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Abstract

The aims of the present study were to identify genes related to human performance and to

assess if these genes affect standard human athletic performance variables. These genes were

identified using a combination of in silico search techniques and association studies. The

selected genes were screened for known polymorphisms and for new polymorphisms using a

combination of PCR, RFLP, SNP and DHPLC technology. The variants found in athletes

were compared to control groups for differences and compared within athlete groups with

multiple regression analysis for correlation with phenotypic data.

The ACE I/D polymorphism was associated with groups of athletes within a variety of sports,

including the novel sport of rugby. Multiple regression analysis consistently showed weight,

but not ACE I/D, to be a significant predictor of performance. The MYBPC3 e6 SZ36G

variant was, for the first time, tested within a variety of sports and shown to be associated

with rugby players and sprint runners. Multiple regression analysis consistently showed

weight and elite, but not WBPC3 e6 $236G, to be significant predictors of performance.

The EPAS/ gene was identified as being associated with elite endurance athletes. A novel

EPAS] i8/e9 C7/C5GC polymorphism was identified but did not appear to be associated with

elite endurance athletes. Multiple regression analysis consistently showed weight, but not

EPASI i8/e9 C7/C5GC, to be a significant predictor of performance. Caution should be

exercised in the assumption of exclusion of association for the non-significant results in the

present study as most of the statistical tests were significantly under—powered.

The established technologies of PCR, RFLP and gel electrophoresis testing were used to test,

a relatively large number of DNA samples for known polymorphisms (ACE I/D and MYBPC3

e6 SZ36G). A novel gene (EPASI) related to endurance athletes, was identified using a



combination of in silico search techniques, high—throughput SNP screening and association

studies. The comparatively new technology of high—throughput SNP detection was used to

test a large number of DNA samples for a SNP association study. The new technology of

DHPLC DNA variant detection was used for screening a relatively large number of DNA

samples for significant novel DNA variants. The identification of performance genes and

understanding the function of these genes, will lead to exciting advances in sports science.

The present study covers a wide range of popular international sports which makes it valuable

to the field of sports genetics. This is the first time the genetic contribution to performance in

rugby players has been examined.
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Chapter 1

Introduction
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1.1 Overview

Understanding human variation is one reason why so much effort has gone into research in

the area of genetics and to completing the Human Genome Project. Understanding the

reasons behind human variation will provide avenues for progressing knowledge for many

areas of human endeavour in the 21SI century. The Human Genome Project was the first “big

science” project in biology. Human molecular genetics not only forms the cutting edge of

biomedical research, but it has immediate application to the diagnosis of disease, and has

great potential for treating disease (Strachan and Read, 1999).

Sports Science will be an area where advances can be expected with the benefit of genetic

information. Sports Science has had difficulty doing hypothesis-driven training-theory

research. Sports Genetics is a new area of science which combines Sports Science and

Genetics. Using the elite athlete model to understand human genetics could also lead to

breakthroughs in the areas of genetics and medicine.
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1.2 Sports Science

At least as far back as the ancient Olympic Games over 2,500 years ago, there has been an

interest in Sports Science. The training of the ancient Olympic athletes was documented by

the Greek and Roman writers: distance and sprint training in runners; ball exercises; and

cross—training by running, weight lifting, and wrestling with animals. The ancient Greeks

used the “tetrad” (four-day training cycle) with a specific type of training for each day

(Grivetti and Applegate 1997). In the last century, exercise physiology has developed from

physiology and medicine to further the understanding of human health. In the last few

decades, an increasing interest and knowledge of genetics has begun to impact on exercise

physiology in practical ways, e.g. it has now become possible to identify genes that are

associated with human physical performance and understand the function of the gene variants.

1.2.1 Factors of Sports Performance

The Ss of sports performance include (Smith 2003):

1. stamina (endurance); 2. speed; 3. strength; 4. skill; 5. suppleness (flexibility); 6.

(p)sychology; 7. stature (height, weight, somatotype and body composition); 8.

sustenance (nutrition); 9. surroundings (acclimatisation); 10. socioeconomics; and 11. sex

(gender).

The factors that will be the focus of this thesis are endurance, speed, stature (weight and

height) and gender, which are the most commonly and easily measured athletic performance

variables.
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1.2.2 Exercise Physiology

Exercise physiology probably started with work of Hill and Lupton in the 19203 (Bassett and

Howley 1997). They discovered and developed the concept of maximum oxygen uptake or

consumption (VO2 max). They defined it as the maximum rate at which the body can use

oxygen (02) during exhaustive exercise. VOzmax is considered the “gold standard”

measurement of the maximal rate of function of the cardiovascular system.

Swedish researcher Per Olaf Astrand greatly expanded the knowledge of exercise physiology

in the 19505 and 19605 (Astrand and Saltin 1961). Great work was done in the area of

exercise training theory, quantification and modelling of performance by Banister (Banister et

a1. 1999; Banister et a1. 1992; Morton et al. 1990) from the 19703. The results of this research

have yet to be widely implemented in the area of elite athlete training. A major reason for this

may be that there is a chasm between university-based exercise physiology research, which

generally uses case-control studies with student subjects and sports academy-based exercise

physiology research, which revolves around the four year Olympic cycle and uses elite

athletes. Untrained and/or non-elite student subjects will generally respond to most of the

training that they are given. Many of the studies regarding optimal training may, therefore,

have questionable relevance to elite athletes (Hopkins et al. 1999). The difficulty with elite

athlete research is that much of the research is non-interventional because of the time

restraints imposed by coaches whose careers rise or fall depending on results obtained in

world and Olympic championships. Research on training theory on elite athletes,

consequently, becomes extremely difficult to perform.

These difficulties gave rise to the burgeoning interest in using genetics to understand exercise

physiology. It shows potential to find shortcuts to understanding the most important aspects
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of the field, and to lead to improvements in the understanding of exercise training theory and

the practical aspects of exercise training.

1.2.3 Energy Systems

Achieving survival goals required an efficient and powerful energy system able to produce

energy on the continuum from high intensity to prolonged physical activity. Energy for

skeletal muscle contraction is supplied by anaerobic and aerobic metabolic pathways. There

are three distinct yet closely integrated processes that operate together to satisfy the energy

requirements of muscle: aerobic, anaerobic lactate and anaerobic phosphate.

The aerobic energy is the predominant system for endurance athletes. The aerobic system is

the most efficient adenosine triphosphate source for skeletal muscle. The aerobic energy

system refers to the combustion of carbohydrates and fats in the presence of oxygen (De Feo

et a1. 2003).

Anaerobic energy is the predominant system for power athletes and is divided into phosphate

(or alactic) and lactic components. It can allow short bursts of intense physical activity (60~

90 s) and utilises as a source of energy the phosphocreatine shuttle and anaerobic glycolysis.

The anaerobic pathways can regenerate adenosine triphosphate quickly but only for a limited

duration. In contrast, the aerobic system cannot supply energy at nearly as high a rate but has

an almost unlimited capacity, depending on concurrent nutrition. Energy is supplied in

significant amounts from each of the energy systems during most exercise activities. The

duration of maximal exercise at which equal contributions are derived from the anaerobic and

aerobic energy systems appears to occur between 1—2 min and most probably around 75 s, a

time that is considerably earlier than has traditionally been suggested (Gastin 2001).
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The phosphate energy system entails splitting the stored phosphagens: adenosine triphosphate

and phosphocreatine. The lactate energy system uses the non-aerobic breakdown of

carbohydrate to lactic acid through glycolysis.

Another approach, which has not yet gained acceptance, is using power scaling laws for

energy systems. Using these, there is a breakpoint at approximately 1000 m in athletic

running events, at around 150—170 s duration. This may represent a transition from using all

three energy systems to largely using the aerobic energy system with relatively little

contribution from the anaerobic energy system. This was independent of gender and sport

(Carbone and Savaglio 2001).

1.2.4 Limiting Factors of Endurance Performance

There has been much debate over what are the limiting factors of endurance performance. It

is a key issue in sports genetics because it provides a starting point for looking for important

genes related to the extreme phenotype needed for a strong genetic effect. The limiting

factors of endurance performance are (Bassett and Howley 2000):

1. VO2 max;

2. Anaerobic Threshold;

3. Efficiency.

VO2 max is limited in humans by 02 delivery to the exercising muscles because: 1) VO2 max

changes when 02 delivery is altered (by blood doping or hypoxia); 2) the increase in

\i/O2 max with training mainly comes from an increase in maximal cardiac output (not arterio—

venous Oz difference); and 3) when only a small muscle mass is overperfused, O; extraction is

not limiting. 02 delivery, therefore, not skeletal muscle 02 extraction, is the limiting factor for
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\I/O2 max. Improvements in performance in experienced athletes are, however, thought to be

due to increases in lactate threshold V02, not VOzmax. The best predictor of distance

running performance is considered to be the speed at lactate threshold (Bassett and Howley

2000).

1.2.4.1 Maximal Oxygen Uptake (VO2 max)

The fact that the VO2 max curve to the asymptote occurs so abruptly (“flat-lines”) tends to

indicate that there is at least one major limiting factor to VOZmax. Otherwise two

breakpoints would be expected.

1.2.4.2 Anaerobic Threshold

“Anaerobic threshold is defined as the highest sustained intensity of exercise for

which measurement of oxygen uptake can account for the entire energy requirement”

(Svedahl and Maclntosh 2003). The anaerobic threshold (and various other lactate or

ventilatory thresholds) is a highly controversial subject and will largely be avoided in

this thesis.

1.2.4.3 Efficiency or Energy Cost of Exercise

The efficiency or energy cost of exercise is an important variable for endurance performance.

The ratio of \i/O2 max / efficiency is thought to be a good indicator of performance, with r2

correlation = 0.87 for 10 km run time (Telford 2003).
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Some researchers have reported that in runners, better efficiency was associated with lower

VO2 max and greater bodyweight (Pate et a1. 1992). Others suggested that a high efficiency

seems to compensate for a relatively low VO2 max in professional cyclists (Lucia et a1. 2002).

A critique noted, though, that some researchers had expressed VOzmax and sub-maximal

\I/O2 (a common measure of efficiency) relative to body mass. Body mass was a divisor for

ratios for both variables in the correlation analysis. Positive correlations would have been

expected even for randomly selected values of \i/O2 max and submaximal VO2 (Atkinson et

a1. 2003). Any correlations between performance variables and efficiency have, therefore, to

be interpreted cautiously. Other researchers disagreed with this critique by citing their own

work which also used VOZmax values relative to body mass (Noakes and Tucker 2004).

They may have, as a result, also suffered from spurious correlations. Some researchers cited

in the original critique defended their position of scaling their data for runners relative to body

mass but were not supportive of doing the same for cycling and other non—weight-bearing

sports (Morgan and Pate 2004). Other researchers agreed with scaling efficiency relative to a

power of body mass for runners (Saunders et a1. 2004).

1.2.5 Limiting Factors of Maximum Oxygen Uptake

The V02 max baseline value varies two-fold (Bouchard et a1. 1998). The VO2 max response

to 20 weeks of standardised training also varies two-fold (Kohrt et a1. 1991; Lortie et a1. 1984;

Skinner et a1. 2000). The highly trained VO2 max value probably varies, consequently, three-

to four-fold. Consider the range of reported typical elite athlete values: VO2 max (male): 63—

95 mL.kg".min1 (1.50-fold range); anaerobic threshold: 80—90% of \I/O2 max (1.12-fold

range); and efficiency: 22—27% (1.23-fold range). VO2 max has the largest range of typical

values so it is the logical phenotypic trait to investigate. \702 max comprises (Bassett and
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Howley 2000): (a) pulmonary diffusion capacity; (b) cardiac output; and (0) oxygen carrying

capacity of blood.

1.2.5.1 Lung Diffusion Capacity

All thoroughbred racehorses (and some humans) bleed into their lungs during racing

indicating lung insufficiency (West and Mathieu-Costello 1995). Thoroughbred racehorses

have registered VOzmax scores of approximately 180 mL.kg'l.min'1. ln highly aerobic

species, and possibly elite human athletes, the 02 transport system may reach its capacity due

to the lung which is the least malleable part. V02 max seems to be limited by all parts of the

02 transport system simultaneously (Jones and Lindstedt 1993).

1.2.5.2 02 Carrying Capacity of Blood

The 02 carrying capacity of blood is determined by blood volume and %haematocrit. A high

\702 max with no history of training is mainly due to high (and possibly more

haemodynamically active) blood volume that brings about a high maximum stroke volume

and maximal cardiac output (Martino et al. 2002). A 50% haematocrit level is used as the

medical disqualification-point in cycling. A higher level than this puts the cyclist at risk of

suffering cardiovascular complications, including sudden death, during sleep after the race

due to high blood viscosity.

1.2.6 Limiting Physical Factors of Performance

Much work has been done in the field of anthropometry, which is the science of body

measurement. It has been used extensively in ergonometrics research, the military and sports.

Morphological optimisation has been used in elite sport and is considered a limiting factor in



many sports. There is open upper-end optimisation for height and mass in sports such as

Rugby Union (rugby) (Olds 2001), absolute optimisation for height in marathon (Norton and

Olds 2001) and open lower—end optimisation for height and mass in women’s gymnastics

(Claessens et al. 1991). There are other sports where limb lengths are important such as

boxing and weightlifting. For many professional and Olympic sports, the effect of genes

related to height and mass are, as a result, very important and may confuse the signals coming

from genes that are related to physiological performance abilities such as cardiovascular

fitness.

1.2.6.1 Scaling Mass

Scaling mass for physiological variables has become a popular topic lately in exercise

physiology. There are many conflicting studies. Most literature on exercise physiology

reports \i/O2 max values using the absolute (L.min'1) and/or the simple ratio (mL.kg'1.min'l)

method. Evidence is accumulating that scaling methods such as the power function ratio

method are more valid in many circumstances. Kleiber's law is the observation that, for the

vast majority of animals, metabolic rate scales to the 3A power of mass (Batterham et al.

1997). A cat which weighs 100 times more than a mouse, consequently, will have a

metabolic rate only 30 times greater (Figure 1-1). Kleiber's law is a result of the physics and

geometry of animal circulatory systems. Allometric law (or power-law) is relationships

between living organism's body parts or process, usually expressed in power-law form: y ~ xa.
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Figure 1-1 The correlation between body size and metabolic rate

(http://biology.unm.edu/jhbrown/Research/Scaling/Scaling.htm).

Allometric scaling (geometric similarity) models overcome the heteroscedasticity and

skewness observed with per ratio variables. If per ratio standards are to be incorporated in

regression models to predict other dependent variables, the allometric or log—linear model

form is often better than linear models (Nevill and Holder 1995), Allometric scaling theory

shows that VO2 max should scale to a mass exponent of 2/3 instead of 1. In both athletic

subjects and controls, body circumferences change more than by geometric similarity (massy’)

in fleshy sites and less in bony sites (Nevill et al. 2004b).

The majority of the research suggests that V02 max increases in proportion to the massO‘M'872

range, rather than in proportion to massl'0 (Batterham et a1. 1997; Buresh and Berg 2002;

Chamari et a1. 2005; Eisenmann et a1. 2001; Heil 1997; Jensen et a1. 2001; Rogers et a1. 1995;

Weibel et a1. 2004; Welsman et al. 1996). Mass exponents of 0.32 and l were, nonetheless,

were found to be the best by some researchers for level and uphill cycling ability, respectively

(Nevill et al. 2005; Padilla et a1. 1999). Fitness tests that determine aerobic power in units

relative to body mass, such as running, incur a bias against heavier subjects (Bilzon et a1.

2001). Although the ratio standard VOzmax (mL.kg'l.min'1) is dependent on body mass,
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some consider it the best predictor of running performance (Nevill et al. 2004a). Some

studies indicate, however, that some scaling to a power less than 1 (0.71) is required for

running (Bergh et a1. 1991).

1.2.6.2 Weightbearing versus Non-weightbearing

Running is a weightbearing sport. Rowing, cycling and swimming are non-weightbearing

sports. Rowing and cycling both involve external resistance. Ironman triathlon (Ironman)

and rugby are sports that are both weight—bearing and involve external resistance. The

external resistance can be air and water resistance (drag), mass of equipment and resistance to

motion by opposition players. The complexity of resistive forces makes it difficult to

categorise sports for whether body mass is a positive, negative or neutral factor for

performance.

The question arises as to which group of athletes would most likely have a polymorphism of a

gene associated with VO2 max. There are various arguments for each sport being more or

less dependent on V02 max: specialists versus generalists; weight-bearing versus non-weight-

bearing, open versus weight-categories, etc. The genome-wide scan paper, which was the

basis for the present study, used cycling for the training stimulus and testing VOZmax

(Bouchard et a1. 2000). Cycling is, accordingly, a sport that is appropriate for this

investigation. Following on from this, sports such as rowing, Ironman and running are

appropriate for the present study because they are whole-body endurance—oriented sports.
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1.2.7 Anatomy and Physiology of Relevant Sports

1.2.7.1 Rowing

Typical VO2 max values for males are 6.1 L.min‘l and females are 4.1 L.min‘l. The aerobic

system provides 70—75% and the anaerobic system 25—30% of the energy for a 2000 m race.

The muscle fibre distribution of male rowers is similar to distance runners while females tend

to have slightly more fast-twitch fibres. The mechanical efficiency of rowers is

approximately 20%. The pattern of race pacing for rowers begins with a vigorous anaerobic

sprint start followed by an aerobic pace and another sprint at the finish (Hagerman 1984).

The Valsalva-like manoeuvre executed at the catch phase (oar enters water) of each stroke in

rowing is the main cause of a transient increase in blood pressure. The associated blood

pressure response could be the cause of cardiac hypertrophy in rowers (Clifford et al. 1994).

A study of male club level rowers showed that VO2 max and lean body mass correlated best

with the velocity for a 2000 m time-trial. Multiple regression analysis showed that VO2 max

was the best predictor of the velocity for the 2000 m time-trial and accounted for 72% of the

variability in performance (Cosgrove et al. 1999). A multiple regression study of competitive

female rowers showed that peak power in a rowing Wingate test explained 76% of the

variability in 2000 m indoor rowing performance time, while V02 max explained 12% and

fatigue explained 8% of the variability (Riechman et al. 2002). The heart rate response is

attenuated in rowing compared to during running, even with a larger VO2 max in rowing.

Central blood volume is lower in running than rowing due to posture (Secher 2003).

Ventilation probably does not limit VOZmax because there is greater ventilation during

rowing than during running. The lungs may, however, fail to fully oxygenate arterial blood
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(Yoshiga and Higuchi 2003). A reduction in the arterial 02 tension is reported for some

intensively trained runners and cyclists, but for all oarsmen during (ergometer) rowing (Hanel

et a1. 1994). During rowing, arterial 02 saturation decreases to approximately 90%, similar to

an altitude of over 3000 m.

1.2.7.2 Cycling

When elite-national rank cyclists were compared to state rank cyclists, VO2 max (~70 mL.kg'

linin‘l and 5.01 Lmin'l) and lean body mass were not significantly different. The elite

cyclists were, on the other hand, 10% faster, had a greater percentage of type 1 muscle fibres

and a 23% greater muscle capillary density (Coyle et a1. 1991). The energy cost for a cyclist

is mainly related to two forces: air resistance (frontal drag) on flat terrain, and gravity

(climbing). Other energy costs for a cyclist include rolling resistance and rotational kinetic

energy. Some research found that the mass exponent for drag is ‘/3, for VO2 max is 2/3 and for

climbing is 0.79, Since the drag (1/3 exponent) varies little between small and large cyclists,

whereas VO2 max (2/3 exponent) varies much, larger cyclists have an advantage in flat time

trials. In climbing, the exponent of climbing is greater than that of VO2 max, therefore, the

smaller cyclists have an advantage (Swain 1994). Computer modelling of actual and

predicted road cycling times indicated that the main physiological factors contributing to

road-cycling performance were VOZmax, fractional utilisation of VOZmax, mechanical

efficiency, and projected frontal area (Olds et a1. 1995). Some researchers concluded that

there are no differences in efficiency between elite and recreational cyclists (Moseley et a1.

2004). VOzmax is predictive of cycling performance when coupled with lactate, power,

metabolic thresholds and efficiency measures (Faria et a1. 2005).
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1.2.7.3 Rugby

Rugby is a heavy body-contact (some say collision) amateur and professional ball sport,

played with 15 players on each team who have well-defined positions and highly-specialised

roles. The players have a wide variety of body types, heights and weights, compared to most

Sports. depending on the level or standard played and position played. The game is played for

80 min and is both highly aerobically and anaerobically demanding. The positions in rugby

have traditionally been divided into two groups: forwards and backs. The forwards’ main role

is to win possession ofthe ball in scrums, lineouts, rucks and mauls. The backs’ main role is

to use the ball possession gained to score by means of fast running and passing movements

forward and across the playing field. Rugby is predominantly played by males and all of the

subjects in the present study were male.

A time-motion study of work-to-rest ratios in international rugby indicated that the game

places greater demands on anaerobic glycolysis than previously reported (McLean 1992).

Another match analysis has indicated that rugby is an intermittent sport requiring a large

number of work periods of 5—1 5 s with recovery of less than 40 5. Rugby players have highly

Specialised anthropometric and physiological attributes for each position and playing standard

(Nicholas 1997).

An analysis of elite Australian under-19 years rugby players showed that the outside backs

covered a significantly greater total distance than forwards. Forwards expended more energy

than backs, due to performing continuous static high-intensity activities (Deutsch et al. 1998).

Rugby forwards are typically heavier, taller, fatter and have higher absolute aerobic and

anaerobic power, and muscular strength. The intense efforts of rugby rely on anaerobic

energy, while the aerobic system is used for recovery (Duthie et a1. 2003). A study of elite

international professional rugby players showed frequent short work periods (< 4 s) followed
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by moderate rest periods (< 20 s) for forwards, and long rest periods (> 100 s) for backs

(Duthie et al. 2005).

An amateur rugby club first grade team, immediately post-season had mean weight, 84 kg and

mean VOZmax, 56.6 mL.kg'l.min'1 (Maud 1983). Twenty—nine South African club rugby

players showed high absolute values for VO2 max in the forwards. Both backs and forwards

had a higher than average percentage of fast-twitch muscle fibres (57% and 53% respectively

compared to ~50% for normal population) (Jardine et al. 1988). New Zealand rugby players

from school to senior level showed that forwards were taller and heavier allowing more

momentum when sprinting, important in body contact; backs were aerobically fitter, faster,

and more agile (Quarrie et al. 1995). Senior elite rugby players showed that mean VO2 max

was higher in backs than in forwards (48.3 vs. 41.2 mL.kg'1.min‘l) with no significant

difference in mean exercise time to exhaustion (1306 vs. 1217 s) or mean times for 3 km run

(667.5 vs. 699.0 s). The forwards were, however, taller and heavier (mean height 190.2 vs.

179.5 cm, mean body mass 104 vs. 86.3 kg) (Scott et a1. 2003).

Fifty-four elite Rugby League (similar game to rugby) players showed that absolute strength

varied by playing level. Research suggests that strength increases are in proportion to massOff

0'7 rather than massl'o (Atkins 2004). Even though VOzmax values appear relatively

moderate for elite rugby players, if power-law scaling was used, elite rugby players would

have VO2 max values comparable to elite endurance athletes such as rowers, cyclists and

runners.

An historical study of data from high-standard rugby players from 1905 to 1999 showed that

the rates of increase in body mass (2.6 kg.decade'1) and body mass index (0.4 kg.m'2.decade'l)



were much greater than the rate of the general population of young males. The increases in

body mass and body mass index since 1975 have been three to four times those between 1905

and 1975. Players have shown increased mesomorphy (+1.1 units.decade'1) from 1975.

Rugby World Cup 1999 ranking was significantly correlated with the average mass of the

teams (Olds 2001).

1.2.7.4 Ironman

For events termed ultraendurance (i.e. >4 hr) such as Ironman, performance is difficult to

predict. The Ironman (>8 hr) is a three-sport event consisting of a 3,8 km swim (>45 min)

and a 180 km cycle (>5 hr), followed by a 42.2 km marathon run (>25 hr). The anaerobic

threshold is too great an intensity to be maintained during an Ironman, and other factors such

as fuel. fluid and electrolyte imbalances cause detriments in prolonged performance (Laursen

and Rhodes 2001). A study of 14 Hawaiian Ironman triathletes showed the physique of

triathletes to be most similar to that of cyclists. VOzmax was, for males and females,

respectively: 68.8 mL.kg'l.min'1, 65.9 mL.kg'1.min'1 on the treadmill; 66.7 mL.kg'l.min'1,

61.6 mL.kg'1.min'1 on the cycle ergometer; and 49.1 mL.kg'1.min'l, 39.7 mL.kg'l.min'l on the

arm ergometer. When comparing the highest VO2 max in any exercise modes, it was

suggested that the male triathletes are comparable to swimmers, but have a lower V02 max

than cyclists or distance runners (O'Toole et a1. 1987). These VO2 max scores are, however,

comparable to cyclists and distance runners in other literature (Hue et a1. 2000). In the sports

of cycling. swimming and Ironman, drafting refers to closely following a competitor to reduce

the drag forces from air or water resistance. V02, heart rate and blood lactate were

significantly lowered in a variety of drafting positions (Chatard and Wilson 2003).
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Sub—maximal gas exchange values correlate with cycling performance for the half-Ironman

but not the Ironman. The longer sections of the race have a greater impact upon the following

sections in the full Ironman (Whyte et al. 2000). Twenty—nine male competitive triathletes

showed no difference between mean cycling VOzmax and treadmill VOzmax in all

triathletes (69.1 vs. 70.2 mL.kg'lmin'1, respectively) and values of cycling VOzmax and

treadmill V02 max in elite triathletes (75.9 and 78.5 mL.kg'lmin'l, respectively) that were

comparable to those reported in elite single-sport athletes in these specialities (Hue et al.

2000)

Seventy—one elite and junior elite triathletes showed that race run time had the greatest

variation. A regression equation including robustness, adiposity, body segmental lengths and

skeletal mass, correlated significantly with total race time for all triathletes, accounting for

47% of the variance in total triathlon duration. Proportionally longer body segmental lengths

were related to lower race swimming time (Landers et al. 2000).

1.2.7.5 Running

Running is not thought to be important in human evolution because humans are poor sprinters

compared to most quadrupeds. Humans are, however, comparatively good at endurance

running which may have influenced the evolution of the human body (Bramble and

Lieberman 2004). Limitations in the running research include lack of: longitudinal studies,

description of training, rest, nourishment and hydration, use of allometric scaling for

VO3 max, anaerobic power and physical stature, central nervous system, field data, running

economy, strength and training methods (Berg 2003). As stated previously, VOzmaX (in

mLkg'l .min'l) is considered the best predictor of running performance (Nevill et al. 2004a).
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1.2.7.6 Swimming

High cardiac output is probably not crucial for swimming since swimmers show higher values

during running. Maximal heart rate is approximately 10 beatsmin'1 lower during swimming

than running. Most likely active muscle mass is smaller and rate of power production lesser

in swimming, probably due to local muscle factors, requiring mostly swim-specific training

(Holmer 1992). An analysis of the mechanics and energetics of swimming reveals that a 10%

increase in propelling efficiency resulted an in improvement in performance greater than

increasing the maximal aerobic or anaerobic power by 10% (Toussaint and Hollander 1994).

Immune system problems appear to be a feature of elite swimming training. The intensive

training of elite swimmers over short and long timeframes suppresses systemic and mucosal

immunity, and may lead to infection at competition time (Gleeson et al. 1995). Very high

training volumes are a feature of elite swimming training compared to most sports, possibly

due to the low impact of swimming, so perhaps genetic aspects of immunity and recovery are

very important for elite swimmers.

Overall, the athletes selected for the present study come from sports where high physiological

performance ability, and high VO2 max in particular, are clearly important requirements,

rather than mainly high skill level. Caution has to be exercised in using blindly using these

values without taking into account the often wide variation in body size in particular sports

and events.
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1.3 Basic Genetics

1.3.1 Cells and Chromosomes

Cells are the basic biological units of all organisms, with the exception of viruses, and under

restricted conditions, cells are capable of existing independently. All cells are derived by cell

division from other cells, going back approximately 3.5 billion years. Prokaryotes and

eukaryotes are the two major classes. Prokaryotes have a simple internal structure, no defined

nucleus and a single small circular chromosome of DNA (deoxyribonucleic acid). Eukaryotes

have a complex intracellular structure with internal membranes, a membrane-bound nucleus,

and an organised cytoskeleton. Eukaryotic cell nuclei have several linear chromosomes each

containing a single extremely long DNA molecule, packaged by proteins. Eukaryotes

probably first appeared about 1.5 billion years ago. Multicellular organisms begin as a single

cell before multiplying through repeated cell division, cell differentiation and cell turnover.

The metabolic activities of cells are controlled by diffusion and rates of diffusion fix some

upper limits on cell size (Alberts et al. 2002; Strachan and Read 1999).

The nuclei of human cells hold over 99% of the cellular DNA. Most human cells are diploid

and contain two copies of the human genome. Mature red blood cells are a rare exception of

cell types without a nucleus and without, therefore, a copy of its genome. The ovary and

testis have specialised diploid cells that divide by meiosis to produce haploid gametes (egg

and sperm). Each gamete has 22 autosomes (nonsex chromosomes) as well as only one sex

chromosome. Eggs always have an X, but sperm can have an X or a Y sex chromosome.

After fertilisation the zygote is diploid 46,XX or 46,XY. The human genome contains

approximately 3,200 Mb (million nucleotides) of DNA. Human chromosomes have between

50 Mb and 260 Mb. The nuclear base composition of the human genome is about 42%
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guanine+cytosine (GC). There are approximately 25,000 genes in the human genome (Brown

2002; Strachan and Read 1999).

1.3.2 DNA, RNA and Proteins

Molecular genetics is the study of how DNA and RNA (ribonucleic acid) molecules

synthesise the polypeptides and thence proteins. Certain sections of DNA molecules serve as

templates for synthesising RNA molecules. Most RNA molecules are used to specify the

synthesis of polypeptides, either directly or by altering different stages of gene expression.

Proteins are the common end-points of the DNA template and constitute the majority of the

dry weight of a cell. Proteins have vital roles in varied cellular functions including as

enzymes, receptors, storage proteins, transport proteins, structural proteins, transcription

factors, signalling molecules and hormones (Alberts et a1. 2002; Brown 2002; Strachan and

Read 1999).

Individual DNA molecules are present in the chromosomes of the nucleus and in

mitochondria of eukaryotes. They consist of a backbone of alternating 5 carbon sugars

(pentose) called deoxyribose, and phosphate residues (0., B and y), linked by covalent

phosphodiester bonds, forming large polymers. Carbon atom number 1' (one prime) of each

sugar residue is covalently bound to one of four types of nitrogenous base: adenine (A),

cytosine (C), guanine (G) and thymine (T). The bases comprise heterocyclic rings of carbon

and nitrogen atoms. They consist of two types: purines (A and G) have two rings;

pyrimidines (C and T) have one ring. A nucleoside is a sugar with an attached base and with

the addition of a phosphate group at carbon atom 5' (five prime) or 3' (three prime) becomes a

nucleotide which is the basic repeating unit of DNA. RNA molecules differ from DNA

molecules by having ribose sugar residues instead of deoxyribose and uracil (U) rather than

thymine (Brown 2002; Strachan and Read 1999).
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Polypeptide molecules contain polymers comprising a sequence of amino acids which consist

of a positively charged amino group and a negatively charged carboxylic acid (carboxyl)

group connected by a central carbon atom that has an identifying side chain. There are 20

different amino acids grouped into different classes according to their side chains: polar (acid

or basic), nonpolar, hydrophobic or hydrophyllic. Proteins are made up of these polypeptide

molecules which may be modified by the addition of various carbohydrate or other side

chains (Strachan and Read 1999; Winter et a1. 2002).

1.3.3 DNA structure and replication

The superstructure of single DNA and RNA molecules is an antiparallel (the polarity of one

strand is oriented opposite to the other) double helix of alternating sugar residues and

phosphate groups. It has a 2.37 nm helical diameter, 0.34 nm between base pairs lengthwise,

and 3.4 nm between complete turns of the helix (ten base pairs). The sugar residues are

linked together with 3’, 5'-phosphodiester bonds. A phosphate group links carbon atom 3' of a

sugar to carbon atom 5’ of the neighbouring sugar. During DNA synthesis (replication), the

two DNA strands of each chromosome unwind to produce two identical daughter DNA

duplexes. DNA polymerase enzyme catalyses the synthesis of new DNA strands with the

four deoxynucleoside triphosphates (dATP, dCTP, dGTP, dTTP) as raw material (Alberts et

al. 2002; Brown 2002; Strachan and Read 1999).

1.3.4 RNA transcription and gene expression

DNA codes for RNA and RNA codes for polypeptides (which constitute proteins), and is

mostly a one-way information system. The DNA —> RNA ——> polypeptide (protein) flow of

genetic information is known as the central dogma of molecular biology (Figure 1-2).
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Transcription is the first stage of gene expression and is the synthesis of RNA using a DNA-

dependent RNA polymerase in eukaryotic cells’ nuclei and in mitochondria. The

transcriptome is the initial product of genome expression. Translation (polypeptide synthesis)

is the second stage of gene expression and occurs in ribosomes in the cytoplasm and in also in

mitochondria. Messenger RNA (mRNA) is RNA that specifies the polypeptide. RNA is

decoded in groups of three nucleotides (codons) to provide a linear amino acid sequence for

the polypeptide. The proteome is the final product of genome expression (Brown 2002;

Strachan and Read 1999).

 

 

DNA a RNA —' protein

 

Figure 1-2 The Central Dogma of genetics.

Just a small part of the DNA in cells is transcribed and just a part of the RNA made by

transcription is translated into polypeptide. The reasons for this are: (1) the expression of

some transcription units give an RNA molecule other than mRNA such as ribosomal RNAs,

transfer RNAs, small nuclear and cytoplasmic RNA molecules; (2) the primary transcript is

put through RNA processing events; and (3) only the inner portion of the mRNA is translated;

the ends remain untranslated. RNA constitutes 20—30 pg (1%) of cell mass in humans. The

fraction of coding DNA in the genomes of complex eukaryotes is small due to the many

noncoding and repeated sequences which are nonfunctional or not transcribed into RNA

(Brown 2002; Strachan and Read 1999).

RNA polymerase enzyme performs RNA synthesis, with DNA as a template and using

ribonucleoside triphosphates (rATP, rCTP, rGTP and rUTP) as precursors. The RNA is

synthesized in the 5' —> 3’ transcription direction, as a single strand. The RNA chain is
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elongated by adding the corresponding ribonucleoside monophosphate residues (AMP, CMP,

GMP or UMP) to the free 3’ hydroxyl group at the 3’ end of the RNA chain. The extreme 5'

end nucleotide (the initiator nucleotide) has a 5’ triphosphate group. Double-stranded DNA is

unwound during transcription and the DNA strand produces a temporary double-stranded

RNA-DNA hybrid with the budding RNA chain. Upstream or downstream of a gene

sequence refers to being towards the 5’ or 3’ end, respectively. The bulk of cellular genes,

transcribed by RNA polymerase II, encode polypeptides. Eukaryotic RNA polymerases

require special DNA sequences to initiate transcription. The promoter is a key group of short

sequence elements often grouped upstream of the coding sequence of a gene. Various

combinations of short sequence elements located near a gene provide recognition signals for

transcription factors to bind to the DNA to activate the polymerase. An RNA polymerase

binds to the transcription factor complex, after some general transcription factors bind to the

promoter region, and the synthesis of RNA is initiated. The transcription factors are trans-

acting, because they are synthesised by genes which are elsewhere. The promoter elements

are ciS—acting because they only function on their own DNA duplex (Brown 2002; Strachan

and Read 1999).

The promoter always has a TATA box (frequently TATAAA) for genes which are actively

transcribed by RNA polymerase 11, about 25 bp upstream (—25) of the transcription start site.

TATA DNA variants cause the startpoint of transcription to change position. The promoters

of housekeeping genes and other genes commonly have a GC box instead of a TATA box,

with variations of the consensus sequence (GGGCGG). The CAAT box (~ —80) is usually the

strongest determinant of promoter efficiency. GC and CAAT boxes function in either

orientation. Tissue-restricted transcription factors only recognise specific recognition

elements (Strachan and Read 1999). Enhancers are groups of cis-acting sequences, positioned

an unfixed distance from the transcriptional start site, which can enhance the transcription of
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particular eukaryotic genes, independent of their orientation. They bind regulatory proteins

causing the DNA between the promoter and enhancer to loop out. The enhancer-bound

proteins can, as a result, interact with the promoter-bound transcription factors, or with the

RNA polymerase. Silencers are similar regulatory elements but act to inhibit transcription.

The DNA of specific eukaryotic cells from the same organism are Virtually identical. The cell

type variation is caused by the pattern of gene expression which defines the functions of the

cell. Housekeeping gene functions are common and are vital for general cell functions, as

opposed to the tissue-specific gene expression of other genes (Brown 2002; Strachan and

Read 1999).

