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ABSTRACT

Human height is determined by a combination of genetic and environmental effects
and in modern Western societies > 80% of the observed variation in height is
determined by genetic factors. Height is a fundamental human trait that is associated
with many socioeconomic and psychosocial factors and health measures, however
little is known of the identity of the specific genes that influence height variation in
the general population.

This study aims to identify the genetic variants that influence height in the general
population by genome-wide linkage analysis in large collections of family samples
from Australia, Europe and the United States. For this purpose, we carried out three
genome-wide scans for adult height in 1) 1,417 individuals from 277 Finnish
families, 2) 8,450 individuals from 3,817 families from Australia and Europe and 3)
9,306 individuals from 3,302 families from the United States.

In the Finnish families we found significant evidence for male-specific linkage to
1p21 (LOD = 4.25) as well as several suggestive linkages (LOD > 2.0) implicating
putative quantitative trait loci (QTL) for height on 4q35, 9p24, 13q12, 18q21 and
22q13. We followed up the 1p21 locus linkage finding with additional genotyping of
single nucleotide polymorphism (SNP) markers in positional candidate genes and
found an association to a functional variant on collagen 11 alpha 1 (COL11A1) in
family-based association analyses (p=0.003) which we also replicated (p=0.03) in an
independent Finnish population cohort (n=6,542) representative of the general
population. From this population sample, we estimated that homozygosity for the
minor allele of this SNP increased height by 1.1 cm in males and 0.6 cm in females
and in total this SNP accounted for 0.1% of the population variance in height.

The Australian and European (Finnish, Danish, Dutch, Swedish and UK) families
were ascertained for dizygotic twin (DZ) pairs and they were derived from the
GenomEUtwin (www.genomeutwin.org) consortium twin cohorts. DZ twins provide
special advantages for genetic studies of height because they share most of the
environmental influences in critical periods of growth thus reducing within-pair
environmental variance. In addition to the DZ twin pairs (n=6,602) for most families
we also had data on additional family members increasing the total sample to 8,450



individuals. In these families we found significant evidence for linkage to stature on
821 (LOD=3.28) as well as several suggestive linkages (LOD > 2.0) on 7p22,
20p13, 21921 and Xqg25. Also, at many of the loci restricting the analyses to DZ
twins increased the evidence for linkage thus demonstrating the benefit of utilizing
twin pairs for reducing environmental variance in genetic analyses. We also
performed an independent genome-wide association (GWA) study with 317,000
SNP markers in 1,552 monozygotic twins where the most significant finding was
also on 8q21-q24 further supporting the presence of height QTL at this locus.

The families from the United States (n=3,032) consisted of both African-American
(n=1,628) and European-American families (n=1,404), therefore in addition to
analyzing all families jointly we also stratified this sample according to self-reported
ethnicity in order to reduce heterogeneity due to genetic and environmental sources.
In these samples the strongest evidence for linkage was observed on 1525
(LOD=3.0) and several other regions showed suggestive evidence for linkage (LOD
> 2.0) to stature on 11q23, 12ql12, 15q26, 18q23 and 19q13. Of the suggestive
linkage regions 12ql2 is of particular interest since it overlaps with the high-
mobility group at-hook 2 (HMGA2) gene which was recently reported for
association with adult and childhood height in a large GWA study involving
multiple populations. Also the linkage evidence on 18q23 overlaps well with the
linkage observed in the Finnish families in this study and implicating this genomic
region as potentially harbouring QTL that influence height across diverse
populations.

In this study we identified one gene variant that influences human height, although
this variant alone explains only 0.1% of height variation in the Finnish populations.
We also showed converging evidence for the involvement of chromosome 8q21-q24
in the determination of adult height from two independent studies with
complimentary genome-wide designs: family-based linkage and association using
unrelated individuals. This study demonstrates that special stratification strategies
such as performing sex-limited analyses, focusing on DZ twin pairs, analyzing
ethnic groups within a population separately and utilizing homogenous populations
such as the Finns can improve the statistical power of finding QTL significantly.
Also, we conclude from the results of this study that even though genetic effects
explain a great proportion of height variance, it is likely that there are tens or even
hundreds of genes with small individual effects underlying the genetic architecture
of height.

Keywords: height, stature, growth, genetic linkage, quantitative trait locus,
COL11ALl, dizygotic twins, genome-wide association
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TIIVISTELMA

Ihmisen kasvu ja aikuisiéin pituus ovat tyypillisid monitekijdisii ominaisuuksia,
joihin vaikuttavat sekd geneettiset tekijat ettd ympdristotekijat. Geneettisten
tekijoiden merkitys pituuden midrdytymisessd on huomattava ja on arvioitu, etti
kehittyneissd maissa ndméi selittdvit yli 80 % ihmisten vélisistd pituuseroista.
Vaikka pituus on epidemiologisissa tutkimuksissa assosioitu lukuisiin sairauksiin
sekd sosioekonomisiin, psykososiaalisiin ja terveydentilaa kuvaaviin muuttujiin,
tieddmme varsin vdhén pituuden geenitaustasta.

