In addition, responses
on PA questions from several occasions were available for many subjects in present study. In
that way, it was possible to evaluate the reliability of the responses from KAM-study. There
was a good resemblance in responses between the NORCCAP and KAM studies, indicating
that participant PA habits had not changed notably between the different surveys and/or that
participant’s managed to recall their past physical activity well. Thus, results from current
study should be valid, and can be used to compare PA levels in the present study with other

studies.

Most of the potential candidate genes for their influence on PA levels have been picked out
based on their functional relevance, and not due to their location within known QTL. A
serious disadvantage of such an approach is the increased probability of finding false positive
associations. As a countermeasure, it has been suggested to require at least three independent
lines of evidence before declaring a candidate gene. Lines of evidence are, for instance,
functional relevance, being located in known QTL and showing gene expression differences
(Lightfoot (2011a); DiPetrillo et al. (2005)). Relatively few studies have been investigating
relationship between ACE 1/D polymorphism and self-reported PA level. To the best of my
knowledge, there are no candidate gene studies that have been investigating association
between PA and ACTN3 R577X polymorphism directly. However, some indications for their
candidacy have been found, but evidence for their candidacy is limited as these genes are not
being supported by at least three lines of evidence. ACE and ACTN3 are both functionally
relevant genes, and they have been found to be located within an identified QTL in mice.
ACTNS3, in addition, have haplotype differences. However, none of them are located within
QTL associated with PA in humans (Lightfoot, 2011a). DD genotype of the ACE 1/D
polymorphism have been associated with both higher (Maestu et al., 2013) and lower
(Winnicki et al., 2004) PA levels compared to II genotype. Fuentes et al. (2002), on the other
hand, did not find any association between ACE 1/D and leisure time PA. ACE and ACTN3
genes have also been thought to influence PA indirectly, i.e. through their effects on response
to regular exercise or physical fitness. Gene variants that improve physical fitness faster are

thought to promote PA (Stubbe et al., 2006).

Other genes than ACE and ACTN3 likely influence the PA levels in the Norwegian
population. In general, heritability of PA levels has been reported to be small to medium

high, and higher in males than females. In the Norwegian population, on the contrary,

46



heritability estimates of exercise participation have been reported to be 27% and 56% in male
and female subjects, respectively (Stubbe et al., 2006). However, any single gene will likely
only have a modest influence on a particular complex trait (Brutsaert and Parra, 2009), such
as PA levels. Due to the large sample size, homogenous study population and high frequency
of the minor alleles of ACE 1/D and ACTN3 R577X polymorphisms, any such associations

would have been found by present study.

Even though genes play an important role in determining the levels of PA, genetic control of
PA is not fully understood. Studies have revealed only a small number of possible QTLs
associated to regulation of PA, meaning either involvement of only few genes or, a more
likely explanation, a large number of genes involved in determination of the PA each of
which playing only a minor role. In addition, regulatory mechanisms in non-coding areas of a
DNA may also play a role. At the time of writing, there were only two genes that met the
three-line-of-evidence standard, i.e. Drdl and Nhlh2. There are at least four independent lines
of evidence for each of the two genes, such as being located in QTL in mice, exhibiting at
least partial haplotype differences, being functionally relevant (Lightfoot, 2011a). Drdl codes
for dopamine receptor, and mediates behavioural responses as well as influence neuron
growth (NCBI, 2015). Nhlh2 codes for a transcription factor Nescient helix-loop-helix 2
(NCBI, 2015), and exact mechanisms for regulating PA are not known. It could be interesting

to see whether these two genes could be linked to levels of PA in the Norwegian population.
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5 Conclusion

To the best of my knowledge, this is largest study on ACE I/D polymorphism, and first study
on ACTN3 R577X polymorphism conducted on healthy Norwegian subjects. Results are
based on large sample size acquired from a homogenous population. Genotype frequency of
ACE 1/D and ACTN3 R577X polymorphisms found in the Norwegian population do not differ
significantly from other Caucasian populations. The results of the present study are
representative for a broader Norwegian population. Genotype frequencies from present study
can serve as a baseline in further case-control or intervention studies investigating association

between ACE 1/D and ACTN3 R577X polymorphism and fitness related traits.