1.3.5 RNA processing

The RNA transcript of most eukaryotic genes is processed to remove unwanted internal

segments (RNA splicing). The coding sequences contain segments (exons) which are

separated by noncoding sequences (introns). RNA splicing of the RNA transcript causes the

intronic RNA segments to be discarded and the exonic RNA segments to be spliced end-to-

end to form a shorter RNA sequence. The nucleotide sequences of exon/intron boundaries

(splice junctions) control RNA splicing. It is dependent on the GT—AG rule which is that

introns almost always begin with GT (GU for RNA) and end with AG. Sequences adjacent to

the GT and AG dinucleotides are important because they are highly conserved, as well as the

branch site, which is usually within —40 of the terminal AG dinucleotide. Splicing involves:

(1) cleavage at the 5’ splice junction; (2) nucleolytic attack by the terminal G nucleotide of the

splice donor site at the invariant A of the branch site to form a lariat-shaped structure; and (3)

cleavage at the 3' splice junction, leading to release of the intronic RNA as a lariat, and

splicing ofthe exonic RNA segments (Brown 2002; Strachan and Read 1999).
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The splicing reactions are mediated by the spliceosome, an RNA-protein complex, which

recognises a 5' splice site and then scans the RNA sequence for the next 3' splice site. The

order of splicing is controlled by the shape of the RNA which probably affects 5' splice site

accessibility (Staley and Guthrie 1998). A particular nucleotide linkage is added, for RNA

polymerase II transcripts, to the 5’ end of the primary transcript (capping), and adenylate

residues are added to form a poly(A) tail to the 3’ end of mRNA (polyadenylation). A major

element that signals 3’ cleavage for the majority of these transcripts is the AAUAAA

sequence and cleavage occurs 15—30 bp downstream. Transcription often continues for

thousands of nucleotides after this point until termination occurs at a later position where

about 200 adenylate residues are added by the poly(A) polymerase to create a poly(A) tail

(Brown 2002; Strachan and Read 1999).

A key means for control of gene expression is alternative splicing which gives a limited

number of genes great proteomic complexity. The interaction of cis-acting sequences and

trans-acting factors modulates the splicing of regulated exons (Caceres and Kornblihtt 2002;

Stamm et al. 2005). Alternative splicing changes the sequence of transcripts and the structure

of their proteins. More than 25% of all alternative exons, alongside nonsense—mediated

decay, are predicted to regulate transcript abundance. Recent molecular analyses show that

alternative splicing determines the binding properties, intracellular localisation, enzymatic

activity, protein stability and posttranslational modifications of many proteins. The scale of

the effects range from a loss or gain of function to slight modulations (commonly observed).

Alternative splicing factors regulate multiple specific and congruent pre-mRNAs. Alternative

splicing appears to control physiologically significant changes in protein expression and is a

primary mechanism of complex organism variation (Stamm et al. 2005).



The important positions in GU-AG introns (which are all spliced similarly) are pointed to by

conserved sequence motifs. The first two nucleotides ofthe intron sequence are 5’-GU-3’ and

the last two are 5’-AG-3’, in most pre-mRNA introns. These conserved motifs were

recognised soon after introns were discovered and it was immediately assumed that they must

be important in the splicing process. As intron sequences started to accumulate in the

databases it was realised that the GU-AG motifs are merely parts of longer consensus

sequences that span the 5’ and 3’ splice sites. These consensus sequences in vertebrates are: 5’

splice site, 5'-AGiGUAAGU—3’; and 3’ splice site, 5'-PyPyPyPyPyPyNCAGi-3’ (‘Py’ is one

of the two pyrimidine nucleotides (U or C), ‘N’ is any nucleotide, and the i indicates the

exon—intron boundary.) Other conserved sequences are present in some but not all eukaryotes.

In higher eukaryotes, introns usually have a polypyrimidine tract (pyrimidine-rich region)

positioned slighly upstream of its 3' end. In pre-mRNA of more than two introns, there is the

chance of the incorrect splice sites being joined, since all splice sites are alike, resulting in

exon skipping. Selection of a cryptic splice site, a location within an intron or exon that has

sequence similarity with the consensus motifs of real splice sites, would also lead to incorrect

splicing. There are cryptic sites in most pre-mRNAs and the splicing apparatus must

disregard them. Over 35% of genes in the human genome use alternative splicing (Graveley

2001). It is not known how alternative splicing and the selection of its various pathways are

regulated. Splicing factors called SR proteins (which are rich in serine, S and arginine, R) in

combination with exonic splicing enhancers and exonic splicing silencers are thought to be

involved, but how they direct splice site selection is not understood (Brown 2002).

Pyrimidines, and the functional effects of the alternative splice sites and the polypyrimidine

tract and branch site, are important for the DNA variants in the genes investigated in Chapters

4 and 5 (Wang and Marin 2005).
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1.3.6 Translation and protein structure

The transcribed mRNA migrates to the cytoplasm where the ribosomes and other apparatuses

control the synthesis of polypeptides. In a usual eukaryotic mRNA molecule, just the central

section of it is translated. The flanking sequences, 5’ and 3’ untranslated regions (5’ UTR; 3’

UTR), are copied initially to aid in mRNA binding. Codons in the mRNA sequence are

decoded to give individual amino acids. There are four possible bases at each of the three

base positions in a codon and, therefore, 64 (= 43) possible codons, but only 20 different

amino acids and just over 30 types of cytoplasmic transfer RNA with different anticodons.

The normal A-U and G-C rules apply for the pairing of codon and anticodon for the first two

base positions, but G-U base pairs are permitted at the third position. The decoding is

mediated by transfer RNA molecules, which each have a particular amino acid covalently

bound by a particular amino acyl transfer RNA synthetase. Each transfer RNA has a specific

trinucleotide sequence (anticodon) at a specific spot and the relevant codon of the mRNA

molecule must be recognised Via base-pairing with a complementary anticodon of the correct

transfer RNA molecule (Brown 2002; Strachan and Read 1999).

Ribosomes are big RNA-protein apparatus for polypeptide synthesis. One model of

translation is that the ribosomal subunit initially recognises the 5' cap through the proteins that

bind to the cap and then scans along the mRNA until it finds the initiation codon, which is

almost always AUG (methionine) and usually the first AUG. The AUG is recognised

efficiently only when it is embedded in a suitable sequence, the optimal being the sequence:

GCCPuCCA UGG with the purine (Pu; preferably A) preceding it by three nucleotides and the

G following it (Kozak 1996). Amino acids are added to the polypeptide chain by the amino

group reacting (condensation) with the carboxyl group of the previous amino acid in the

chain, resulting in a peptide bonding (Brown 2002; Strachan and Read 1999).
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Translation continues until a termination or stop codon is reached (UAA, UAG or UGA in

nuclear-encoded mRNA). The backbone of the primary protein structure will, consequently,

have a methionine with a free amino group (the N-terminal) end and an amino acid with a free

carboxyl group (the C—terminal) end. Ribosome binding is the major stage directing

translation. The 5' UTR (usually <200bp) and 3’ UTR (usually >200bp), which may interact

to enhance translation, both play critical roles in mRNA recruitment for translation, in

addition to the 5’ cap. There are many cis-acting elements that are involved and some trans—

acting factors which bind to these elements. The 3' UTR has a primary role in translational

regulation and signals for controlling translation, mRNA stability and localisation have all

been found in this region (Strachan and Read 1999; Wickens et a1. 1997).

Primary translation products are often modified covalently to the polypeptide chain during

translation and post-translation such as by hydroxylation or phosphorylation of the side chains

of single amino acids or the addition of carbohydrates or lipids. The proteins that are

synthesised have different functions requiring them to be secreted from the cell or sent to

Specific intracellular locations, and a specific localisation signal (signal sequence) is

embedded in the polypeptide so that it can be sent to the right place and is discarded by a

signal peptidase after sorting. A human cell contains about 20,000 different proteins,

accounting for approximately 0.5 ng (18—20%) of the cell weight. Proteins are often post-

translationally modified. Specific cofactors (e.g. divalent cations or small molecules for

functional enzyme activity) or ligands (protein binding molecule) can affect their

conformation. There are at least four different levels of structural organisation for proteins:

primary, secondary, tertiary and quaternary (Strachan and Read 1999; Winter et a1. 2002).

There are many opportunities for hydrogen bonding between different residues within a single

polypeptide chain. Irrespective of the side chains, the 02 of a carbonyl group of the peptide
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bond can hydrogen bond to the hydrogen of the nitrate group of another peptide bond.

Fundamental structural units defined by hydrogen bonding between adjacent amino acid

residues of a single polypeptide create the secondary structure:

0 The oc—helix is a stiff cylinder, common for the transcription factor DNA—binding

domains. It is characterised by hydrogen bonding between the carbonyl oxygen of a

peptide bond with the hydrogen atom of the amino nitrogen of a peptide bond four

amino acids away.

0 The B-pleated sheet contains hydrogen bond formation between opposed peptide

bonds in parallel segments of the same polypeptide chain forming the core of most

globular proteins.

0 The B—turn contains hydrogen bonding between the peptide bond carboxyl group of

amino acid residue n of a polypeptide with the peptide bond nitrate group of residue

n+3 results in a hairpin turn allowing compact globular shapes, often in B-pleated

sheets (Brown 2002; Strachan and Read 1999).

Complex tertiary structural motifs of two or more of the above structural modules form

protein domains (compact regions of a protein of the primary structure forming adjacent

elements of secondary structure). These domains often act as functional units involved in

binding other molecules. Amongst the polypeptide chains are covalent disulfide bridges

between the sulfhydryl groups of pairs of cysteine residues (Brown 2002; Strachan and Read

1999).
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1.3.7 DNA Sequence Variants

1.3.7.1 Mutation and Polymorphism

DNA can undergo a variety of types of heritable change. Major chromosome defects involve

loss or gain of chromosomes or rearrangement of chromatids. Minor DNA variants can be

differently classed and can also be categorised on whether they involve a single DNA

sequence (simple DNA variants) or they involve allelic or nonallelic sequence exchanges.

Three classes of small—scale DNA variant can be distinguished:

0 Base substitutions — involve replacement of usually a single base, which are the

variants being investigated in Chapter 4 Cardiac Myosin Binding Protein C and

Chapter 5 Endothelial PAS Domain Protein 1.

o Deletions - one or more nucleotides are eliminated from a sequence, which are the

variants being investigated in Chapter 3 Angiotensin I Converting Enzyme I/D

Polymorphism.

o Insertions - one or more nucleotides are inserted into a sequence which is the variant

being studied in Chapter 3 Angiotensin I Converting Enzyme I/D Polymorphism

(Brown 2002; Strachan and Read 1999).

New DNA variants arise in somatic cells or in the germline. A germline DNA variant can

spread through a (sexual) population if it does not prevent the organism having offspring who

can transmit the DNA variant.

A DNA polymorphism is when an allelic sequence variation occurs in a human population

with a frequency greater than 1%. The mean heterozygosity for human genomic DNA is

approximately 0.1—0.4% (Nickerson et al. 1998; Taillon-Miller et al. 1998). DNA variations

drive evolution, but they can also be pathogenic by being the cause of a phenotypic
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abnormality or increasing disease susceptibility. The low level of DNA variation permits a

balance between occasional evolutionary changes at the cost of causing disease or death in a

minority. Most DNA variants are copying errors from DNA replication because DNA

polymerases are error-prone (Strachan and Read 1999).

1.3.7.2 Simple DNA variants

Under normal circumstances the greatest source of DNA variations is from endogenous

mutation, mainly spontaneous errors in DNA replication and repair, but some are due to

various mutagens in the environment. There are two classes of the frequently occurring base

substitutions:

o Transitions are substitutions of a pyrimidine (C or T) by a pyrimidine, or ofa purine

(A or G) by a purine.

o Transversions are substitutions of a pyrimidine by a purine or of a purine by a

pyrimidine (Strachan and Read 1999).

There are two options for transversion, but only one option for a transition, when a base is

substituted. Transitions may be favoured over transversions in coding DNA because they

usually result in a more conserved polypeptide sequence. The excess of transitions over

transversions in coding and noncoding DNA is partially due to the high frequency of C—iT

transitions, resulting from instability of cytosine residues occurring in the CpG dinucleotide

which is a hotspot for mutation (by an order of magnitude) in vertebrate genomes (Cooper and

Youssoutian 1988).

Many DNA variants are produced randomly, so coding and noncoding DNA are about equally

susceptible to mutation. Nevertheless, the chief consequences of mutation are within the
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coding DNA (approximately 3% of the human genome). There are two types of DNA

variants which occur there:

0 Synonymous (silent) DNA variants that do not change the sequence of a gene product.

0 Nonsynonymous DNA variants that cause an altered sequence in a polypeptide or

functional RNA.

Synonymous DNA variants are thought to be effectively neutral, whereas nonsynonymous

DNA variants can be grouped into three classes: harmful effect; no effect; and beneficial

effect. Most new nonsynonymous DNA variants are likely to haye a harmful effect on gene

expression and so can result in disease or lethality but the frequency is reduced because of

natural selection and hence is less common in coding DNA than in noncoding DNA. The

coding DNA (and regulatory sequences) shows, therefore, high evolutionary conservation.

Nucleotide substitutions in noncoding DNA usually have no net effect on gene expression,

except when in regulatory elements such as promoter elements, splice sites (junctions) or

branch sites. Substitutions occurring in coding DNA have a nonrandom pattern of

substitutions so as to preserve polypeptide sequence and biological function (Brown 2002;

Strachan and Read 1999).

Promoter DNA variants can lead to abolition or modulation of gene expression. Deletion,

insertion or substitution of nucleotides within the promoter may alter expression. Complete

deletion of the promoter abolishes function. Splice site DNA variants can also result in

abolition or modulation of gene expression. Conserved GT and AG signals are critically

important for normal gene expression. Splice site DNA variants may induce exon skipping or

intron retention (Strachan and Read 1999).
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The relative mutabilities of individual amino acids are affected by the design of the genetic

code and functional similarity of amino acids. Some amino acids may have vital roles, such

as disulfide bonding of cysteine for conformation of a polypeptide (see p185, C—>G variant).

Cysteine residues are strongly conserved and it is one of the least mutable amino acids, as it is

the only amino acid that has a sulfhydryl group in its side chain (Collins and Jukes 1994).

Serine and threonine (amongst others) have very similar side chains, on the other hand, and

substitutions at both the first base (ACX—aQCX; where X = any nucleotide) and second base

positions (AQPyHAQPy; where Py = pyrimidine) can lead to serine—>threonine substitutions.

Understandably, serine and threonine are frequently mutated (Collins and Jukes 1994;

Strachan and Read 1999).

Genes differ in the rate and type of substitution. Ubiquitin, some histones, calmodulin and

ribosomal proteins sequences are highly conserved. In contrast, there are fibrinopeptides

which are evolving quickly and without obvious selective constraint. They are discarded

when the protein is activated. In the large majority of polypeptide-encoding genes, the rate of

nonsynonymous substitution is moderate (Brown 2002; Strachan and Read 1999).

1.3.7.3 Loss of function versus gain of function DNA variants

There are two ways in which a phenotypic change may cause mutation of a gene: loss of

function mutation (an amorph or hypomorph); or gain of function mutation (a hypermorph or

neomorph). Loss of function mutations generally result in recessive phenotypes. The exact

quantity is not essential for most gene products, and half the normal amount is sufficient.

Half the normal level is not sufficient for normal function for some gene products and

haploinsufficiency results in a dominantly-inherited abnormal phenotype. A nonfunctional

mutant polypeptide can interfere with the function of the other normal allele, producing a
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dominant negative effect (an antimorph). Dominant phenotypes are often produced by gain of

function mutations, because the normal allele does not prevent the abnormal effect of the

mutant allele, which can be a control system working incorrectly or a novel function of the

gene product (Brown 2002; Strachan and Read 1999).

1.3.7.4 Pathogenic DNA Sequence Changes

Almost all sequence variants in an affected person are non—pathogenic. Screening a panel of

100 patients for mutations in a 3 kb coding sequence, for a genome-wide average

heterozygosity of 0.32%, would give about 500 sequence changes. Despite high conservation

of coding sequences, this screening would usually reveal rare nonpathogenic variants, along

with pathogenic changes. The DNA variant is apt to be unambiguous if the pathogenic

mechanism is gain of function. For any given disease, any sequence variant found is probably

not pathogenic. Loss of function mutations are usually highly heterogeneous. Functional

tests are the only way to see if a DNA variant affects the function, but the nature of the DNA

variant can provide an indication.

Pathogenic changes:

0 Nonsense DNA variants, deletions of the whole gene, and frameshifts are nearly sure

to eliminate the gene function.

a DNA variants that change the conserved GT...AG nucleotides flanking most introns

affect splicing, and usually abolish the gene function. The effects of other sequence

changes on splicing are uncertain, and require an RT-PCR or an in vitro splicing

assay.
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o A missense DNA variant is more likely to be pathogenic if it affects a part of the

protein known to be functionally important, such as in the key DNA-binding protein

domains.

0 Changing an amino acid often affects function if it is conserved across species

(orthologs) or between members of a gene family (paralogs).

0 Amino acid substitutions often affect function if they are nonconservative (replace a

polar by a nonpolar amino acid, or an acidic by a basic one).

o A sequence change in a disease gene that is present in a de novo affected patient and

not in the unaffected parents is often pathogenic (Strachan and Read 1999).

1.3.7.5 Single Base Substitution in Exonic DNA

On rare occasions, a single nucleotide substitution within exonic DNA causes defective gene

expression by activating a cryptic splice site within an exon. Otherwise, single base

substitutions can be classed as synonymous substitutions, missense DNA variants or nonsense

DNA variants. Synonymous substitutions result in a new codon producing the same amino

acid. Because they are usually neutral DNA variants and not under selection pressure, they

are the most commonly observed in coding DNA. These substitutions are often found at the

third base of a codon: the altered codon often codes for the same amino acid (third base

wobble). Nonsense DNA variants are a type of nonsynonymous substitution Where a stop

codon replaces a codon specifying an amino acid. Because nonsense DNA variants usually

result in a large reduction in gene function, selection pressure makes them rare. Missense

DNA variants are nonsynonymous substitutions where the changed codon codes for a

different amino acid and has two subgroups:
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o A conservative substitution is substitution of an amino acid by another that is

chemically alike and the effect on protein function is minimal if it has a similar side

chain.

0 A nonconservative substitution is replacement of one amino acid by another which has

a dissimilar side chain such that there is a charge difference or the polarity of side

chains is changed (Brown 2002; Strachan and Read 1999).

1.3.8 Gene Protein Structure to Function

Protein structure is best understood at the primary and secondary level. Amino acids

commonly form Ot—h€llC€S or B-sheets, depending on the chemical properties of their side

chains. A secondary structure forms around a group of amino acids that favour that particular

secondary structure and initiate its formation. It then extends to include adjacent amino acids

that either favour or allow the secondary structure, and finally ends when one or more

blocking amino acids are reached. Biochemists have been able to infer rules for secondary

protein folding, and can predict which secondary structures will be adopted by a polypeptide,

by identifying which amino acids are most frequently located in which secondary structures,

and by studying the structures taken up by small polypeptides of known sequence (Barton

1995; Rost 2001).

The tertiary and quaternary multi-subunit structures are more difficult to predict. The tertiary

structures of most proteins are made up of two or more structural domains which are thought

to fold independently. Not all proteins spontaneously refold and it is especially difficult for

large proteins, probably because the protein can take alternative partially folded structures at

various stages of the folding process, which may prevent the correctly folded tertiary

configuration. The information encoded by the protein is determined by the spatial
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arrangement of chemical groups on its surface and within its folded structure. They have a

variety of functions: biochemical catalysis (enzymes which catalyse the central metabolic

pathways, which provide the cell with energy); structure (cytoskeleton and extracellular

proteins); movement (contractile proteins); transport (e.g. haemoglobin); regulation (e.g.

signalling and activator proteins, hormones and cytokines); protection (antibodies and blood

clotting proteins); and storage (e.g. ferritin, which stores iron) (Brown 2002; Strachan and

Read 1999).

1.3.9 Gene Homology t0 Function

Elucidating the functions of unknown genes is done by computer analysis and experimental

studies. One of the best tools available for computer analysis is homology searching, which

locates genes by comparing a DNA sequence with all the other DNA sequences in the

databases. The theory of homology searching is that related genes have similar sequences and

so a new gene can be found through its similarity to an equivalent gene from a different

organism. Homology analysis can be used to assign a function to a new gene. Homologous

genes are ones that share a common evolutionary ancestor, revealed by sequence similarities

between the genes. Homologous genes fall into two categories: orthologous genes are those

homologs that are present in different organisms and whose common ancestor predates the

split between the species; paralogous genes are present in the same organism and often

members of a recognised multigene family. If the sequence of a newly discovered gene is

similar to a known gene, then an evolutionary relationship can be inferred and its function is

likely to be similar to that of the known gene. Usually the gene sequence is converted into the

amino acid sequence because the amino acid differences will usually be greater for genes that

are unrelated. The most popular software program for this is the online search tool BLAST

(Basic Local Alignment Search Tool) (Altschul et a1. 1990). A match to a known gene, or

part of a gene, may indicate the function of the new gene or gene segment. The shared
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sequence may encode domains within each protein that indicate the shared function (Brown

2002)

Experimental methods are needed to complement the results of homology studies. The

strategies in use are not always able to determine the function/s of the numerous genes being

discovered. In conventional genetic analysis, the genetics of a phenotype is usually studied

by searching for mutant organisms with altered phenotypes. The mutants might be obtained

experimentally with a mutagen, or found naturally. The gene/s that has been altered is then

studied by genetic crosses, which can locate its position and determine if the gene is the same

as another known gene. The gene can then be cloned and sequenced. The general principle is

that the genes responsible for a phenotype can be identified by finding which genes are

inactivated in a mutant phenotype. When the gene instead of the phenotype is the starting

point for investigation, the strategy would be to mutate the gene and classify the phenotypic

change (Brown 2002).

1.3.10 Non—Disease DNA Variants to Phenotype

Molecular variants of a gene may represent inherited predispositions to a phenotype. To

comprehend the mechanism by which a genetic factor may predispose to a physiological

phenotype is complex. Genetic variation vulnerability modulates response to environmental

contact over time. The gene product may be very pleiotropic (influences multiple

physiological processes in multiple tissues) (Lalouel 2001).

Many disease genes are not disease specific (common variants/multiple disease hypothesis).

Common harmful alleles may be a factor in associated clinical phenotypes in diverse genetic

backgrounds and under dissimilar environmental circumstances (Becker 2004).
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1.3.11 Modifying genes

There is evidence for a genetic contribution to the pathophysiology of complex diseases.

Variants of genes involved in a system are the logical candidate genes. A modifying role for

many polymorphisms with weak or inconsistent association with disease seems more likely

than as susceptibility genes. Gene-gene interactions and gene-environment interactions also

need to be considered (Bleumink et al. 2004). The ACE I/D polymorphism may be a

modifying variant for heart failure in hypertensive subjects (Schut et a1. 2004). Several

studies showed that renin-angiotensin system genotypes, including ACE I/D, may operate as

modifying genes for hypertrophic cardiomyopathy in a disease gene-specific manner (Doolan

et al. 2004; Lechin et al. 1995; Ortlepp et a1. 2002; Perkins et al. 2005). The phenotype can

vary greatly between different families with the same disease gene variants, suggesting that

modifying genes and/or environment influence phenotype (Chung et a1. 2003). The roles of

potential modifying genes/gene variants in the cardiac system are investigated using the elite

athlete model in Chapters 3, 4 and 5.
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1.4 Gene Discovery

1.4.1 Genetic mapping of complex traits

Clarifying the genetic determinants of non-mendelian diseases is a major challenge in human

genetics. The main genetic contribution to illness in the developed world is through common

diseases. Identifying the genes involved may suggest new means of prevention or treatment.

There are problems, however, in tackling complex diseases with the methods used for

mapping mendelian traits (Mayeux 2005; Strachan and Read 1999).

1.4.2 Nonparametric linkage analysis

Model-free or nonparametric methods of linkage analysis ignore unaffected people, and look

for alleles or chromosomal segments that are shared by affected individuals. Shared segment

methods can be used within nuclear families, called sib (sibling) pair analysis. They can also

be used within known extended families, or in whole populations. At the population level they

constitute association studies.

1.4.2.1 Affected sib pairs allow model-free analysis

Picking a chromosomal segment at random, pairs of sibs are expected to share 0, l or 2

parental haplotypes with frequency 1A, ‘/2 and ‘A, respectively. If both sibs are affected by a

genetic disease, though, then they are likely to share whichever segment of chromosome

carries the disease locus. On the simplest assumption that everybody with the disease carries

a mutant allele at this locus, then if the disease is dominant they will share at least one

parental haplotype, and if the disease is recessive they will share both haplotypes. This allows

a simple form of linkage analysis. Affected sib pairs are typed for markers, and chromosomal
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regions sought where the sharing is above the random 12:] ratios of sharing 2, l or O

haplotypes identical by descent. 1f the sib pairs are tested only for identity by state, the

expected sharing on the null hypothesis is a function of the gene frequencies. Multipoint

analysis is preferable to single-point analysis because it more efficiently extracts the

information about identical by descent sharing across the chromosomal region. The

mapmaker/sibs program is widely used to analyse multipoint affected sib pairs data and

produce nonparametric lod scores (Kruglyak and Lander 1995).

Because sib pair analysis is model-free, it can be performed without making any assumptions

about the genetics of the disease. Thus it has been used as one of the main tools for seeking

genes conferring susceptibility to common nonmendelian diseases like diabetes or

schizophrenia. One drawback is that candidate regions defined by sib pair analysis are

usually uncomfortably large for positional cloning. Sib pair analysis has no process

analogous to the end-game of mendelian mapping, where closer and closer markers are tested

until there are no more recombinants. It is not likely that a chromosomal segment can be

defined that is shared by all affected sib pairs. If a susceptibility factor is neither necessary

nor sufficient for disease, then not all affected sib pairs will share the chromosomal segment

that contains the susceptibility locus. Moreover, sib pairs share many segments by chance,

including segments that coincidentally lie close to a susceptibility locus (Mayeux 2005;

Strachan and Read 1999).

1.4.3 Linkage versus association

In principle, linkage and association are totally different phenomena. Association is simply a

statistical statement about the co-occurrence of alleles or phenotypes. Allele A is associated

with disease D if people who have D also have A more (or maybe less) often than would be

predicted from the individual frequencies of D and A in the population. An association can
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have many possible causes, not all genetic. Linkage, on the other hand, is a specific genetic

relationship between loci (not alleles or phenotypes). Linkage does not of itself produce any

association in the general population. Linkage creates associations within families, but not

among unrelated people. If two supposedly unrelated people with disease D have actually

inherited it from a distant common ancestor, on the other hand, they may well also tend to

share particular ancestral alleles at loci closely linked to D. Where the family and the

population merge, linkage and association merge (Brown 2002; Strachan and Read 1999).

1.4.4 Linkage disequilibrium mapping

1.4.4.1 Linkage disequilibrium narrows candidate region

A population association may be used to narrow down a candidate region that was initially

defined by standard parametric linkage analysis. A disease can be mapped to a broad locus.

The initial markers may show no linkage disequilibrium, but new markers from the candidate

region may show strong association between the haplotype and the disease. As more markers

are isolated, the gradient of linkage disequilibrium indicates the location of the disease gene.

1.4.4.2 Linkage disequilibrium quantification

For positional cloning of a disease where a large number of patients are available, quantitative

measures of linkage disequilibrium can be calculated for a series of markers across the target

region. Hopefully the disease gene will be located at the peak of disequilibrium. The

simplest measures of disequilibrium are affected by the gene frequencies. A better measure is

the Yule coefficient (Krawczak and Schmidtke 1998). For two loci A and B with alleles A],

A2, B1 and B2, this is

(191.1 101.2) / (191.1 +P1.2 - 2P1.1P1.2)
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where pH and p12 are the frequency of allele Al on chromosomes carrying alleles B1 and B2,

respectively. A sophisticated method of analysis based on maximum likelihood estimation of

multipoint data is one of several approaches that appear able to predict gene locations much

better than the simple analysis (Strachan and Read 1999; Xiong and Guo 1997).

1.4.5 Significance thresholds in analysis of complex diseases

Whereas most mendelian loci localised by significant logarithm of odds (lod) scores have

been successfully cloned, the history of complex disease analysis has been scored by a series

of irreproducible results where the candidate regions in the different studies were different. A

common problem is deciding when to call the results of a linkage or association study

significant. A mendelian condition must map somewhere and so, in linkage analysis, no

matter how many markers are used in finding the location, the risk of a false positive result

remains manageably low. This is not the case for association studies. There may be no

association to find, so each test carries an independent risk of a false positive and to correct

for this a statistical adjustment such as Bonferroni correction is often used. The threshold of

significance is set at p = 0.05/n, where n is the number of independent associations checked

(Brown 2002; Strachan and Read 1999).

The difficulty of deciding appropriate thresholds of significance is partly technical and partly

philosophical. The distinction between pointwise (or nominal) and genome-wide significance

is important:

. The pointwise p value of a linkage statistic is the probability of exceeding the

observed value at a specified position in the genome, assuming no linkage.

. The genome—wide p value is the probability that the observed value will be exceeded

anywhere in the genome, assuming the null hypothesis of no linkage.
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For a whole—genome study, the appropriate significance threshold is a value where the

probability of finding a false positive anywhere in the genome is 0.05. Most complex disease

studies avoid these theoretical approaches by basing the significance threshold on simulation.

A whole-genome search is conducted in each simulated dataset and the maximum lod score

noted. The genome-wide threshold of significance is taken as a score that is exceeded in less

than 5% of replicates (Brown 2002; Strachan and Read 1999).

Proposed thresholds for linkage of disease susceptibility genes (Lander and Kruglyak 1995):

o Suggestive linkage is a lod score or p value that would be expected to occur once by

chance in a whole genome scan.

0 Significant linkage is a lod score or p value that would be expected to occur by chance

0.05 times in a whole genome scan (i.e. the conventional p = 0.05 threshold of

significance)

0 Highly suggestive linkage is a lod score orp value that would be expected to occur by

chance 0.001 times in a whole genome scan.

0 Confirmed linkage is when a significant linkage observed in one study is confirmed by

finding a lod score or p value that would be expected to occur 0.01 times by chance in

a specific search of the candidate region.

The pointwise p values for significant linkage work out at 1—5><10'5 for different genome-

wide study designs. Note that these values do not imply threshold lod scores of 4.3—5.0.

A lod score of 5 means that the data are 105 times more likely on the given linkage

hypothesis than on the null hypothesis; a p value of 10'5 means that the stated lod score

will be exceeded only once in 105 times, given the null hypothesis. The two measures are
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not the same. The lod scores for genome-wide significant linkage are in the range 3.3—

4.0, again depending on the study design (Strachan and Read 1999).

Affected sib pair analysis would require unrealistically large samples to detect

susceptibility loci for a complex disease conferring a relative risk of less than about 3,

whereas transmission disequilibrium testing might detect loci giving a relative risk below

2 with manageable sample sizes. Susceptibility genes conferring a relative risk below 1.5

would be hard to find by either method (Brown 2002; Mayeux 2005; Risch and

Merikangas 1996).

1.4.6 Strategies for complex disease mapping

Linkage and association can provide complementary data. Linkage operates over a long

chromosomal range. Linkage analysis, whether parametric or nonparametric, can scan the

entire genome in a few hundred tests. A typical study of 250 sib pairs with 300 markers

would require 1.5—3><105 genotypes to be generated. Candidate regions defined by linkage

are, however, usually too large for positional cloning. Association tests like the transmission

disequilibrium test have the opposite characteristics. Linkage disequilibrium is seldom

striking over more than a megabase, so a genome screen by transmission disequilibrium

testing would involve huge numbers of tests; on the other hand, a positive result would

localise the susceptibility factor rather accurately. A natural study design is, therefore, to start

with a genome—wide screen by linkage, probably in affected sib pairs, and then, once an initial

localisation has been achieved, to narrow the candidate region by linkage disequilibrium

mapping (Strachan and Read 1999).

Linkage disequilibrium is not an inevitable result of tight linkage. Association due to

disequilibrium will be seen only ifa significant proportion of the disease chromosomes derive
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from one not too distant common ancestor. Some serious dominant or X-linked mendelian

diseases, however, show no linkage disequilibrium because natural selection ensures a rapid

turnover of disease genes and most affected people are the result of independent mutations.

For susceptibility factors in common disease, the problem is more likely to lie at the opposite

end of the spectrum. Susceptibility factors may be common variants that have existed in the

population at high frequency for a very long time, and that are non—pathogenic except under

certain circumstances. A very old variant may have reached linkage equilibrium with

adjacent markers. Equally, if many different changes to a given gene each act as a

susceptibility factor, then there may be no linkage disequilibrium. Even if a susceptibility

factor can, therefore, be localised by linkage, it does not necessarily follow that it can be fine-

mapped by linkage disequilibrium or a method such as transmission disequilibrium testing

that relies on it. Sib pair analysis will only detect rather strong susceptibility factors.

Presently, transmission disequilibrium testing and other association testing is limited to

testing candidate loci or regions (Brown 2002; Mayeux 2005; Strachan and Read 1999).

63



1.5 Sports Genetics

"1 am convinced that anyone interested in winning Olympic gold medals must select

his or her parents very carefully. " (Per-Olaf Astrand, sports physiologist, at a 1967

exercise symposium)

Early studies on the heritability of performance showed that physiological performance

variables had high heritability (Klissouras 1971). Claude Bouchard has been the main driver

of research into the genetics of performance with his original research on sets of twins

(Bouchard and Malina 1983). Strong genetic contributions to exercise performance were

found. Genetic tests may give priceless predictive information regarding physical or

physiological characteristic that is difficult to measure or for the potential of children at

unknown levels of maturity where other tests are only weakly predictive of adult performance

(Macarthur and North 2005).

1.5.1 Phenotype to Genotype

Elite athletes have many phenotypic variables that could be related to their genotype:

endurance/sprint athlete, sport, eliteness, VOzmax, speed, height, mass, professionalism,

injury proneness and athleticism. Careful characterisation of the phenotype is important for

analysing the effect of different genes on athletic performance.

1.5.2 Polygenic Theory of Quantitative Traits

In 1918, Fisher showed that the characters could be described in mendelian terms if they were

polygenic (many gene loci). Any variable character that depends on a large number of small
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independent causes will have a normal (Gaussian) population distribution. As more loci are

included, the distribution begins to take the shape of a Gaussian curve, smoothed further due

to variation caused by environment (Strachan and Read, 1999).

1.5.3 Spectrum of Diseases 0r Traits

There is a spectrum from pure mendelian to pure polygenic characters or traits (Figure 1-3).

Oligogenic traits lie in the middle of the spectrum, controlled by a few major susceptibility

loci, possibly with a polygenic background and varying environments. The main statistical

tool for analysing the inheritance of nonmendelian characters is segregation analysis which

can find major susceptibility loci and help indicate their properties. Whether it suggests that a

complex disease is either oligogenic or polygenic, can show that linkage or association studies

might be more useful in finding the underlying genes. Complex segregation analysis on a

large collection of families to find a familial but non-mendelian trait is difficult because there

could be a mix of genetic and environmental factors. The genetic factors could be polygenic,

oligogenic or mendelian with any mode of inheritance, and the environmental factors could be

both familial and non-familial. A range of genetic mechanisms, frequencies and penetrances

are allowed. The maximum likelihood analysis finds which combination of parameter values

gives the maximum likelihood for the data (Strachan and Read, 1999).
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Figure 1-3 The spectrum of human traits (re-drawn from Strachan and Read, 1999).

1.5.4 Human Performance Gene Map

Review papers of the human physical performance gene map and health—related phenotypes

have been published annually since 2001 (Perusse et al. 2003; Rankinen et al. 2001). They

summarise peer-reviewed papers published by the end of the previous year and contain

association studies with candidate genes, genome-wide scans with polymorphic markers, and

single gene defects causing exercise intolerance, The latest update is based on peer-reviewed

papers published by the end of 2004. The genes and markers with evidence of association or

linkage with a performance or fitness phenotype in sedentary or active people, in adaptation to

acute exercise, or for training-induced changes are positioned on the genetic map of all

autosomes and the X chromosome. A new feature that has been incorporated is the genes

whose sequence variants have been associated with either the level of physical activity or

indicators of sedentarism. By the end of 2000, in the early version of the gene map, 29 loci

were depicted. In contrast, the 2004 human gene map for physical performance and health-
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related phenotypes includes 140 autosomal gene entries and quantitative trait loci, plus four

on the X chromosome (Wolfarth et al. 2005).

1.5.5 The HERITAGE Family Study and Maximum Oxygen

Uptake

There are large individual differences in the training response ranging from 5% to 88%

increase in relative VOzmax (Lortie et al. 1984). The HERITAGE family study (HEalth,

Risk factors, exercise Training And GEnetics) documented the role of genotype in the

cardiovascular, metabolic, and hormonal responses to aerobic exercise training. A total of 90

caucasian families and 40 African-American families with both parents and three or more

biological adult offspring were recruited, tested, trained with the same program for 20 weeks,

and re—tested. VO2 max and many other physiological variables were measured before and

after training (Bouchard et al. 1995). Maximal familial heritability for VOZmax in the

sedentary state was thought to be at least 50% but this estimate could have been overestimated

due to nongenetic factors (Figure 1-4) (Bouchard et al. 1998). The maximal heritability

estimate for VOZmax response is 47% (Figure 1-5) (Bouchard et al. 1999; Bouchard and

Rankinen 2001). Perhaps surprisingly, one study showed that age, sex, race, and initial

fitness level have little influence on VO2 max response (Skinner et al. 2001).
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1.5.6 Genome-wide Scans

Genome-wide scans for performance phenotypes have only recently been done. These show

great promise for locating and identifying the genes with the greatest influence on

performance.