Tassd tutkimuksessa pyrittiin paikantamaan pituuteen vaikuttavia kromosomialueita
genominlaajuisen kytkentdanalyysin avulla sekd tunnistamaan assosiaatioanalyysin
avulla niilld alueilla sijaitsevia geenimuotoja, jotka vaikuttavat ihmisten vélisiin
pituuseroihin.

Ensimmdiisessd osatyossd tutkittiin - suomalaisesta 277 perheestd koostuvaa
perheaineistoa (1417 tutkimushenkilod) ja merkittdvin kytkentdloydos havaittiin
kromosomialueella 1p21 (LOD=4,25). Liséksi havaittiin useita kromosomialueita,
(4935, 9p24, 13q12, 18921 ja 22q13) jotka saattavat sisdltdd pituuteen vaikuttavia
geenejd (LOD>2,0). Kromosomialueen 1p21 jatkotutkimukset osoittivat alueella
sijaitsevan COL11Al-geenin tietyn geenimuodon assosioituvan pituuteen.
(p=0,003). Tdmid assosiaatio toistettiin laajassa, 6542 yksilon suomalaisessa
viestdaineistossa, jossa tdmin geenimuodon suhteen samanperintdiset miehet olivat
1,1 cm ja naiset 0,6 cm pidempid verrokkeihin nihden. Tdméin viestdaineiston
avulla arvioitiin, ettd tunnistettu geenimuoto selittdd 0,1 % pituuden vaihtelusta
suomalaisviestossi.

Toisessa osaty0ssd tutkittiin 3817 GenomEUtwin-konsortion
(www.genomeutwin.org) Australiasta ja Euroopasta kerddamédd kaksosperhettd.
Koska erimunaiset kaksoset jakavat ldhes kaikki kasvuun vaikuttavat
ympdristotekijit, tdmd asetelma vidhentdd perheen sisdistd ympiristotekijoisti
johtuvaa vaihtelua, joka puolestaan lisdd kytkentdanalyysin tilastollista voimaa
paikantaa pituuteen vaikuttavia kromosomialueita. T#ssd aineistossa merkittdvin
kytkentdloydos havaittiin kromosomialueella 8q21 (LOD=3,28), jonka lisdksi
paikansimme useita kromosomialueita (7p22, 20p13, 21921 ja Xq25), jotka saattavat



siséltdd pituuteen vaikuttavia geenejd (LOD > 2.0). Kromosomialueen 8q21-q24
merkitys pituuden médrdytymisessid osoitettiin (p=9x10-8) myos toisessa, 1,552
samanmunaisen kaksosparin genominlaajuisessa assosiaatiokartoituksessa, jossa
genotyypitettiin kultakin yksil61td 317,000 yhden nukleotidin polymorfiaa.

Kolmannessa osatyossé tutkittiin 3032 afro- ja eurooppalais-amerikkalaista perhett.
Téssd aineistossa havaitsimme useita pituuteen kytkeytyneitd geenialueita (11q23,
12q12, 15925, 15926, 18923 ja 19ql13), joista merkittdvin 16ydos oli
kromosomialueella 1525 (LOD = 3,0). Kromosomialueen 12q12 kytkentilydos on
my0s erityisen mielenkiintoinen, silld tdlld alueella sijaitseva HMGA2-geeni on
hiljattain osoitettu assosioituvan pituuteen useissa viestOaineistoissa. Myds
kromosomialueen 18q23 kytkentdloydos on varsin kiinnostava, silld timi 16ydos
tukee ensimmaisessd osatydssd havaittua kytkentdloydosta.

Tassd tutkimuksessa paikansimme ja tunnistimme yhden pituuteen vaikuttavan
geenimuodon COL11Al-geenissd, joka selittdd 0,1 % pituuden vaihtelusta
suomalaisvdestossd. Myo6s kromosomialueen 8q21-q24 merkitys pituuden
médrdytymisessd osoitettiin kahdessa toisistaan riippumattomassa osatutkimuksessa,
joista ensimméinen perustui genominlaajuiseen kytkentdanalyysiin ja toinen
genominlaajuiseen assosiaatioanalyysiin. Lisdksi tutkimuksessa osoitettiin, ettd
erityiset aineiston valikointitavat kuten sukupuolten, kaksosparien ja etnisten
ryhmien erillisanalyysit voivat lisdtd kytkentdanalyysin voimaa merkittdvésti.
Tutkimuksen merkittdvin geeniloydos COL11A1-geenissd antaa myds viitteitd siité,
ettd vaikka suurin osa pituuden vaihtelusta on geneettisten tekijoiden madradmas, on
todenndkoistd, ettd tdllaisia tekijoitd on hyvin suuri médrd ja kunkin yksittdinen
geenimuodon vaikutus yksilon pituuteen on erittdin pieni.