Present study could not find any association between the ACE I/D and ACTN3 R577X
polymorphisms and self-reported physical activity levels. Thus, it is unlikely that ACE and
ACTN3 genes have an impact on self-reported PA levels in Norwegian population. However,
findings are based entirely on participation in aerobic type of activities, as results for strength
training were not available. It was found that female subjects are significantly more active
than male subjects. Results correspond well to findings from other studies on Norwegian

subjects.
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7 Appendix

Appendix A: Genotype and allele frequencies of the ACE I/D polymorphism

Table 7: Genotype (%) and allele frequencies of the ACE I/D polymorphism in various populations.

Genotype Allele
frequency (%) frequency

Population N Reference
II ID DD I D

Caucasians .25 50 25 050 050 Jonesand Woods (2003)

(in general)

Caucasian (Germany) 120 26 47 27 0.50 0.50  Rankinen, Wolfarth et al. (2000)
Caucasians (USA) 80 24 49 28 0.48 0.52 Foy et al. (1996)
Caucasians (Finland) 80 18 51 30 0.44 0.56 Rankinen et al. (2000b)

Caucasians (Canada) 100 22 42 36 0.43 0.57 Rankinen et al. (2000b)

African Americans 142 13 56 31 0.41 0.59 Mathew et al. (2001)
Nigerian Blacks 80 16 49 35 0.41 0.59 Barley et al. (1994)

Indians (incl. 136 28 53 19 0.55 0.45 Mathew, Basheeruddin et al.
Pakistani) (2001)

Pima Indians (USA) 305 51 41 8 0.71 0.29 Foy et al. (1996)

Na-Dene (South 50 58 32 10 0.74 0.26 Rupert et al. (1999)

America, lowlands)

Quechua (South 63 59 38 3 0.78 0.22 Rupert et al. (1999)
America, above 3000
m.a.s.l.)
Yanomami Indians

4 . . .
(South America) 9 7127 2 0.85 0.15 Barley, Blackwood et al. (1994)
Samoans (Polynesia) 58 83 16 2 0.91 0.09 Barley, Blackwood et al. (1994)

m.a.s.l.-meters above sea level
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Appendix B: Genotype and allele frequencies of the ACE I/D polymorphism

Table 8: Genotype (%) and allele frequencies of the ACTN3 polymorphism in various populations

Population

Caucasians (Poland)
Caucasians (Russia)

Caucasians
(Sweden)

Caucasians
(Australia)

Caucasians (Spain)
Caucasians (USA)
Caucasians (USA)
Caucasians (Dutch)
Asians

Hispanics

PNG Highlander

Ethiopians

Aboriginal
Australians

African Americans

Jamaicans

African Bantu

Kenyans

Nigerians

Genotype frequency Allele
(%) frequency
N RR RX XX R X Reference

354 39 50 11 0.64 036  Eynonetal. (2014)

335 35 41 23 0.56 044  Eynonetal (2014)

380 31 50 19 0.56 044  Norman et al. (2009)

436 30 52 18 0.56 044  Yangetal. (2003)

283 32 50 18 0.57 0.43  Garatachea et al. (2014)
668 33 48 20 0.56 0.44  Rothetal. (2008)

469 27 46 27 0.50  0.50  Clarkson et al. (2005)
90 31 44 24 0.53 046  Vincent et al. (2008)

55 36 33 31 0.53 047  Clarkson et al. (2005)
25 20 44 36 0.42  0.58  Clarkson et al. (2005)

Mills et al. (2001), Yang et al.
39 44 41 15 0.64 036 (2007)
198 42 47 11 0.66 0.35  Yangetal. (2007)

g7 52 38 10 0.71 0.29 Mills et al. (2001), Yang et al.