1.5.6.1 Genomic Scan for Maximum Oxygen Uptake

Human genomic regions were found that are linked to the baseline VOZmax in sedentary

individuals and to the responsiveness of VO2 max of these same individuals to an equivalent

endurance training program. Significant linkages were found at markers on 4C1, 8C], 11p, and

l4q for \I/O2 max before training and at markers on 1p, 2p, 4q, 6p, and 11p for the change in

\702 max in response to a 20 week standardised endurance training program (Bouchard et al.

2000). There were 481 subjects from 99 two-generation caucasian families (236 men, 245

women) between the ages of 17 and 65 years. All subjects were sedentary at baseline with a

body mass index 5 40 kgm‘2 and blood pressure <l60 mmHg (systolic) and <100 mmHg

(diastolic). All subjects were given an equivalent aerobic exercise training program on a

computer-controlled cycle ergometer. They trained for 30 min progressing up to 50 min per

day three times per week for 20 weeks at a heart rate of 55% progressing up to 75% of

VO2 max. The exercise intensity was monitored by portable heart rate monitors and was

supervised at all times.

\702 max tests were performed twice before and twice after the 20 week training period on

bicycle ergometers using gas analysis. The criterion for VO2 max was that subjects had to

reach one of: (l) respiratory exchange ratio > 1.1; (2) plateau in VO2 ; or (3) heart rate S 10

beatsmin'l of HRmax. This criterion is fairly loose and can result in subjects reaching
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\702 peak and not V02 max. Using bicycle ergometers to test VO2 max usually results in

scores 5—20% lower than the true value depending on training background specificity due to

smaller muscle mass involved and local muscle fatigue in inexperienced and unconditioned

subjects (Fernhall and Kohrt 1990). VO2 max values were adjusted for age, sex, body mass,

fat mass, and fat-free mass using a stepwise multiple regression method. This has to be

accounted for when analysing and comparing the genotype results with the VO2 max scores

of subjects from the present study of elite athletes.

There were two types of statistical analysis used. Firstly, there was single-point linkage

analysis using the sib pairs. Secondly, there was multipoint variance components linkage.

The single-point linkage analysis used 415 pairs of siblings for baseline VOzmax and 327

pairs for response VOzmax. Multipoint linkage used all 99 families for linkage analysis.

The multipoint linkage program performs path and segregation analysis jointly. It can

provide increased power to detect linkages and reduce the likelihood of falsely detecting

linkage (Province et a1. 2003). Surprisingly, there was no concordance between the

suggestive linkage results between single-point and multipoint linkage. The multipoint

linkage results, however, could have been affected by the small sample size (99 families), the

wide marker spacing and possible misspecification of marker location on the genetic map

(Bouchard et a1. 2000). The results of the genomic scan (Table 1-1) were used in Chapter 5 in

the present study to pick a quantitative trait locus (QTL) (2pl6.l) and thence a candidate gene

for possible genetic association.
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Table 1-1 Summary of the suggestive linkages (p < 0.01) with VO2 max.

Results for the sedentary state and response to training in the HERITAGE Family Study (Bouchard et al. 2000).
 

 

Marker Map Position, CM[9 Value Chromosome

Sedentary state

SEGPATH

0.0038 4qu D4S3248 61.658

SIBPAL

0.0054 8q24.12 D88592 128.157

0.0084 11p15.l SUR 21.174

0.0031 l4q21.3 D14SS87 49.255

Training response

SEGPATH

0.0098 4q26 FABP2 127.793

0.0098 6p2l.33 D6S2439 28.788

SIBPAL

0.0090 1p11.2 D18534 125.032

0.0095 2pl6.1 D282739 62.602

0.0042 11p14.l ATA34EO8 31.272

VO2 max, maximal oxygen uptake; CM, centimorgans.

 

 
A similar study, by the same research group, for VO2 max and maximal power output found

baseline \702 max showed strong evidence of linkage was found on chromosomal regions

11p15 and 10q23 for VOzmaX and maximal power output in the sedentary state and on

chromosomes 1p31 and 5q23 for their responsiveness to training (Rico-Sanz et al. 2004).

1.5.6.2 Genomic Scan for Motor Coordination

Genome-wide linkage analysis of hand motor skill was undertaken in a group of 195 sibling

pairs. Hand motor skill was significantly familial (maximum heritability = 41%) and the

putative quantitative trait locus was near the chromosome 10p telomere (Francks et al. 2003).
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The significance of finding motor coordination genes would be enormous as it would have an

impact on practically every sport.

1.5.7 Candidate Performance Genes

When looking for candidate genes for complex traits with small effects, it is logical to look

for genes that may affect the limiting factors of these traits.

1.5.7.1 ABO Blood Groups

The first hereditary factor to be examined in relation to physical performance was the ABO

red blood cell group (Couture et a1. 1986; deGaray et al. 1974). Tests for this at the 1968

Mexico Olympic Games showed no association with athletic performance. The histo-blood

group ABO, the major human alloantigen system, involves three carbohydrate antigens

(ABH). A, B and AB individuals express glycosyltransferase activities converting the H

antigen into A or B antigens, whereas O(H) individuals lack such activity. The A and B

genes differ in a few single-base substitutions, changing four amino-acid residues that may

cause differences in A and B transferase specificity. A critical single-base deletion was found

in the 0 gene, which results in an entirely different, inactive protein incapable of modifying

the H antigen (Yamamoto et a1. 1990).

1.5.7.2 ACE I/D Polymorphism

The angiotensin I converting enzyme (ACE) insertion/deletion (I/D) polymorphism has been

of interest in sports physiology since 1997 and has been the most thoroughly studied gene in

relation to performance. It has been studied in military recruits, mountaineers, Olympic

rowers, swimmers, athletics, many other athletes, and sedentary subjects before and after
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training (Gayagay et al. 1998; Myerson et a1. 1999; Rankinen et al. 2000a). This gene has

been controversially dubbed a sports gene but a definitive study remains to be performed. It

will be investigated in Chapter 3 Angiotensin I Converting Enzyme (ACE) I/D

Polymorphism.

1.5.7.3 u-Actinin-3 Gene (ACTN3) R577X Polymorphism

a-Actlnln-3 (ACTN3) is a skeletal-muscle actin-binding protein related to dystrophin. It is

completely deficient (577XX) in 18% of Caucasians, <1% of an African Bantu population

and 25% of an Asian population. The deficiency is due to homozygosity for a common stop—

codon polymorphism in the ACTN3 gene (denoted R577X). ACTN3 is specifically expressed

in fast-twitch glycolytic myofibres that generate force at high speed. The frequencies of the

577R allele were significantly higher in elite sprint athletes and significantly lower in elite

endurance athletes from the Australian Institute of Sport (AIS) compared to controls. The

presence of ACTN3 probably increases skeletal muscle force at high speed and gives an

evolutionary advantage through increased running speed (Yang et a1. 2003). The d-actinin

actin-binding proteins and ACTN3 are a highly conserved. They have structural and

regulatory roles in the cytoskeleton and in muscle contraction. ACTN3 is the most specialised

of the four a -actinins, being expressed mainly in the fast-twitch glycolytic myofibres. The

functional/mechanistic significance of ACTN3 is thought to be: (1) to promote fast—twitch

muscle fibre formation; (2) to alter glucose metabolism within fast-twitch fibres to affect

glycolytic capacity; (3) to affect contractile force; (4) to reduce the muscle damage from high-

impact, high-speed movement; or (5) to affect hypertrophy (MacArthur and North 2004). This

result was recently replicated in a Finnish cohort (Niemi and Majamaa 2005).



Strenuous eccentric exercise causes muscle damage that shows increases in creatine kinase

and myoglobin in the blood. Another recent study found no association of ACTN3 R577X

with the increase in creatine kinase and myoglobin due to eccentric exercise (Clarkson et al.

2005b). This contradicts the muscle damage hypothesis and makes the altered muscle fibre

type, contraction force and hypertrophy hypotheses more likely. The same researchers found

that about 2% of baseline and response-to-training strength were attributable to ACTN3

genotype (Clarkson et al. 2005a). Athletes of West African ancestry are typically the fastest

runners in the world. As of 2004, they held 494 out of the 500 fastest times in 100 m sprint

running (Holden 2004). Muscle viscosity, elasticity and stiffness is greater in black than

white athletes (Fukashiro et al. 2002). This supports the hypothesis that ACTN3 R577R allele

increases muscle contractile force.

There was evidence of familial aggregation for Type I fibre area in the sedentary state and

enzyme activities of the main energy metabolism pathways of skeletal muscle in the sedentary

state and in response to regular exercise (Rico-Sanz et al. 2003b).

1.5.7.4 Adenosine Monophosphate Deaminase 1 Gene (AMPDI) C34T Polymorphism

The associations of the C34T polymorphism of the adenosine monophosphate deaminase 1

(AMPDI) gene with cardiorespiratory phenotypes were tested during cycling exercise at

absolute and relative power outputs progressing to exhaustion before and after endurance

training for 20 weeks in the HERITAGE Family Study cohort. The TT genotype showed

reduced exercise capacity and cardiorespiratory responses in the sedentary state and in the

training response of ventilatory phenotypes during maximal exercise (Rico—Sanz et al. 2003a).
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1.5.8 Genetic Association Studies

There are similarities between genetic association studies and classic epidemiological studies

of environmental risk factors but there are also issues that are specific to studies of genetic

risk factors such as the use of particular family-based designs, the need to account for

different underlying genetic mechanisms, and the effect of population history (Cordell and

Clayton 2005). Recent evidence suggests that common genetic variants will explain at least

some of the inherited variation in susceptibility to common disease. Genetic association

studies, in which the allele or genotype frequencies at markers are determined in affected

individuals and compared with those of controls, may be an effective approach to detecting

the effects of common variants with modest effects (Newton-Cheh and Hirschhorn 2005).

Replication of association study findings has a vital role in showing that associations that are

identified reflect interesting biological processes rather than methodological quirks

(Hattersley and McCarthy 2005). Study design and analysis should examine a range of

settings of the important factors: the disease allele frequency or the difference of the disease

allele frequency and the marker allele or haplotype frequency in linkage disequilibrium with

the disease allele; genotype relative risk (effect size); and phenotype and genotype

misclassification error rates. A simple procedure to help insure that genetic association

studies will be more robust to error is specifying higher power values when computing sample

size requirements (Gordon and Finch 2005). A study of the ACE gene showed that greater

statistical power can be anticipated with association analysis versus linkage, when markers in

strong linkage disequilibrium with a trait locus have been identified. Furthermore, allelic

interaction may play an important role in the dissection of complex traits (Zhu et al. 2001).

Genetic association studies are important for disease gene candidacy but are variable in their

design and use of statistics. Standardisation guidelines have been proposed. First, the
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phenotype has to have already been shown to be heritable or have a reasonable assumption of

genetic influence. Second, the candidate gene should be valid and supported by either

positional and/or functional a priori arguments. Third, subjects should have been carefully

matched confounding variables such as race in case—control studies. Fourth, the findings from

an initial exploratory analysis should be replicated using an independent sample or through in

vitro or in vivo functional studies, if the study was not verifying an established plausible

hypothesis. Fifth, associations should be reported in the form of effect sizes and accuracy

measures, such as odds ratios and their confidence limits, or if using p values, report the total

number of associations investigated. Consideration should be made of correction for multiple

testing. Sixth, priority for publication of negative results should be for results that favour

rejection of a previously published claim of association. Power calculations should be given

for negative data. Seventh, the publication of an association already published and

independently confirmed is justified only for novel aspects (Cooper et a1. 2002). Some would

argue that some of these suggestions may introduce biases of their own or prevent stronger

confirmation of controversial findings.

Results Chapters 3, 4 and 5 will be using genetic association studies to investigate candidate

genes for their relationship to athletic performance. Significant associations will be further

investigated by correlation of genetic and phenotype data to confirm the association results.
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I. 6 Aims ofthe Present Study

The aims of the present study were to identify genes related to human performance and to

assess if these genes affect standard human athletic performance variables. These genes were

investigated using a combination of in silico search techniques, association studies and

multiple regression analysis. These genes were screened for known polymorphisms and for

new polymorphisms using a combination of PCR, DHPLC and SNP technology. The variants

found in athletes were compared to control groups for differences and compared within

athlete groups for correlation with phenotypic data.

1.6.1 Hypotheses

The hypotheses for the present study are that there are genes responsible for human

performance, and variations in these genes explain the differences in human performances.

These variations should be in greater or lesser frequencies in elite athletes (cases) compared to

controls and should correlate to phenotypic data within athlete groups.

1.6.2 Significance of the Present Study

The identification of performance genes and understanding the function of these genes should

lead to great advances in Sports Science, especially in the area of talent identification and

individualising training programs and event focus for athletes based on their genetic profile.

The investigation of modifying genes of the cardiovascular system may lead to breakthroughs

in understanding disease causation and also provide alternative targets for new therapies

including gene therapy, drug treatments and embryo selection.
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Chapter 2

General Materials and

Methods
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2.1 Subjects

2.1.1 Ethical Implications of the Project and Approval

The ethical implications of subject discomfort or danger were minimal. The blood samples of

the elite athletes sourced from the AIS were sub—samples of blood taken for in-house routine

testing. The rugby players only provided a buccal cell swab, with no reported discomfort.

The Ironman athlete blood samples came from venesection, collected specifically for this

project. The project was approved by the Sydney South West Area Health Service Ethics

Review Committee, the Human Research Ethics Committee of the University of Sydney and

the Human Research Ethics Committee of the AIS.

The ethics of testing genes in sport is controversial. The first question is one that is already

applied to athlete tests is whether the testing is reliable and valid for the sport in question.

The second question is whether or not genetic selection of athletes is ethical. This question

also applies, however, to current physiological testing of athletes. The question of whether it

is a form of discrimination to genetically select athletes, when other non—performance

selection criteria are used, is valid. Conversely, it could be questioned whether it is

reasonable to Spend limited resources on athletes who are unlikely to be successful in a

particular sport or event. In most situations, a coach or selection panel for a sport is unlikely

to reject a potential elite athlete due to the results of testing alone, even if the testing is

considered reliable and valid, e.g. measuring height for basketballers. Sports performance

under competitive conditions is likely to be the main selection tool for elite sport.

Genetic testing can be justified, though, on the grounds of helping to improve athletic training

and the understanding of human performance. This application of sports genetics would not
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have too many detractors. It may be unethical to deny the knowledge and benefits that sports

genetics could reveal about athletic traning and athletes in general, and apply that information

to particular athletes and their training. Genetic testing of human performance is justified on

medical grounds if it can help to identify potentially problematic conditions that may arise

during certain physical activities or if it can help to understand and treat certain conditions.

The Italian Olympic Committee encouranges electrocardiographic, and sometimes

echocardiographic, testing for all their elite athletes, to help prevent the occurence of sudden

death from undiagnosed cardiac disorders (Pelliccia and Maron 2001).

2.1.2 Elite Athletes

Subjects for the study were male and female athletes from various sports requiring a large

proportion ofcardiovascular fitness to attain success. The athletes were generally required to

be competing at a very high level and in most sports only at the elite level. Elite level was

defined as competing at the junior or senior national, international or professional level.

These athlete DNA samples (from blood samples) and physiological/phenotype data were

sourced from the AIS from 1996 to 2003. Olympians were defined as any athlete that has

competed at the Olympic Games. The elite athletes’ physical and physiological data were

collected by the AIS according to the national sports laboratory testing guidelines. VO2 max

was expressed as the simple ratio relative to body mass (mL.kg'1.min'1).

Ironman competitors’ DNA samples were sourced from volunteers at the finish line of various

races held in Australia. Only a small proportion of these competitors could be considered

elite athletes. They had a very large variation in age, which was defined as age at last

birthday, compared to all the other sports. Ironman race finish time was correlated to age, so

linear regression was used in the SPSS Statistical Package to remove the confounder of age
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and give a new finish time, which no longer correlated with age. Then the top 25% of the

new finish time variable were the selected ironmen.

2.1.3 Rugby Subjects

Male rugby players (n = 301) (age i SD = 23 i 3 years) volunteered to participate in the

study. They were from first division rugby clubs in Sydney and elite professional teams from

NSW and the ACT. The players consisted of both amateur and professional players. The

players were first divided into caucasian (n = 253) and non-caucasian (n = 48) groups. The

caucasian players were then divided into elite (n = 112) and non-elite (n = 141) groups. Elite

players were defined as having played at the junior or senior national, international or

professional level. The rugby players’ physical and physiological field-test data were

collected by either the author or the clubs that they played for according to the relevant testing

guidelines. Players were then divided into Front-five (set—piece specialists: positions #1—5)

and Back-ten (runners: positions #6—15). Set-piece specialists are players who are selected

mainly for their very large size and advantages at winning possession of the ball in set-piece

(serum and lineout) activities. At the senior international level, frontrow (#1—3) are very

heavy (> l 10 kg) and strong for scrummaging, and locks (#4—5) are very tall (> 2 m) and are

good lineout jumpers. It was thought that this might initially be a more important factor for

selection than their physiological attributes such as endurance or speed. Back-ten (runners:

#6—15) are selected for their athletic ability (speed and endurance) and ball-handling skills.

They can vary in size but are generally 1.75—1.95 m in height and 85-105 kg in weight.

Back-ten players were thought to be more athletically talented since body size was not a

defining characteristic of these positions.
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2.1.4 Controls

Controls were obtained either from Australian Red Cross donors or from de-identified clinical

diagnostic DNA samples that were designated as normal controls because they were partners

of clinical patients who were being tested for various genetic diseases. All control subjects

from the Red Cross had given written permission for their DNA samples to be used for

research.

Controls were age-matched to cases where possible because the importance of age for SNP,

and other, studies was uncertain. The aim was to have at least one age—matched control for

every case. This was difficult because the initial group of controls came from blood donors

and they tended to be older people (~ 40—60 years) whereas the majority of the elite athlete

groups were aged 20—30 years. Younger controls were sought out and non-affected partners

(< 40 years) of clinical patients were then selected. This enabled one—to-one age—matching for

most of the athletes.
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2.2 Materials

2.2.1 DNA

DNA came from two sources: white blood cells from peripheral blood or buccal (cheek) cells

from a swab.

2.2.2 Chemicals

The chemicals used for this research study were analytical reagent grade.

2.2.3 Oligonucleotides

The oligonucleotides used in this project were designed by the author, unless otherwise stated.
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2.3 Methods

2.3.1 Blood Sample Collection

Elite athlete blood samples were collected by the AIS during routine blood testing as well as

for specific DNA testing. Ironman samples were collected at various Ironman events around

the country by Dr Bing Yu and Dr Jason Gulbin. Buccal cell samples were collected from

rugby players at various rugby clubs during training sessions.

2.3.2 Blood DNA Extraction

DNA was extracted from peripheral blood lymphocytes using the QiagenTM Extraction

system.

2.3.3 Buccal Cell Sample Collection

Buccal cell sample collection was performed using the Epicentre Sample Collection KitTM

swab.

2.3.4 Buccal Cell DNA Extraction

Buccal cell DNA was initially extracted using the Epicentre QuickExtract KitTM. There were

contaminants, though, in the initial kit that interfered with the PCR (especially in SNP

reactions which was probably due to the small reaction volumes) so the DNA was extracted

using an in-house system. Samples which had contaminants were further ethanol precipitated

to remove the contaminants. Some older DNA samples (from 1996 rowers) were found to

need this clean-up procedure for them to work in SNP reactions.
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Ethanol precipitation protocol (all steps at room temperature):

1.

2.

D
.
)

Add a volume of deO. equal to initial volume, to each DNA sample tube.

Add 1/10 volume of above volume of sodium acetate/EDTA buffer (containing 1.5 M

sodium acetate and 250 mM EDTA) to each tube and mix well.

Add a volume of 100% ethanol to each tube to make a final concentration of 70%

ethanol and mix well.

Centrifuge the tubes at room temperature in a microcentrifuge for 15 min at ~ 12,000

rpm.

Remove supernatant by aspiration from each microcentrifuge tube.

Wash the DNA pellets with as large a volume as possible of 70% ethanol. Centrifuge

briefly at room temperature for l min at ~ 12,000 rpm.

Remove the supernatants by aspiration. Air dry the DNA sample for 2—5 min. Do not

overdry the pellets or they will become difficult to re—suspend.

The optical density (OD) or absorbance ratio of all DNA samples was checked at least once

using a spectrophotometer before doing PCR. The Eppendorf BiophotometerTM was used.

The OD260/280 ratio > 1.6 was used to check the purity of the DNA. A ratio much lower than

this indicated impurity in the sample that would be likely to cause problems with PCR

amplification.

2.3.5 Polymerase Chain Reaction (PCR)

PCR has been used in all areas of biological research since 1989. PCR was performed with a

variety of PCR machines, including Applied Biosystems GeneAmp PCR SystemTM 2400,

2700 and 9700. A fragment of DNA may be amplified over a million-fold by the polymerase

85



chain reaction (PCR) method, a procedure based on repeated cycles of denaturation, primer

annealing, and extension by Taq DNA polymerase (an enzyme derived from the bacterium

Thermus aquaticus) (Mullis et al. 1986; Mullis 1990). Target DNA is amplified by 20—40

cycles of DNA synthesis. Each cycle has three stages performed at different temperatures: (1)

Denaturing at 94—96OC. (2) Annealing at 55—65°C. (3) Extension at 72°C (P=Polymerase)

(Figure 2—1). Each molecule of target DNA acts as a template for the synthesis of new DNA

in the next cycle.

 

 

 

 

 

 

 

  

  

  

  
Figure 2-] Schematic of PCR cycle.

(I) Denaturing at 94—96°C. (2) Annealing at 55~70°C. (3) Extension at 72°C (P = polymerase). (4) End of the

first cycle. The two DNA strands produced make up the template DNA for the next cycle, doubling the amount

of DNA duplicated in the following cycles (http://en.wikipediaorg/wiki/Image:Pcr.png).
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2.3.6 PCR Genotyping

6% polyacrylamide gels were used for genotyping non—SNP assays. The PCR product was

analysed using gel electrophoresis and ethidium bromide staining.

2.3.7 Sampling Methods

Athletes were divided into three groups for Chapter 5 SNPs using the power-time curve. If

their sport or event duration was less than 50 5, they were considered to be sprint athletes.

The other two groups were classified endurance athletes. If their event duration was greater

than 50 s and less than 10 min, they were classified as power-time-maximum (PT-MAX). If

their event duration was greater than 10 min, including events lasting several hours, it was

defined as power-time-steady-state (PT-SS). These criteria were decided upon in conjunction

with the AIS and are consistent with the findings of many researchers (Bassett and Howley

2000; De Feo et a1. 2003; Jones and Carter 2000; Medbo and Tabata 1989). For the rugby

players, it was more complicated. The short periods of activity (usually less than 20 s) are

highly anaerobic and the recovery periods (usually less than 30 s) are aerobic. They would

certainly be considered sprint/power athletes. The energetics of some positions also requires

a high level of endurance.
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2.4 Statistics

2.4.1 SigmaStat V1

The )8 test is a commonly used test for genetic data using the SigmaStat VlTM (Jandel

Scientific Software, California) program.

2.4.2 CLUMP Program

The CLUMP program (Sham and Curtis 1995) (http://www.iop.bpmf.ac.uk) was used for )8

test for data where there were small allele or genotype frequencies. CLUMP was run through

the DOS program and uses Monte Carlo simulation to perform the )8 test.

2.4.3 SPSSTM Regression Modelling

Kevin McGeechan (Associate Lecturer, Epidemiology and Biostatistics, School of Public

Health, Faculty of Medicine, University of Sydney) advised on how to analyse the genetic

results with the athlete physiological data using multiple regression analysis within the

SPSSTM program. An SPSSTM file was created out of the various DNA and the de-identified

athlete physiological files supplied by the AIS.

Multiple regression was used because there were several explanatory variables from the

physiological data. The first step of regression analysis was to generate desriptive summary

statistics of the variables. The second step was to identify how many subjects had all the

variables. The third step was to generate scatterplots of pairs of continuous variables. The

fourth step was to do boxplots of pairs of continuous variables. The fifth step was to turn the

genotype categorical variable into continuous variables by creating dummy variables that
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could be used as dependent variables in the multiple regression analysis. For example the

ACE I/D polymorphism was recoded into two variables: ace1, 0/ 1; and ace2, 0/1. Dummy

variables both have to be used at the same time in any regression. ACE I] was recoded:

acel/ace2 = 0/1; ACE ID was recoded: acel/aceZ = 0/0; and ACE DD was recoded: acel/ace2

= 1/0.

The sixth step was to convert the fitness test and performance scores to z-scores and create an

extra variable that combined all the z-scores so that all the sports could be compared using

one performance variable. The seventh step was to perform the regression with a fitness test

result as the outcome variable and all the other relevant variables as dependent variables. The

eigth step was manual iterative backward removal of insignificant dependent variables until

only the significant dependent variables remained, as well as the pair of dummy variables for

the gene of interest. The ninth step was to perform the regression using syntax to do a subtest

of whether the pair of gene dummy variables is significant when added to the model. If they

were, then the gene was a significantly explanatory variable for the outcome performance

variable.

The last step was to perform regression diagnostics to verify that the data met the assumptions

of linear regression. These diagnostics included: was the r2 value high enough to indicate a

good model (closer to 1 than 0); were the residuals normally distributed; were there any

plausible interactions; and was there any colinearity. Colinearity was checked by running the

Colinearity Diagnostics option in SPSSTM. If the variance inflation factor was greater than

10, then there was colinearity between variables and one of them had to be removed.
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Chapter 3

Angiotensin I Converting

Enzyme (ACE) I/D

Polymorphism
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3.1 Introduction

The angiotensin I converting enzyme (ACE) I/D polymorphism was tested in a large number

of elite and non-elite athletes from a variety of sports and compared to a large number of

controls for association. The genetic results showed small differences between the various

male athlete groups and the age-matched controls. There were statistically significant results

for subgroups of the male rowers, cyclists, runners and rugby players. The subgroup of

Olympic rowers was highly significantly different (genotypep = 0.004; allelep = 0.002). The

subgroup of track cyclists produced statistically significant results (allele p = 0.033). The

subgroup of endurance runners produced statistically significant results (genotype p = 0.046;

allele p : 0.028). The subgroup of elite rugby players (genotype p = 0.020) and Back-ten

rugby players (genotype p = 0.027) produced statistically significant results. The comparison

of subgroups of Front-five vs Back-ten rugby players was statistically significant (genotype p

= 0.044).

Multiple regression analysis was performed to determine the significant predictors of

performance for all the athletes combined because no specific order of importance was

predicted by the literature on exercise physiology. Male and weight were the statistically

significant predictors of VOZmax (p < 0.001). Weight and height were the statistically

significant predictors of 2 km Row Time ([9 < 0.001). Male and age were the statistically

significant predictors of lronman Time (,0 < 0.001). The above three sports—specific measures

of aerobic fitness were combined in a Fitness Z-score for analysis. Olympian, weight and

male were the statistically significant predictors of Fitness Z-score (p < 0.001). Weight and

age were the statistically significant predictors of 40 m Sprint Time in rugby players (17 <
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0.001). ACE I/D was not a significant predictor of any of the above performance measures

when added to the models.

The genotyping described in this chapter was predominantly performed by the author. Some

genotyping of Blood Bank controls was performed previously by laboratory staff. Some

genotyping ofnewer controls was performed by Jennifer Henderson (PhD student).

3.1.1 Renin-Angiotensin System

The angiotensin I converting enzyme (ACE, or dipeptidyl carboxypeptidase l, DCPl) is part

of the renin-angiotensin system, which is a regulator of blood pressure, sodium and water

homeostasis and tissue growth. Angiotensin II is produced by an enzyme cascade.

Angiotensinogen is cut by renin to form the angiotensin I, which is then cut by ACE to

produce angiotensin II, which is physiologically active (Lavoie and Sigmund 2003) (Figure

3-1).
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Figure 3-1 The renin-angiotensin system cascade.

The classic cascade of the renin-angiotensin system is shown in block arrows. Alternative means for the

generation of Angiotensin II is indicated by dotted arrows. Ang 3—8, Angiotensin IV; Ang 2—8, angiotensin III;

CAGE, chymostatin-sensitive Angiotensin Il—generating enzyme; t-PA, tissue plasminogen activator (Lavoie and

Sigmund 2003).

Renin was found to be a pressor substance in 1898. The renin-angiotensin system is of great

interest as a controller of blood pressure. The functions of angiotensin II are vasoconstriction,

renal sodium and water regulation, and thirst. Its regulation of blood pressure was thought to

be through the endocrine pathway where blood-borne angiotensin would activate target

tissues. A local autocrine or paracrine renin-angiotensin system may also act in many tissues,

and help control blood pressure (Lavoie and Sigmund 2003) (Figure 3-2).
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Figure 3-2 Expression of the renin-angiotensin system.
Sites of expression of the different components of the renin-angiotensin system are shown Classical sites of

synthesis for the endocrine renin-angiotensin system are in bold (Lavoie and Sigmund 2003).

3.1.2 ACE Gene

The ACE gene is found on chromosome 17q23 and contains 26 exons (Figure 3-3, Figure 3-4

and Figure 3-5). It is a zinc-dependent dipeptidyl carboxypeptidase with diverse

physiological functions, including principally that of blood pressure regulation via

angiotensin 11 production and bradykinin inactivation. The ACE gene encodes an enzyme

involved in catalysing the conversion of angiotensin I into the physiologically active peptide

angiotensin II. Angiotensin II is a strong vasopressor and aldosterone-stimulating peptide that

directs fluid balance and blood pressure. ACE has a major role in the renin-angiotensin

system. Many studies have correlated the insertion (I) or deletion (D) of a 287 bp Alu repeat

element in intron 16 in ACE with the levels of circulating enzyme or cardiovascular events,

both normal and pathologic (i.e. hypertension, myocardial infarction, left ventricular (LV)

hypertrophy and hypertrophic cardiomyopathy) (Andrikopoulos et al. 2004; Danser et al.
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1995; Doolan et a1. 2004; Evans et a1. 1994; Montgomery et a1. 1997; Rigat et a1. 1990; Rossi

et al. 1999; Schunkert 1997; Schut et a1. 2004; Tiret et a1. 1992). Two of the most common

alternatively spliced variants of this gene encode two isozymes - the somatic form (also

known as isoform precursor 1) and the testicular form (also known as isoform precursor 2)

(Figure 3-4). These are equally active. Many additional alternatively spliced variants have

been identified but their full sequence and features are undetermined. ACE isoform

precursors 1, 2 and 3 are shown (Figure 3-4).
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Figure 3—3 Chromosomal location ofACE (Genecards).
Start: 58,908,166 bp from pter. End: 58,952,935 bp from pter. Size: 44,769 bp.
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Figure 3-4 Gene structure ofACE (NCBI: Entrez Gene).
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Figure 3—5 Genomic context ofACE (NCBI: Entrez Gene).

The protein sequence of ACE containing 1,306 amino acids is shown (Figure 3-6). The

somatic form of ACE has two tandem active sites with separate catalytic properties. The

function of testicular ACE is largely unknown and has only one active site. ACE also has a

homolog; angiotensin I converting enzyme 2 (ACE2), in humans. ACE2 differs from ACE by

preferentially removing carboxy-terminal hydrophobic or basic amino acids. ACE2 is

considered to be important in cardiac function (Riordan 2003). Somatic ACE, a type I
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Uan$nenfinane pnnehr is conuxmed of hNo honuflogous caudyfic donunns 0% and C

domains), arising from a gene duplication event (Soubrier et al. 1988). The N and C domains

have distinct physiological roles and possible negative cooperativity between them (Binevski

et a1. 2003).
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309
ENIYDMVVPF

369
PADGREVVCH

429
GANPGFHEAI

489
VDQWRWGVFS

549
FVSFVLQFQF

609
LDALDAQPLL

669
KFVEEYDRTS

729
QLQNTTIKRI

789
TNVMATSRKY

849
TPSLEQDLER

909
IYDLVVPFPS

969
DGREVVCHAS

1029
NPGFHEAIGD

1089
QWRWRVFDGS

1149
SFIIQFQFHE

1209
NMSASAMLSY

1269
DAQQARVGQW

 

Figure 3-6 ACE protein sequence
(length: 1,306 amino acids, molecular weight: 149,715 Da)

(UniProtKB/Swiss-Prot: http://ca.expasyorg/uniprot/P12821).
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The ACE I/D polymorphism was studied in elite athletes because it has been associated with

LV hypertrophy (Danser et al. 1995; Diet et al. 2001; Doolan et al. 2004; Fatini et a1. 2000;

Hernandez et al. 2003; Montgomery et al. 1997; Nagashima et al. 2000; Rizzo et al. 2003) and

elite male endurance athletes often show signs of athlete’s heart, which is a physiological

form of LV hypertrophy (described further on p100).

Elite athletes exhibit many electrocardiogram changes, including an increase of R or S wave

voltage, either flat or inverted T waves, and deep Q waves, suggestive of structural

cardiovascular disease, such as hypertrophic cardiomyopathy or arrhythmogenic right

ventricular cardiomyopathy, which are the most common causes of sudden death in young

athletes (Pelliccia and Maron 2001).

Electrocardiograms of 1005 athletes from 38 different sports displayed abnormal

electrocardiograms in 40%, but structural cardiac diseases in only 5%. In the absence of

cardiac disease, factors responsible for abnormal electrocardiogram patterns were thought to

include morphologic cardiac remodelling, participation in endurance sports, and male gender.

Also, a small group of athletes showed electrocardiogram abnormalities that suggested

cardiovascular disease in the absence of pathologic cardiac conditions or morphologic

changes, which may have been due to the athletic training itself (Pelliccia and Maron 2001).

3.1.3 Physiology and Biochemistry

3.1.3.1 Plasma ACE Levels

The role of the intron l6 I/D polymorphism has been the focus of debate as a contributor to

endurance performance in the last few years. The ID and DD genotypes correlate to an
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almost one—and—a-half— and two-fold increase respectively in circulating angiotensin levels

compared to I] genotype (Rigat et al. 1990) (Table 3-1).

Table 3-l ACE genotype and plasma ACE level (Rigat et al. 1990).
 

 

_ACE Genotype Serum immunoreactive ACE concentrations (ug.L_‘)

11 299 i 49

[D 392 i 67
DD 494 i 88   
 

The ACE 1/D polymorphism explains 47% of the total phenotypic variance of serum ACE,

showing that the ACE gene locus is the major locus that determines serum ACE concentration

(Rigat et al. 1990; Rossi et al. 1999). Another study suggested that it was not directly

responsible for the variation in serum ACE but was in linkage disequilibrium with a

regulatory allele and accounted for 28% of the total variability in the ACE level (Tiret et al.

1992). There was a significant positive relationship between serum ACE activity and

diastolic pressure. Serum ACE activity is related to the ACE gene I/D polymorphism in

caucasian but not in black children and adolescents (Bloem et a1. 1996). Other studies have

consistently shown that there is lower plasma renin activity in Blacks than Caucasians

(Kaplan et al. 1976; Price and Fisher 2003). Plasma renin activity, however, is not associated

with ACE I/D in Caucasians (Rossi et al. 1999). Another study found that there was no

significant association between ACE genotype and hypertension within Caucasians but that

within Blacks there was an association between the frequency of the D allele and

hypertension. There was no association between ACE I/D genotype and plasma renin activity

in either group (Barley et al. 1996).

3.1.3.2 Bradykinin Metabolism

The ACE D allele is associated with improved degradation of bradykinin, a vasoprotective

peptide. The ACE genotype determines bradykinin degradation and this could be another way
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the ACE D allele negatively affects the cardiovascular system (Brown et al. 1998). A

computer-based simulation study showed that a decrease in bradykinin plays an important

role in the increased risk of diabetic nephropathy associated with genetically determined

higher levels of ACE activity (Takahashi et a1. 2003).

3.1.3.3 Disease States

Early studies ofACE and heart disease showed a significant relationship. A study of 213

autopsy cases demonstrated an increased frequency of the ACE D allele. The findings were

consistent with the hypothesis that the ACE I/D polymorphism is a risk factor for fatal

myocardial infarction and sudden cardiac death (Evans et a1. 1994). Cardiac ACE activity

was significantly higher in subjects with the ACE DD genotype compared with subjects with

the 1D and the II genotypes, of 71 subjects who died of noncardiac disorders. Elevated

cardiac ACE activity in these subjects may result in increased cardiac angiotensin II levels,

and this may be a mechanism underlying the reported association between the ACE D

polymorphism and the increased risk for several cardiovascular disorders, such as

hypertension, myocardial infarction and FHC (Danser et a1. 1995). The early positive genetic

association studies have not been replicated, often due to lack of statistical power (Sayed-

Tabatabaei et a1. 2006). It is also possible that the earlier studies were false positive

associations.

The ACE 1/D polymorphism is generally thought to play a modifying role as a susceptibility

gene for various heart diseases (Bleumink et a1. 2004). There was greater LV wall thickness

in MYBPC3—hypertrophic cardiomyopathy patients with DD genotype compared with ID or II

genotype. and only ACE DD had extreme hypertrophy. This is further evidence that ACE acts

as a modifying gene for cardiomyopathy (Perkins et a1. 2005).
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3.1.3.4 Muscle Fibre Types

The proportion of slow-twitch, fatigue-resistant type I skeletal muscle fibres is often reduced

in heart failure, while the proportion of fatigue-sensitive type II fibres increases. This

maladaptation may be partially responsible for the exercise intolerance that characterises heart

failure (Sabbah et al. 1996). The ACE 1 allele was associated with increased slow type 1

muscle fibres, which could explain the mechanism for the association between the ACE

genotype and endurance athletes (Zhang et al. 2003).