Avansanat: pituus, kasvu, geneettinen kytkentd, COL11A1, erimunaiset kaksoset,
genominlaajuinen assosiaatio
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1 INTRODUCTION

The heritable nature of human height has been recognized for more than one
hundred years. It was also through the study of height that the theory for quantitative
genetic variation was spawned which provided important advancements in the field
of general statistics and gave rise to the mathematical framework for quantitative
genetics.

Human height is considered a classical polygenic trait that is determined by the joint
action of several genes each with a small individual effect as well as multiple
environmental influences. Height is a fundamental human trait which is perturbed in
many rare genetic diseases delineating the relevance of growth as an elementary
biological mechanism. Human height has been the target of extensive research
across many fields of science due to its importance to the individual to and its
usefulness as a societal surrogate.

Height can be used as an indicator of early experiences of an individual such as fetal
and childhood living conditions and disturbances in normal growth patterns of a
child are amongst the most common reasons of referral to paediatric clinics. Growth
in infancy is also a well-established measure of the socioeconomic state of a
population comparable with gross national product and child mortality. An
individual’s height is also significantly associated with several health measures,
reproductive success, educational attainment and social position. Yet, despite the
importance of height as a fundamental human characteristic, little is known about the
genetic architechture of height and the specific genes that control growth and
attainment of adult height.

Now, with the advent of vast numbers of molecular markers and rapid affordable
technologies enabling their genome-wide genotyping as well as the development of
powerful computers allows the statistical analysis of large numbers of individuals.
Together these advancements should enable us to decipher the specific genetic
variants that contribute to the heritable genetic component and quantitative variation
observable in the height of human populations. This study aims to integrate the
theoretical models developed almost a hundred years ago and state-of-the-art
technological achievements with the unltimate goal of elucidating the genetic
architecture of human height.

15



2 REVIEW OF THE LITERATURE

2.1 Height as a quantitative trait

2.1.1 Biological basis of human growth

Adult human height is the endpoint of the longitudinal growth process that occurs
during fetal life, childhood and adolescence. The majority of growth in height results
from lengthening of the long bones that occurs via cartilage growth at the epiphyseal
plate (Figure 1). This cartilage gradually ossifies to form hard bone resulting in
lengthening of the bone. Human growth occurs in spurts and can be divided into
infancy, childhood and pubertal growth. The growth velocity differs greatly between
these periods being greatest in infancy and very rapid in puberty (Figure 2). Growth
ceases in late puberty when all cartilage at the growth plates is replaced by bone.
This epiphyseal closure is mainly controlled by sex hormones such as testosterone
and estrogen'.

Long Bone
. 4 Articular cartilage

Epiphysis | —

Ephiptyseal ling

Spongy bone
% :' Medullary cavity
Diaphysis l ]*-— Mutrient foramen

=
|“\ ‘R Endosteum
Periosteumn

“”\t &
—

L | 4 Y Articular cartilage
Epiphysis[ J\'_\//

Figure 1. Main components of the long bone. Long bones consist of a long shaft
(diaphysis) and two articular (joint) surfaces (epiphyses). Growth of the long
bones occurs by endochordal ossification at the epiphyseal plate (growth
plate). (Source: Wikimedia commons/SEER anatomy and physiology)

16
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Figure 2. Schematic representation of human growth velocity. Stress such as

strenuous physical exercise, manual lobor, sleep deprivation, malnutrition or
infections at certain life periods may hinder the attainment of full growth
potential (Figure courtesy of Dr. Richard Steckel, Ohio State University)

Growth is mainly controlled by hormones secreted by the endocrine system® (Figure
3). Key hormones are estradiol, testosterone, thyroid hormones, growth hormone
(somatotropin), insulin-like growth factor-1 (IGF1) and insulin. This hormonal
network is complex with several interactions, feedback mechanisms and temporal
cues’. Sex steroids estradiol and testosterone promote growth in height in childhood
and early puberty and accelerate skeletal maturation and epiphyseal closure in late
puberty. Both estradiol and testosterone act in association with growth hormone and
IGF-1. Thyroid hormones are necessary for normal growth in early infancy and they
stimulate osteoblast maturation and accelerate ossification by increasing the levels of
growth hormone and IGF-1. Growth hormone is perhaps the single most critical
determinant of linear growth and it mainly acts by increasing the proliferation of
chondrocytes directly and in concert with IGF-1. The release of growth hormone
from the anterior pituitary gland is regulated by growth hormone releasing hormone
(GHRH) and somatotropin release-inhibiting hormone (SRIH) but also by the brain
neurotransmitters acetylcholine, serotonin and dopamine as well as circulating levels
of glucose, IGF-1, estrogens and testosterone”.
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Growth hormone increases the production of insulin, IGF-1 and sex steroids which
in turn reduce growth hormone release by a negative feedback system. IGF-1 has
similar metabolic effects as insulin but has a more pronounced role in proliferation
and maturation of many cell types including chodroblasts and osteoblasts. The effect
of insulin on growth is mediated by its main function of ensuring that tissues receive
the metabolic fuel needed for growth but also via stimulation of growth hormone and
IGF-1 action.