(2007)
208 56 39 5 0.76  0.25  Roth, Walsh et al. (2008)
311 75 23 2 0.87  0.14  Scottetal. (2010)
88 78 1 1 090 010 1(\;[(i)l(l)s7)et al. (2001), Yang et al.
158 84 15 1 092 0.09 Yangetal. (2007)
60 83 17 0 092 0.09 Yangetal. (2007)

PNG Highlander- Papua New Guinea Highlanders
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Appendix C: Descriptive data for the physical activity (PA) and the

combined study population

a) Table 9: Descriptive data for the PA study population

Variable Total (N=1268) Male (N=692)
mean+SD CV mean=SD CV
Age (year) 56.4+£39 6.86 56.7+3.8 6.69
Anthropometric data
Weight (kg) 79.1+14.0 17.72 85.0+124 14.65
Height (cm) 173.6 £8.7 4.99 179.4 £6.2 3.45
BMI (kg/m?) 262+3.8 1436  264+34 1277

SD- standard deviation, CV=Coelfficient of Variance

b) Table 10: Descriptive data for the combined study population

Variable Total (N=926) Male (N=476)
mean+SD CV mean+SD CV
Age (year) 55.8+3.8 6.86 56.0+3.8 6.73
Anthropometric data
Weight (kg) 787137 1739 848=+119 14.01
Height (cm) 173.1+£8.5 4.92 179.2+ 6.1 3.39
BMI (kg/mz) 262 +3.8 14.32 264+32 12.22

SD- standard deviation;, CV=Coefficient of Variance
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Female (N=577)

mean £ SD CV
56.1 +£3.9 7.02
72.0+12.5 17.29
166.7 £ 5.5 3.31
259+4.2 16.07

Female (N=450)
mean+=SD CV

55.6+39 6.99
722+124 1722
166.7+5.5 3.29
259+42 16.27



Appendix D: Genotype calls for ACTN3 R577X from TagMan® SNP
Genotyping Assay

a) Allele Discrimination Plat (SNP Assay, ACTN3) b) Allele Discrimination Plot (SWP Assay: ACTN3)
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Figure 8: a) normal genotype calls with clustering along the vertical axis (homozygocity for
R-allele;® ), horizontal axes (homozygocity for X-alele; @) and diagonal (heterozygocity; @).

b) Undetermined (X) calls with clustering along the horizontal, vertical axes and diagonal.

W - positive controls
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Appendix E: The NORCCAP physical activity questionnaire

Table 11: Questions, reply options and encoding used in the NORCCAP study covering
anthropometric data and PA levels.

Questions Reply options Encoding
Height in cm kg/m?
Weight in kg
During the last three years have you acquired any [Yes] [1]
chronic diseases that have limited your level of [No] 2]
activity? E.g. hip disorder or cardiovascular
disease.

[Never] [17)
How often do you have physical activity for more [<1 time/week] [2]
thzfn 20. minutes (e.g. walking, cycling, jogging or [1-2 times/week]  [3] | [A]
swimming) ? Put only one mark.

[3-4 times/week]  [4]

[5-7 times/week]  [5]

[>7 times/week] [6])

[Never] [17])
How often do you have physical activity for more [<1 time/week] [2]
thzfn 20. minutes (e.g. walking, cycling, jogging or [1-2 times/week]  [3] | [B]
swimming)? Put only one mark.

[3-4 times/week]  [4]

[5-7 times/week]  [5]

[>7 times/week] [6])
Total score for exercise =[A]+[B]

'These answers were added up to a new variable to give each participant a total score for physical
exercise. E.g.: If person NN answered [Never ] to the question on: physical exercise without sweating
and [1-2 times/week] to the question on: physical exercise with sweating, the total score for exercise
would be: 1+3=4 (min-max 2-12).