3.1.4 Athlete Studies

3.1.4.1 Left Ventricular Hypertrophy

LV hypertrophy is common amongst male elite endurance athletes (Pelliccia and Maron

2001). Exercise-induced LV growth in young male caucasian military recruits appears to be

strongly associated with the ACE I/D polymorphism (Montgomery et al. 1997). A study of 28

Italian elite male soccer players versus controls showed no difference for ACE I/D genotypes.

Training-induced LV mass changes were, however, significantly associated with the ACE D

allele (Fatini et al. 2000). LV end—diastolic diameter and LV mass were significantly greater

in a group of 43 ultramarathon (i.e. >42 km) runners with DD and ID than in those with [I

genotype (Nagashima et al. 2000). An association of combined ACE I/D polymorphism

genotypes, and angiotensinogen gene M235T polymorphism genotypes was found with LV

hypertrophy following long-term athletic training in 83 male caucasian endurance athletes

(Diet et al. 2001). The ACE DD genotype was associated with a higher LV mass index than

the ID genotype performed in 61 male endurance athletes (age: 25-40 years), regardless of

other confounder variables (Hernandez et al. 2003). LV hypertrophy was found in 17 out of
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75 (23%) competitive adolescent soccer players. The ACE I/D polymorphism was associated

with the level of cardiac hypertrophy but not its incidence (Rizzo et al. 2003).

A non—genetic study showed that 11 (2.5%) out of 442 (306 male, 136 female) elite British

athletes from 13 sports including judo, skiing, cycling, triathlon, rugby and tennis, had a LV

wall thickness >13 mm, i.e. equivalent to a diagnosis of hypertrophic cardiomyopathy.

Systolic and diastolic function were normal for all athletes (Whyte et a1. 2004). This was a

much lower incidence of LV hypertrophy than the previous study. Perhaps the variety and

types of sports involved were the reason. The majority of studies showed that the ACE I/D

polymorphism was associated with LV hypertrophy and that significant, but reversible, LV

hypertrophy is common in athletes.

3.1.4.2 Performance Level

There was a significantly increased proportion of the ACE I allele and the ACE II genotype in

64 Australian national—level rowers compared to normal controls. It was proposed that the

mechanism explaining this association was that the ACE I allele and II genotype was related

to a healthier cardiovascular system (Gayagay et al. 1998). In another study, 120 Australian

national-level caucasian athletes in sports thought to require high aerobic fitness including

team/ball sports, there was no difference in ACE genotype frequencies between athletes and

controls (Taylor et al. 1999). The mixing of sports which were physiologically different

(power and/or endurance) could have compromised the results.

The ACE I allele frequency was significantly higher in 60 professional athletes (25 cyclists,

20 distance runners, and 15 handballers) compared to 400 healthy controls. Plasma ACE

levels demonstrated a high correlation with I/D genotype (Alvarez et al. 2000). In 447
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caucasian male triathletes from the South African Ironman Triathlons and 199 caucasian male

control subjects, the 1 allele of the ACE gene was associated with the endurance performance

of the fastest 100 South African-born finishers in these triathlons (Collins et al. 2004). A

study of 80 healthy Turkish athletes and 80 healthy sedentary controls who were genotyped

for the ACE I/D polymorphism showed that there was a significant difference between

athletes and controls (Turgut et al. 2004). Overall, the various research studies suggest that

the ACE I/D polymorphism is inconsistently associated with athletic performance level.

3.1.4.3 Event Duration

A study of potential British Olympic Association athletes showed a significant linear trend for

increased I allele frequency with distance run. This study, though, mixed males and females,

and grouped runners in an unusual fashion — mixing 400 m (long sprint) with 3000 m (middle

distance endurance) athletes (Myerson et al. 1999). Of the 103 (57 male, 46 female)

caucasian swimmers from the European and Commonwealth championships and an American

college team, there was a significant excess of the ACE D allele compared with the control

group only in the elite swimmers of the European and Commonwealth championships. This

association remained in those competing over shorter distances but not in the longer events.

The researchers, therefore, suggested that a genetic association study of elite athletes requires

a homogeneous cohort of subjects not only from the same sport, but also the same event type,

i.e. sprint or endurance (Woods et al. 2001). Their negative results in some of their control

groups and use of groups of varying mixed and non—mixed gender, on the other hand, make it

difficult to be sure ofthe reliability oftheir result.

ACE I/D allele frequency was tested amongst 217 ‘outstanding’ and ‘average’ Russian

athletes (swimmers, skiers, triathletes and runners) with different event durations: short (<1
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min), middle (l—20 min), and long (>20 min) distance athletes. There was no association for

the ACE genotype for the whole cohort or for the group of ‘outstanding’ athletes. The D

allele was significant for the ‘outstanding’ short distance athletes and the 1 allele was

significant for the “outstanding’ middle distance athletes. No association was found for the

“outstanding” long distance athletes (Nazarov et al. 2001). Most research studies would

suggest that the ACE I/D polymorphism is weakly associated with the duration of an athletic

event.

One study of 63 male caucasian endurance athletes following natural exposure to moderate

altitude (2,200 m) showed that the ACE I/D polymorphism did not influence the time course

of the erythropoietic response (DD, 31 (49%); ID, 24 (38%); II, 8 (13%)) (Gonzalez et al.

2006). The distribution of genotypes is quite different from most studies of endurance

athletes and from most matched control groups.

Baseline and change in V02 max, body mass index, skinfold thickness, and serum lipids did

not differ by ACE genotype for 110 subjects (14 II, 52 ID, and 44 DD), but adherence to

exercise training was higher in 11 and ID than in DD subjects (Thompson et al. 2006).

3.1.4.4 Maximum Oxygen Uptake

The association between the ACE I/D polymorphism and fitness phenotypes was measured

before and after 20 weeks of a standardised endurance training program in 476 sedentary

caucasian and 248 black subjects. Only 11 out of 216 comparisons showed significant

associations with the ACE I/D polymorphism. Unexpectedly, DD caucasian offspring showed

a 14—3 8% greater training response for VO2 max, and various other fitness phenotypes, than

did 11 (Rankinen et al. 2000a). The ACE 1D polymorphism was again studied in 192 male
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endurance athletes with V02 max 2 75 ml.kg'1.min'1 and 189 sedentary male controls from

the GENATHLETE cohort. Both the genotype and allele frequencies were similar in the

athletes and the controls (Rankinen et al. 2000b). One of the explanations for their differing

result from (Gayagay et al. 1998) was that rowing mainly used the upper body muscles. This

is, however, incorrect. Rowing is a whole body exercise, which places a heavy burden on the

legs, particularly in the beginning of the catch phase of the stroke. A review paper concluded

that an association seems likely and that it is probably due to a local muscle effect rather than

a central cardiorespiratory mechanism (Woods et al. 2000). Research studies involving

associations between the ACE I/D polymorphism and \702 max remain contradictory.
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3.2 Materials and Methods

3.2.1 Subjects

Elite male athletes included rowers (n = 108), cyclists (n = 57), swimmers (n = 29), endurance

runners (n = 20) and sprint runners (n = 21) from the AIS. Elite (n = 107) and non-elite (n =

140) rugby players were from various amateur and professional rugby clubs in New South

Wales and the Australian Capital Territory. Elite level was defined as competing at the junior

or senior national, international or professional level (defined on p79). Rugby players were

also subdivided into Front-five: #1—5 and Back—ten: #6~l 5 groups.

3.2.2 Materials

3.2.2.1 Oligonucleotides

The oligonucleotides used for this chapter were those designed and described elsewhere for

ACE I/D (Evans et al. 1994). They were ordered from BioLabsTM (Table 3—2).

Table 3—2 ACE I/D Oligonucleotides.
 

Primer Primer Sequence
 

ACE] 5'—CAT CCT TTC TCC CAT TTC TC-3’
 

ACE2 5'-TGG GAT TAC AGG CGT GAT ACA G-3’
    ACE3 5’—ATT TCA GAG CTG GAA TAA AAT T—3'
 

3.2.3 Methods

3.2.3.1 PCR Amplification

The ACE I/D genotyping was performed using PCR. The 3-primer PCR was used to

unambiguously distinguish between 11, [D and DD genotypes (Evans et al. 1994) (Table 3-3).
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Table 3-3 ACE [/0 PCR conditions.
 

 

 

 

 

 

 

 

 

 

 

 

Primerl: ACEl (20 pmol. 11L“) 0.5 ”L
Primer2: ACE2 (20 pmol.ttL“) 0.25 uL
Primer3: ACE3 (20 pmol.uL'l) 0.5 “L
dNTP (2.5 mM) 1.0 ”L
GeneAmpR 10X PCR (buffer 11) 2.5 uL

GeneAmpR MgClz (25 mM stock) 2.0 uL

deo 16.15 “L
AmpliTaqR (5 UpL'l) 0.1 “L
DNA (25 ngpL'I) 2 uL
Total volume 25 uL

Thermal Cycling Conditions 94 0C X 2 min
x 1

* product size: I: 65 bp; D: 84 bp (94 0C X 30 s;
55 °C x 30 s)

x 30
72 0C X 7 min

x 1  
 

3.2.3.2 Statistical Analysis

3.2.3.2.1 SigmaStatVl

The )8 test is the most common test used for genetic data using SigmaStat VITM (Jandel

Scientific Software, California) program.

3.2.3.2.2 CLUMP Program

The CLUMP program was used for the X2 test for data where there were small allele or

genotype frequencies. The CLUMP program was run through the DOS program and uses

Monte Carlo simulation to perform the )8 test.

3.2.3.2.3 SPSS Regression Modelling

The SPSSTM program was used for the regression modelling analysis. Multiple regression

analysis was used to compare genotype to phenotype data. Kevin McGeechan (Associate

Lecturer, Epidemiology and Biostatistics, School of Public Health, Faculty of Medicine,

University of Sydney) assisted with the preparation of the statistical results using the SPSSTM

program.
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3.3 Results

3.3.1 Genetic results

The genetic results showed small differences between the various male athlete groups and the

age-matched controls (Table 3—4). There were statistically significant results for subgroups of

the male rowers, cyclists, runners and rugby players. The full rowers group from 1996—2003

was not significantly different from controls. The subgroup of Olympic rowers was, on the

other hand, highly significantly different (genotype p = 0.004; allele p = 0.002). The full

cyclists group did not produce statistically significant results, although the subgroup of track

cyclists did (allele [9 = 0.033). The full runners group did not produce statistically significant

results. although the subgroup of endurance runners did (genotype p = 0.046; allele [9 =

0.028). The full group of rugby players did not produce statistically significant results,

although the subgroup of elite rugby players (genotype p = 0.020) and Back—ten (genotypep =

0.027) did. The comparison of subgroups of Front—five vs Back-ten rugby players was

statistically significant (genotype 1) = 0.044). The comparison of subgroups of elite vs non-

elite rugby players was not statistically significant (genotype p = 0.066).

The male Ironman (range: genotype p = 0165—0831; allele p = 0327—0706) and male

swimmers (range: genotype p = 0467—0634; allele [7 = 0476—0698) did not produce any

statistically significant results.
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Table 3-4 Male ACE I/D Results

(p values versus controls unless otherwise specified) (comparisons were age-matched).
 

 

 

 

 

 

       

Sport Controls
Sex M M
Age All <40 yr
Race Caucastan Caucasian

ll 60 0 21 48 0 21
ID 143 0.50 1 10 0 49
DD 81 0 29 68 0 30
l 263 0 46 206 0 46
D 305 0 54 246 0 54

n 284 226
Sport lronman lronman Ironman lrunman TriathlonzAlS

Sex 1 M M M M

Age All <40 yr All All <40 yr
Race Caucasian Caucasian Caucasian Caucasian Caucasian

Group 1ronman& Half-Ironinan lronman & Half-lronman Top 25% lronmen Bottom 25% lronman
11 187 0 24 124 0 24 30 0 24 27 0 22 7 0 33

11) 380 048 257 050 61 048 51 041 9 043

DD 220 028 137 026 35 028 46 037 5 024

l 754 048 505 049 121 048 105 042 23 055

[) 820 052 531 051 131 052 143 058 19 045

n 787 518 126 124 21
genotype 1) 0 65‘) 0,527 0 831 0 165 0,437

allele I’ 0545 0.285 0.706 0 332 0327

Sport Rowers Rowers
Sex M M
Age <40 yr <40 yr

Race Caucasian Caucasian
Group All All Olympians
ll 26 0,24 10 0.53
ID 54 0 50 8 0 42
DD 28 0 26 l 0.05
I 106 0.49 28 0.74
D 1 10 0,51 10 0.26
n 108 19
genotype [1 0.694 0.004
nllelep 0 444 0.002 ,
Sport Swimmers Swimmers Swimmers Swimmers
Sex M M M M

Age <40 yr <40 yr <40 yr <40 yr
Rare Caucasian Caucasian Caucastan Caucasian
Group All distances Sprint 50/100 m Mid-distance 100/200 m Long distance 400+ m
11 4 0 14 0 O 00 4 0 19 0 0.00
ID 15 052 3 075 13 0.62 2 0.33
DD 10 034 1 025 4 019 4 0.67
I 23 0 40 3 0 38 21 O 50 2 0 17

D 35 060 5 063 21 050 10 083
u 29 4 21 6

genotype [1 0 634 n/a 0 467 n/a

allclcfl 0 476 n/a 0.698 n/a
Sport Cyclists Cyclists Cyclists Cyclists
Sex M M M M

Age. <40 yr <40 yr <40 yr <40 yr
Race Caucasian Caucasian Caucastan Caucasian
Group Track Sprint/Endurance Road Endurance All All Endurance
ll 8 036 8 025 16 028 13 0.26
1D 12 055 IS 047 29 051 25 0.50
DD 2 009 9 028 12 021 12 0.24
1 28 064 31 048 61 054 51 0.51
D 16 036 33 052 53 046 49 049

n 22 32 57 50

genotype [1 0 071 0,888 0.317 0 619
nllelep 0.033 0 767 0 158 0 382

Sport Runners Runners Runners
Sex M M
Age <40 yr <40 yr <40 yr

Race Caucasian Caucasian Caucasian
Group All Sprint: 100400 rn Endurance’BOO m—42 km
11 9 0 22 2 0 10 7 035
ID 24 0.59 12 0 57 12 0 60
DD 8 0 20 7 0 33 l 0 05
l 42 0.51 16 0.38 26 0.65
D 40 0 49 26 O 62 I4 0 35
n= 41 21 20
genotype]; 0 360 0.439 0.0461,,
allele]; 0 411 0.441 0.028 5
Sport Rugby Rugby Rugby Rugby Rugby
Sex M M M M M
Age <40 yr <40 yr <40 yr <40 yr <40 yr
Race Caucasian Caucasian Caucasian Caucasian Caucasian
Group All Elite Non-Elite Front-five Back-ten
11 44 018 13 012 31 022 21 0.24 23 015
ID 141 0 57 69 0 64 72 051 40 0.47 97 0.63
DD 62 025 25 023 37 026 25 0,29 35 023
l 229 0 46 95 0 44 134 0 48 82 0 48 143 0.46

D 265 054 119 0 56 146 0 52 90 0 52 167 0 54

n 247 107 140 86 155
genotype [I 0 187 03020 0 753 0 832 ,5 (1027"
allele [1 0 861 0 839 0 599 0 704 0 939
 

* Rugby From-five versus Back-ten (genotype p = 0,044, allele [2 : 0 818). Elite versus, Non-Elite (genotype/2 = 0 066. allele]; : 0 500) Definitions on p105 Comparisons to all-age
control group are shaded Significant p values are shaded (p values are not Bonferroni-corrected).
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3.3.2 Genetic and Physiological Results

Multiple regression analysis was performed to determine the significant predictors of

performance for all the athletes combined because no specific order of importance was

predicted by the literature on exercise physiology.

3.3.2.1 Maximal Oxygen Uptake

Weight, elite and sport were the statistically significant predictors of \i/O2 max ([9 < 0.001)

and approximately 24% of the variance in VO2max was accounted for by the linear

combination of these variables. ACE I/D was not a significant predictor of VO2 max when

added to the model (19 = 0.928) (Table 3-5).

3.3.2.2 Two Kilometre Row Time

Age, weight and Olympian were the statistically significant predictors of2 km Row Time (p <

0.001) and approximately 78% of the variance in 2 km Row Time was accounted for by the

linear combination of these variables. ACE I/D was not a significant predictor of2 km Row

Time when added to the model (p = 0.608) (Table 3—5).

3.3.2.3 Ironman Time

Age was the only statistically significant predictor of Ironman Time (p < 0.001) and

approximately 16% of the variance in Ironman Time was accounted for by this variable. ACE

[/D was not a significant predictor of Ironman Time when added to the model (1) = 0.226)

(Table 3-5).
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3.3.2.4 Fitness Z-score

The above three sports—specific measures of aerobic fitness were combined in a Fitness Z-

score for analysis. Weight, Olympian, elite and sport were the statistically significant

predictors of Fitness Z-score (p < 0.001) and approximately 23% of the variance in Fitness Z-

score was accounted for by the linear combination of these variables. ACE I/D was not a

significant predictor of Fitness Z-score when added to the model ([9 = 0.440) (Table 3-5).

3.3.2.5 40 m Sprint Time

Age, weight and elite were the statistically significant predictors of 40 m Sprint Time in rugby

players (/9 < 0.001) and approximately 28% of the variance in 40 m Sprint Time was

accounted for by the linear combination of these variables. ACE I/D was not a significant

predictor of 40 m Sprint Time when added to the model (p = 0.057) (Table 3-5).

Table 3-5 Summary of multiple regression ANOVA related to performance

(statistical results from SPSSTM program).
 2

 

 

 

 

  

Outcome Explanatory Coefficients pvalue r genotype

variable variables B p value

VO,max weight -0.026 <0.001 24.5% 0.928

' elite 0.469
sport n/a

2kaowTime age 0.019 <0.001 78.5% 0.608

weight 0.037
Olympian 0.169

lronmanTime age -0.046 <0.001 15.5% 0.226

Fitness Z-score weight -0.019 <0.001 22.6% 0.440

Olympian 0.791
elite 0.445

sport n/a

40mSprintTime age —0.089 <0.001 27.7% 0.057

weight -0.016

elite 0.732       
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3.4 Discussion

3.4.1 Discussion of Genetic Results

The genetic results showed small differences between the various male athlete groups and the

age—matched controls (Table 3-4). There were statistically significant results for subgroups of

the male rowers, cyclists, runners and rugby players. The full rowers group from 1996—2003

was not significantly different from controls. The subgroup of Olympic rowers was highly

significantly different (genotype p = 0.004; allele p = 0.002). This result confirms previous

results (Gayagay et al. 1998) which found an association between the ACE gene I/D

polymorphism and Olympic rowers because although the full rowers group results were not

significant, many of these rowers were of a lesser standard than the Olympic rowers. This

highlights the difficulty of selecting only elite athletes for study.

Another difficulty is selecting a large enough group of elite athletes to achieve statistically

significant results. There are only a limited number of elite athletes in any country,

appropriate age-matched control groups are hard to find and generalisability of results is not

obvious (Sands et al. 2005). If the criteria for being elite are broadened, then there is a risk

that the effect size being sought is too small to be found. If additional subjects are sought

from overseas, that introduces the problem of finding matching controls from overseas as

well.

Another explanation for the larger groups not being significant and the smaller groups being

significant is that the smaller numbers may have produced spurious results.
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The full cyclists group did not produce statistically significant results, but the subgroup of

track cyclists did (allele p = 0.033) with an increased proportion ofthe 1 allele. The full group

result contrasts with a previous study (Alvarez et al. 2000) which showed that the ACE 1 allele

was associated with a group of elite athletes that predominantly included cyclists, but the

track cyclists subgroup result confirms the previous study. Another study showed that the D

allele and DD genotype were more common in cyclists, than other athletes or controls (Lucia

et al. 2005).

The full runners group did not produce statistically significant results, although the subgroup

of endurance runners did (genotype p = 0.046; allele p = 0.028). This supports a previous

study (Nazarov et al. 2001) which showed an excess of the D allele in elite short distance

athletes and an excess of the 1 allele in elite middle distance athletes.

The full group of rugby players did not produce statistically significant results, although the

subgroup of elite rugby players (genotype 1) = 0.020) and Back-ten (genotype [7 = 0.027) did.

The comparison of subgroups of Front-five vs Back-ten rugby players was statistically

significant (genotype p = 0.044). The comparison of subgroups of elite vs non-elite rugby

players was not statistically significant (genotype p = 0.066). This is the first time that this

group of athletes has been investigated for the ACE gene. The consistent trend was for

increased 1D genotype at the expense of the other two genotypes (Elite: 11 = 12%, ID = 64%,

DD = 23%; Back—ten: II = 15%, ID = 63%, DD = 23%). These results were unexpected. It

was expected that the genotypes would be skewed towards more DD genotypes and D alleles

because rugby players are considered to be power/sprint type athletes. These results might

indicate that the mixed genotype was beneficial and that perhaps all-round sprint and

endurance characteristics are required. Another study described how elite ice hockey players

showed the increased ventricular size and wall thickness characteristic of combined
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power/endurance sports (Bossone et al. 2004). Perhaps the greater level of cardiac

hypertrophy associated with the DD genotype in many studies is a disadvantage in combined

power/endurance sports such as rugby. As may have been the situation with the previous

small group significant results, these results might also reflect an artefact.

The male lronman (range: genotype p = 0165—0831; allele p = 0327—0706) and male

swimmers (range: genotype [9 = 0467—0634; allele p = 0476—0698) did not produce any

statistically significant results. The lack of an association between the ACE gene and lronman

triathletes contrasts with a previous study with triathletes (Collins et al. 2004; Nazarov et a1.

2001) where there was an association between high performance level and 1 allele. It

confirms, nevertheless, the results of another study (Nazarov et a1. 2001) where ACE was not

associated with the triathlon. The lack of an association between the ACE gene and

swimmers contrasts with the results of previous studies (Nazarov et al. 2001; Tsianos et a1.

2004; Woods et a1. 2001) which showed an excess ofthe D allele in elite swimmers as well as

in elite sprint swimmers. The lack of association for ACE and swimming, however, may be

explained by the fact that V02 max is not considered a limiting factor in swimming and that

elite swimmers can reach higher levels in running tests than in swimming tests (Holmer

1992).

Overall, there was a pattern of full athlete groups results being not significant, with subgroups

being significant. When Bonferroni correction is applied to the Table 3-4, the significant

results become not significant. When many statistical comparisons are performed, it would

result in some subgroups being significant. Perhaps there is merit, though, in making the

phenotype narrower in an effort to find a larger effect size. Also, there are reasons to not do

Bonferroni correction. Since the present study involves genetic testing of a new cohort of

athletes, it could be considered hypothesis generating and Bonferroni correction would,
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therefore, not be warranted. Further investigation of these results with larger groups of

carefully selected elite athletes would be worthwhile.

3.4.2 Discussion of Genetic and Physiological Results

This section of the study explored the relationship between the ACE I/D genotype and various

physical, physiological and performance variables. Multiple regression analysis yielded one-,

three- and four-variable models, composed of age, weight, Olympian, elite and/0r sport which

accounted for 16—78% ofthe variance in performance variables (Table 3-5). Surprisingly, the

addition of the ACE I/D genotype to the models added no significant prediction to the

regression models. Perhaps the effect size is too small to be seen compared to the other

predictive physical/phenotype variables.

Weight, elite and sport were the statistically significant predictors of VO2 max (z-score) (p <

0.001) and approximately 24% of the variance in \I/O2 max was accounted for by the linear

combination of these variables. ACE I/D was not a significant predictor of VO2 max when

added to the model (p = 0.928). It was surprising that the ACE I/D genotype was not a

predictor of V02max. It was expected that weight (negative coefficient), elite (positive

coefficient) and sport would be predictors of VO2 max. The sports which had VO2 max data

were a mixture of weightbearing (running, rugby and shortcourse triathlon) and non-

weightbearing (rowing and cycling) sports, and elite (rugby) and non-elite athletes (rugby),

where these variables would be important.

Age, weight and Olympian were the statistically significant predictors of 2 km Row Time (2-

score) ([9 < 0.001) and approximately 78% of the variance in 2 km Row Time was accounted

for by the linear combination of these variables. ACE [/D was not a significant predictor of 2
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km Row Time when added to the model (p = 0.608). Age (positive coefficient) would have

been significantly related to 2 km Row Time because rowing had a large weight range.

Weight (positive coefficient) was significant in the model because heavier rowers have an

advantage in non-weightbearing sports. Rowing had large numbers of Olympic and non-

Olympic athletes and this accounts for Olympian (positive coefficient) achieving significance

in the model.

Age was the only statistically significant predictor of lronman Time (z-score) (p < 0.001) and

approximately 16% of the variance in lronman Time was accounted for by this variable. ACE

I/D was not a significant predictor of lronman Time when added to the model ([9 = 0.226).

The lronman sample of athletes did not have much phenotype data, such as height, weight,

Olympian or elite, and hence the model only explained 16% of the variance in lronman Time.

The athlete sample had a very large age range and that was why age (negative coefficient)

was significantly associated with lronman Time.

The above three sports-specific measures of aerobic fitness were combined in a Fitness Z-

score (combined z—scores) for analysis. Weight, Olympian, elite and sport were the

statistically significant predictors of Fitness Z-score (p < 0.001) and approximately 23% of

the variance in Fitness Z-score was accounted for by the linear combination of these variables.

ACE I/D was not a significant predictor of Fitness Z-score when added to the model (p =

0.440). The Fitness Z-score model encompassed most of the sports (rowing, cycling and

rugby) and, therefore, weight (negative coefficient), Olympian (positive coefficient), elite

(positive coefficient) and sport were all significant in the model.

Age, weight and elite were the statistically significant predictors of 40 m Sprint Time (z-

score) in the regression model which only included rugby players (p < 0.001) and

115



approximately 28% of the variance in 40 m Sprint Time was accounted for by the linear

combination ofthese variables. ACE I/D was not a significant predictor of 40 m Sprint Time

when added to the model ([9 = 0.057). The effect of age (negative coefficient) may have

reflected the high injury rate in rugby affecting older players more than younger players. This

idea is supported by a study which found that hamstring injuries associated with sprinting in

Australian Rules football players, were more common in players older than 23 years or with

poor quadriceps flexibility (Hagel 2005). The effect of weight (negative coefficient) would

be due to heavier players requiring more force to accelerate their heavier weight over the 40

m distance (from physics: force = mass >< acceleration). The effect of elite was significant

because there were large numbers of elite and non-elite athletes athletes in the rugby sample.

Age was a variable that appeared to be related to performance in some sports. One study

showed that age was negatively correlated to ACE levels (Cambien 1988). This may have

been a confounding factor in the present study especially with the older athletes (i.e. Ironman)

because it may have reduced the effect of the genotype.

The lack of significance of the ACE I/D genotype to the model may have been due to group

sizes being too small or due to the incomplete physiological data set reducing the statistical

power. It also could have been because whatever might have been contributing to a

difference in the genotype distributions between some of the athlete groups and controls was

not measured by the standard physiological tests used in the various sports.

Some endurance sports require extreme levels of physical training which may have

compromised the athletes’ immune system (Gleeson et al. 1995; Gleeson et a1. 2004) and this

was not part of the physiological data set used for comparison used in this study.
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Rugby, which is the most popular worldwide team contact sport involving collision, has one

ofthe highest levels ofinjury of all team sports (Nicholl et al. 1995). One study showed that

at the international level the injury rate was one injury per player every 3.44 matches, with an

injury defined as requiring at least 24 h of restricted activity. The highest frequency of match

injuries occurred in contact situations such as being tackled, rucks and mauls (Brooks et a1.

2005). The sport has a high level of body contact which may require a high level of

musculoskeletal robustness to minimise injury. This factor may not have been adequately

measured in the physiological data set. Although height and weight were included in the data

set, it may have been more enlightening to have taken further anthropometric measurements

to produce somatotypes (i.e. endomorphy = fatness; mesomorphy = musculoskeletal

robustness; and ectomorph = linearity) or simply skinfold %bodyfat tests for each player to be

included in the statistical analysis. This may have been unrealistic due to the time constraints

of obtaining samples in the amateur sport setting. Rugby players who are injury-prone are

unlikely to continue playing at the senior level or to reach the elite level.

There are many other factors that influence elite athletic performance and their phenotypes

were not measured here. Examples would include: big hands and feet for swimming (greater

and more efficient propulsion); long arms for rowing (longer and more efficient stroke); big

legs for cycling (greater power and cycling motion means that moment of inertia is

irrelevant); thin legs for endurance running (decreased energy cost); and thin lower legs for

sprint running (lower moment of inertia). Overall, this study of the ACE gene I/D

polymorphism showed that it appeared to be associated with some sports but the underlying

mechanism remains unclear.

This study adds to the rather large body of research into the association between the ACE

gene I/D polymorphism and athletic performance. It does this because it is in the minority of
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studies which separated the genders for analysis and had enough elite athletes to perform

studies with many different types of athletes within a wide variety of sports, although not

enough athletes to achieve highly statistically significant results. It showed that even small

statistical significance can only be achieved when athlete groups are separated on the basis of

duration and intensity of their event.
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Chapter 4

Cardiac Myosin Binding

Protein C (MYBPCS)
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4.1 Introduction

The “athlete’s heart” is a reversible cardiac hypertrophy which occurs in some athletes in

response to prolonged endurance training. Familial hypertrophic cardiomyopathy (FHC) is an

autosomal dominant disorder that is also characterised by LV hypertrophy but without

haemodynamic overload. FHC is caused by mutations in several sarcomere genes including

the cardiac myosin binding protein C (MYBPC3) gene on chromosome llpll.2. FHC has

similar characteristics (pronounced cardiac hypertrophy) to, as well as distinct differences

(physiological versus pathological hypertrophy) from, “athlete’s heart” cardiac hypertrophy.

This similarity was one reason for investigating some nonsynonymous SNP variants in

athletes and normal controls. Other reasons included the fact that cardiac myosin binding

protein C is a major contributor to thick filament structure and regulation, and that MYBPC3

gene knockout mice demonstrate that without MYBPC3 there is impaired contractile function

and hypertrophy. These particular SNP variants were chosen because they are not associated

with the aetiology of FHC. The present study investigated whether MYBPC3 has a modifying

effect on cardiac function by using an elite athlete model. For this work, the distributions of

three nonsynonymous changes (VISSM, V1891 and SZ36G) in the MYBPC3 gene were

studied in elite athletes and normal controls.

In e6. the nonsynonymous SNP variant — 5190A—>G; S236G was genotyped. The male

sprinters and rugby players gave the most interesting results. The frequency of the AG

genotype at 236 was significantly higher in male sprinters than 147 controls (p = 0040),

although the numbers were quite small. An increased frequency of the 236G allele and AG

genotype was also found in Back-ten rugby players versus controls (p = 0.044, p = 0.021,

respectively) and versus the Front-five rugby players (p = 0.032. p = 0.049, respectively).
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Since rugby players gave the most interesting results with the largest numbers, fewer of the

other athletes were genotyped for the e4 (V158M) variant because of a lack of promising

results and concerns over a lack of statistical power. None of the groups gave statistically

significant results. None of the other athletes were genotyped for the e5 (V1891) variant

because even the large group of rugby players seemed to vary little from the controls. None

of the groups gave statistically significant results.

Multiple regression analysis was performed to determine the significant predictors of

performance for only the rugby players for e6 S236G variant because they gave the only

statistically significant results and with enough subjects to achieve sufficient statistical power.

Elite, height and weight were the statistically significant predictors of VO2 max ([9 < 0.001).

Age, weight and elite were the statistically significant predictors of 40 m Sprint Time in rugby

players (p < 0.001). MYBPC3 e6 8236G variant was not a significant predictor of either

performance variable when added to the models.

The genotyping described in this chapter was predominantly performed by the author. Some

genotyping of rugby samples was performed by Edna Soriano (laboratory technician).

4.1.1 Anatomy and Structure

Myosin binding protein C (MYBPC) is a large sarcomeric protein found in striated muscle. It

has multiple domains and is part of the intracellular immunoglobulin superfamily. Its role in

the sarcomere remains to be fully explained. Its cardiac isoform accounts for 2% of the

myofibrillar protein of the heart (Oakley et a1. 2004) (Figure 4-1).
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Figure 4-1 The sarcomere structure of MYBPC3 and domain motifs (Oakley et al. 2004).

Skeletal MYBPC has ten sub-domains (C1 to C10). There are seven are I-class

immunoglobulin-type (Igl) domains and three (C6, C7 and C9) are fibronectin-like type III

(Fnlll) domains. In addition to these domains, cardiac MYBPC has an extra N-terminal

domain (C0) and various insertions including phosphorylation sites. These are numbered

Motifs 0 to 10 from the N-terminus to the C-terminus. It is thought that MYBPC3 has both

structural and regulatory roles within the sarcomere. It is not known if the MYBPC3 actually

binds to the myosin filament. MYBPC3 may increase the periodicity to about 435 A, longer

than the basic myosin filament repeat of 429 A, as indicated by ultrastructural studies. The

presence of this longer periodicity, as indicated by modelling, could be explained if the

myosin-binding part of MYBPC3 binds to myosin with the expected 429 A repeat. But this

would only make sense if the N-terminal end of MYBPC3 interacts with the adjacent actin

filaments in the hexagonal lattice of filaments in the A-band, in certain muscle states.

Skeletal MYBPC contains a potential actin-binding domain in the Pro-Ala-rich sequence at
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the N terminal region of skeletal MYBPC and in cardiac MYBPC between domains C0 and

Cl (Squire et al. 2003). Interactions between adjacent MYBPC molecules have been noted

(Oakley et al. 2004). It is approximately 137 kDa and is found in the C-zone sub-sections of

the A—band. MYBPC is present in seven to nine out of the 11 transverse C—zone stripes.

Only every third level of the myosin heads interacts with a MYBPC molecule due to the

stripes 43 nm separation. Only the proportion of the myosin heads that are within the C-zone

can interact directly with MYBPC.

4.1.1.1 Isoforms of Myosin Binding Protein

Three isoforms of MYBPC are known in adult muscle: fast skeletal, slow skeletal (originally

MYBPX), and cardiac. Separate genes encode each isoform. The genes for the human fast

(MYBPC2) and slow skeletal (MYBPC!) isoforms are on chromosomes l9q13.33 and

12q23.3, respectively, and the gene for human cardiac MYBPC (MYBPC3) is on chromosome

llpl 1.2 (Figure 4—2 and Figure 4—3). The mapping to different chromosomes indicates that

the isoforms are not due to alternative splicing. The fast and slow skeletal isoforms can be

found within the same sarcomere. The cardiac isoform was found during cardiac tissue

phosphorylation studies (Flashman et al. 2004; Oakley et a1. 2004). There is a smaller, related

protein in skeletal muscle called myosin binding protein-H (MYBPH). It was discovered in

the separation of myosin binding proteins. It is located in the third stripe in the C zone. It has

high homology to four of the C-terminal domains of MYBPC, with 50% identity and 17%

conserved amino acids (Flashman et al. 2004).
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Figure 4-2 Domain organisation of Myosin Binding Proteins (Flashman et al. 2004).
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Figure 4-3 Chromosomal context of MYBPC3 (Genecards).

Start: 47,309,527 bp from pter. End: 47,330,806 bp from pter. Size: 21,279 bp.

By promoting polymerisation ofthick filaments, MYBPC is involved in sarcomere assembly,

from the C-terminal domains binding to sites on titin and light meromyosin. It also binds to

actin and myosin $2 subfragment. The regulatory role of MYBPC occurs primarily through

the N—terminal domains, via phosphorylation-dependent interaction with the myosin

crossbridges, which modulates muscle contraction. How the MYBPC attaches to the myosin

thick filament is uncertain. It is thought that MYBPC3 proteins trimerise to form a collar

around the thick filament with domains C5—C7 of one MYBPC3 overlying C8—C10 of the

next (Figure 4-4). The cross-bridge formation may be increased or reduced, depending on

whether the interaction is released or formed, respectively. The alterations of the MYBPC3

collar, caused by the FHC mutations, indicate its role in thick filament structure and

regulation (Moolman—Smook et al. 2002). There is also a different model for MYBPC
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amalgamation into the thick filament where there is no interaction between MYBPC

molecules (Squire et a1. 2003).
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Figure 4—4 The trimeric collar model of MYBPC3 (Moolman-Smook et al. 2002).

4.1.2 MYBPC3

MYBPC3 is a sarcomeric protein and is part of the intracellular immunoglobulin superfamily.

It has structural and regulatory roles, although its function is not fully understood. MYBPC3

gene is made up of over 21,000 bp and contains 35 exons, with two exons only 3 bp each

(Carrier et a1. 1997) (Figure 4-5).
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Figure 4-5 Gene structure (Entrez Gene).