Major Endocrine Glands
Male Female

o Pineal gland
Fituitary gland
Thyroid gland
f;‘;a..i Thyrmus
12

Adrenal gland g B _
.I'l\g:fj‘gj; Fancreas
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Figure 3. Human endocrine system. The endocrine glands secrete hormones that
control growth, development, physiological and psychological functions.
Most growth-related hormones are secreted by the pituitary gland and
gonads with the important expection of IGF-1 which is secreted by the liver.
(Source: Wikimedia Commons/SEER anatomy and physiology)
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2.1.2  Genetic background

The study of height has a long standing tradition in genetics that dates back to the
work of Sir Francis Galton (1822-1911), a half-cousin of Charles Darwin, who was
the first to publish data on the relationship between parent and offspring height 5,6
(Figure 4). This interest in height was probably due to the easy observation even by
laymen that in general tall parents usually have tall children and short parent have
short children. Also, height has been easy and unambiguous to measure ever since
the introduction of standardized measurement scales such as the metric and imperial
systems.

Many lines of evidence such as twin, adoption and family studies have established
the role of genetic components in the determination of height and subsequently adult
height is considered as one of the most heritable quantitative traits known in man®’,
It is fair to assume that human growth is a polygenic process where many genes and
environmental factors are involved probably also interacting with each other.
However, though much is known regarding the biological basis (e.g. hormonal
regulation) of human growth, the specific underlying genes that produce the
observed variation in human height remain elusive despite extensive efforts to
uncover them.
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Figure 4. The data of Sir Francis Galton’ showing the relationship between offspring
height (928 individuals) as a function of mean parent height (205 sets of
parents). The size of the solid circles indicates the number of observations in
each category, the broken line perfect correlation and the solid line the
linear regression of the observed data. Heritability of height in this sample
is equal to the slope of the regression line, 0.57. (After Arnold’ Source:
Wikipedia)

19



2.1.3 Environmental influences

Growth potential and environment

Environmental factors play a crucial role in growth and attainment of final adult
height. Stunting growth is a universal mechanism of adaptation to poor
environmental conditions. The role of environmental factors in the determination of
human height is evidenced by 1) analysis of historical height and living condition
data and 2) intervention studies of developing countries where living conditions can
be improved by supplementary food, nutrients and medicines.

Accumulating data from multiple lines of evidence suggest that suitable
environmental conditions allow an individual to reach his or her full genetic growth
potential - simplistically speaking, genes set the upper limit to height but whether an
individual reaches that height is determined by life conditions. It is clear from
longitudinal analyses of body height within populations that increases in the standard
of living increases average height - this is called the secular trend (or change) in
height. The secular trend has been most obvious in European countries in the last
100 years (Figure 5), where children have gradually matured earlier and reached
greater heights on average (reviewed extensively by Cole'®). This increase in height
cannot be attributed to a single factor but is likely due to factors such as improved
nutrition, reduction in infectious disease due to better vaccination programs and
sanitation as well as the widespread availability of quality health care.
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Figure 5. Secular trend in mean height of men and women by year of birth in

representative sets in Finland and Sweden and in Finnish MZ and DZ twins.
Reproduced from Silventoinen 2000" with permission.
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Nutrition

Nutrition is a crucial determinant in growth since cell division requires sufficient
nutrition to produce necessary proteins and other macromolecules. The growth
period in infancy seems most sensitive to nutritional state; this is supported by the
observations that most of the differences in growth velocity and absolute height
difference between developing and developed countries occurs during the period
from 6 months to 24 months of age'>" (reviewed also extensively by Cole '* and
Karlberg et al.").

Protein is probably the most important nutrient affecting growth since humans
require some amino acids (called essential amino acids) from food that they are
unable to produce themselves. Protein deficiency is probably the most important
reason for stunted growth in developing countries'®"”.

Minerals and vitamins play an important role in growth as well. Studies have
implicated most mineral and vitamin deficiencies as detrimental to normal growth
but it is likely that calciumlg, ironlg, vitamin D* and vitamin A*' are the most
crucial. Their importance refects their biological role in growth; Vitamin D is
essential for calcium absorption which in turn is necessary for bone mineralization,
while vitamin A and iron probably influence growth via growth hormone and stress
responses 233

Fetal conditions

During pregnancy, growth velocity is very rapid and birth size may also affect adult
height*®. The developing fetus is highly sensitive to environmental factors such as
nutrition and toxins such as maternal smoking and alcohol or narcotic use. There are
contradicting reports regarding the association of undernutrition during pregnancy and
the final height of children, maybe due to catch-up growth in childhood or
adolescence’®?®, There is clear evidence however, that maternal smoking, alcohol and
narcotics use reduces both birth weight and the subsequent growth of the child®™".