Adapted from Larsen et al. (2006)
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Appendix F: Response summary to KAM-study questionnaire

Table 12: Response summary of the combined study population to KAM-study questionnaire

Response summary

Total (N=926) Male (N=476) Female (N=450)
Questions and reply options 7 (%) cv n (%) v n (%) cv

Cycling/walking to/from work 96.1 99.6 92.4

Never 588 (66.1) 338 (71.3) 250 (60.1)

Once a week 66 (7.4) 28 (5.9) 38 (9.1)

Several times a week 136 (15.3) 59 (12.4) 77 (18.5)

Daily 100 (11.2) 49 (10.3) 51(12.3)
Hiking 98.6 98.9 98.2

Never 221 (24.2) 123 (26.1) 98 (22.2)

Once a week 467 (51.2) 245 (52.0) 222 (50.2)

Several times a week 225 (24.6) 103 (21.9) 122 (28.9)
Exercise (> 20 min) 100 100 100

Never 86 (9.3) 52 (10.9) 34 (7.6)

Less than once a

week 206 (22.2) 125 (26.3) 81 (18.0)

Once a week 231 (24.9) 112 (23.5) 119 (26.4)

Several times a week 340 (36.7) 158 (33.2) 182 (40.4)

Daily 63 (6.8) 29 (6.1) 34 (7.6)
Perspiration during exercise 93.7 93.1 94.4

Yes 576 (66.4) 310 (70.0) 266 (59.1)

No 292 (33.6) 133 (30.0) 159 (35.3)

CV-coefficient of variance
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Appendix G: Physical activity and genotype data for the PA study population

Table 13: Response summary to KAM-study questionnaire, physical activity (PA) data, and genotype
frequencies for the PA study population

Total (N=1268) Male (N=689) Female (N=579)

Variable
N (%) CV N®) CV N(%) CV
PA data
Cycling/walking to/from work 96.3 99.0 933
Never 814 (66.6) 485 (71.1) 329 (60.9)
Once a week 91 (7.4) 41 (6.0) 50 (9.3)
Several times a week 191 (15.6) 90 (13.2) 101 (18.7)
Daily 126 (10.3) 66 (9.7) 60 (11.1)
Hiking 98.8 99.0 98.6
Never 304 (24.3) 171 (25.1) 133 (23.3)
Once a week 627 (50.0) 346 (50.7) 281 (49.2)
Several times a week 322 (25.7) 165 (24.2) 157 (27.5)
Exercise (> 20 min) 100 100 100
Never 118 (9.3) 75 (10.9) 43 (7.4)
Less than once a week 284 (22.4) 171 (24.8) 113 (19.5)
Once a week 302 (23.8) 156 (22.6) 146 (25.2)
Several times a week 468 (36.9) 235 (34.1) 233 (40.2)
Daily 96 (7.6) 52 (7.5) 44 (7.6)
Perspiration during exercise 94.5 94.0 95.0
Yes 796 (62.8) 453 (69.9) 343 (62.4)
No 402 (31.7) 195 (30.1) 207 (37.3)
Total PA level, n (%)
<7MET 98 (7.7) 63 (9.1) 35(6.0)
7-10 MET 239 (18.8) 150 (21.8) 89 (15.4)
>10 MET 931 (73.4) 476 (69.1) 455 (78.6)
Total capacity score, n (%)
<7MET 91(7.2) 59 (8.6) 32 (5.5)
7-10 MET 159 (12.5) 100 (14.5) 59 (10.2)
>10 MET 1018 (80.3) 530 (76.9) 488 (84.3)
Genotype, n (%)
ACE (n=622) (n=307) (n=315)
I 141 (22.7) 73 (23.8) 68 (21.6)
ID 333 (49.4) 167 (54.4) 166 (52.7)
DD 148 (23.8) 67 (21.8) 81 (25.7)
ACTN3 (n=726) (n=354) (n=372)
RR 222 (30.6) 101 (28.5) 121 (32.5)
RX 359 (49.4) 180 (50.8) 179 (48.1)
XX 145 (20.0) 73 (20.6) 72 (19.4)
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