MYBPC3 is important for myofibrillogenesis and regenerating muscle cells. MYBPC3 gene

knockout mice demonstrate that MYBPC3 is not necessary for the sarcomere to form, but that

without it there is impaired contractile function and hypertrophy. There is a relationship

between the extent of phosphorylation of MYBPC and increased systolic tension. This is

caused by adrenergic stimulation. When MYBPC is extracted from fibres, calcium—ion

sensitivity and shortening velocity is increased. The association of MYBPC3 with the heart
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disease, FHC, has made it an object of intense interest. Mutations in ten sarcomeric proteins

are known to cause FHC. How these mutations cause sarcomeric dysfunction is not clear and

this has created much interest in understanding its underlying physiology (Oakley et a1. 2004).

4.1.2.1 Domains and Motifs

Sequence alignments from various species and protein motifs have found important conserved

regions for the classification of domains. The structure of these homologous domains, in

conjunction with the location of FHC mutations, improves the understanding of how FHC

point mutations can change the structure of its motifs. These subtle differences may have

consequences for the stability, binding or function of the protein (Oakley et a1. 2004). Exon 4

(e4) is located in the Motif C0-C1 Linker region, exon 5 (e5) in Motif C1 and exon 6 (e6) in

Motif C1.

4.1.2.2 Phosphorylation Sites

There is evidence for as many as three binding sites within the region of Motifs 0—2. There is

the well-known phosphorylation—dependant binding of the Motif 1—2 linker to S2 of myosin

and recent evidence for Motif 0 and the Motif 0—1 linker binding to myosin or actin. MotifO

has very few FHC-associated mutations. A mutant MYBPC knock—in mouse model indicated

an interaction between Motif 0 and part of the myosin crossbridge. The MYBPC lacked both

Motifs 0—1 linker and Motif 1; the Motif 1—2 linker was, however, still phosphorylatable.

There are multiple FHC mutations in Motifs 1 and 2 and the Motif 1-2 linker. This linker has

two additional phosphorylation sites (8284 and S304) in the cardiac MYPBC, including a

cardiac-specific LAGGGRRIS sequence (8284) (Figure 4-6). Calcium/calmodulin-dependent

kinases can phosphorylate these three phosphorylation sites (Oakley et al. 2004). Regulation

of muscle contraction is thought to occur by the Motif 1—2 linker region by binding to the
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myosin S2 region. The myosin 82 region can, by the phosphorylation of cardiac MYBPC,

link more efficiently with actin, thereby increasing its force and systolic tension. This has

been described as releashlg of the braking effect on crossbridge cyclhig (Flashnian et aL

2004). The flexibility of the myosin head allows more efficient force. This could also have

an effect on diastolic filling of the heart (Kulikovskaya et al. 2003). Two of the mutations in

the Motif 1—2 linker, G278E and G279A, are in the conserved, cardiac LAGGGRRIS

sequence, near two of the phosphorylation sites (Figure 4-6). MYBPC can be phosphorylated

by protein kinase C under non-physiological conditions. MYBPCl and MYBPC2 are

probably not phosphorylated by calcium/calmodulin-dependent kinases because they do not

contain the LARGGGRRIS insertion. MYBPC3 regulation of cardiac muscle appears to

entail hierarchical phosphorylation which does not apply to skeletal muscle (Flashman et al.

2004).
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Figure 4-6 MYBPC3 protein sequence

 
e4—6 variants boxed, phosphorylation sites (S284 and S304) and mutations (627813 and G279A) in bold,

conserved LAGGGRRIS sequence underlined (UniProtKB/Swiss-Prot: http://ca.expasy.org/uniprot/Q14896).

Length: 1274 AA, molecular weight: 140,762 Da.

4.1.2.3 Protein Folding and Structure

There is little information in the literature regarding how the changes in the amino acids in

e4—6 may affect the folding of the protein and how this may affect the interactions of the
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protein with myosin S2 to affect heart function. The e6 variant 5190A—+G (S236G) is found

in Motif 1, near the Motif 1-2 phosphorylatable linker. It is close to the phosphorylation sites

and the LAGGGRRIS sequence (Figure 4-6). Glycine is the only residue that does not have a

side chain. This means that it can have phi (tp) and psi (w) angles in the four quadrants of the

Ramachandran plot and is the least restricted amino acid. If it is substituted, it may affect the

three dimensional structure of the region or obstruct kinase binding. In the normal mouse

heart, the 279 amino acid is an alanine (A) (Oakley et a1. 2004). The e4 variant is 3634G—>A

(V158M). The e5 variant is 3817G—>A (V1891).

4.1.3 Physiology and Biochemistry

4.1.3.1 Heart Function

MYBPC3 regulates myocardial work capacity by limiting power output (Korte et a1. 2003).

Contractile force is increased in conjunction with increasing heart rate in a normal heart.

Phosphorylation of MYBPC3 changes the rates of force generation and troponin 1 changes the

rates of relaxation, co—ordinately. The myofilament can be affected through a feedback

mechanism in the crossbridges (Tong et a1. 2004). MYBPC3 is important for the time course

and extent of LV systolic stiffening. MYBPC3 deficient homozygous truncated MYBPC3

male mice had impaired sarcomere shortening velocity and reduced muscle stiffening (Palmer

et al. 2004a). The same mice had, however, increased contractile efficiency, thought to result

from an attenuated decrease of mechanical energy and an increase of phosphate-dependent

oscillatory work (Palmer et al. 2004b).

The energy requirement of the physiologically hypertrophied, compared to the non-

hypertrophied heart, in trained and untrained healthy individuals, is lower at rest and during

exercise, than would be expected from differences in heart weight (Heiss et a1. 1977).
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V02 max correlates with LV mass and inversely with LV wall stress. Myocardial glucose

uptake relative to muscle mass is decreased due to decreased wall stress and energy

requirements, and/or the use of additional fuel sources. Lactate becomes the prime energy

source of the heart during blood lactate—producing exercise (Nuutila et al. 1994).

The MYBPC3 C5 motif may determine the folding of MYBPC3 and the manner in which it

interacts with myosin. Its modification by mutation can affect contractility greatly. The effect

of the motif is regulated by phosphorylation and appears to be important for the contractile

control mechanism (Winegrad 2003, 2005). Data on the phosphorylation state in stressed and

unstressed mouse hearts suggest that MYBPC3 phosphorylation is essential for normal

cardiac function (Sadayappan et a1. 2005). MYBPC3 is tris-phosphorylated at a conserved N-

terminal domain (MYBPC3 motif) by CAMP-dependent protein kinase. The MYBPC3 motif

is bound to a conserved section of sarcomeric myosin S2 through phosphorylation regulation

(Kunst et a1. 2000).

The phosphorylation in cardiac muscle probably has a specific regulatory function because its

MYBPC has four phosphorylation sites compared to the one site of skeletal MYBPC. The

effect of phosphorylation of MYBPC3 on cross bridges of isolated natural thick filaments

from cardiac muscle was determined using electron microscopy and optical diffraction. The

results indicate that phosphorylation of MYBPC3 extends the cross bridges from the

backbone of the filament and affects their order and/or direction. This could affect the thin

filament cycling rate and so modify cardiac force production (Weisberg and Winegrad 1996).

MYBPC3 has four sites that can be phosphorylated by a Ca2+-calmodulin-controlled kinase,

protein kinase A or protein kinase C. Electron microscopy and optical diffraction were used

to study the structure of thick filaments isolated from rat ventricles with either the alpha or



beta isoform of myosin heavy chain and the effect of specific phosphorylation of MYBPC3

on the structure. Crossbridges were easily seen in thick filaments with alpha-myosin heavy

chain. Phosphorylation of MYBPC3 by protein kinase A extended the crossbridges from the

backbone of the filament, changed their orientation, increased the crossbridges order, and

decreased the crossbridges flexibility. In filaments with beta-myosin heavy chain, the

crossbridges were less ordered and less stiff. Phosphorylation of MYBPC3 in beta- myosin

heavy chain-containing filaments did not extend the crossbridges and did not alter degree of

order or flexibility. The crossbridge flexibility correlated with the rate of ATP hydrolysis

which suggests that it is a key factor of crossbridge cycling rate, and MYBPC3-mediated

control of the position and flexibility of crossbridges may regulate actomyosin ATPase

activity by adjusting the kinetics of crossbridge cycling (Weisberg and Winegrad 1998).

4.1.3.2 Disease States

MYBPC3 mutations cause FHC (Figure 4-7). It is a heart disorder involving ventricular

hypertrophy, usually asymmetric and commonly includes the interventricular septum. The

disease is found in about 0.2% of the general population. The clinical manifestations are

heterogeneous, ranging from benign to severe within and between families. There is a greatly

increased risk of cardiac failure and sudden death. The MYBPC3 gene mainly has truncated

protein mutations, whereas the majority of mutations in FHC caused by mutations in other

genes are from missense changes. Dominant negative and haploinsufficiency are two of the

models that could explain the mechanism of FHC (Yu et a1. 1998). Hypertrophic

cardiomyopathy is an autosomal-dominant disorder. Many mutations across 11 genes are

known: the beta—myosin heavy chain gene, alpha—myosin heavy chain, cardiac troponin T;

cardiac troponin C, alpha-tropomyosin, MYBPC3, cardiac troponin, essential and regulatory

light chain genes, cardiac alpha-actin gene and titin (Ramirez and Padron 2004). There
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appears to be a gene dose effect in patients who have compound—heterozygous, double-

heterozygous, or homozygous mutations. Screening for mutations should begin with the

common mutations: MYBPC3 and beta—myosin heavy chain gene and progress to cardiac

troponin, cardiac troponin T, and cardiac myosin light chain 2. Multiple mutations should be

screened in severe phenotypes (Richard et al. 2003). Hypertrophic cardiomyopathy is a

cardiac disease which is multigenetic. Its pattern of inheritance is autosomal dominant and it

has incomplete penetrance, except for mitochondrial genome mutations. Mutations have been

found in four thick filament genes: beta myosin heavy chain, essential myosin light chains,

regulatory myosin light chains, and MYBPC3; in five thin filament genes: cardiac actin,

cardiac troponin T, cardiac troponin C, cardiac troponin I, and alpha-tropomyosin; and in the

sarcomeric cytoskeletal protein titin. Mutations in other non-sarcomeric genes have been

found, as well as sarcomeric mutations, in patients with mixed hypertrophic cardiomyopathy

(Capek and Brdicka 2006).
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Figure 4-7 HCM missense and truncation mutations in MYBPC3 (Flashman et al. 2004).
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Myocyte contractility disfunction is considered to be the mechanism for FHC mutations in in

vilro studies. There is evidence for different mechanisms of disease for the different types of

mutations. Another hypothesis is "energy compromise” from ATP inefficiency but there is

little evidence in human FHC cases apart from a bioenergetic deficit (Crilley et al. 2003).

Most FHC patients with an MYBPC3 mutation demonstrate low penetrance, late onset and a

benign phenotype. If sudden death occurs, it is often as a result of stress and occurs later than

40 years of age. In a mouse model, exercise-related mortality (severe bradycardia) and

sudden death were present (Yang et a1. 2001). The clinical features of FHC due to

heterozygous MYBPC3 mutations compared to myosin heavy chain gene mutations showed

significantly better prognosis, older age of onset and lower penetrance before the age of 30,

leading to a milder phenotype with less hypertrophy (Charron et a1. 1998). Late-onset

hypertrophic cardiomyopathy with no other family history has a late onset of symptom

development and diagnosis at about 60 years of age. Mutations were found in the MYBPC3,

troponin I, and alpha—cardiac myosin heavy chain genes and included missense mutations,

truncating mutations, and splice mutations (Niimura et al. 2002). Knockout mice with

deletion of MYBPC3 exons 3—10 had cardiac development but showed obvious cardiac

hypertrophy and impaired contractile function (Harris et al. 2002).

The MYBPC3 GG genotype at 18,443 in exon 30 was found to be associated with increased

LV wall thickness in a patient group compared to the AA and AG genotypes. Patients and

controls showed no difference in the genotype distribution. The MYBPC3 GG genotype may

be associated with the severity of LV hypertrophy in patients with FHC, that is, a modifier

gene for it (Wang et al. 2005).

A patient with a homozygous mutation in beta-myosin heavy chain gene (R403W) and a

heterozygous variant in MYBPC3 (V896M) showed a significant increase in sliding velocity
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of actin filaments and an enhancement of mechanical and enzymatic properties of human

mutant myosin. This suggested inefficient cardiac ATP utilisation and reduced mechanical

efficiency (Keller et a1. 2004).

DNA sequencing was performed in the Maine Coon cat MYBPC3 gene and sequence

alterations showed that they changed the amino acid produced, that the amino acid was

conserved and that the protein structure was altered. There was a single base pair change

(G—>C) in the feline MYBPC3 gene in affected cats that computationally alters the protein

conformation of this gene and results in sarcomeric disorganisation. A causative, spontaneous

mutation in the feline MYBPC3 gene leads to the development of FHC (Meurs et al. 2005).

4.1.3.3 Athletes

The “athlete’s heart” is a reversible cardiac hypertrophy which occurs in some athletes in

response to prolonged endurance training. When the increased heart weight is normalised to

bodyweight in some athletes, such as weightlifters, hypertrophy is often reduced but can

present as concentric hypertrophy (increased wall thickness). With elite endurance athletes,

there is usually significant eccentric hypertrophy (increased wall thickness and cavity size)

(Czubryt and Olson 2004). Hypertrophy in athletes can show changes in electrocardiograms,

although these do not usually correlate with disease (Oakley 2001). It seems to be beneficial

in endurance athletes giving a balanced enlarged heart because stroke volume is increased

with decreased resting heart rate, and with more—efficient pumping of blood (Scharhag et al.

2002).

Sudden cardiac death is rare among elite athletes and is less frequent than in the general

population. The majority occur from undiagnosed genetic problems such as FHC (Futterman
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and Myerburg 1998). In athletes under 35 years, the majority of sudden deaths are caused by

congenital cardiac conditions. Hypertrophic cardiomyopathy is the most common accounting

for 36% of sudden cardiac deaths in young competitive athletes, based on tracking of 158

athletes (Maron et a1. 1996).

Distinguishing athlete's heart from FHC seems to only be a problem for male athletes

(Pelliccia et al. 1996). Abnormal electrocardiograms have been detected in up to 40% of

athletes, whereas cardiac disease has been found in less than 5% of athletes. A small

proportion of athletes had electrocardiogram abnormalities that indicated cardiac disease, but

they actually had no disease. These appear to have resulted purely from training (Pelliccia

and Maron 2001). Significant LV wall thickening (>13 mm) in strength-trained athletes is

indicative of pathologic hypertrophy, that is, FHC (Pelliccia et al. 1993). Elite ice hockey

players showed the increased ventricular size and wall thickness characteristic of combined

endurance and power sports (Bossone et al. 2004).

4.1.3.4 Exon 6 SZ36G Variant

Seven novel variants (Gln1061X, IVSS-ZAHC, IVSl4-13G—+A, e25ALys, Prol47Leu,

Ser236Gly, and Argl 138His) and two known variants (Arg326Gln, Val896Met) have been

found in MYBPC3. They were all predicted to alter the structure of the protein. Some of the

missense changes were, nevertheless, not considered to be disease-causing mutations. The

Ser236Gly did not cosegregate with FHC-phenotype in family studies, was not within the

highly conserved region of the MYBPC3 when compared with other species and had multiple

distinct haplotypes in the FHC families and control subjects which indicated multiple

ancestral origins (Jaaskelainen et a1. 2002) (Figure 4—8).
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Residue change from Ser (S) to Gly (G), SZ36G

LOCflUOHOchCSBQU€HC€216 ASKVYLFELHITDAQPAFTG S YRCEVSTKDKFDCSNFNLTV 256

l

G
 

Figure 4-8 e6 $236G variant properties

(1,274 amino acids, physico—chemical property: changes from small size, polar, hydrophillic serine (S) to

nonpolar, hydrophobic glycine (G))

4.1.3.5 Sequence Homology

The sequence homology of MYBPC3 is 46.8% in different species. It has three main

differences from the skeletal isoforms: (1) an extra Igl motif at the N—terminus region (Motif

O); (2) two extra phosphorylation sites between Motifs 1 and 2; and (3) a proline/charge-rich

insert in the central lgl domains (Motif 5). The cardiac isoform retained most of its defining

features in the Japanese pufferfish, Fugu rubripe, except for one of the extra phosphorylation

sites (Oakley et a1. 2004). The sequence alignment of e6 SZ36G from BLAST search shows

conservation between human and mouse DNA (Figure 4-9).

 

 

ASKVYLFELHITDAQPAFTGSYRCEVSTKDKFDCSNFNLTV

Sp!Q14896!MYPC3_HUMAN 216 ASKVYLFELHITDAQPAFTGSYRCEVSTKDKFDCSNFNLTV 256

tr1Q9UM53_HUMAN 216 ASKVYLFELHITDAQPAFTGSYRCEVSTKDKFDCSNFNLTV 256

SplO70468!MYPC3_MOUSE 214 ASKVYLFELHITDAQthAGGYRCEVSTKDKFDSCNFNLTV 254

SplQ90688!MYPC3_CHICK 206 —NKVYtFEMeIiEAanFAGGYRCEVSTKDKFDSSNFNLiV 245

trlQ9OX86_XENLA 222 -TKIYtFEIQIigAktTYAGGYRCEVSSKDKFDSCNFNLAV 261

tr!Q6IP30_XENLA 222 ~TKIYCFEIQIigAktTYAGGYRCEVSSKDKFDSCNFNLAV 261

 

Figure 4-9 Alignment of e6 SZ36G from BLAST search.
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4.2 Materials and Methods

4.2.1 Subjects

4.2.1.1 Elite athletes

Elite athletes included rowers, cyclists and sprint runners from the AIS. Elite and non—elite

rugby players were from various amateur and professional rugby clubs in New South Wales

and the Australian Capital Territory.

4.2.1.2 Controls

Controls were males and females selected from Blood Bank normal controls and de-identified

genetic patients’ (not athletes) non-affected partners. Comparisons between athletes and

controls were gender-matched.

4.2.2 Materials

4.2.2.1 Oligonucleotides

The oligonucleotides used for this chapter were ordered from lnvitrogenTM and BioLabsTM.

4.2.3 Methods

4.2.3.1 PCR Amplification

Available PCR primers from our laboratory were used to amplify MYBPC3 e6, e4 and e5,

which contain the three nonsynonymous SNP variants investigated (Table 4—1 and Table 4—2).
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Table 4-1 MYBPC3 primer sequences.
 

 

 

 

   
 

 

 

 

 

 

 

 

 

 

 

 

 

Exon Primer Sequences: Amplicon Length

e6 6F: (MYBPC3) 5'-ATT ACA GGC CTG AGC CAC CG-3' 283 bp

6R: (MYBPC3) 5’-AGA CCA GGA CCC ATG GGG AG—3’

e4 4F: (MYBPC3) 5’-TGG GAG GCG GAG CTT GCA GTG-3’ 246 bp

4R: (MYBPC3) 5’-CCC CTT CCC ACC CCA ATG CTG-3'

e5 5F: (MYBPC3) 5’-GCA GCA GGA CAC TCC CCA AG-3’ 221 bp

5R: (MYBPC3) 5’-TGT CTC CAC GAC CCC GGT-3’

Table 4-2 MYBPC3 PCR conditions.

e6 e4 e5

Primerl: F (20 pmoluL'l) 1.0 uL 1.0 uL 1.0 uL

Primer2: R (20 pmolpL'I) 1.0 uL 1.0 uL 1.0 pL

dNTP (2.5 mM) 2.0 uL 2.0 uL 2.0 uL

GeneAmpR 10X PCR (buffer 11) 5.0 uL 5.0 uL 5.0 uL

GeneAmpR MgClz (25 mM stock) 1.5 uL 3.0 “L 3.0 11L

dH30 37.3 uL 35.8 uL 35.8 uL

AmpliTaqTM Gold (5 UpL'l) 0.2 uL 0.2 uL 0.2 uL

DNA (25 ngpL'I) 2.0 ”L 2.0 “L 2.0 uL

Total volume 50.0 uL 50.0 uL 50.0 uL

Thermal Cycling Conditions 95°C X 12 min 95°C X 12 min 95°C X 12 min

X 1 X l X l

(95°C X 30 s; (95°C X 30 s; (95°C X 30 s;

60°C X 30 s; 65°C X 30 s; 60°C X 30 s;

72°CX105) 72°CX1OS) 72°CX105)

X 37 X 35 X 35

72°C X 7 min 72°C X 7 min 72°C X 7 min

X 1 x 1 x 1

*product size: 283 bp 246 bp 221 bp   
 

4.2.3.2 Restriction Fragment Length Polymorphism Genotyping

 

 

Restriction enzymes were used for restriction fragment length polymorphism (RFLP)

genotyping the athletes along with 147 age-matched caucasian male controls. Restriction

enzymes were used to genotype MYBPC3 for non-disease-causing nonsynonymous SNP

variants present in e6, e4 and e5 (Table 4—3).
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Table 4-3 RFLP conditions for genotyping.
 

 

 

 

 

Exon Enzyme Incubation Restriction fragments

conditions

6 — 5190A—>G; Enzyme A/ul — loss of Incubate at 37°C Wild type = 283 bp

S236G restriction site. overnight. Variant = 126 bp + 119 bp +
38 bp

e4 ~ 3634G—>A; Enzyme Nlalll 4 creates Incubate at 37°C for 3 Wild type = 246 bp

V158M restriction site. h. Variant = 246 bp + 173 bp +

73 bp

e5 — 38l7G—>A; Enzyme Bcll — creates Incubate at 50°C Wild type=221 bp

V1891 restriction site. overnight. Variant = 221 bp + 117 bp +   104 bp
 

4.2.3.3 Statistical Analysis

The CLUMP program was used for the )8 test for data where there were small allele or

genotype frequencies. The CLUMP program was run through the DOS program and uses

Monte Carlo simulation to perform the )8 test.

The SPSSTM program was used for the regression modelling analysis. The linear regression

was used to compare genotype to phenotype data. Kevin McGeechan (Epidemiology and

Biostatistics, University of Sydney) assisted with the preparation of the statistical results

using the SPSSTM program.
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4.3 Results

4.3.1 Exon 6

In e6. the nonsynonymous SNP variant — 5190A—>G; S236G was genotyped. The mixed

male and female results were not statistically significant (Table 4—4). The male sprinters and

rugby players gave the most interesting results. The frequency of the AG genotype at 236 was

significantly higher in male sprinters than 147 controls (p = 0.040), although the numbers

were quite small. An increased frequency of the 236G allele and AG genotype was also found

in Back-ten rugby players versus controls (p = 0.044, p = 0.021, respectively) and versus the

Front-five rugby players (p = 0.032, p = 0.049, respectively) (Table 4-5 and Figure 4-10).

Table 4-4 Males and Females: e6: 5190A—>G; SZ36G

(p values vs. Controls) (17 values from x2 distribution from CLUMP program).
 

 

 

 

 
 

 

         

Group n Genotypes p Alleles p

value value

AA GA GG A G

CONTROLS 212 167 43 2 377 47

ENDURANCE: E.cyc., Rowers 237 175 60 2 0.448 410 64 0,272

SPRINT: Spr.cyc,. Spr.run. 40 26 14 0 0_109 66 14 0,107

 

Table 4-5 Males only: e6: 5190A——>G; SZ36G

(p values vs. Controls) (p values from x2 distribution from CLUMP program).
 

 

 

 

 

 

 

 

       

Group n Genotypes p value Alleles p

value

AA AG GG A G

CONTROLS 147 122 23 2 267 27

ENDURANCE: E.cyc., Rowers 150 114 34 2 0.307 262 38 0,174

SPRINT: Spr.cyc., Spr.run. 28 18 10 0 0,040 46 10 0053

Rugby: Front-five 74 63 9 2 0.628 135 13 0.890

Rugby: Back-ten 121 85 34 2 0.044 204 38 ' 0.021

All RUGBY: Front-five. Back-ten 195 148 43 4 0280 339 51 0_113

(Rugby: Front-five versus Back-

ten)
(0.032) (0.049)   
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Figure 4-10 Bar graph of e6 Males only genotype results.

4.3.2 Exon 4

Since rugby players gave the most interesting results with the largest numbers, fewer of the

other athletes were genotyped for the e4 (V158M) variant because of a lack of promising

results and concerns over a lack of statistical power. The mixed male and female results were

not statistically significant (p > 0.050) (Table 4-6). The rugby players versus the mixed male

and female controls were not statistically significant (p > 0.050). The rugby players versus

the male controls were not statistically significant (p > 0.050) (Table 4-7). The Back-ten

versus the Front-five rugby players were not statistically significant (p > 0.050).

Table 4-6 Males and Females: 642 3634G—+A; V158M

(p values vs. Controls) (p values from X2 distribution from CLUMP program).
 

 

 

 

 

 

 

 

        

Group N Genotypes p value Alleles p

value

AA AG GG A G

CONTROLS 87 75 12 0 162 12

ENDURANCE: E.cyc. 79 68 10 1 0.565 146 12 0.806

Rugby: Front-five 71 63 7 1 0.415 133 9 0.843

Rugby: Back-ten 137 116 18 3 0.380 250 24 0.480

All RUGBY: Front-five, Back-ten 214 185 20 4 0.257 390 28 0930

(Rugby: Front-five versus Back-

ten) 0.720 0.386  
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Table 4—7 Males only: 84: 3634G—>A; V158M (p values vs. Controls)
(/3 values vs. Controls) (p values from X2 distribution from CLUMP program .
 

  
 

 

 

          

Group N Genotypes p value Alleles p

value

AA AG GG A G

CONTROLS 48 45 3 0 93 3

Rugby: Front-five 71 63 7 1 0.549 133 0.266

Rugby: Back-ten 137 116 18 3 0.238 250 24 0.065
All RUGBY Front-five. Back—ten 214 185 20 4 0,468 390 28 0185

(Rugby Front—five versus Back-

ten) 0.720 0.386
 

4.3.3 Exon 5

None of the other athletes were genotyped for the e5 (V1891) variant because even the large

group of rugby players seemed to vary little from the controls. The rugby players versus the

mixed male and female controls were not statistically significant (p > 0.050) (Table 4-8).

Tests of rugby players versus the male controls were not applicable (n/a) for e5 because there

were no AG or GG genotypes in any groups (Table 4-9).

Table 4-8 Males and Females: e5: 3817G—->A; V1891

(p values vs. Controls) (p values from x2 distribution from CLUMP program).
 

 
  

 

 
 

        
 

 

 
 

 

 

 

Group N Genotypes p value Alleles p
value

AA AG GG A G

CONTROLS 69 68 1 0 137 1

Rugby: Front-five 72 72 0 0 0.591 144 0 0.306
Rugby: Buck-ten 136 136 0 0 0.372 272 0 0.160

All RUGBY: Front-live. Back-ten 213 213 o 0 0.213 426 0 0079

(Rugby Front-five versus Back-
ten) n/a n/a

Table 4-9 Males only: e5: 3817G—>A; V1891
(p values vs. Controls) (p values from X2 distribution from CLUMP program).

Group N Genotypes p value Alleles p

value

AA AG GG A G

CONTROLS 38 38 0 0 76 0

Rugby: Front-five 72 72 0 0 n/a 144 0 n/a

Rugby: Back—ten 136 136 0 0 n/a 272 0 n/a

All RUGBY: Front—five. Back—ten 213 213 0 0 n/a 426 0 n/a

(Rugby Front-five versus Back- n/a n/a ten)         
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4.3.4 Genetic and Physiological Results

Multiple regression analysis was performed to determine the significant predictors of

performance for only the rugby players for e6 SZ36G variant because they gave the only

statistically significant results and with enough subjects to achieve sufficient statistical power.

4.3.4.1 Maximal Oxygen Uptake

Weight and elite were the statistically significant predictors of VOZmax (p < 0.001) and

approximately 13% of the variance in VO2 max was accounted for by the linear combination

of these variables. MYBPC3 e6 $236G variant was not a significant predictor of \i/O2 max

when added to the model ([9 = 0.510) (Table 4—10).

4.3.4.2 40 m Sprint Time

Age, weight and elite were the statistically significant predictors of 40 m Sprint Time in rugby

players (1) < 0.001) and approximately 28% of the variance in 40 m Sprint Time was

accounted for by the linear combination of these variables. MYBPC3 e6 SZ36G variant was

not a significant predictor of 40 m Sprint Time when added to the model (p = 0.901) (Table

4-10).

Table 4-10 Summary of multiple regression ANOVA related to performance

(results from SPSSTM rooram).
 

 

 

 

Outcome Explanatory Coefficients p value r2 genotype

variable variables B p value

\707 max weight -0.032 < 0.001 13.0% 0.510

’ elite 0.626

40 m Sprint Time age 0.043 < 0.001 27.7% 0.901

weight 0.008

elite —0.355     
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4.4 Discussion

4.4.1 Genetic results

This is the first time that athletes have been investigated for the MYBPC3 gene. In C6, the

nonsynonymous SNP variant — 5190A—>G; SZ36G was genotyped. The mixed male and

female results were not statistically significant (Table 4-4). The male sprinters and rugby

players gave the most interesting results. The frequency of the AG genotype at 236 was

significantly higher in male sprinters than 147 controls (p = 0.040), although the numbers

were quite small and the result may simply reflect an artefact. An increased frequency of the

236G allele and AG genotype was also found in Back-ten rugby players versus controls (p =

0.044, p = 0.021, respectively) and versus the Front—five rugby players (p = 0.032, p = 0.049,

respectively) (Table 4—5 and Figure 4-10).

The consistent trend for the male sprinters and Back-ten rugby players for e6 was for an

increased AG genotype and G allele. This similarity in results would be expected because

sprinters and Back-ten rugby players are considered to be power/sprint type athletes. As with

the ACE I/D polymorphism, these results might indicate that for MYBPC3 66, the mixed

genotype was beneficial. Perhaps there is a more moderate level of cardiac hypertrophy

associated with the AG genotype and it is an advantage in combined power/endurance sports

such as rugby. Both sports require phases of maximal distal skeletal muscle force/power

combined with maximal isometric force/power of central respiratory and abdominal muscles

during bouts of acceleration for sprinters and rugby players and during tackling/mauling for

rugby players. These activities require the Valsalva maneouver to heighten central nervous

system stimulation of muscle force/power (MacDougall et a1. 1992). Optimisation of cardiac
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muscle for these activities to ensure high cardiac output during phases of high blood pressure

could be advantageous.

Since rugby players gave the most interesting results with the largest numbers, fewer of the

other athletes were genotyped for the e4 (V158M) variant because of a lack of promising

results and concerns over a lack of statistical power. The mixed male and female results were

not statistically significant (p > 0.050) (Table 4-6). The rugby players versus the mixed male

and female controls were not statistically significant (p > 0.050). The rugby players versus

the male controls were not statistically significant (p > 0.050) (Table 4-7). The Back-ten

versus the Front-five rugby players were not statistically significant (p > 0.050). The e4

variant does not appear to be important for athletic performance.

None of the other athletes were genotyped for the e5 (V1891) variant because even the large

group of rugby players seemed to vary little from the controls. The rugby players versus the

mixed male and female controls were not statistically significant (p > 0.050) (Table 4-8).

Tests of rugby players versus the male controls were not applicable (n/a) ([9 > 0.050) (Table

4-9). The e5 variant does not appear to be important for athletic performance.

4.4.2 Genetic and Physiological Results

Multiple regression analysis was performed to determine the significant predictors of

performance for only the rugby players for e6 because they gave the only statistically

significant results and with enough subjects to achieve sufficient statistical power. Multiple

regression analysis yielded two— and three-variable models, composed of age, weight and/or

elite. which accounted for l3~28% of the variance in performance variables (Table 4-10).
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Elite (positive coefficient) and weight (negative coefficient) were the statistically significant

predictors of VO2 max (z-score) (p = < 0.001). MYBPC3 e6 was not a significant predictor of

VO2 max when added to the model (p = 0.510) (Table 4-10). Elite and weight would both be

expected to be predictors of V02 max. Unexpectedly, the e6 variant was not a predictor of

VO2 max (z-score). This was the same situation, however, as the ACE I/D polymorphism. It

is possible that the effect size is too small to be seen compared to the other predictive

physical/phenotype variables.

Age (negative coefficient), weight (negative coefficient) and elite (positive coefficient) were

the statistically significant predictors of 40 m Sprint Time (z-score) in rugby players (p = <

0.001). MYBPC3 e6 was not a significant predictor of 40 m Sprint Time when added to the

model (p = 0.901) (Table 4-10). Surprisingly, the addition ofthe MYBPC3 e6 genotype to the

either of the models added no significant prediction. Once again, this was the same lack of

significance of the genotype to the physiological data as occurs with the ACE I/D

polymorphism. Age, weight and elite would all be expected to be associated with 40 m Sprint

Time. For age, younger players were faster and this can be explained by them generally being

lighter and also carrying fewer chronic injuries, which can markedly reduce speed, than older

players. Elite and lighter players would naturally be expected to be faster than other players.

The lack of significance of the MYBPC3 e6 genotype to the model may have been due to

group sizes being too small or due to the incomplete physiological data set reducing the

statistical power. It also could have been because whatever might have been contributing to a

difference in the genotype distributions between the athletes and controls was not measured

by the standard physiological tests used.
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MYBPC3 is considered to often act as a modifying gene (Wang et a1. 2005) and so may be

more likely to be a response gene rather than a baseline gene for performance. The response

may, consequently, be more likely to be found in elite athletes than in lower level athletes and

in older rather than younger players who have had more and longer training, allowing time for

the differences to take effect. The fact that the heart muscle renews itself every few weeks

(Sims et a]. 1976; Zak 1977) may, on the other hand, contradict the idea that it takes a long

time for the effect of any gene-environment interaction to affect the physiological impact of

training on the heart.

The response due to being elite appears to have been reflected in the results of this study. The

response due to age would, nevertheless, contradict this assertion of a modifying gene effect,

since it was the younger players who were the fastest and not the oldest. The confounding

factor of injuries was, perhaps, masking the effect.

This study adds to the body of research into the MYBPC3 gene and cardiac hypertrophy. It

showed that the MYBPC3 e6, nonsynonymous SNP variant — 5190A—+G; 82360, which was

not associated with the aetiology of FHC, may have a modifying effect on cardiac function in

the elite athlete model, although the evidence is weak. It also showed that the C4 and e5

variants probably did not have a modifying effect on cardiac function. It showed once again

that even small statistical significance usually is only achieved when athlete groups are

separated on the basis of duration and intensity of their event.
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Chapter 5

Endothelial PAS Domain

Protein-1 (EPASI)
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5.1 Introduction

The cardiovascular system plays a central role in many sports, especially endurance and

VO2 max is the main measurement of cardiovascular function. The human map for genes

related to athletic performance and health-related fitness traits mentioned in Chapter 1 shows

hundreds of candidate genes related to human performance (Rankinen et al. 2001; Wolfarth et

a1. 2005). The genome-wide scan also mentioned in Chapter 1 (Bouchard et a1. 2000)

highlighted genomic regions with significant association with VO2 max, which is one of the

most common and important measures of human performance. In the present study, the aim

was to identify an underlying gene at the loci that had a suggestive linkage with VO2 max in

this genome—wide scan. An in silico search was carried out by Dr Bing Yu to select plausible

candidates.

SNPs

An association study was performed comparing elite endurance athletes classified into two

groups: power—time-maximum (PT-MAX; n = 242, event duration 503 to 10min) and

power—time—steady state (PT-SS; n = 151, event duration ~2—10 h), with controls (n = 444)

using 12 SNPs across the EPAS] gene. Ordinal regression analysis of allele frequencies

produced significant differences at SNPs 2 and 3 (p = 0.01). Haplotype analysis produced the

haplotypes involving SNPs 2—5 that significantly differentiated (p < 0.05) the groups based on

an ordinal ranking using the intensity classification. The same haplotypes differentiated the

PT-MAX group in which a significant decrease in a haplotype (F: G-C-C—G; OR = 0.57, p =

0.02, 95% CI 0.36—0.92) and increase in a second haplotype (G: A-T-G-G; OR = 1.75, p =

0.03, 95% CI 1.05—2.91) was observed compared to controls. The PT-SS group was

differentiated from the PT—MAX group by a third haplotype (H: A-T—G-A; OR = 0.46, p =
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0.04, 95% CI 0.22—0.96). EPAS] functions as a complex sensor of 02 availability. Since it

differentiates between different groups of athletes, based on the intensity of their

performance, it is proposed that DNA variants in EPAS] influence exercise metabolism and

hence the maximum metabolic power.

DHPLC

The exons and exon-intron boundaries were analysed in eight amplicons (DNA amplified

products) of EPAS] from representative DNA samples. After scanning through the amplicons

using denaturing high performance liquid chromatography (DHPLC), six DNA variants were

identified. The DNA samples from the 18 different SNP haplotypes produced three

substitutions: a C—>G transversion substitution at i8/e9, an A—>C transversion substitution

near i12/e13 and a G—>A transition substitution is a synonymous codon in e15. Going from

18 SNP haplotypes to DHPLC—derived haplotypes produced three more substitutions: a T—>C

transition substitution at i8/e9, and a G—>A transition missense substitution and a T—+A

transversion missense substitution resulting in two nonsynonymous codon variants in e9. A

sample from each different waveform was sequenced and the variants were summarised.

There were no statistically significant differences found.

Multiple regression analysis was performed to determine the significant predictors of

performance. Only the EPAS] i8/e9 C7/C5GC polymorphism was used for this analysis

because they were the only variants of sufficient quantity. Male, weight and Olympian were

the statistically significant predictors of VO2 max (19 < 0.001). Male, weight and height were

the statistically significant predictors of 2 km Row Time (p < 0.001). Age was the only

statistically significant predictor of Ironman Time (p < 0.001). The above three sports-

specific measures of aerobic fitness were combined in a Fitness Z-score for analysis.