Infectious and chronic disease

Several infectious diseases have been associated with disruption of growth; however
most of them are likely to affect growth via reduction of nutrient intake and
absorption, loss of nutrients or adverse metabolic processes32. Diarrhea caused by
food- and water-borne pathogens is by far the most prevalent group of infectious
disease stunting growth® but also chronic inflammatory diseases such as asthma and
type I diabetes have been associated with poor growth®.
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Sexual dimorphism

Height is a classical example of a sexually dimorphic trait where males are taller
than females in all human populations studied®® as is evident from Table 1. The
average male-to-female ratio in height is 1.07 although there is considerable
variation between populations® *. This difference in height is mostly explained by
men’s longer legs, given that the torso heights are not greatly different’””. The origin
of the height difference between males and females is most commonly hypothesized
to result from the sexual dimorphism in 1) hormonal environment and 2) sex
chromosome composition.

Sex steroids such as estradiol and testosterone are highly relevant for growth in
closure of growth plates in the long bones and they also affect the secretion of other
growth-related hormones such as growth hormone and insulin-like growth factor 1*.
Therefore it is reasonable to hypothesize that the differential sex steroid patterns
may produce at least some part of the sex difference in height.

The influences of sex chromosomes are suggested by aneuploidies of the sex
chromosomes such as Turner’s, Klinefelter’s and XYY syndromes but the
mechanisms of action are not fully understood. Females with Turner’s syndrome
lack one copy of the X-chromosome (45, X0) and are characterized by short stature
and ovarian failure, while males with Klinefelter’s syndrome carry an extra copy
(47, XXY) and manifest mild mental retardation and are slightly taller on average
compared to males with the normal karyotype. XYY males (47, XYY) males are
taller than average but are devoid of other clear characteristic phenotypic
manifestations although some reports show evidence for increased learning
disabilities and possibly slightly impaired intelligence. Taken together, the stature
manifestations in these aneuploidies suggest that sex chromosomes may influence
height via dosage effect of pseudoautosomal and Y-specific growth genes although
the specific genes have yet to be identified*'™**.

2.1.4 Associations with health

Height has been to shown to positively correlate with several health indicators and
overall mortality**® and on average short people have poorer health than tall people.
However, most of these associations may result from the association of growth and
final adult height to childhood living conditions which in turn also associate with
health measures and outcomes'’™ i.e the confounding role of childhood living

conditions (Figure 6).
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The inverse correlation of height and incidence of cardiovascular diseases (CVD)
such as myocardial infarction, coronary heart disease and stroke is perhaps the most
well studied association between height and health®*>>. Although most investigators
attribute these associations to childhood living conditions some have proposed
shared etiology, such as the positive correlation of height and blood vessel

. 4
diameter>*.

Numerous associations have also been reported between tall height and cancers such
as breast and prostate cancer” . Many investigators have attributed these positive
associations between height and cancer as suggestive that high childhood calorie
intake which promotes growth in stature may also increase cancer risk>*".

statistical correlation

Adult height ‘ @ snnnnsgp | Health measures
and outcomes

causatlon\ /ausatlon

Childhood Il\nng
conditions

Figure 6. Confounding model for association between height and health measures.
Childhood living conditions (confounder) which affect adult height and
health measures and outcomes causes spurious associations between the
two.

2.1.5 Socioeconomic and psychosocial relevance

Height is a fundamental human characterististic that has several social and
psychological associations. Height correlates with education level and
socioeconomic status in most human societies; tall people are usually more educated
and have better socioeconomic status than short people®®%. These correlations can
be attributed to two factors 1) parents of higher socioeconomic status are able to
provide better childhood living conditions for their children, which in turn promotes
the full attainment of growth potential and 2) the education level and socioeconomic
status of parents predicts the education level of their children well. Therefore, this
correlation may be due to confounding of a favorable childhood environment and
transmission of socioeconomic status®>. However, height is also correlated with
social mobility (shift in socioeconomic position between child- and adulthood)®™*’.

23



It has been shown in psychological studies that humans hold an unconscious
association of status, power and height; we tend to picture people of authority as
physically big®*®’. For this reason it may be easier for tall persons to excel in social
hierarchies since they possess inherent status due to their physical appearance.

Height is also positively correlated with reproductive success in contemporary
societies especially in men mainly because taller than average men are found to be
more attractive to women™’. Taller men enjoy more socioeconomic success than
shorter men, which may also attract partners, however height has also been shown to
be an independent factor for reproductive success” . Interestingly there is some
data indicating that women that are shorter than average enjoy greater reproductive
success also suggesting that the favoring of tall men by short women maintained the
sexual dimorphism observed in stature’”. However, also the height of an individual
is an important factor in mate choice and positive assortative mating for height is
well established and the height of spouses correlates well”’*. Assortative mating
refers to the phenomenon where individuals choose their mate based on some
specific phenotypic trait that they are similar (positive assortative mating) or
dissimilar (negative assortative mating) for.

2.1.6 Population differences in height distribution

Contemporary human populations vary tremendously in height: for example in the
Netherlands the average height of males is 183.1 cm and females is 170.0.cm” while
the Ituri (Pygmy) males are on average 144.4 cm and females 136 cm tall’,
However, in Western Europe and the United States there is much less variation in
average heights probably because the general environment is very similar in respect
to height (Table 1)

Table 1. Average height in selected countries by sex. Note, that mean height in
Cavalaars 2000 is age standardized to eliminate cohorts and shrinkage effects so these data
are not fully comparable to the data from Australia and the US.

Country Age Group Males Females Reference
Australia 24-44 176.3 162.9 Australian Bureau of Statistics 1995: 7
Denmark 20-74 177.1 165.2 Cavelaars 2000%
Finland 20-74 176.6 163.5 Cavelaars 2000%°
France 20-74 173.1 161.8 Cavelaars 2000%°
Germany 20-74 175.4 162.8 Cavelaars 2000
Italy 20-74 172.2 162.1 Cavelaars 2000
Netherlands 20-74 178.7 167.1 Cavelaars 2000%
Norway 20-74 178.9 165.8 Cavelaars 2000
Spain 20-74 170.0 160.3 Cavelaars 2000
Sweden 20-74 177.9 164.6 Cavelaars 2000%°
Switzerland 20-74 175.4 164.0 Cavelaars 2000%
US blacks 30-39 177.1 163.3 Godoy 2005™
US whites 30-39 176.8 163.3 Godoy 2005™
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Historically, most of the population differences in height and body shape are likely to
be evolutionary adaptations to local climate (temperature and humidity) and terrain
(forest, plain or mountainous). These adaptations have occurred over hundreds of
generations since the genes that govern anthropometric traits change slowly.

Nutrition and living conditions are important sources of height variation especially
in contemporary human populations. Migration studies have shown rapid increases
in average height in only a few generations79'81. Clearly genes can change very little
in this time frame and the increase in height must be due to improved diet and
reduced environmental stress factors.

2.2  Human genetic variation and the human genome

2.2.1 Organization of the human genome

The haploid human genome consists of roughly 3.2 billion base pairs of double
stranded deoxyribonucleic acid (DNA) and is organized in 24 distinct chromosomes
(22 autosomes, X- and Y-chromosome) (Figures 7 and 8). Each individual receives
one chromosome of each type from each parent so that an individual’s genome
consists of 22 autosomal chrosome pairs and a sex chromosome pair which may be
either XX (female) or XY (male).

The human genome contains roughly 20,000-30,000 genes which are defined as
nucleotide sequences that code for ribonucleic acid (RNA) -molecules that have some
specific function(s) in the cell (protein-coding, structural or regulatory). Genes take up
less than 2% of the total DNA content in the genome while the rest of the DNA
remains still largely uncharacterized although an increasing number of regulatory and
other functional domains are being identified in intergenic regions. The human
genome contains large amounts (>50%) of repetitive sequence elements that may be
either in tandem (satellite DNA) or interspersed (e.g. LINE, SINE) repeats that may
also be transposable®. The function of these repeated sequence elements are unknown
but it has been suggested that they are involved in genome evolution by rearranging
the genome (reviewed extensively by Kazazian™). Human genes are consisted of
exons that determine the amino acid sequence of the nascent proteins and introns
(intervening sequences) that are located between successive exons.
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The genomic lengths of genes, exons and introns vary greatly. The genomic length
of the average gene is 27 kb although there is tremendous variation, for example
between the insulin (1.4 kb) and dystrophin (2,400 kb) genes. The average number
of exons in human genes is 9 but there is tremendous variation e.g. beta-1-adenergic
receptor (1) and titin (363). Interestingly, introns are on average (3,365 bp) larger
than exons (122 bp), but the lengths of both vary greatly.

Figure 7.
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Human male karyotype. Karyotype shows each autosomal chromosome pair
(1-22) at the sex chromosomes X and Y. Source: National Human Genome
Research Institute Talking Glossary of Genetic Terms
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Figure 8.
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DNA and chromosomes. Double stranded DNA is wrapped around histone

proteins which are further packed tightly to form the chromosomal structure
which are contained in the nucleus of the cell
(www.genome.gov/glossary.cfm)
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2.2.2 Emergence of genetic variation

Most of the genetic variation in humans arises from 1) mutation that produces novel
variation in the population, 2) genetic recombination that rearranges that variation
between homologous chromosomes and 3) random assortment that shuffles these
chromosomes into gametes.

Mutation is the most important force that produces novel variation. Mutation rates in
humans are extremely low, approximately 2.5 x 10™* mutations per nucleotide site or
175 mutations per diploid genome per generation84, due to the highly efficient DNA
repair mechanisms that identify and correct mutated sequences introduced by DNA
replication errors or mutating agents. Mutations affecting only one or few
nucleotides may be either 1) substitutions that replace nucleotides with other types
of nucleotides, 2) insertions that add nucleotides to a sequence or 3) deletions that
remove nucleotides from a sequence (Figure 9).