Olympian and male were the statistically significant predictors of Fitness Z-score (p < 0.001).
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EPAS] i8/e9 C7/C5GC was not a significant predictor of any of the performance variables

when added to the models.

The work described in this chapter involved state of the art genetic analysis technology. High

throughput single nucleotide polymorphism (SNP) analysis, at the time that this work was

being carried out, was only available at very few centres in Australia. This work required,

therefore, input by a number of scientists and the relative contribution of each is summarised

in Table 5-1.

Table 5-1. Summary of relative contribution to work in this chapter.
 

 

 

 

 

 

 

 

 

 

 

 

 

  

Activity Author’s work Others’ work*

Obtain DNA samples Rugby samples RT, BY

Preparation of DNA samples Ironman and rugby samples BY, SC, ES, BG

Designing SNP probes n/a ABI

Preparation ofSNP DNA plates Most ofthis Some contribution: JH

SNP genotyping n/a SUPAMAC

Troubleshooting failed SNP reactions Much ofthis BY, NS, SC

Organising repeat SNP reactions Much ofthis BY

Re-preparing SNP DNA samples Much ofthis SC, ES

DHPLC 8 amplicons NS

Design probe amplicons All ofthis

Statistical analysis of SNP data Nil BY, JH, DD

Writing EPASl paper Some contribution as second author BY, JH, RT, SC

Statistical analysis of physiological data Most ofthis KM   
 

* RT, Ron Trent; BY, Bing Yu, SC, Stuart Cole; JH, Jennifer Henderson; NS, Nicole Sawyer; DD, David Duffy;

BG, Bamini Gopinath; ES, Edna Soriano; SUPAMAC, Sydney University Prince Alfred Macromolecular

Analysis Centre; ABI, Applied Biosystems Incorporated; KM, Kevin McGeechan.
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5.1.1 EPASl

5.1.1.1 Anatomy and Structure

Endothelial PAS domain protein-1 (EPASl) (also known as hypoxia inducible factor 2a; HIF—

2a) is a PAS (per-arnt-sim) domain transcription factor. The PAS superfamily of basic helix-

loop-helix (HLH) proteins is defined by the presence of two regions containing repeated

sequences that share homology with the prototypical members from which the name of the

family is derived. They are drosophila periodic, the aryl hydrocarbon receptor, the aryl

hydrocarbon receptor nuclear translocator (ARNT, also known as hypoxia inducible factor

1B; HlF—IB) and drosophila single minded. This protein shares 48% sequence identity with

hypoxia inducible factor la (HIF~10L) and lesser similarity with other members of the basic

HLH/PAS domain family of transcription factors. The gene is located at 2p16.1 and consists

of 16 exons and 89,273 bp. The protein has 870 amino acid residues (Tian et a1. 1997)

(Figure 5-1, Figure 5-2, Figure 5-3, Table 5-2 and Figure 5-4).
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Figure S-l EPASI gene structure

(Entrez Gene: http://www.ncbi.nlm.nih.gov/entrez).
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Figure 5-2 EPASI gene context
(Entrez Gene: http://wwwncbi.nlm.nih.gov/entrez).
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Figure 5-3 EPASI chromosomal context
(http://www.genecards.org/cgi-bin/carddisp?EPASl&search=epasl).
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Table 5-2 EPASI gene location and size

(http://www.genecards.0rg/cgi-bin/carddisp?EPASl&search=epasl).
 

 

 

   
 

 

Stan 46,436,214 bp from pter

End 46,525,487 bp from pter

Size 89,273 bp, 870 amino acids, 96,459 Da

19 29 39 49 59 60
MTADKEKKRS SSERRKEKSR DAARCRRSKE TEVFYELAHE LPLPHSVSSH LDKASIMRLX

79 89 99 109 119 120
ISFLRTHKLL SSVCSENESE AEADQQMDNL YLKALEGFIA VVTQDGDMIF LSENISKFME

139 149 159 169 179 189
LTQVELTGHS IFDFTHPCDH EEIRENLSLK NGSGFGKKSK DMSTERDFFM RMKCTVTNRG

199 209 219 229 239 249
RTVNLKSATW KVLHCTGQVK VYNNCPPHNS LCGYKEPLLS CLIIMCEPIQ HPSHMDIPLD

259 269 279 289 299 309
SKTFLSRHSM DMKFTYCDDR ITELIGYHPE ELLGRSAYEF YHALDSENMT KSHQNLCTKG

319 329 339 349 359 369
QVVSGQYRML AKHGGYVWLE TQGTVIYNPR NLQPQCIMCV NYVLSEIEKN DVVFSMDQTE

379 389 399 409 419 429
SLFKPHLMAM NSIFDSSGKG AVSEKSNFLF TKLKEEPEEL AQLAPTPGDA IISLDFGNQN

439 449 459 469 479 489
FEESSAYGKA ILPPSQPWAT ELRSHSTQSE AGSLPAFTVP QAAAPGSTTP SATSSSSSCS

499 509 519 529 539 549
TPNSPEDYYT SLDNDLKIEV IEKLFAMDTE AKDQCSTQTD FNELDLETLA PYIPMDGEDF

559 569 579 589 599 609
QLSPICPEER LLAENPQSTP QHCFSAMTNI FQPLAPVAPH SPFLLDKFQQ QLESKKTEPE

619 629 639 649 659 669
HRPMSSIFFD AGSKASLPPC CGQASTPLSS MGGRSNTQWP PDPPLHFGPT KWAVGDQRTE

679 689 699 709 719 729
FLGAAPLGPP VSPPHVSTFK TRSAKGFGAR GPDVLSPAMV ALSNKLKLKR QLEYEEQAFQ

739 749 759 769 779 789
DLSGGDPPGG STSHLMWKRM KNLRGGSCPL MPDKPLSANV PNDKFTQNPM RGLGHPLRHL

799 809 819 829 839 849
PLPQPPSAIS PGENSKSRFP PQCYATQYQD YSLSSAHKVS GMASRLLGPS FESYLLPELT

859 869 879
RYDCEVNVPV LGSSTLLQGG DLLRALDQAT  
Figure 5-4 EPAS] protein sequence

(UniProtKB/Swiss-Prot: http://ca.expasy.org/uniprot/Q99814). Length 870 AA, molecular weight: 96,459 Da.

EPAS] is preferentially expressed in vascular endothelial cells. EPAS] shares high homology

with HIF-la and has also been shown to bind to the HIF-l-binding site and to activate its

downstream genes such as vascular endothelial growth factor (VEGF) and erythropoietin

(EPO). EPASl increases VEGF gene expression through the HIF-l-binding site (Maemura et

al. 1999). Transactivation was improved by cotransfection of an ARNT expression plasmid.

Deletion analysis of EPASl showed a strong activation domain (amino acids 486—639) vital
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for transactivating the VEGF promoter. Its ability to activate transcription using a GAL4

fusion protein system was established. The truncated protein acts as a dominant-negative

mutant because when missing the transactivation domain at amino acids 486—639, it abolished

induction of the VEGF promoter by wild—type EPASl. Infection of the cells with this mutant

repressed the induction of VEGF mRNA under an environment that mimics hypoxia. This

suggests that EPASI is an important regulator of VEGF gene expression (Maemura et a1.

1999). Since VEGF plays a critical role in angiogenesis, the ability of dominant-negative

EPASI to inhibit VEGF promoter activity suggests a new way to restrain pathological

angiogenesis (Maemura et a1. 1999).

5.1.1.2 EPASI Domains

There are three conserved domains in EPASI: one HLH and two PAS domains (Figure 5—5).
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Figure 5—5 The three conserved domains in EPASI are one HLH and two PAS domains

(Entrez Gene:

http://wwwncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?INPUT_TYPE=precalc&SEQUENCE=40254439).

The HLH domain which is found in specific DNA-binding proteins that act as transcription

factors is 60400 amino acids long. A DNA-binding basic region is followed by two 0t-

helices separated by a variable loop region; HLH forms homo- and heterodimers, dimerisation

creates a parallel, left-handed, four helix bundle; the basic region N-terminal to the first

amphipathic helix mediates high-affinity DNA-binding (from Entrez Gene) (Figure 5-6). The

PAS domains have been found to bind ligands, and to act as sensors for light and oxygen in

signal transduction (from Entrez Gene).
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Figure 5-6 EPASI protein three-dimensional structure

(Protein Data Bank: http://www.pdb.org/pdb/explore.do?structureld=1P97),

Chimeric fusions of EPASI with a GAL4 DNA—binding domain, with or without the VP16

activation domain were used to analyse EPASI domains controlling transactivation and 02—

regulated function (O'Rourke et a1. 1999). EPASI had two transactivation domains: a C-

terminal domain (amino acids 828—870), and a large internal domain (amino acids 517—682).

lnterspersing these activation domains were functionally repressive sequences, some

independently expressing Oz-regulated activity. N-terminal sequences overlapping the

internal transactivation domain confer regulated repression on the VP16 transactivator. C-

terminal sequences convey repression and Oz-regulated activity on the native EPASI C-

terminal activation domain, but not the Gal/VP16 fusion. Fusions with internal but not C-

terminal regulatory domains produced fusion protein level regulation. EPASI and HIF—ld

proteins have a similar organisation with the C terminus containing a conserved RLL

(arginine-leucine-leucine) motif required for inducibility. EPASl sequences were less

inducible than those of HlF-lOt and inducibility was greatly reduced as expression was

increased. EPASI regulation was similar to HIP-let, where distinct internal and C-terminal

domains modulated protein level and activity (O’Rourke et a1. 1999).
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5.1.1.3 Physiology and Biochemistry

Like HIP-1a, EPASl binds to and activates transcription from a DNA element originally

isolated from the EPO gene and containing the sequence 5’-GCCCTACGTGCTGTCTCA-3’.

EPASI protein levels are low under normal conditions and increase in hypoxia, like HIF-la

levels. Transactivation is stimulation of transcription by a transcription factor which binds to

DNA and extracts the activation of adjacent proteins. These factors then translocate to the

nucleus and trans-activate target genes containing the sequence 5’-

GCCCTACGTGCTGTCTCA-3’, the hypoxia response element (HRE) (Conrad, 1999).

Activation by both HIF-la and EPASl is stimulated by hypoxic conditions. EPASl forms a

heterodimeric complex (two similar subunits or monomers linked together) with ARNT

before transcriptional activation of target genes. EPASl is an important regulator of

vascularisation, involving the regulation of endothelial cell gene expression in response to

hypoxia (Tian et al. 1997).

The ability to sense and respond to varying oxygen levels is essential for survival. Oxygen—

sensing systems maintain cell homeostasis and adapt to chronic hypoxia of diseases such as

cancer. The major genes and pathways of oxygen sensing normoxia and hypoxia are not

completely understood (Figure 5-7 and Figure 5-8) (Giaccia et al. 2004).
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Physiologic Response Pathways to Hypoxia
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 Figure 5-7 Physiological response pathways to hypoxia (Giaccia 2004).

157

 

 

 

 



 

   

       

 

  
   
    

  

    

   

 

Protyl
H 'v ' ox ia *
N hydroxylaaes

  

33:51:32-0 .
Asparagine ,

hydroxylase

new a.

Preteosomal

degradation
of HIF-tr:

Transcription  
 

Figure 5-8 Mechanisms of HIF—la regulation under aerobic and hypoxic conditions.

Under aerobic conditions, HIF—1o is hydroxylated on proline 402 and proline 564. The proline hydroxylations

are necessary for binding to Vl—lL and ubiquitin-mediated degradation by the proteasome. The asparagine

hydroxylation prevents binding to p300/CBP. A splice derivative of HIF-3a called IPAS, as it only possesses

the PAS domain, competes for HIF—15 binding. The TAD of HIF—la binds p300/CBP and other coactivators

such as SRC-l. HIF-let and HIF—ll} both translocate to the nucleus to transactivate genes such as VEGF that

possess hypoxia responsive elements (HREs) (Giaccia 2004).

5.1.1.4 Disease States

Hypoxic stress is involved in pathophysiologic states such as myocardial infarction and

stroke, as well as in normal development and haematopoiesis. Members of the HIF family act

as transcriptional regulators of hypoxic response genes. After generating adult mice that

globally lack EPASI, the second member of the HIF family, characterisation of the

haematopoietic cell population indicated that the loss of EPASl resulted in pancytopenia.

Bone marrow reconstitution experiments of lethally irradiated hosts, detailed the

haematopoietic injury in the EPASI null mice and suggested a vital role for EPASl in the

bone marrow for useful haematopoiesis (Scortegagna et al. 2003b). The same research group

showed that the mice have a syndrome of multiple-organ pathology, biochemical
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abnormalities and altered gene expression. These changes include: retinopathy, hepatic

steatosis, cardiac hypertrophy, skeletal myopathy, hypocellular bone marrow, azoospermia,

mitochondrial abnormalities, hypoglycemia, lactic acidosis, altered Krebs cycle function,

dysregulated fatty acid oxidation, improved production of reactive oxygen species, and

decreased expression of genes encoding the primary antioxidant enzymes. EPASl was shown

to transactivate the primary antioxidant enzymes’ promoters and is thought to be involved in

the maintenance of reactive oxygen species and mitochondrial homeostasis (Scortegagna et al.

2003a).

5.1.2 Transcription Factors

Transcription factors are the main intermediaries of the genetic programs that control human

physiology. Mutations in genes that encode transcription factors or their targets may

unfavourably affect gene expression and result in disease. Mutations in genes encoding

transcription factors often have pleiotropic effects because some transcription factors are

involved in the regulation of multiple genes (Semenza 1994b). Eukaryotic gene expression is

controlled by a small number of transcription factors with a wide range of regulatory

mechanisms. The molecular basis for the mechanism in which the transcription factor

activates or represses transcription depends on the sequence of the DNA to which it binds.

The mechanism by which the binding-site sequence regulates the activity of a gene is related

to that ofother transcription factors (Latchman 2001).

5.1.3 Erythropoietin (EPO)

EPO helps controls 02 homeostasis by regulating blood Og-carrying capacity. A hypoxia-

inducible enhancer, identified in the EPO 3'-flanl<ing sequence, contains binding sites for

several transcription factors, including HIF-l. Binding of HIF-l is required for EPO
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transcriptional activation in response to hypoxia. There are HIF-l binding sites in the EPO

promoter, which could participate in hypoxia-inducible transcription. The hypoxia signal-

transduction pathway leading to EPO transcriptional activation has not been established. Two

hypothetical mechanisms of Oz sensing are oxy-deoxy conformational changes of a

haemoprotein and the production of reactive 02 species from molecular 02. The molecular

mechanisms by which EPO transcription is regulated may also be utilised to control the

expression of other genes responsible for cellular and systemic 02 homeostasis (Semenza

1994a).

EPO production due to hypoxia is almost totally restricted to cells within the liver and kidney,

yet the transcriptional enhancer lying 3’ to the EPO gene shows activity inducible into a

variety of cultured cells. Many cells, which do not produce EPO contain, as a result, a very

similar oxygen-regulated control system, suggesting that the same system regulates other

genes (Firth et a1. 1994). HIF-l activates EPO gene transcription in cells subjected to

hypoxia. HlF-l activity is also induced by hypoxia in non-EPO—producing cells, suggesting a

more general regulatory role. HlF-l acts as a mediator of adaptive responses to hypoxia that

underlie cellular and systemic oxygen homeostasis (Semenza et al. 1994).

5.1.4 Hypoxia Inducible Factor-1 (HIF-l)

HlF-l is a basic HLH transcription factor which is expressed in mammalian cells in hypoxia

and which activates transcription of genes encoding EPO, VEGF, and other oxygen

homeostasis proteins. There is some evidence that HlF-l also regulates transcription of

glycolytic enzymes genes. HlF-l activates transcription through these elements but a HlF-l

binding site alone is not enough to mediate transcriptional responses to hypoxia. Functional

hypoxia—response elements consist of a pair of contiguous transcription factor binding sites at

least one of which contains the core sequence 5’—RCGTG-3’ and are recognised by HlF—l.
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The coordinate transcriptional activation of genes encoding glycolytic enzymes in hypoxia is,

therefore, mediated by HIF-l (Semenza et a1. 1996).

HIF—l activates transcription of hypoxia-inducible genes, including those encoding: EPO,

VEGF, haeme oxygenase—l, inducible nitric oxide synthase, and the glycolytic enzymes

aldolase A, enolase 1, lactate dehydrogenase A, phosphofructokinase I, and phosphoglycerate

kinase 1. HIF—ld protein levels were induced in vivo when animals were subjected to

anaemia or hypoxia. The HIF-Ia gene was mapped to human chromosome 14q2l—q24 and

mouse chromosome 12 (Semenza et a1. 1997).

HlF—l DNA-binding activity, HIF—1a protein and HIF-lB protein each increased

exponentially as cells were subjected to decreasing 02 concentrations, with a half maximal

response between 1.5 and 2% Oz and a maximal response at 0.5% 02. The biggest HIF-l

response was over 02 concentrations associated with ischemic/hypoxic events in viva. This

indicates the involvement of HIF—l in 02 homeostasis and represents a functional

characterisation of the putative 02 sensor that initiates hypoxia signal transduction leading to

HlF-l expression (Jiang et a1. 1996). A hypoxia-inducible enhancer spanning approximately

50 bp within the 3’-flanking region of the EPO gene is required for transcriptional activation

in hypoxic cells. The binding of HIFl is totally required for enhancer function. Factors

binding to the enhancer may interact synergistically with factors binding to the EPO promoter

to activate transcription in hypoxic cells. Indirect evidence suggests that 02 tension may be

sensed by a haemoprotein (Wang and Semenza 1996).

HIF—Ia consists of 15 exons that are interrupted by introns at the same locations as in the

mouse Hifla gene, although sequences mediating alternative splicing and alternative

translation initiation events in the mouse are not present in the human gene. Placement of
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introns differs between HIF-1a and EPASI, which encodes the human HIP-2d protein (Figure

5-9). Transcription of the HIF-Ia gene was initiated over a 15 nt region downstream of two

SP1 binding sites. In transient expression assays, a 0.7 kb region of 5’ flanking sequences

operated as a powerful promoter. Comparison of 0.8 kb of 5’ flanking and 5’ untranslated

sequences from the human and mouse HIF-Ia genes revealed 70% identity. The proximal

300 bp of 5’ flanking sequences, including the SP1 binding sites and transcription initiation

sites, had 83% identity. These results suggest evolutionary selection for maintenance of HIF-

lOt structure, function, and regulation (lyer et al. 1998).
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Figure 5-9 HIF—la gene structure
(Entrez Gene: http://www.ncbi.nlm.nih.gov/entrez).

HIP-10L sequence variation was associated with VO2 max before and after aerobic exercise

training in older humans (Prior et al. 2003). A shorter HIP—10L isoform is three-fold less active

than HIF-la (full length), a result consistent with the lack of the C-terminal transactivation

domain (Gothie et a1. 2000). Two minimal domains within HlF-lOt (amino acids 549—582 and

amino acids 775—826) were defined by deletional analysis, each of which could independently

convey inducible responses (Figure 5-10) (Pugh et al. 1997).
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Figure 5-10 HlF-la protein sequence
(UniProtKB/Swiss-Prot: http://ca.expasy.org/uniprot/Q16665). Length: 826 AA, molecular weight: 92,670 Da.

Sequence alignment of EPASl Exon 9 and HIF-la Protein sequence reveals 45% identity

(Figure 5-1 1).

 

 

EPASI [Homo sapiens] and HIF-la [Homo sapiens]

Identities = 33/73 (45%), Positives : 44/73 (60%), Gaps = 7/73 (9%)

EPASl 2 IEKNDVVFSMDQTESLFKP———HLMAMNSIFDSSGKGAVSEKSNFLFTKLKEEPEELAQL

58

I ++D++FS+ QTE + KP M M +F SE ++ LF KLK+EP+ L L

HHLla 345 IIQHDLIFSLQQTECVLKPVESSDMKMTQLFTK———~VESEDTSSLFDKLKKEPDALTLL

400

Query 59 APTPGDAIISLDF 71

AP GD IISLDF

Sbjct 401 APAAGDTIISLDF 413
 

Figure 5-11 EPAS] Exon 9 and HIF-la Protein sequence alignment

(NCBI BLAST: iittp://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi).
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Interestingly. HIF-Ia is located at l4q2l—25 which happens to cover a QTL identified by the

maximal oxygen uptake genome-wide scan (Bouchard et al. 2000) (Figure 5-12). There are

three conserved domains in HIF—la; one HLH and two PAS domains (Figure 5-13).
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Figure 5-12 HlF-Ia Gene context

(Entrez Gene: http://www.ncbi.nlm.nih.gov/entrez).
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Figure 5-13 Conserved domains in HIFI

(Entrez Gene:

http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?INPUT_TYPE:precalc&SEQUENCE=40254439).

5.1.5 Aryl Hydrocarbon Receptor Nuclear Translocator (ARNT)

Aryl hydrocarbon receptor nuclear translocator (ARNT) (also known as hypoxia inducible

factor IB; HIF—Ifl) gene contains 22 exons, varying in size from 25 to 214 bp, spans 65 kb and

has 789 amino acids. The GT/AG consensus is followed by splice junctions except for intron

1 1 starting with GC at its 5’ end (OMIM).

5.1.6 Vascular Endothelial Growth Factor (VEGF)

High intensity training in hypoxia produces an increase of vascular endothelial growth factor

(VEGF) mRNA, capillarity and myoglobin mRNA (Hoppeler 2001). VEGFs are a family of

secreted polypeptides with a well conserved receptor-binding cystine-knot structure. The

founding member of the family, VEGF—A, is highly conserved between animals. VEGFs

operate through a family of cognate receptor kinases in endothelial cells to stimulate blood-

vessel formation in vertebrates. VEGF-A has key functions in mammalian vascular
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development and in abnormal blood vessel diseases; other VEGFs have roles in lymphatic

vessels and disease-related angiogenesis. This family of growth factors appear very early

during evolution because VEGF-like molecules and their receptors are in simple invertebrates

without a vascular system (Holmes and Zachary 2005).

5.1.7 Aims

5.1.7.1 SNPs

The SNP data was analysed using Haplo.Stat software to produce haplotypes for the various

athlete and control groups. These proportions of the different haplotypes were compared

between the various athlete groups for significant differences.

5.1.7.2 DHPLC

DHPLC was used to screen DNA samples for DNA base variants. These changes, if present

in heterozygous form, showed up as different DHPLC patterns. The different patterns were

grouped and analysed for statistically different frequencies between cases and controls.

Correlations between genotype and phenotype were investigated in the athlete groups.
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5.2 Materials and Methods

5.2.1 SNPs

SNPs are single base pair changes, which are scattered regularly throughout the genome.

SNPs are now thought to be crucial to further gene discovery and gene characterisation in

genetics and genomics (Figure 5-14).

 

 

 

o A single base change that occurs in a
significant proportion (more than 1%)

of a population

0 ~ 1 in 500-1000 bases

    
 

Figure 5-14 SNPs.

5.2.1.1 Beckman Coulter Biomek® FX robotic station

The Beckman Coulter Biomek® FX robotic station was used for setting up SNP reactions.

This enabled small reaction volumes to be used, making it more economical to run and

required less DNA from precious elite athlete samples. It also enabled high-throughput setups

which are often needed for studies involving genes that may have a small but significant

effect.
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5.2.1.2 Applied Biosystems Prism® 7900HT Sequence Detection System

The Applied Biosystems Prism® 7900HT Sequence Detection System was used by Sydney

University / Prince Alfred Macromolecular Analysis Centre (SUPAMAC) for the SNP

assaying (Ranade et al. 2001). It is a high throughput, real time PCR instrument designed for

automated, high-throughput detection of fluorescent PCR products. The fluorescent

chemistry used for PCR product detection in the 7900HT was the sequence specific

(Taqman®) probes. Taqman® probes are based on the 5’ nuclease allelic discrimination assay

which uses the 5’-3’ exonuclease activity of Taq polymerase to cleave a sequence specific

probe which has been designed to hybridise to the sequence that is flanked by the forward and

reverse primers (Figure 5—15, Figure 5-16 and Figure 5-17). The Taqman® probe is a short

oligodeoxynucleotide labelled with a reporter dye at the 5' end and a quencher dye at the 3’

end of the probe. When the probe is intact, the reporter and quencher dyes are close causing

suppression of the reporter dye fluorescence via energy transfer. If the target sequence is

present during PCR, the probe anneals to its complement sequence. As the primers hybridise

to their complement sequence, the Taq polymerase extends from the primers and 5’-3’

nucleolytic activity cleaves the probe, causing the reporter and quencher dyes to separate and

increasing reporter dye emission intensity. The probe fragments are removed from the target

sequence, and polymerisation of the strand continues. The 3’ end of the probe is

phosphorylated to prevent it acting as primer and prevents Taq polymerase extension during

PCR. The 7900HT uses an argon-ion laser for the excitation of the PCR chemistries and a

CCD camera measures the fluorescence spectrum and intensity from each reaction. Minimum

reaction volumes of SuL can be used on the 7900HT (SUPAMAC 2005b).
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- Has two fluorescent
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2. Quencher (Q)

   
 

Figure 5-15 T21qman“"V probe (SUPAMAC).
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Figure 5-16 Taqman® chemistry: 5’ nuclease allelic discrimination assay (SUPAMAC).
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Allele A Allele B

 

Mismatch Mismatch

‘ FAM = homozygous allele A f VIC = homozygous allele B

f ‘ FAM & VIC : heterozygous (A & B)

Figure 5-l7 Taqman® VlC and FAM probes (SUPAMAC).

  
 

5.2.1.3 SNP Genotyping

The materials used for the SNP genotyping were sourced from Applied Biosystems TaqMan®

SNP Genotyping Assay products. SUPAMAC performed the SNP genotyping using the

TaqMan® SNP Genotyping Assay which consists of two primers for amplifying the target

sequence and two TaqMan® Minor Groove Binder probes for detecting the target alleles

(Table 5-3).

Each TaqMan® Minor Groove Binder probe contains:

0 a reporter dye at the 5' end of the probe

0 VIC dye for Allele 1 and FAM dye for Allele 2.

o A Minor Groove Binder to increase the melting temperature without increasing probe

length, which increases accuracy.

0 A non-fluorescent quencher which also increases accuracy.
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Table 5-3. PCR conditions for TaqMan® SNP Genotyping Assay.
 

2>< TaqMan® Universal Master Mix 250 uL

 

2OX SNP Genotyping Assay Mix 0.25 uL

 

 

 

 

DNA (10 ngpL") 2.25 uL

Total volume 5.00 11L

Thermal Cycling Conditions 95°C X 10 min X l

(92°C x 15 s; 60°C x 60 s) x 40  
 

5.2.1.4 SNP High-throughput Quality Control

Quality control is important in all genetic studies. Measures that are taken include: careful

labelling of blood or buccal cell samples with unique identifiers, as soon as they arrive at the

laboratory, if not before; having systems whereby when DNA samples are being extracted, or

dilutions are being made, that samples are carefully lined up and checked-off so that samples

are not mixed—up; and all PCR and restriction enzyme reactions include non-template and

known controls for the known polymorphisms. An additional problem in the high-throughput

genotyping is that the 96—well plates can be inadvertently placed backwards on the Beckman

Coulter Biomek® FX robotic station platform, i.e. Sample 1 receives the result for Sample

96. To exclude, therefore, this source of error, non-template controls were used on each 396—

well plate and a few samples were randomly repeated on each 96-well plate for every SNP.

5.2.2 DHPLC

DHPLC compares two or more DNA templates by using a mixture of denatured and

reannealed PCR amplicons. This shows the presence of a change in DNA sequence by the

differences between the homoduplex and heteroduplex DNA on reversed-phase

chromatography. This is achieved using partial denaturation (Xiao and Oefner 2001). The

optimum melting profile at a particular temperature (predicted by calculation) determines the
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sensitivity. SNPs, deletions, and insertions can be detected by on-line UV or fluorescence

monitoring within 2—3 min in unpurified amplicons 150—700 bp in size, although technically

they can be as large as 1.5 kb. Sensitivity and specificity of DHPLC consistently exceed

96%. For short amplicons, under completely denaturing conditions, DHPLC can be used for

the genotyping of known polymorphisms by utilising the ability of poly(styrene-

divinylbenzene) to resolve single-stranded DNA molecules of identical size that differ in a

single base, and it can be used to find all base substitutions except for C—>G transversions.

5.2.2.1 WAVE® System DHPLC

The WAVE® Nucleic Acid Fragment Analysis System (Model 3500 HT; Transgenomic)

using the Navigator® software (v1.5) is an automated system for nucleic acid fragment

analysis (Figure 5-18). It was used in its DNA variant detection mode to screen EPASI

Exons 9—16 for functional variants relevant to performance.

 

q Sample introduction

 

3/ Auto-

{1 sampler Oven
;.

r‘u p.

‘V 96 well DNASe 3}

Pump plate x 2 l cartrpid I } UV detector

I (chilled) ‘3

ooo : (W7
I l r.

i...................................... g

A C Programmed controls C.

Buffers

Figure 5-18 Diagram of the DHPLC Wave® system.

Buffers are pumped into the system individually or in a mixture through a multivalve mechanism. A sample is

introduced via the autosampler, which holds 2 X 96 well chilled plates. The sample is eluted from the DNASep®

Cartridge by linear gradient changes of buffers A and B (mobile phase) within an oven that has a precisely

controlled temperature, and then travels through an ultraviolet detector. The amount of sample DNA and the

elution time are automatically recorded.
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WAVE® System uses a DNASep Prep HT column which is filled with a non-porous matrix

consisting of p0lystyrene-divinylbenzene copolymer beads. The beads are alkylated with C-

18 chains that form single C—C bonds and are electrostatically neutral and hydrophobic (do

not readily react with DNA). Triethylammonium acetate buffer is an ion-pairing reagent

which binds the DNA to the beads. The positively charged triethylammonium acetate part

bonds to the negatively charged DNA backbone, while the hydrophobic triethylammonium

acetate part interacts with the hydrophobic C-l8 chains on the p0lystyrene-divinylbenzene

beads forming a bridge between the DNA and the cartridge matrix. A 0.1 M solution of

triethylammonium acetate mixed with 25% acetonitrile is used as the elution buffer. As

acetonitrile flows across the cartridge matrix, the hydrophobic interaction between the column

and the DNA/ triethylammonium acetate is broken and the DNA elutes (SUPAMAC 2005a).

5.2.2.2 Amplicon Design

The PCR primers were designed using OLIGO® 5.0 software (www.oligo.net). The target

amplicon sequence, including 30—50 bp on either side, was copied and pasted into the

software and its output suggested forward and reverse primers. This output included: primer

length, position, GC content, amplicon length, melting and annealing temperature.

Amplicon design was optimised prior to PCR amplification of the exon. The most suitable

primers were selected based on the following criteria:

0 The amplicon must cover the intron/exon boundary and primers should be no closer

than 30-50 bp to the end of the sequence.

0 The amplicon must not include too much of the intron. This reduces the number of

positive results caused by intron polymorphisms.

0 Primers should be 18—25 bp long and should contain 45—60% GC.
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o The melting temperature difference between primers should be less than 2°C.

0 Amplicons should be from 150—700 bp long. Amplicons shorter than 150 bp tend to

result in wide, flat peaks, and DNA variants in these fragments may remain

undetected.

5.2.2.3 PCR Optimisation

The PCR was optimised so it was efficient (strong amplification) and highly specific (only

one band is seen on an acrylamide gel). The annealing temperature, Mg2+ concentration,

cycling conditions and template/primer concentrations were adjusted to optimise the PCR

reaction. Although there is a protocol to follow for optimisation, optimising many reactions

followed the 80/20 Rule: 80% ofthe PCRs were optimised in 20% of the time.

The initial conditions were tried for all eight exons in a 50 uL reaction (Table 5-4). The next

step was to increase the annealing temperature for all the exons. This resulted in exons 9 and

15 being optimised. Then a MgClz titration was performed with the remaining exons. This

resulted in exon 13 being optimised. Subsequently, a DNA template titration was performed

with negative results. After that the annealing temperature was increased again to 57°C, 58°C,

60°C and 62°C and deleted the extension cycle resulting in exon 14 being optimised at 62°C.

Then the number of cycles was decreased to 28 and exon 10 was optimised. With the

remaining three exons the annealing temperature, a MgClz titration, primer titration,

“touchdown” PCR program, AmpliTaqTM titration, annealing temperature, “touchdown” PCR

program, primer titration and annealing temperature were sequentially varied. AmpliTaqTM

was replaced with AmpliTaqTM Gold and more adjustments were made until exons 12, 11 and

16 were optimised.
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Table 5—4 Initial PCR conditions for 8 amplicons.
 

 

 

 

 

 

 

 

 

 

 

          

Initial Exon 9 Exon 10 Exon 11 Exon 12 Exon 13 Exon 14 Exon 15 Exon 16

ngO 33.8 11L 33.8 11L 37.3 11L 31.8 11L 34.8 11L 35.3 11L 30.811L 33.8 “L 33.9 11L
10x PCR 5.0 11L 5.0 11L 5.0 11L 50 pL 5.0 11L 5.0 11L 5.0 11L 5.0 11L 5.0 11L

(buffer 11)

Mgc12 (25 3.0 11L 3.0 11L 1.5 uL 6.0 11L 2.5 11L 1.5 11L 6.0 11L 3.0 uL 3.5 11L
mM)

dNTP (2.5 2.0 “L 2.0 11L 2.0 11L 2.0 11L 2.0 uL 2.0 11L 2.011L 2.0 11L 2.0 “L
mM)

P1 (20 1.0 11L 1.0 uL 1.0 11L 0.5 11L 0.75 pL 1.0 11L 1.0 11L 1.0 11L 0.7 11L
pmolpL")

P2 (20 1.0 ”L 1.0 11L 1.0 11L 0.5 uL 0.75 uL 1.011L 1.0 uL 1.0 “L 0.7 uL

pmol.uL"l)

AmpnTaqTM 0.2 ”L 0.2 11L 0.2 uL **0.2 uL **0.2 11L 0.2 uL 0.2 pL 0.2 11L **0.2 11L
(5 11.1115")
DNA (25 4.0 uL 4.0 11L 2.0 11L 4.0 uL 4.0 11L 4.0 11L 4.0 uL 4.0 uL 4.0 uL

rig-11L“)
Total 50.0 uL 50.0 uL 50.0 11L 50.0 11L 50.0 uL 50.0 uL 50.0 11L 50.0 “L 50.0 “L

volume

Thermal 94°C X 2 min 94°C X 2 min 94°C X 2 min 95°C X 12 min 95°C X 12 min 94°C X 2 min 94°C X 2 min 94°C X 2 min 95°C X 12 min

Cycling X1 X1 X1 X1 X1 X1 X1 X1 X1

Conditions
(94°C X 30 s, (94°C X 30 s (94°C X 30 s, (95°C X 30 s, (95°C X 30 s, (94°C X 30 s, (94°C X 30 s, (94°C X 30 s, (95°C X 30 s,

55°C* X 30 s, 56°C X 30 s 61°C X 30 s) X 63°C X 30 s) X 59°C X 30 s, 56°C X 30 s, 67°C X 30 s) X 56°C X 30 s, 58°C X 30 s) X

72°C X 10 s)X 72°CX 10 s)X 28 28 72°CX 10 s)X 72°CX 10 s) X 30 72°C X 10 s)X 30

30 30 32 30 30

72°C X 7 min 72°C X 7 min 72°C X 7 min 72°C X 7 min 72°C X 7 min X 72°C X 7 min 72°C X 7 min 72°C X 7 min 72°C X 7min X

X I X l X 1 X l 1 X 1 X l X 1 l
 

(*annealing temperature is 3—5°C lower than the average of forward and reverse primer melting temperatures; ** AmpliTaqTM Gold used)
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5.2.2.4 DHPLC Application and Melting Profile

This system can operate in three modes (non-denaturing, partially denaturing and fully

denaturing). Partially denaturing conditions (52—75°C; size dependant, sequence dependant

separation) are used for:

0 DNA variant detection (which is what was used in this chapter) (Table 5-5)

0 SNP discovery

Table 5—5 Primer sequences and temperatures for 8 amplicons.
 