(A) ---GTCACTGTCATCACGGATGTGACTG---

---GTCACTGTCATGACGGATGTGACTG---

(B) ---GTCACTGTCATCACGGATGTGACTG---

—-GTCACTGTCAT--ACGGATGTGACTG--

(C) —-GTCACTGTCATCACGGATGTGACTG—

—--GTCACTGTCATCGACGGATGTGACTG---

Figure 9. Point mutations. (A) Substitution, where one nucleotide is changed to
another. (B) Deletion, where a nucleotide is lost from the sequence (C)
Insertion, a nucleotide is gained by the sequence.

Mutations may also involve large portions of chromosomes; these can be divided
into 1) deletion, 2) duplication, 3) inversion or 4) insertion of a given chromosomal
region or 5) translocation where chromosomal regions are interchanged between
nonhomologous chromosomal regions (Figure 10).
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Figure 10.  Chromosomal rearrangements. Mutations may also involve large segments of
chromosomes and these rearrangements can be divided into deletions,
duplication, inversions, insertions and translocations (Source:

www.genome.gov/glossary.cfn).
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Genetic recombination is a phenomenon where homologous chromosomes (i.e.
maternally and paternally inherited copies of a given chromosome pair) interchange a
certain segment (Figure 11). Recombination occurs in meiosis, which is the process in
which gametes are produced from germline cells, and results in recombinant
chromosomes that contain different combinations of alleles (haplotypes) than the
parent chromosomes. Recombination is a common phenomenon and the average rate
of genetic recombination in humans is 1.13 per 100 Mbp®’, so on average there are 36
recombination events per meiosis per genome.

(A)

(B) (C) (D)
Al E] AllA| ER E Al A a Al|A] El E
B| Jsl Bl IB| [} I¢ Bl B b Bl |B| [} ls]
C| [ C|IC| = C c ClEd [C|[

Figure 11.  Schematic representation of genetic recombination in meiosis between
homologous chromosomes. (A) Parental chromosomes of an individual that
is heterozygous for three loci and has haplotypes ABC and abc.The open
rectangle is the maternal and the solid rectangle is the paternal copy of the
chromosome pair. (B) Chromosome duplication. (C) Formation of chismata
and crossing over where maternal and paternal chromosomes exchange
genetic material (D) forming two recombinant chromosomes that carry novel
haplotypes ABc and abC. Figure courtesy of Tero Hiekkalinna.

Independent assortment in meiosis was already described by Gregor Mendel and it
refers to the combinations maternal and paternal chromosomes that may be sampled
to a single gamete in meiosis. For each chromosome pair either the maternal or the
paternal chromosome may be sampled to a haploid gamete; therefore since the
assortment of chromosomes is independent of each other between nonhomologous
chromosomes and there are two copies of each homologous chromosome there are
2% = 8.4 million possible combinations of maternal and paternal chromosomes that
the gamete may carry (Figure 12).
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Figure 12.  Independent assortment in meiosis. (A) Chromosomes of a given individual,
maternally inherited choromosomes with open and paternally inherited
chromosomes with solid squares, (B) Four possible combinations of
maternal and paternal gametes out of the 2” = 8.4 million possible
combinations. This diagram ignores genetic recombination which adds a
Sfurther level of diversity by the mixing of maternal and paternal genetic
material within homologous chromosomes.

2.2.3 Genetic variants used in genetic mapping

Approximately 0.1% of the human genome is variable at an appreciable level (e.g.
polymorphism where at least 1% of the population possesses a less common variant)
and this genetic variation can be divided into two main categories: 1) sequence
polymorphisms where a single or few nucleotides differ between some individuals or
2) length polymorphisms where there is variation between the lengths of the
genomes of individuals due to insertion, deletion or copy number variation of certain
sequence elements. In the context of genetic mapping there are two types of genetic
variants that are most relevant: 1) single nucleotide polymorphisms (SNP) and 2)
short tandem repeats (STR) that are also commonly referred to as microsatellites
(Figure 13).
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(A) ---GTCACTGTCATCACGGATGTGACTG--- Individual A

--GTCACTGTCATGACGGATGTGACTG--- Individual B

(B) ---GTATCACACACACACACA-------- GAT--- Individual A

---GTATCACACACACACACACACAGAT--- Individual B

Figure 13.  Genetic variants commonly utilized in genetic mapping. (A) Single
nucleotide polymorphism. At this location there is variation in the nucleotide
content of individuals; some have a cytocine C nucleotide such as individual
A does, while others, like individual B, have a guanine (G) residue at this
position. (B) Microsatellite sequence. At certain positions there are tandemly
repeated sequences where individuals may differ in the number of copies of
the repeat sequence. For example for a CA-dinucleotide repeat, some
individuals may have seven copies of that repeat as individual A does and
some may have nine copies, like individual B.