 

 

 

 

 

 

 

   

Exon Primer sequences Amplicon Length Temperatures

9 Upper 5’-AAA TGT GGA AAG TCT GAA TGG-3’ 331 bp 602°C, 622°C

Lower 5'-GGG AGG CCT GTT ATA GTA AG-3’

10 Upper 5'-CGA TGG TTG TGG GTG TTC AC-3’ 301 bp 620°C, 655°C

Lower 5’—CCA TCT GGA AGC AGT CAT ACA-3’

11 Upper 5’-GGG AGC AGG CAC ACA CCC TAG-3' 206 bp 605°C

Lower 5’—GAC AGC AGG CAC ACA CCC TAG—3'

12 Upper 5’-GTT TGT GAG GTC GTA CCA A—3’ 577 bp 612°C, 627°C

Lower 5'—CTG CTG GTA CAG CTG AGT ATC-3’

13 Upper 5’-GAC TGG AAG GGA CCC TAA GA-3' 251 bp 633°C

Lower 5'-GCT ATG GAG AGG CCC CTG TG-3'

14 Upper 5'-CCA TTT CCC CTT TCC ATC T-3' 262 bp 623°C

Lower 5’-CTC AGA GAG GCA GGT ACG G-3’

15 Upper 5’—CCT CAG GAA AAT GCT ACC GTC-3’ 272 bp 59.8°C, 63.8°C

Lower 5’-CTT CCC CTG GCA TCG AAT CC-3’

16 Upper 5'-GAT TTA GGC CTT TAA GTT ATG-3’ 293 bp 632°C, 64.8°C

Lower 5’-AGT GTG CTG GCG TTA GA—3’    
 

The Navigator® software predicts the analysis conditions for DNA variant detection. Under

partially denaturing conditions, fragments are separated based on sequence and analysis

temperature. If the sequence of the gene or fragment to be analysed is known, sequences can

be copied into the Navigator® software, and the melting profile of the fragment predicted. A

well-designed amplicon should ideally have a single melt domain and the entire fragment

should melt within a temperature interval of 5°C. This allows fragments to be analysed at a

minimum number of temperatures. If a fragment had multiple domains, two temperatures

were used to cover the whole fragment. If the segment of the amplicon that has a different

melt domain was just part of the intron, only the temperature which covers the exon was used.
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A DNA sample with a single DHPLC peak was used as a control to differentiate the

homozygous DNA samples. The control was mixed with unknown homozygous samples to

induce heteroduplex formation. Homozygous polymorphic variants gave heteroduplexes by

mixing with the known fragment of the same amplified region. All samples were denatured

and slowly reannealed (Table 5-6).

Table 5-6 Homoduplex- and Heteroduplex-formation Thermal Cycling Conditions:
 

95°C X 5 min X 1 cycle

 

 
95—300C X 45 s X 1 cycle

   

5.2.2.5 Haplotypes

The Haplotyper program (Niu et al. 2002) produced 18 different haplotypes from the first

386-well plate of ironman, rower, cyclist and control DNA for the EPAS] SNPs. DNA

samples representing these 18 different haplotypes (seven ironmen, five cyclists and six

normal controls) were run through DHPLC to scan for DNA variants (Figure 5-19). Exons 9

to 16 were scanned with DHPLC for variants. The variants were identified by having

different waveforms from the wild type sample for each exon. The samples were categorised

into the different waveforms and were sequenced by SUPAMAC laboratory to find the

variant/s causing the modified waveforms.
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5.2.2.6 DNA Sequencing

Figure 5-19 Flowchart of SNP haplotypes to DHPLC haplotypes.
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From each waveform pattern, an example was prepared for sequencing to cover all exons.

DNA samples were purified to eliminate the nucleotides and the primers using Marligen

Purification Kit. The optical density and concentration of purified DNA were measured. A

sample of the purified DNA was checked with PCR and gel electrophoresis before

sequencing. The Dye-Terminator chemistry of PCR sequencing uses labelled ddNTPs. DNA

and primers were supplied to SUPAMAC pre-mixed in PCR tubes in strips of 8 (Interpath

  



Services) (Table 5-7). SUPAMAC used the Applied Biosystems Prism® 3700 Sequence

Detection System.

Table 5—7 Dye—Terminator reaction mix.
 

 

 

 

 

 

Reagent PCR products

Primer 540 pmol

DNA 50—100 ng per 300 bp

dHZO As required

Total volume 16.0 “L    

The variants found in the sequence results were further investigated for their functional

significance (Figure 5-20 and Figure 5-21). Larger groups of athletes and controls were

scanned with DHPLC to look for statistically significant differences between them for the

variant waveforms. Any new waveforms discovered with the larger sample sizes used, were

sequenced and their functional significance was investigated.
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Figure 5-20 Example of e9 forward strand amplicon sample FHC1579 sequencing results.

(SUPAMAC) Exon highlighted; note the C—+G change at position nt 9.
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Figure 5—21 Example of e9 reverse strand amplicon sample FHC1579 sequencing results.

(SUPAMAC) Exon highlighted; note the G—>C change at position nt 272.

 

 

 

 
 

 

180

 



The first 386-well plate contained four large target groups: ironmen, rowers, cyclists

and controls. Dr David Duffy, who had just begun collaborating on this project as the

specialist genetic statistician, advised that the haplotype prediction from Haplotyper

program produces biased prediction without the availability of family studies. The

Haplotyper program was, consequently, not used for the main SNP statistical analysis.

The haplotypes it defined were, however, still able to produce a variety of valid DNA

variants through DHPLC analysis.

5.2.3 Statistics

5.2.3.1 SNPS

Dr Bing Yu, Jennifer Henderson and Dr David Duffy performed the SNP statistical

analysis described in this section (Henderson et a1. 2005). The Haploview program

v3.0 was used to test if SNP data were in accordance with Hardy-Weinberg

Equilibrium and to calculate several pair-wise linkage disequilibrium measures in the

EPASI block structures (Barrett et a1. 2005).

The haplo.stats program v1.1.1 (http://www.mayo.edu/hsr/people/schaid.html), which

runs in the R-environment, was used for the statistical analysis. For haplotype

association study, it was assumed that all subjects were unrelated and that haplotypes

were ambiguous. The haplo.stats program uses the expectation-maximisation

algorithm to compute the maximum likelihood estimate of haplotype probabilities that

can be used for incomplete data sets. All 12 EPAS] SNPs were used for the ordinal

regression analysis of subject group membership and SNPs. Combinations of SNPs
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were analysed in the regression model for their contribution to significance. Between-

groups binomial regression analysis showed which group contributed most to the

statistical significance and identified the within—group haplotypes (Henderson et al.

2005).

5.2.3.2 DHPLC

The Haplotyper program (Niu et a1. 2002) uses a Partition-Ligation algorithm to

reconstruct individual haplotypes from population genotype data. It generated the

haplotypes that were used in the initial stage to select representative DNA samples for

the DHPLC analysis. Initially, the MENDEL program v4.1.1 (Goradia et a1. 1992)

was used for the case/control analysis of the haplotypes generated by Haplotyper

program. It was discarded later, however, for the haplotype analysis since the input of

the haplotypes from the Haplotyper program did not provide the posterior probability.

As a result, the MENDEL program tends to exaggerate the differences between the

case and control group because the program takes all the haplotypes as definite

instead of estimated ones.

The DHPLC results from the Wave® system’s Navigator® software (v1.5) were

analysed using the CLUMP program. The CLUMP program was used for the )8 test

for data where there were small allele or genotype frequencies. The CLUMP program

was run through the DOS program and uses Monte Carlo simulation to perform the )8

test.

The SPSSTM program was used for the regression modelling analysis. The linear

regression was used to compare genotype to phenotype data. Kevin McGeechan
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(Epidemiology and Biostatistics, University of Sydney) assisted with the preparation

ofthe statistical results using the SPSSTM program.

5.2.4 Candidate Gene In Silico Search

The in silico search was performed using the National Centre for Biotechnology

Information (NCBI) (http://www.ncbi.nlm.nih.gov/) website. Using the genome—wide

scan paper of Bouchard as a starting point, Dr Bing Yu selected the QTL on 2p. He

searched the NCBI Human Genome Resources to examine all genes within 5 Mb

upstream and downstream of the QTL marker D2SZ739. A spreadsheet was made of

all these genes and they were included as possible candidate genes if they were

expressed in the heart, not housekeeping genes, and possibly involved in athletic

performance.

Dr Bing Yu produced a shortlist of four candidate genes and these were examined in

more depth for functional importance in the cardiovascular system of athletes (Table

5-8). A search of the literature showed that EPAS] gene may be involved in hypoxia

response. The author confirmed to Dr Bing Yu the importance of hypoxia response

and how achieving a temporary state of local muscle hypoxia was one of the main

aims of cardiovascular exercise training. At the cellular level at VOZmax there is

depletion of 02 similar to death or complete anoxia (Duhaylongsod et a1. 1993).

Discussions with various other people led to Dr Bing Yu selecting the EPASI gene to

be investigated.
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Table 5-8 Four candidate gene shortlist.
 

 

 

 

  

Gene name Gene Alternative name Alternative Location

symbol gene symbol

Endothelial PAS domain EPAS] Hypoxia—inducible HlF-2a 2p21—

protein 1 factor 2, alpha subunit p16
Protein phosphatase, PPM]B Protein phosphatase PP2CB 2p21

magnesium—dependent, 1, beta 2C, beta isoform

isoform

Calmodulin 2 CALMZ n/a PHKDZ 2p21

Solute carrier family 8, SLCSAI Sodium-calcium NCXI 2p23—

member l exchanger 1 p22     
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5.3 Results

5.3.] SNPS

See Section 5.5 EPAS] SNP Paper.

5.3.2 DHPLC

5.3.2.1 Initial Screening of 18 SNP Haplotypes with DHPLC

The DNA samples from the 18 different SNP haplotypes produced three substitutions:

one at the intron 8/exon 9 junction (i8/e9), one near the intron 12/exon 13 junction

(il2/e13) and one in exon 15 (e15) (Figure 5-22, Figure 5-23 and Figure 5-24).

i8/e9

The C—rG transversion substitution is very close to the splicing site of e9, so it could

be important (Figure 5-22).

i12/el3

This A—>C transversion substitution is near the i12/e13 junction but is too far away

from e13 to be part ofthe 3’ splice site or branchpoint sequence (Figure 5-23).

e15

This G—>A transition substitution is a synonymous codon: GTG and GTA both code

for amino acid valine (Figure 5-24). It will not alter, therefore, charge or

conformation and is unlikely to be functionally significant (Chapter 1: Section

1.3.7.4). It is possible that it could act as a cryptic splice site. The sequence change
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from AAGGTQTCAGaAAGGTATCAG is similar to the consensus sequence 3'

splice site 5'-PyPyPyPyPyPyNCAGl-3' (Py = pyrimidine; N = any nucleotide;

nucleotides consistent with consensus shaded; changes underlined). This is unlikely,

however, because there are only five out of ten nucleotides that fit the consensus

sequence and the nucleotide change does not increase this proportion.
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. . 1 . T . . .

AAATGTGGAAAGTCTGAATGGCTCTTTCCCCCCCATTAdTGAGATTGAGAAGAATGACgfl

————————— +-—-——————+———————-—+---——————+—--—-———-+—————-——-+

TTTACACCTTTCAGACTTACCGAGAAAGGGGGGGTAATCACTCTAACTCTTCTTACTGCA

GluIleGluLysAsnAspVa

 

7O 90 110

A HCryptic?

. . . . T- .

@GTGTTCTCCATGGACCAGACTGAATCCCTGTTCAAGCCCCACCTGATGGCCATGAACAQ

————————— +—————-———+——————-——+————————-+—~—-—————+—————--——+

CCACAAGAGGTACCTGGTCTGACTTAGGGACAAGTTCGGGGTGGACTACCGGTACTTGTC

lValPheSerMetAspGlnThrGluSerLeuPheLysProHisLeuMetAlaMetAsnSe

1

lie

A 130 150 170

T . . . . . .

CATCTTTGATAGCAGTGGCAAGGGGGCTGTGTCTGAGAAGAGTAACTTCCTATTCACCAN

———————— +—————————+————-————+—————-———+—————————+—————-———+

GTAGAAACTATCGTCACCGTTCCCCCGACACAGACTCTTCTCATTGAAGGATAAGTGGTT

rI1ePheAspSerSerGlyLysGlyAlaValSerGluLysSerAsnPheLeuPheThrLy

1

Tyr

190 210 230

 

 

 

 

EETAAAGGAGGAGCCCGAGGAGCTGGCCCAGCTGGCTCCCACCCCAGGAGACGCCATCAT

————————— +——————--—+—————————+—————————+-————————+-—————-——+

CGATTTCCTCCTCGGGCTCCTCGACCGGGTCGACCGAGGGTGGGGTCCTCTGCGGTAGTA

sLeuLysGluGluProGluGluLeuAlaGlnLeuAlaProThrProGlyAspAlaIleIl

 

250 270 290

CTCTCTGGATTTCGGTGGGTGCTTCTTAGCTAAGCCAGGCCCCTGGAACCCCGTTGGGGC

————————— +————~————+———-—————+-———————-+—————————+—————--——+

GAGAGACCTAAAGCCACCCACGAAGAATCGATTCGGTCCGGGGACCTTGGGGCAACCCCG

eSerLeuAspPhe

310 330

TGGGAAGAGTTCTTACTATAACAGGCCTCCC

————————— +——-——————+-———-————+—

ACCCTTCTCAAGAATGATATTGTCCGGAGGG

 

Figure 5-22 i8/e9 and e9 changes found in EPASI by DHPLC.

(prhner shaded, exon boxed, huron donor and acceptor shes underhned and vafiantSInarked \yhh

arrow). The G—>A change could be a cryptic splice site.
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C

. . T . . .

GACTGGAAGGGCCCCTAAGATGAGAAGGCACTGAGTGGCATGTGGCTCCAGACTCCCTCA

————————— +——-——————+——-————-—+——-—--———+-————————+—————————+

CTGACCTTCCCGGGGATTCTACTCTTCCGTGACTCACCGTACACCGAGGTCTGAGGGAGT

7O 90 110

 

TAGCCTGCTCTCTCGGGCTTGGCAGbTCTGCAAAGGGTTTTGGGGCTCGAGGCCCAGACG

————————— +—————————+—--——-———+—————————+—-———-——-+—————————+

ATCGGACGAGAGAGCCCGAACCGTCCAGACGTTTCCCAAAACCCCGAGCTCCGGGTCTGC

SerAlaLysGlyPheGlyAlaArgGlyProAspV

 

130 150 170

 

ITGCTGAGTCCGGCCATGGTAGCCCTCTCCAACAAGCTGAAGCTGAAGCGACAGCTGGAGfl

————————— +————————-+—————————+—————————+—————————+—————————+

ACGACTCAGGCCGGTACCATCGGGAGAGGTTGTTCGACTTCGACTTCGCTGTCGACCTCA

alLeuSerProAlaMetValAlaLeuSerAsnLysLeuLysLeuLysArgGlnLeuGluT

 

190 210 230

 

@TGAAGAGCAAGCCTTCCAGGACCTGAGCGGdGTGAGTCATCCCCACTGGCCACAGGGGC

————————— +—————————+------———+————---——+—————————+——-—-————+

TACTTCTCGTTCGGAAGGTCCTGGACTCGCCCCACTCAGTAGGGGTGACCGGTGTCCCCG

yrGluGluGlnAlaPheGlnAspLeuSerGly

 

250

CTCTCCATAGC

_________ +_

GAGAGGTATCG

 

Figure 5-23 i12/e13 change found in EPASI by DHPLC

(primer shaded, exon boxed, intron donor and acceptor sites underlined and variants marked with

arrOVV)
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Branch?

10 L 30 50

CCTCAGGCCAATGCTACCGTCACTCTCTGACTTTGGTCTTTCAGETAAGTTCACCCXEEE
 

————————— +—————————+—————————+———————-—+-————————+——————-——+

GGAGTCCGGTTACGATGGCAGTGAGAGACTGAAACCAGAAAGTCTATTCAAGTGGGTTTT

LysPheThrGlnAs

7O 90 110

 

CCCCATGAGGGGCCTGGGCCATCCCCTGAGACATCTGCCGCTGCCACAGCCTCCATCTGq

————————— +————-————+—————————+——————-——+-—---————+—————————+

GGGGTACTCCCCGGACCCGGTAGGGGACTCTGTAGACGGCGACGGTGTCGGAGGTAGACG

nProMetArgGlyLeuGlyHisProLeuArgHisLeuProLeuProGlnProProSerAl

 

130 150 170

 

[CATCAGTCCCGGGGAGAACAGCAAGAGCAGGTTCCCCCCACAGTGCTACGCCACCCAGfH

————————— +-—-——————+—————————+--———————+—-—-————-+-—-——————+

GTAGTCAGGGCCCCTCTTGTCGTTCTCGTCCAAGGGGGGTGTCACGATGCGGTGGGTCAT

aIleSerProGlyGluAsnSerLysSerArgPheProProGlnCysTyrAlaThrGlnTy

 

190 210 230

A

. . . t . . .

kCAGGACTACAGCCTGTCGTCAGCCCACAAGGTGTCAGETGGGTGTGCCCAGGATCTGTC

————————— +——————-——+——----—--+—————————+———-——--—+—————————+

GGTCCTGATGTCGGACAGCAGTCGGGTGTTCCACAGTCCACCCACACGGGTCCTAGACAG

rGlnAspTyrSerLeuSerSerAlaHisLysValSer

 

 
 

250 270

ACCCCCATCCCAGGATTCGATGCCAGGGGAAG

————————— +-—-—-————+-——-———-—+—-

TGGGGGTAGGGTCCTAAGCTACGGTCCCCTTC

 

Figure 5-24 e15 G—>A change found in EPASI by DHPLC

(primer shaded, exon boxed, intron donor and acceptor sites underlined and variants marked with

arrow).
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5.3.2.2 Going from 18 SNP Haplotypes to DHPLC—derived Haplotypes

Going from 18 SNP haplotypes to DHPLC-derived haplotypes produced three more

substitutions: one at i8/e9 and two in C9 (Figure 5-22).

i8/e9

The T—>C transition substitution is very close to the splicing site of e9, so it could be

important.

e9

There was a G——>A transition missense substitution and a T—+A transversion missense

substitution resulting in two nonsynonymous codon variants in e9. The G—>A

transversion missense substitution changes the codon from Met—>Ile (M3681) which

are both non-polar, hydrophobic amino acids. This is a conservative codon change

and hence is less likely to affect function. This G—>A change could also lead to the

creation of a cryptic splice site, CACCTGATQG—CACCTGATAG since it does not

differ from the consensus 3’ splice site (5’-PyPyPyPyPyPyNCAGi-3’) by more than a

few substitutions (Py = pyrimidine; N = any nucleotide; nucleotides consistent with

consensus shaded; changes underlined). For a cryptic splice site, part of an exon

might be lost from the mRNA or if the cryptic site lies within an intron then a segment

of that intron will be retained in the mRNA.

The T—>A transversion missense substitution is interesting because it changes the

codon from Phe—>Tyr (F374Y) which is from a non-polar, hydrophobic to a polar,

hydrophilic amino acid. This is a nonconservative codon change and hence is more

likely to affect function (Chapter 1: Section 1.3.7.4).
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The i8/e9 and e9 waveforms clearly show the different DHPLC patterns (Figure 5-25,

Figure 5-26, Figure 5-27, Figure 5—28 and Figure 5-29). A sample from each different

waveform was sequenced and the variants were summarised (Table 5-9 and Table

5-10). There were no statistically significant differences found with males and

females mixed or males only (Table 5—10). The differences between the cyclists and

the controls for Waveform D is interesting but the sample size is too small (Table

5—10).

 

 

   1 ,

Figure 5-25 i8/e9 and e9 DHPLC Controls Single Peak

(Waveform A: C7/C7) at 602°C (Project: Locus B; Tray 02]).

 

 

 

 

Figure 5-26 i8/e9 and e9 DHPLC Controls Triple Peak

(Waveform B: C7/C5GC) at 602°C (Project: Locus B; Tray 02]).
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Figure 5-27 i8/e9 and C9 DHPLC Controls Triple Peak Narrow Gap

(Waveform C: C7/CTTC7) at 602°C (Project: Locus B; Tray 021).
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Figure 5—28 i8/e9 and e9 DHPLC Controls Triple Peak Wide Gap

(Waveform D: CSGC/CTTC7) at 602°C (Project: Locus B; Tray 021).

 

 

 

   
Figure 5—29 i8/e9 and e9 DHPLC Controls Single Late Peak

(Waveform E: CSGC/CGCS) at 602°C (Project: Locus B; Tray 021).
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Table 5-9 i8/e9 and e9 complete waveform summar .
 

 

 

 

 

            

i8/e9 and e9 Waveforms A B C D E F G H

Controls (n=179) 46 76 5 10 35 1 0 0

Cyclists (n=73) 14 37 4 0 l6 0 1 1

1ronman(n=l25) 27 60 2 3 28 l 0 0

Rowers (n:l69) 33 73 9 14 38 0 0 0

All Endurance athletes (n=367) 74 170 15 17 82 1 1 1

* A: C7/ C7 i.e. TTTC7ATTAG

B: C7/ C5GC i.e. C7/ TTTCsGCATTAG

C: C7/ CTTC7 i.e. C7/ CTTC7ATTAG

D: CsGC / CTTC7 i.e. TTTCSGCATTAG/CTTC7ATTAG

E: C5GC / CSGC i.e. TCTTTCsGCATTAG

F: CTTC7/ CTTC7 i.e. CTTC7ATTAG

Table 5-10 Males and Females: i8/e9 simplified waveform summary

(p values from X2 distribution from CLUMP program)
 

 

 

 

 

         
 

i8/e9 Waveforms A B C D E F p v ctrl

Controls (n=179) 50 76 5 10 36 1

Males only (n=120) 31 54 3 8 23 l

Cyclists (n=73) 16 37 4 0 16 0 0.214

Males only (n=46) 11 22 3 0 10 0 0.397

lronman (n=125) n/a

Males only (n=125) 30 60 2 3 29 1 0.639

Rowers (n=169) 33 73 9 14 40 0 0.275

Males only (nZIOO) 16 44 5 12 23 0 0.274

All Endurance athletes (n=367) 79 170 15 17 85 1 0.544

Males only (n=271) 57 126 10 15 62 1 0.806

* A: C7/ C7 i.e. TTTC7ATTAG

B: C7/ CSGC i.e. C7/ TTTCSGCATTAG

C: C7/ CTTC7 i.e. C7/ CTTC7ATTAG

D: CSGC / CTTC7 i.e. TTTCsGCATTAG/CTTQATTAG

E: CSGC / CSGC i.e. TCTTTCSGCATTAG

F: CTTC7/ CTTC7 i.e. CTTC7ATTAG

For e15, the control DHPLC waveforms showed six samples that have waveforms that

were different from the normal single peak whereas the cyclists did not show any

(Figure 5-30, Figure 5-31 and Figure 5-32). The slight bulge in the majority of the
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waveforms to the left of the peak is an artefact. Since there were so few variant

waveforms, no further samples were run, since it would not achieve statistical

significance.

 

 

  1

Figure 5-30 e15 DHPLC Controls Single Peak at 618°C

(Project: Locus B; Tray 033).

 

 

 

 

m

Figure 5-31 e15 DHPLC Controls other curves at 63.8"C
(Project: Locus B; Tray 033) (the double peak sample is the cyclist from the first 18 samples screened).
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Figure 5-32 e15 DHPLC All Cyclists curves at 638°C

(Project: Locus B; Tray 032 and 033) (the double peak sample is the cyclist from the first 18 samples

screened).

5.3.2.3 Genetic and Physiological Results

Multiple regression analysis was performed to determine the significant predictors of

performance for all the male athletes combined because no specific order of

importance was predicted by the literature on exercise physiology. Only the EPAS]

i8/e9 C7/C5GC (i8/e9 Waveforms A, B and E from Table 5-10) polymorphism was

used for this analysis because they were the only variants of sufficient quantity.

Ignoring the i8/e9 T—>C transition substitution variant: Waveforms A, C and F

became C7/C7 genotype, B and D became C7/C5GC genotype and E was

C5GC/CC5GC genotype.

5.3.2.3.1 Maximal Oxygen Uptake

Weight and cyclist were the statistically significant predictors of V02max (p <

0.001) and approximately 35% of the variance in VO2 max was accounted for by the

linear combination of these variables. EPAS] i8/e9 C7/C5GC was not a significant

predictor of V02 max when added to the model (p = 0.964) (Table 5-11).
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5.3.2.3.2 Two Kilometre Row Time

Weight was the only statistically significant predictor of 2 km Row Time (p < 0.001)

and approximately 70% of the variance in 2 km Row Time was accounted for by this

variable. EPASI i8/e9 C7/C5GC was not a significant predictor of 2 km Row Time

when added to the model (p = 0.809) (Table 5-11).

5.3.2.3.3 Ironman Time

Age was the only statistically significant predictor of Ironman Time (p < 0.001) and

approximately 58% of the variance in Ironman Time was accounted for by this

variable. EPASI i8/e9 C7/C5GC was not a significant predictor of Ironman Time

when added to the model ([9 = 0.402) (Table 5-11).

5.3.2.3.4 Fitness Z-score

The above three sports-specific measures of aerobic fitness were combined in a

Fitness Z-score for analysis. Age, Olympian, Ironman and cyclist were the

statistically significant predictors of Fitness Z—score (p < 0.001) and approximately

44% of the variance in Fitness Z-score was accounted for by the linear combination of

these variables. EPAS] i8/e9 C7/C5GC was not a significant predictor of Fitness Z-

score when added to the model ([9 = 0.795) (Table 5-11).

Table 5-11 Summary of EPASI i8/e9 C7/C5GC multiple regression ANOVA related to

performance

(statistical results from SPSSTM program).
 

 

 

 

 

      

Outcome Explanatory Coefficients p value r subtest genotype

variable variables B p value

V02 max weight -0.035 < 0.001 35.0% 0.964

sport n/a

2 km Row Time weight —0.04l < 0.001 69.8% 0.809

Ironman Time age —0.047 < 0.001 58.3% 0.402

Fitness Z-score age —0.042 < 0.001 44.1% 0.795

Olympian 0.781

sport n/a 
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5.4 Discussion

5.4.1 SNPS

See Section 5.5 EPAS] SNP Paper.

5.4.2 DHPLC

5.4.2.1 DNA Variants

The DNA samples from the 18 different SNP haplotypes produced six substitutions:

two at i8/e9, two in e9, one near i12/el3 and one in e15 (Figure 5-22, Figure 5-23 and

Figure 5-24).

The i8/e9 C—>G transversion substitution and T—>C transition substitution are very

close to the splicing site of e9, so they could be important. Individual genes can

generate multiple protein isoforms through alternative splicing. Alternative splicing

has a hidden role in gene control by nonsense-mediated decay of RNA (Matlin et al.

2005). The i8/e9 C—>G transversion substitution could be very important because

cysteine residues are strongly conserved and are considered to have a vital role

because of the disulfide bonding of cysteine for conformation of the polypeptide. It is

one of the least mutable amino acids because it is the only amino acid that has a

sulfhydryl group in its side chain (Collins and Jukes 1994).

The e9 G—>A transition missense substitution and a T—>A transversion missense

substitution resulted in two nonsynonymous codon variants in e9. The G—>A

transversion missense substitution changes the codon from Met—>Ile (M3681) which
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are both non-polar, hydrophobic amino acids. This is a conservative codon change

and hence is less likely to affect function. This often has no significant effect on the

biological activity of the protein because most proteins can tolerate at least a few

amino acid changes without noticeable effect on their ability to function in the cell,

but changes to some amino acids, such as those at the active site of an enzyme, have a

greater impact (Brown 2002). This G—>A change could also lead to the creation of a

cryptic splice site, CACCTGATQG—CACCTGATAG since it does not differ from

the consensus 3’ splice site (5’-PyPyPyPyPyPyNCAGi-3’) by more than a few

substitutions (Py = pyrimidine; N = any nucleotide; nucleotides consistent with

consensus shaded; changes underlined). For a cryptic splice site, part of an exon

might be lost from the mRNA or ifthe cryptic site lies within an intron then a segment

of that intron will be retained in the mRNA. Human alternative isoform, cryptic and

skipped splice sites depend on splice site strength, composition, GC content, location

and binding site strength of polypyrimidine tract and branch site (Wang and Marin

2006). Cryptic splice sites have been reported for HIF—la. A dicistronic reporter

plasmid containing the 5' UTRs from HIF-1 a and VEGF UTRs generates downstream

luciferase mainly due to cryptic promoter activity (Bert et al. 2006).

The T—>A transversion missense substitution is interesting because it changes the

codon from Phe—>Tyr (F374Y) which is from a non—polar, hydrophobic to a polar,

hydrophilic amino acid. This is a nonconservative codon change and hence is more

likely to affect function (Chapter 1: Section 1.3.7.4). Long strings of hydrophobic

amino acids may indicate secondary structural elements buried within protein

complexes or lipid membranes. Runs with many polar residues are likely not to have

the potential to form a hydrophobic core for a tertiary structure. Hydrophobic and
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hydrophilic residues in larger sections might be informative regarding solubility and

total charge. The G—+A change did not reduce the string of four non-polar,

hydrophobic amino acids. The T—>A change affected a string of three hydrophobic

amino acids by swapping a polar for a nonpolar but did not reduce the hydrophobic

string size.

The i8/e9 and e9 waveforms clearly show the different DHPLC patterns (Figure 5-25,

Figure 5-26, Figure 5-27, Figure 5-28 and Figure 5-29). A sample from each different

waveform was sequenced and the variants were summarised (Table 5-9 and Table

5—10). There were no statistically significant differences found (Table 5-10). The

differences between the cyclists and the controls for Waveform D is interesting but

the sample size is too small (Table 5-10).

This i12/e13 A—>C transversion substitution is near the i12/el3 junction but is too far

away from e13 to be part of the 3’ splice site or even part of the branchpoint sequence.

This e15 G—>A transition substitution is a synonymous codon: GTG and GTA both

code for amino acid valine (Figure 5—24). It will not alter, therefore, charge or

conformation and is unlikely to be functionally significant (Chapter 1: Section

1.3.7.4). It is possible that it could act as a cryptic splice site. The sequence change

from AAGGTQTCAGHAAGGTATCAG is similar to the consensus sequence 3’

splice site 5'-PyPyPyPyPyPyNCAGl—3’ (Py = pyrimidine; N = any nucleotide;

nucleotides consistent with consensus shaded; changes underlined). This is unlikely,

however, because there are only five out of ten nucleotides that fit the consensus

sequence and the nucleotide change does not increase this proportion.
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For e15, the control DHPLC waveforms showed six samples that have waveforms that

were different from the normal single peak whereas the cyclists did not show any

(Figure 5—30, Figure 5-31 and Figure 5-32). Since there were so few variant

waveforms, no further samples were run, since it would not achieve statistical

significance.

e15 contains the C—terminal activation domain (amino acids 820—870). Folding of the

HlF-la C-terminal transactivation domain is stabilised and transactivated by

widespread hydrophobic and polar interactions (Freedman et a1. 2002; Ruas et al.

2002). The C-terminal activation domain of the hypoxia-inducible transcription

factors HIF-la and HlF-2a binds domains of the transcriptional coactivators essential

for hypoxia-responsive transcription (Kasper et a1. 2005). Since the e15 variant does

not change the amino acid, the EPASl C—terminal activation domain is unlikely to be

affected by the e15 G—aA transition substitution.

5.4.2.2 DNA Variants and Physiological Regression

This section of the study explored the relationship between the EPAS] i8/e9 C7/C5GC

polymorphism and various physical, physiological and performance variables.

Multiple regression analysis yielded one-, two- and three-variable models, composed

of age, weight, Olympian and/or sport, which accounted for 35—70% of the variance

in outcome performance variables (Table 5—11).
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Weight and sport were the statistically significant predictors of VO2 max (z-score) (p

< 0.001). EPASI i8/e9 C7/C5GC was not a significant predictor of V02 max when

added to the model (p = 0.964) and approximately 35% of the variance in V02 max

was accounted for by the linear combination of these variables (Table 5—11). It was

expected that weight (negative cooefficient) and sport would be predictors of

\I/O2 max. It was not surprising that the EPAS] i8/e9 C7/C5GC genotype was not a

predictor of \I/O2 max, since there was no association for the genetic data. This was,

however, the same situation as the ACE I/D and MYBPC3 e6 polymorphisms.

Perhaps the effect size is too small to be detected compared to the other predictive

physical/phenotype variables.

Weight was the only statistically significant predictors of 2 km Row Time (z-score) (p

< 0.001) and approximately 70% of the variance in 2 km Row Time was accounted

for by this variable. EPAS] i8/e9 C7/C5GC was not a significant predictor of 2 km

Row Time when added to the model ([9 = 0.809) (Table 5-11). Weight (positive

cooefficient) was once again expected to be a predictor of 2 km Row Time.

Interestingly, height was not an explanatory variable for rowing. Height has

traditionally been associated with success in rowing.

Age was the only statistically significant predictor of Ironman Time (z—score) (p <

0.001) and approximately 58% of the variance in Ironman Time was accounted for by

this variable. EPASI i8/e9 C7/C5GC was not a significant predictor of Ironman Time

when added to the model (p = 0.402) (Table 5—11). There was a much larger age

range in the Ironman than in the other sports and hence it was expected that age

(negative cooefficient) would be a significant predictor of Ironman Time.
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The above three sports-specific measures of aerobic fitness were combined in a

Fitness Z-score for analysis. Age, Olympian and sport were the statistically

significant predictors of Fitness Z-score (p < 0.001) and approximately 44% of the

variance in Fitness Z-score was accounted for by the linear combination of these

variables. EPAS] i8/e9 C7/C5GC was not a significant predictor of Fitness Z-score

when added to the model (0 = 0.795) (Table 5—11). Age (negative cooefficient),

Olympian (positive cooefficient) and sport were expected to be associated with the

Fitness Z-score.

Age was a variable that appeared to be related to performance only in Ironman. One

study showed that age was negatively correlated to ACE levels (Cambien 1988). This

may have been a confounding factor in this study especially with the older athletes

(i.e. Ironman) because it may have reduced the effect of the genotype.

The lack of significance of the EPASI i8/e9 C7/C5GC genotype to the model may

have been due to group sizes being too small or due to the incomplete physiological

data set reducing the statistical power. It also could have been because whatever

might have been contributing to a difference in the genotype distributions between

some of the athlete groups and controls was not measured by the standard

physiological tests used in the various sports.

There are many other factors that influence elite athletic performance and their

phenotypes were not measured here. Some endurance sports require extreme levels of

physical training which may have compromised the immune system of the athletes
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(Gleeson et al. 1995; Gleeson et al. 2004) and this was not part of the physiological

data set used for comparison used in this study.

Overall, this study of the EPASI i8/e9 C7/C5GC polymorphism showed that it

appeared to be associated with some sports but the underlying mechanism remains

unclear.

The fact that no statistically significant differences were found does not mean that

there are not statistically significant changes in the region bounded by i8/e9—el6.

There could be important changes in the large intronic (non—coding) regions that were

not scanned. Sequencing the whole gene may find the changes causing the significant

association for this gene but this would be a significant undertaking.

It is likely that important variants in the gene have a small effect size, since the

phenotype is of healthy athletes with improved cardiovascular performance and not

seriously diseased people. The relatively small sample sizes involved in the study

may, as a result, have precluded achieving statistically significant differences between

the athletes and controls in this study. Future studies could investigate these changes

using larger sample sizes or different groups of athletes or diseased phenotypes.

202



5.5 EPASI SNP Paper

Paper: The EPAS] gene influences the aerobic-anaerobic contribution in elite

endurance athletes.

For the purposes of Part 10, Division 4, 85(2) of the University ofSydney (Amendment

Act) Rule 1999 (as amended), a candidate may include in a thesis (whether in the

body, or in one or more appendices) one or more published works of which the

candidate is the sole or joint author.

203



Hum Genet (2005) 118: 4167423

DOI lO.1007/500439-005-0066-0

 

ORIGINAL INVESTIGATION

Jennifer Henderson - Jason M. Withford-Cave

David L. Duffy - Stuart J. Cole - Nicole A. Sawyer

Jason P. Gulbin ° Allan Hahn ' Ronald J. Trent

Bing Yu

The EPASI gene influences the aerobic-anaerobic contribution

in elite endurance athletes

Received: 22 May 2005/ Accepted: 29 August 2005/ Published online: 6 October 2005

© Sprmger-Verlag 2005

Absract EPASI is a gene involved in complex oxygen
sensing. It is expressed in microvascular endothelial
cells, lung epithelial cells, cardiac myocytes and the
brain. An association study was undertaken comparing
elite endurance athletes classified into two groups
according to a power—time model of performance
intensity: power—time—maximum (PT-MAX; N=242,

event duration 50 s to 10 min) and power—time—steady
state (PT-SS; N: 151, event duration «2—10 h), with
normal controls (N=444) using 12 SNPs across EPASI.

Ordinal regression analysis of allele frequencies revealed

significant differences at SNPS 2 and 3 (P=0.01). Hap-
lotype analysis revealed the presence of haplotypes
involving SNPs 2—5 that significantly differentiated
(P< 0.05) the groups based on an ordinal ranking using

the power~time classification. These same haplotypes

differentiated the PT—MAX group in which a significant

decrease in a haplotype (F: G-C—C-G; OR=0.57,

P2002, 95% Cl 0.367092) and increase in a second

haplotype (G: A-T-G-G; OR: 1.75, P=0.03, 95% CI

10572.91) was observed compared to controls. The PT—
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SS group was differentiated from the PT—MAX group by
a third haplotype (H: A—T-G-A; OR=0.46, P=0.04,
95% CI 0.22—0.96). Since EPAS] has a role as a sensor
capable of integrating cardiovascular function, energetic
demand, muscle activity and oxygen availability into
physiological adaptation, we propose that DNA vari-
ants in EPASI influence the relative contribution of

aerobic and anaerobic metabolism and hence the maxi-

mum sustainable metabolic power for a given event

duration.

 

Introduction

The relationship between endurance type sport and

exercise intensity has long been regarded as hyperbolic

(Fig. 1, Hill 1925). Accordingly, at high intensities

exhaustion times are short, whereas, at a given low

intensity, the hyperbole approaches an asymptote

reflective of an intensity that theoretically could be

sustained for indefinite periods. This intensity has been

identified as critical power (Monod and Scherrer 1965)

and has been taken to represent the maximum sustain-

able metabolic power.
The poweritime relationship is determined by the

contribution of available energy systems including: (1)

alactic involving the energy substrates ATP and phos-

phocreatine stored within the muscle, (2) lactic which

involves anaerobic glycolysis, and (3) aerobic which re—

lies on oxidative phosphorylation. The first two path-

ways are dominant for short duration exercise (up to

~15 3), whereas for exercise of longer duration there

exists an energetic flux between anaerobic and aerobic

metabolism with the latter becoming the primary energy

source as exercise duration increases.

The crossover to predominantly aerobic energy sup-

ply is reported to occur between 15 and 30 5 (Spencer

and Gastin 2001). At this turning-point, endurance-

trained individuals derive a greater energy contribution
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Fig. 1 Hyperbolic relationship between exercise intensity and time

to exhaustion. Although exercise intensity can be represented by
measures of power output or speed depending on the type of

exercise, for the purposes of this paper, this relationship will be

referred to as poweritime to reflect the concept of maximum

sustainable metabolic power. This relationship identifies an

intensity known as critical power determined as the power

asymptote of the power~time relationship. Pea/r pan-er reflects the

instantaneous work output resulting from finite energy stored

within the muscle (ATP/phosphocreatine). Maximum reflects an

intensity that fully exploits aerobic and anaerobic energy sources to

maintain performance intensity. It is here that the power—time

relationship is most meaningfully applied involving performances

in the range of~50 s to ~10 min (di Prampero 2003). Sleady-rtafe

exercise reflects an intensity of exercise that is sustainable due to a

dominance of aerobic energy supply that does not rely on a major

contribution from anaerobic metabolism. Both peak power and

maximum intensities are considered unsustainable due to finite

energy supply and inhibitory byproducts

via aerobic metabolism compared to sprint-trained

individuals who rely more heavily on anaerobic sources

(Medbo and Sejersted 1985; Nummela and Rusko 1995).

In the context of endurance, the determinants of ener—

getics at this turning—point involve factors related to

underlying cardiorespiratory function and metabolic

characteristics in exercising muscles that determine the

maximal sustainable performance intensity. Further-

more, the traits underlying the endurance phenotype

may reflect evolutionary trade—offs that have enabled

locomotive systems to evolve in a specialist versus gen-

eralist manner (Van Damme et a1. 2002) suggesting a

strong heritable component.

The physiological characteristics that contribute to

the endurance phenotype involve measures such as

maximal oxygen uptake (V02 max), cardiac output,

aerobic enzyme capacity, glycogen stores (Kayser 2003)

and maximal accumulated oxygen deficit (Medbo and

Tabata 1989) or peak lactate as indicators of anaerobic

capacity. However, these measures may not be sufficient

for assessing and distinguishing elite and sub-elite

endurance competitors and a more comprehensive

interpretation of the relevant biological factors, training,

recovery and competitive requirements has been sug-

gested (Myburgh 2003). Recently, integrative paradigms

have been proposed to explain endurance fatigue based
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on the possible involvement of complex sensing mecha—
nisms that protect systems from myocardial ischaemia,
metabolic stress and disruptions in homeostasis (Kayser
2003; Noakes et a1. 2001; St Clair Gibson and Noakes

2004).
The genetic response to environmental factors such as

oxygen deficiency, which is the stimulus for many
adaptations including angiogenesis, erythropoiesis,
vasomotor control, glucose and catecholamine metabo-

lism, may provide a sensing mechanism capable of
integrating the physiological signals that determine time
to exhaustion. Hypoxia inducible factor (HIF) repre-
sents a major signalling pathway responsible for acti-
vating gene expression in response to oxygen levels
through binding to a core response element in a growing
repertoire of HIF-responsive genes including vascular
endothelial growth factor, erythropoietin and adreno-
medullin. These genes play a role in responding to
oxygen deficiency, influencing cardiac output and vas-
cular tone, and enhancing cellular oxygen utilisation

(Semenza 1998).
The relative contribution of genes and the environ-

ment in determining performance in a wide range of

endurance sporting situations promoted particular

interest in genetics and exercise physiology. Indeed the

cataloguing of the genetic basis of human variation in

health and human performance phenotypes has been the

topic of an annual review in recent years (Rankinen

et a1. 2004). While the functional significance of these

genetic factors in determining elite endurance perfor-

mance is unclear, there is increasing evidence to suggest

that multiple variations in genetic make—up may modify

gene expression through geneeenvironment interactions

and so contribute to an individual’s success in endurance

type sports.
A genome-wide scan based on V02 max as the

endurance phenotype, identified multiple loci (Bouchard

et a1. 2000). These included D282739 on chromosome

2pl6.l (SIBPAL linkage analysis P<0.01). From an in

silico search 5 Mb upstream and downstream of

D2S2739 four plausible genes were identified as candi—

dates involved in endurance traits. One of these genes

was the endothelial PAS domain protein 1 (EPASI) a

gene involved in the HIF pathway. To date, no study has

examined the impact of DNA variants within EPASI in

a physiological model such as elite endurance athletes.

Therefore, we conducted a casementrol association

study of the EPAS] locus. Using a power—time model of

endurance performance (Fig. 1), two athlete cohorts

with different phenotypes (maximum intensity or steady-

state intensity) were compared. From the association

study, we found specific haplotypes that distinguished

the two athlete cohorts. We propose that the DNA

variants in EPASI underlying these haplotypes confer a

specific advantage in endurance performance, and may

be particularly relevant to events and disciplines

involving performances at maximal intensities between

~50 s and 10min in which a substantial aerobic and

anaerobic contribution is exploited.
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Materials and methods

Subjects

The study cohort comprised male and female elite ath-

letes participating in sport programs under the admin-

istration of the Australian Institute of Sport including

172 rowers (2,000 m), 42 swimmers (100—800 m), 28

middle distance runners (800~3,000 m), 24 Olympic

distance triathletes, 4l sprinters (including 33 track-

runners and eight track-cyclists), and 58 endurance cy-

clists (including road and mountain bike specialists). All

had reached national or international level in their sport

including a substantial number of Olympic and World

Championship competitors. In addition, 127 competi—

tors from the 2001 Australian Ironman Triathlon com-

petition series were selected from a group of over 600

participants who agreed to be part of the study. Based

on the age—corrected time percentage behind the overall

winner, only those finishing in the top half of the field

were included for genotyping resulting in a cohort of

high-calibre Ironman athletes.

Using the poweritime model (Fig. l), with ~50 s as a

cut-off for endurance, the sprinters consisting primarily

of 100—400 in track runners and sprint cyclists were ex—

cluded from the association analysis. Endurance cyclists

were also excluded, as this was a mixed group with

insufficient data available for an appropriate classifica-

tion, Those excluded were subsequently analysed when

different sports groups were compared based on results

obtained from the initial association study.

Endurance grouping

Endurance athletes were split into two groups based on

the performance intensity as a function of event dura-

tion as in the poweretime relationship outlined in Fig. 1.

Under such a framework, those sporting events lasting

~50 s or longer but not more than 10 min were classified

together as these events involve a performance effort

requiring a maximum aerobic and anaerobic contribu-

tion that is unsustainable, leading to exhaustion in the

order of seconds to minutes depending on the event.

Examples included swimming, rowing and middle

distance running, and this group was designated power—

time-maximum (PT-MAX). In contrast, endurance

sports involving performances lasting > 10 min require

a sustainable performance intensity in the order of

minutes to several hours, often referred to as steady-

state, that involves a predominance of aerobic energy.

Examples included Olympic and Ironman triathlon

which typically last ~2 and ~9 h, respectively. This

group was designated poweretime-steady state (PT-SS).

Table 1 outlines the sport groupings and provides world

record times for associated events as a point of reference.

The control cohort comprised 444 healthy Cauca-

sians of European decent. DNA samples were from a

commercial source (European collection of cell cul-

tures—ECACC, Wiltshire, UK) or from Australian

nationals of European descent. Human Research Ethics

Committees from the University of Sydney, Royal

Prince Alfred Hospital and the Australian Institute of

Sport approved the research proposal.

DNA preparation and SNP analysis

DNA was isolated from whole blood using QIAamp 96

DNA Blood Kit (Qiagen Inc., Hilden, Germany). DNA

concentration was determined and an absorbance ratio

of Azfio/A280> 1.7 was required to confirm the purity of

the DNA. For SNP identification, 50 uL of DNA at a

concentration of 5—10 ng uL‘l was pipetted into 96-

well skirted plates. Plates were sealed and analysed at the

Sydney University Prince Alfred Macromolecular

Analysis Center (SUPAMAC: http://www.supamac.

com.au). The EPASI gene has 16 exons extending over

90 kb of genomic DNA. Twelve commercially available

intronic SNPs (Table 2) were selected for study extend—

ing from exons 1712 of the EPASI gene. The first five

SNPs were located within the large (~50 kb) intron 1 of

Table 1 Summary of sport grouping for association analysis based on the poweritime model

 

PT—SS sport with events (time in h:min) PT-MAX sport with events in metres (time in minzs)

 

Ironman: 3.8 km swim/180 km

cycle/42.2 km run (>9200)

Olympic triathlon: 1.5 km
swim/40 km cycle/10 km run (~l:50)

Swimmers
100 m (0:47.84 WR“)

200 m (1:44.06 WR)

400 m (3:40.08 WR)

800 m (7:38.65 WR)

Middle distance runners
800 m (1:41.11 WR)

1,500 in (3:26.34 WR)

3.000111 ( 7:20.67 WR)

Rowers
2,000 m (5:19.85 WR)

 

“WR World Record. World Record Data obtained from: http://www.ausswim.telstra.com/au/records/detailscfm; http://www.athlet—

ics.orgau/content/records/P003fb00pdf; http://www.worldrowing.com/results/besttimes.sps

hMen‘s 8 crew
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this gene. SNPs were genotyped using a high-throughput
system (ABI Prism 7900HT, Applied Biosystems Inc.,
Foster Cit , USA) using a pre-designed 5’ nuclease assay
(TaqMan SNP Genotyping Assay, Applied Biosystems
Inc.) containing both forward and reverse primers and
oFAM’“ and v1C® dye-MGB labelled probes. Following
thermal cycling, genotype data were acquired automat—
ically and analysed using sequence detection software

(SDS v 2.]. Applied Biosystems Inc).

Statistical analysis

Hardy! Wienbcrg equilibrium (HWE) and linkage

(llSL’qlll/ibrlllnl (LD) blocks

Chi-square analysis of all subject data (cases and con-

trols) was used to confirm HWE. Block structures were
examined within the EPAS] locus using Haploview (v.
3.0) to calculate several pair-wise LD measures, which

are then partitioned into block structures using common

approaches to block definition (Barrett et al. 2005).

Association study

Ordina] regression analysis was conducted for all 12

SNPs to identify any association between group mem—

bership and specific SNPs using genotype data. Further

analysis was performed to determine whether the corn-

binations of SNPs improved the association result. This

analysis determined if haplotypes contributed to the

association result and was used to identify the contrib-

uting allelic combinations. Based on the ordinal groups,

specific between-groups binomial regression analysis was

also performed to determine which group contributed

most to the overall association result and to identify the

associated within-group haplotypes.

Haplotype analysis was performed using the ha-

p/0.stals computer software package (v1.1.1, http://

www.mayo.edu/hsr/people/schaid.html). This program

uses the expectation maximisation algorithm to compute

Table 2 Summary of SNPs used in the study
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the maximum likelihood estimate of haplotype proba-
bilities and provides an iterative approach in situations
with incomplete data sets or missing values. Three
functions within the software were used in the statistical
analysis: (1) haplo.em performs the initial ambiguous
haplotype estimation, (2) haplo.score computes a score
statistic to evaluate the association of trait with haplo-
types and provides permutation as well as asymptotic
P-values (Schaid et a1. 2002), (3) haploglm performs a
regression of trait on ambiguous haplotypes. and was
used to calculate odds ratios and 95% confidence

intervals.

Multiple SNP testing

We have dealt with the fact that multiple SNPs are being
tested for association using both the most conservative
Bonferroni correction for multiple testing and a cor—
rection based on a determination of the effective number

of tests using principal components analysis (http://

CRAN.R—project.0rg/). The latter was determined by

the number of tests that explain at least 90% of the

variance in the pair-wise linkage disequilibria (expressed

as binary correlations) allowing the intercorrelation be-

tween the SNPs due to linkage disequilibrium.

 

Results

HWE and LD blocks

Regression analysis for the effect of age and sex on

genotype revealed no significant correlation (data not

shown). Furthermore, the association result was un-

changed when the age and sex adjustment was removed

(data not shown). Minor allele frequencies for all SNPs in

the groups are summarised in Table 2 including data

confirming HWE. Furthermore, strong LD was observed

between several alleles in the study population. These re—

sulted in block structures at SNPs 1—3, 6—7 and 9~12 based

on the solid spline method using D’ > 0.80 as a cut-off.

 

 

SNP“ number Celera SNP identification Change a/a a/b b/b Minor allele HWE exact P-value

1 hCV11639978 C/G 4 150 780 G 0.085 0.39

2 hCV11639984 A/G 306 456 174 A 0.429 0.89

3 hCV2l48918 C/T 177 452 307 T 0.431 0.64

4 hCV2148915 C/G 290 451 187 C 0.445 0.64

5 hCV2162989 A/G 200 496 237 G 0.480 0.06

6 hCV2162974 NT 20 194 721 T 0.125 0.13

7 hCV154424 G/T 19 185 725 T 0.120 0.09

8 hCV2l62964 C/T 354 449 132 C 0.381 0.63

9 hCV7523424 A/G 267 485 181 A 0.454 0.15

10 hCV207915 OT 55 366 514 T 0255 0.39

11 hCV2162960 C/G 261 443 226 C 0.481 0.17

12 hCVF11158118 C/G 220 479 235 G 0.492 0.47

 

“SNP genotyping success rate > 9900
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Association study

Based on ordinal data in which the control group=0,

PT-SS= l, PT-MAX=2, the initial regression against

genotype distribution at all 12 SNPs revealed significant

differences at SNPs l, 2 and 3 with P-values of 0.04,

0.004 and 0.002, respectively. Prior to conducting fur-

ther association analysis of haplotype data, an analysis

of allele distribution was conducted using all sport

subgroups, resulting in a significant difference with

P=0.01 for both SNPs 2 and 3. Figure 2 illustrates the

observed trend in allele frequency for these SNPs.

Haplotype analysis was performed across the 12

SNPs to confirm the signals at SNPs 2 and 3 based on

the ordinal ranking of groups, and the results indicated

significant differences (P<0.05) in the region of SNPs

1—6 (Table 3). Within this region of significance, score

tests identified three contributing SNP combinations

comprising SNPs l~4, 24 and 245 (P<0.05). Table 4

provides a summary of the score test results identifying

specific contributing haplotypes and associated

P-values. Binomial regression analysis of group assign—

ment on haplotype was performed within this region to

determine which groups accounted for the significant

differences observed in the analysis of ordinal data, and

to further evaluate the contributing haplotypes using

odds ratios (OR). Significant differences were observed

between the control and PT-MAX groups (P=0.01). As

in the ordinal analysis of SNPs 275, haplotype F: G-C—

CG and haplotype G: A-T—G—G (see Table 4) were

identified as the significant allelic combinations with OR

of 0.57 (P=0.02; 95% confidence interval (CI) 0‘36~

0.92) and OR 1.75 (P=0.03; 95% Cl 1.057291)

respectively. A similar binomial analysis between the

control and PT-SS groups revealed no significant dif-

ference in haplotype distribution (P> 0.05).

Further binomial analysis was conducted between the

two athlete groups (PT-MAX and PT-SS) to identify

potential differences in haplotype distributions between

these groups. A significant difference was observed in

haplotype distribution (P=0.03) between the two
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groups. The contributing allelic combinations included

haplotype F: G-C—C—G with an OR of 0.47 (P=0.01;

95% CI 0.26—0.85). This analysis also revealed a varia—

tion of haplotype G: A-T—G-G (see Table 4) in which a

base substitution at SNP 5 resulted in haplotype H: A-T—

G-A, with an OR of 0.46 (P=0.04; 95% CI 0.22—0.96).

Figure 3 illustrates the frequency of allelic combinations

contributing to the significant differences observed in

both the ordinal and binomial regression of group

membership on haplotype.

Multiple SNP testing

Due to the number of SNPs and groups being tested in

this study, there is a need to account for a multiple

testing effect. However, the extent of LD between the

SNPs renders some redundancy in the informativeness

of SNPs. Therefore, in accounting for the presence of

LD between SNPs, the principal components analysis

suggested that the first seven components (eigen vectors)

explained 93% of the variance. Adjusting for the mul—

tiple comparisons, by applying a correction of seven,

resulted in P-values of 0.03 and 0.01 for the ordinal

group-wise regression analysis at SNPs 2 and 3,

respectively. Furthermore, the most conservative Bon-

ferroni correction (by a factor of 12) resulted in a con-

tinued significant difference for the ordinal group-wise

regression analysis at SNPs 2 and 3 with P-values of0.04

and 0.02 respectively. Given the continued significance

by the Bonferroni correction regardless of the extent of

LD, we are confident that our findings do not merely

reflect a multiple testing effect. Since the remainder of

the analysis was undertaken to understand the origin of

the significant effect at SNPs 2 and 3 and to identify

distinguishing haplotypes, multiple testing corrections

were no longer applied.

 

Discussion

Sensing mechanisms are likely to be responsible for

many of the adaptations induced in the cardiorespira-

tory system and skeletal muscle by exercise and changes

in the environment (Fluck and Hoppeler 2003). In the

Table 3 Global comparison of sliding windows haplotypes in the

region of SNPs 146a

 

Sliding windows haplotype

 

 

 

2 SNP 3 SNP 4 SNP

SNP P—value SNP P-value SNP P—value

172 0.01 1—3 0.01 14 0.02

2—3 0.01 2-4 0.01 2—5 0.04

3—4 0.01 3—5 0.02 3~6 0.05

4 5 0.37 4~6 0.40

5 6 0,26

 

"P—values represent the levels ofsignificance obtained by simulation



Table 4 Haplotypes in the region of SNPs 1—6
 

Score test of association"‘
 

SNPs 1—4 (P=0.01) SNPs 274 (P=0.01) SNPs 2—5 (P=0.04)
 

 

Haplotype P-value Haplotype P-value Haplotype P-value

A) C-G-C—C 0.01 C) G—CC 0.004 F) G—C-C—G 0.01
B) G-A-T-G 0.01 D) A—T-G 0.04 G) A-T-G-G 0.02

E) A-T-C 0.04
 

"This association was based on ordinal data, with the score statistic

for SNP combinations as well as specific haplotypes. Global sim—
ulated P-values are shown in brackets. P-values represent the level

of significance obtained by simulation

case of endurance exercise, these adaptations lead to an
increased capacity for aerobic energy turnover induced
by changes in oxygen delivery patterns. The extent of
imbalances in cellular homeostasis that occur with
exercise of different intensity and duration imply that
both metabolic and mechanical factors can be sensed
separately and integrated into complex transcriptional

responses (Fluck and Hoppeler 2003). The consequence
of such transcriptional regulation facilitates cellular
capacity to tolerate further physiological stress.

Hypoxia inducible factor has been described as a
sensor integrating muscle activity and oxygen availabil-
ity into muscular remodelling (Fluck and Hoppeler
2003) and as a master regulator for oxygen homeostasis
(Semenza 1998). As a transcription factor, HIF regulates

a number of genes involved in the cellular and systemic
responses to hypoxia including erythropoiesis, angio-
genesis, vascular regulation and anaerobic metabolism.
It exists as a dimer consisting ofa and [3 subunits. The [3—
subunit is an aryl hydrocarbon receptor nuclear trans—
locator (ARNT), while the a—subunit is a basic helix—
loop-helix (bHLH)—PER-ARNT-SIM (PAS) protein
that exists as two major isoforms: H1F«lo< and EPASl.
Due to this link with HIF, EPAS] is also known as

HIF2A.
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Hypoxia inducible factor activity is regulated at both
transcriptional (Minet et a1. 1999; Wang et a1. 1995) and
post—translational levels (Huang et a1. 1996) and recent
evidence has suggested a mechanism of transcription-
dependent degradation via a feedback loop involving
transcription inhibitors (Demidenko et a1. 2005). Under
the influence of hypoxia, regulation of the cit-subunit
appears to be the rate-limiting step. However, there is
increasing evidence to suggest that HIF may be impli-
cated in biological functions requiring its activation
under normoxic conditions (Dery et a1. 2005). Further—
more, although the EPASl and HIF-loc proteins share
significant overall amino acid identity (48%) (Hu et a1.
2003), several molecular, biochemical and physiologic
observations suggest HlF—loc and EPASI represent dis-
tinct pathways. It has been shown that EPASI may be
the key modulator for the level of hypoxia likely to be
present during endurance exercise since it has a slightly
lower threshold for hypoxic gene activation (Wiesener
et a1. 1998). EPAS] also demonstrates a selective pattern
of expression in microvascular endothelial cells, lung
epithelial cells, cardiac myocytes and the brain (Hu et a1.

2003; Wiesener et a1. 2003).

Knockout mouse models have revealed a key physi—
ological role for EPAS] demonstrating various pheno-
types. In one case, EPASI'/‘ mice had deficiencies in
catecholamine sources from the organ of Zuckerland
resulting in embryonic lethality due to bradycardia (Tian
et al. 1998). In a different knockout model, EPASI was
found to play an important role in the remodelling ofthe
primary vascular network (Peng et a1. 2000). Other
knockout models have revealed widespread multiple
organ pathology, biochemical abnormalities, greater
oxidative stress and an impaired response to oxidative
stress in EPASI"" mice (Scortegagna et al. 2003a). Al-
tered haematopoiesis resulting in a significant reduction
in haematocrit levels and global depression in peripheral
blood counts have also been observed in EPASI null

mice (Scortegagna et al. 2003b).
The present study has compared EPAS] SNPs in a

cohort of endurance athletes and normal controls and
has revealed a significant trend in which differences in
allele frequency at SNPs 2 and 3 are dependent on an
assignment of sport to a maximum or steady-state per-
formance intensity group. Furthermore) when different
sports groups were considered individually, a consistent
significant trend was observed for allele frequencies at
SNPs 2 and 3 resulting in those groups belonging to the
PT-MAX group being clustered together and having the
highest frequency of the distinguishing allele, while those
in the PT-SS group were distributed in the middle, and

controls the least (Fig. 2). This suggests that the groups

in the association study are homogenous and that the
classification system may reflect some physiological

mechanism underlying the power—time model of endur-

ance performance.
The sliding window haplotype analysis revealed a

consistent signal across SNPs 176 suggesting this region

as more relevant in distinguishing the association
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groups. The ordinal analysis of haplotypes identified
seven allelic combinations that contributed to the sig-
nificant global result (Table 4). Of these, six contain the
same two sets of allelic combinations at SNPs 2—4 sug-
gesting this as a possible core area contributing to the
association result. Further binomial analysis identified
the same two specific allelic combinations (haplotype F
and G) contributed to differences between the PT-MAX
and control groups as was observed in the ordinal
analysis. Interestingly, a comparison between the two
athlete groups (PT—MAX and PT—SS) identified a third
combination (haplotype H) in PT—SS athletes, which
contributed to a significant difference between athlete

groups.
Our work has identified three EPASI haplotypes to

be significantly associated with elite endurance athletes
classified according to the poweritime model of
endurance. The presence of one (haplotype G) and the
absence of another (haplotype F) at the same locus is
observed in athletes involved in high intensity maximal
exercise of a duration between 50 s and 10 min. In
addition. athletes involved in a sustained steady-state
efi‘ort (from ~2 to 10 h) demonstrate the increased
presence of a third (haplotype H). This haplotype

association may be indicative of underlying physiolog-

ical factors determining the relative contribution of

aerobic and anaerobic metabolism towards setting the

maximum sustainable metabolic power for a given

event duration.
We propose that the EPASI haplotypes identified

may be providing a more sensitive metabolic response in

determining the aerobic and anaerobic contribution in

endurance sport. Although a mechanism in which reg-

ulatory factors, including EPAS], can integrate signals

indicative of homeostatic disruption and metabolic

stress into transcriptional adaptations is plausible, fur—

ther work is required to determine the complex network

by which this mechanism may be operational.
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Summary and Conclusions
 

212



6.1 Summary and Conclusions

The aims of the present study were to identify genes related to human performance

and to assess if these genes affect standard human athletic performance variables.

6.1.1 Results to Emerge from the Present Study

1. The ACE I/D polymorphism was associated with groups of athletes within a

variety of sports, including the novel Sport of rugby. Multiple regression

analysis consistently showed weight, but not ACE I/D, to be a significant

predictor of performance.

2. The MYBPC3 e6 $236G variant was, for the first time, tested within a variety

of sports and shown to be associated with rugby players and sprint runners.

Multiple regression analysis consistently showed weight and elite, but not

MYBPC3 e6 SZ36G, to be significant predictors of performance.

3. The EPAS] gene was identified as being associated with elite endurance

athletes.

4. A novel EPASI i8/e9 C7/C5GC polymorphism was identified but did not

appear to be associated with elite endurance athletes. Multiple regression

analysis consistently showed weight, but not EPAS] i8/e9 C7/C5GC, to be a

significant predictor of performance.

5. The established technologies of PCR, RFLP and gel electrophoresis testing

can still be used to test, economically and reliably, a relatively large number of

DNA samples for known polymorphisms (ACE I/D and MYBPC3 e6 SZ36G).
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6. A novel gene (EPAS!) related to endurance athletes, was identified using a

combination of in silico search techniques, high~throughput SNP screening

and association studies.

7. The comparatively new technology of high-throughput SNP detection was

successfully used to test a large number of DNA samples for a SNP

association study.

8. The newer technology of DHPLC DNA variant detection was successfully

used for screening a relatively large number of DNA samples for significant

novel DNA variants.

6.1.2 Implications of the Present Study

1. The knowledge of the association ofthe DNA variants ACE I/D, MYBPC3 e6

S236G, EPAS] SNP and EPAS] i8/e9 C7/C5GC polymorphisms with a variety

of sports will lead to further investigations of the associations found in the

present study and of the mechanisms of association. This may, ultimately,

lead to improvements in the selection and training of athletes for specific

sports or events.

2. This knowledge will lead to further understanding of how some of these genes

act as modifying genes in various diseases of the cardiovascular system and so

result in the modification of the treatment of patients with these conditions.

3. The established technologies of PCR, RFLP and gel electrophoresis testing

can still be used to economically and reliably test a large number of DNA

samples for known polymorphisms as a staiting point for investigation of

novel DNA variants before larger studies or full-scale SNP studies are

performed.
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4. A wide variety of phenotypes and genes can be investigated using a

combination of in silico search techniques, high-throughput SNP screening

and association studies.

High-throughput SNP detection can be successfully used for testing a wide

variety of phenotypes and genes. As the International HapMap Project

reaches completion, SNP studies should become even more effective.

DHPLC DNA variant detection can be effectively used for screening a wide

variety of phenotypes and genes for novel variants.

215



6.2 Aims ofthe Present Study

The aims of the present study were to identify genes related to human performance

and assess if these genes affect standard human athletic performance variables. These

genes were investigated using a combination of in silico search techniques,

association studies and multiple regression analysis. These genes were screened for

known polymorphisms and for new polymorphisms using a combination of PCR,

DHPLC and SNP technology. The variants found in athletes were compared to

control groups for differences and compared within athlete groups for correlation with

phenotypic data.

6.2.1 Hypotheses of the Present Study

The hypotheses for the present study are that there are genes responsible for human

performance, and variations in these genes explain, to a degree, differences in human

performances. These variations were shown to be in greater frequencies in elite

athletes compared to controls. The variations in these genes, however, did not explain

the differences in the performance parameters used for the present study. The

differences detected between elite athletes and controls were probably due to other

factors not measured in the present study.
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6.2.2 Limitations of the Present Study

6.2.2.1 Phenotype

Phenotype limitations probably would have impacted on the results of this study. For

the majority of sports the type of sport and/or V02 max was being used as a proxy for

performance in that sport. In another study of Olympic rowers, V02 max explained

72% of variability in rowing performance (Cosgrove et a1. 1999). In cycling, peak

power output explained 94% ofthe variance in VO2 max and 82% ofthe variability in

a 20 km cycling time trial (Hawley and Noakes 1992). Another study suggested that

VO2 max is only predictive of cycling performance when coupled with lactate, power,

metabolic thresholds and efficiency measures (Faria et al. 2005). A swimmer can

achieve a higher VOzmax during running than swimming. VO2 max is, therefore,

probably not limiting for performance in swimming (Holmer 1992). Ironman

VO3 max scores were found to be comparable to cyclists and distance runners in the

literature (Hue et al. 2000). VOZmax would probably have a similar predictive

ability for Ironman performance as it does in cycling and running.

From the reviewed literature, in the majority of the sports in the present study, there

was a moderate correlation between VO2 max and performance. This made finding a

significant association of the genetic variants with \702 max or performance difficult.

Recent research from another laboratory has investigated the association of several

genes with Ironman performance. They were unable to find an association for

uncoupling protein 3 with Ironman athletes or in a regression model with Ironman

time (Hudson et al. 2004). The same laboratory found an association for ACE I/D
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with Ironman athletes but did not report any investigation of a regression model for

ACE I/D with Ironman time (Collins et al. 2004). They were, however, able to

demonstrate that a combination of bradykinin B2 receptor and nitric oxide synthase

genotypes together with body mass index and age in a regression model were the

statistically significant predictors of Ironman time (p = 0.002), and approximately

15% of the variance in Ironman time was accounted for by the linear combination of

these variables (Saunders et a1. 2006). The aforementioned study demonstrates that

the effect size of genotype on performance can be large enough to influence race

outcome. When the margin for victory in the Olympic Games is usually less than

0.5% (Kearney 1999), the genetic effects ofjust a few genes may mean the difference

between winning an Olympic Gold Medal and missing the starting line.

Mass scaling or power ratios were not used for the multiple regression modelling in

the present study. This was because weight was a dependent variable in the all the

models where weight data were available. If weight scaling had been used for the

outcome fitness variables, this would be adjusting for weight twice.

6.2.2.2 Subjects

Subjects were selected because they were elite athletes. Many reports have, however,

suggested that a significant proportion of elite athletes use performance enhancing

drugs (Kennedy 2004). If this is accurate, this could mean that some of our case

subjects may have been misclassified as being of the elite phenotype. Scientific

studies suggest, nevertheless, that less than 6% of athletes take performance

enhancing drugs and that anabolic steroid usage declines progressively from high

school to the elite level (Berning et al. 2004). At worst, this would be a relatively
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small proportion of misclassified subjects and would not affect the results of the

present study.

It could be argued that the choice of rugby players as subjects was not optimal

because of probable genetic trade-offs and elite athletes was not optimal because of

their small variance in VOzmax. However, rugby players were chosen precisely

because they were examples of athletes with mixed athletic abilities and because the

majority of participants in sport participate in sports requiring mixed athletic abilities,

e.g. soccer, football, racket sports, etc. Elite athletes may have a small variance in

\702 max. However, baseline VO2 max and response VO2 max are relatively

independent of one another (p66: “age, sex, race, and initial fitness level have little

influence on V02 max response (Skinner et al. 2001)”), so there is no reason that the

genetic variance in these traits should not be detectable.

6.2.2.3 Sample Sizes

Numbers of elite athletes are limited by definition. The United States Olympic

Committee defines elite as in the top eight in the world in a given sport or event

(Kearney 1999). The definition of elite in the present study was much broader than

this (see p80) but achieving sufficient statistical power in most of the smaller athlete

groups was still difficult. Caution should be exercised in the assumption of exclusion

of association for the non-significant results in the present study as most of the

statistical tests were significantly under power.
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6.2.2.4 Physiological Testing

There were limitations to the accuracy and comparability of the physiological testing

in the various sports at different times of the year from diverse locations and testers

(Hagerman and Staron 1983). Even though much of the standardised fitness testing

occurred at certified laboratories experienced in such testing, at the time of the present

study it was uncertain that test results could be compared from one location to the

next. This was especially true of the fitness testing of the non-elite rugby players. It

was anticipated that the relatively large number of subjects involved in the present

study would provide sufficient statistical power to overcome this limitation.

6.2.2.5 Genome

Considering the sheer size of the human genome, 25,000—30,000 genes, there would

obviously be many dozens, if not hundreds, of genes involved in human performance.

The effect size of each gene variant would, for that reason, be quite small.

6.2.2.6 Genetic Tradeoffs

Physical performance is considered to be inhibited by trade-offs between antagonistic

pairs of evolutionarily significant traits and between incompatible specialist and

generalist phenotypes (Van Damme et a1. 2002; Wilson and James 2004). The traits

of endurance and speed could be thought of in the same way. Endurance is negatively

correlated with weight (all sports, except Ironman, which had no weight data) and age

(Ironman). Speed is positively correlated with strength and negatively correlated with

age (rugby, #007) and weight (rugby, —0.02).
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Rugby requires high levels of the physiological traits of speed, strength and

endurance. Reaching maximal fitness levels, however, is not the main goal of rugby

training. The main goal of rugby training is to be able to effectively perform the

individual and team, skills and tactics of rugby. Rugby players might only do just

enough fitness training to reach an acceptable standard for the level at which they

play. From that point they might concentrate their energy on playing skills and

recovering from the stress and strain of weekly competition. It may, therefore, be a

matter of good rugby playing ability with acceptable genetic profile achieving

selection at a certain level of rugby.

Reaching the elite level, in many sports, often requires selection at a young age in

representative teams, to gain experience playing in more intense competition,

improving skills, developing new strategies and to gain exposure to better coaching.

Rugby players might forsake improved physiological performance goals in favour of

the goal of increasing lean body mass since rugby performance ranking has been

significantly correlated in another study with the average mass of the teams (Olds

2001).

6.2.2.7 Systemic

Feed-forward is a term describing a kind of system which reacts to changes in its

environment, usually to maintain some desired state of the system. A system which

exhibits feed-forward behavior responds to a measured disturbance in a pre-defined

way. Feed—forward control can respond more quickly to known and measurable kinds

of disturbances, but cannot do much with novel disturbances. The feed-forward—loop,

a network motif in genetic regulatory networks, involves two transcription factors:
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one regulates the expression of the second, and both transcription factors regulate the

expression of an effector gene (Wall et al. 2005). If the gene of interest is part of a

feed-forward system, the effect size of variants may be small unless the other gene/s

in the system also has important variants.

6.2.2.8 Performance Factors

Many factors of human performance were not part of the present study including:

psychological, socioeconomic and surroundings (see p19). A complete understanding

of gene—environment interaction in relation to human performance is not possible until

these factors can be accounted for.

6.2.3 Significance of the Present Study

The identification of performance genes and understanding the function of these

genes, will lead to exciting advances in sports science. The understanding of

modifying genes of the cardiovascular system will lead to breakthroughs in

understanding disease causation and also provide alternative targets for new therapies.

The present study covers a wide range of popular international sports which makes it

valuable to the field of sports genetics. This is the first time the genetic contribution

to performance in rugby players has been examined. This is a popular team ball sport

which would allow the results of the present study to be generalisable to similar

sports.
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6.3 Future Directions

Future research to further these results might include: better quantification of

phenotype; exploring disease—phenotype correlations; comprehensive study of gene

structure and expression patterns; gene structure and transcript mapping studies;

studying gene expression using cultured cells or cell extracts in microarrays;

identifying regulatory sequences through the use of reporter genes and DNA-protein

interactions; investigating gene function by identifying interactions between a protein

and other macromolecules; altered gene expression studies; using knockout or

knockin mouse models; or therapeutic intervention in patients based on a better

understanding of the function of these gene variants.

Athlete training intervention studies could be used to better understand the function of

these gene variants. Ethical considerations (athlete samples were required to be de—

identified) prevented researchers in the present study from being able to perform

functional studies or interventional training studies with the athletes. In the future,

interventional training studies would be desirable. A study for the EPASI genotypes

and gene expression in athletes, using altitude training and/or high intensity training

as the stimuli, would lead to a greater understanding of how these types of training

work and of the genetic mechanisms involved.
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Nomenclaturefor describing variants

Amino acid substitutions

Use the one-letter codes: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F,

phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L. leucine; M,

methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T,

threonine; V, valine; W, tryptophan; Y, tyrosine; X means a stop codon. 3—letter codes

are also acceptable.

R117H or Arg117His — replace arginine 117 by histidine (the initiator methionine is

codon l).

G542X or Gly54ZStop - glycine 542 replaced by a stop codon.

Nucleotide substitution

The A of the initiator ATG codon is +1; the immediately preceding base is -1. There

is no zero. Give the nucleotide number followed by the change. For changes within

introns. when only the CDNA sequence is known in full, specify the intron number by

lVSn or the number of the nearest exon position.

1162G—+A - replace guanine at position 1162 by adenine.

621+1G—>T or IVS4+1G——>T - replace G by T at the first base ofintron 4; exon 4

ends at nt 621.
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Deletions and insertions

Use A for deletions and ins for insertions. As above, for DNA changes the nucleotide

position or interval comes first, for amino acid changes the amino acid symbol comes

first.

AF508 - delete phenylalanine 508

6232-6236A or 6232-6236AATAAG - delete 5 nucleotides (which can be specified)

starting with nt 6232.

409-410insC — insert C between nt 409 and 410.
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