SNPs are historical point mutations that have persisted over the course of evolution
either because they have had some beneficial effect in some environment at some
point in time and have been a target for natural selection or because they have been
selectively neutral and have persisted simply due to stochastic factors (chance).
SNPs have accumulated in the genome over the course of evolution and are very
frequent, current estimates are that there are more than 10 million SNPs in the
human genome that have a minor allele frequency of 1% in the studied populations
(dbSNP™ build 126). Most SNPs are bi-allelic due to the low probability of mutation
occurring at the exact same nucleotide position - also even if mutation were to occur
at the same location it is unlikely that it would be evolutionarily preserved and
observable today.

Microsatellites (STRs) are loci that consist of tandemly repeating units of 1-4 base
pairs (bp) in length. Sequence repeats are highly prone to DNA replication errors
due to a phenomenon called replication slippage and tend to be duplicated in
tandem. This is the reason why the mutation rates of microsatellite loci are
substantially higher compared to other loci and they are highly polymorphic with up
to 10 alleles per locus. There are over 300,000 known microsatellites in the human
genome (NCBI Build 36.1).
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Another class of human genome variation that has received attention recently are
copy number variants (CNVs). CNVs are large genomic regions ranging from a few
kb to several Mb that vary in copy number between individuals (average 250 kb).
CNVs are common in the genome and it has been estimated that 12% of the human
genome consists of CNV sites®’. Although CNVs are rarely used in genetic mapping
many investigators have suggested that they may be important sources of human
phenotypic variation because they result in gene dosage differences between
individuals®. CNVs may also be important structural elements in the genome by
providing a structural basis for genetic recombination and chromosomal
rearrangements® . To date, there are over 8000 known copy number variable regions
in the Database of Genomic Variants (http://projects.tcag.ca/variation/)

2.2.4 Human population genetics

Population genetics focuses on the nature and sources of genetic variation and
predicting changes in the relative frequencies of different genotypes in a population.
A population in the genetic sense is defined as a group of interbreeding individuals
that are able to produce viable offspring. In addition to biological compatibility
interbreeding also requires geographical proximity and absence of other potential
limitations for breeding such as social or cultural barriers. Since especially in
humans many of these limitations are present (perhaps even more so in the past),
there is great phenotypic diversity observable between contemporary human
populations.

Evolution is in its basic form driven by production of genetic diversity (via mutation,
random assortment, genetic recombination and sexual mating) and natural selection
of genotypes that are favorable in the population’s current environment. However,
stochastic factors such as genetic drift, the founder effect and population bottlenecks
are important as well. Genetic drift refers to random change in allele frequencies,
which results from the random sampling of gametes from one generation to another
(Figure 14). The founder effect is another form of genetic drift that refers to the
establishment of a new population by a small number of individuals that may carry
only a fraction of genetic variation of the original source population. Due to
extensive migration in human evolutionary history founder effects are rather
common. Population bottlenecks are also a form of genetic drift; they are
evolutionary events where a significant portion of the population dies or is otherwise
prevented from reproducing and these are also fairly common in human history due
to famines, wars and disease epidemics.
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Figure 14.  Genetic drift. In the first generation both alleles (open and solid circles) of a
bi-allelic locus are equally frequent in a small population. However, due to
random sampling of gametes in sexual mating the solid allele is slightly
over-represented in the gamete pool and thus allele frequencies are not
equal in generation two. After another round of gamete sampling, the solid
alleles are not sampled to the gamete pool at all and it is lost completely from
the population in generation three where only open alleles are present.

2.3  Quantitative genetics and genetic mapping

2.3.1 Quantitative variation of human traits

In human genetics emphasis has gradually been shifting in recent years from
analysis of discrete, usually dichotomous (yes/no) phenotypes to continuous or
quantitative phenotypes which can attain any value within a certain range (or in
some cases specific values such as positive integers). This emphasis is largely due to
the realization that even though often the phenotype of medical interest is based on
clinical criteria (such as the manifestation of certain disease), the risk factors for that
disease may be quantitative in nature (hormone, enzyme or macromolecule levels,
blood pressure or mRNA levels). Unless there is specific justification for
dichotomizing a continous variable (e.g. bimodal distribution) utilizing the full
quantigtoa9tive information results in better statistical power to detect underlying
genes™”".

Quantitative genetics is by no means a new field; it has a well-established track
record in plant and animal breeding but human geneticists are often unfamiliar with
the history and current state of quantitative genetics. This is somewhat surprising
since the field of quantitative genetics was born out of studies of human height by
Francis Galton, Karl Pearson and Ronald Fisher in the late 19th and early 20th
centuries. The work of these scholars also provided tremendous leaps for general
statistics methodology introducing techniques such as multiple regression, multiple
correlation and variance-components partitioning which is the basis on analysis of
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variance (ANOVA). For example correlation was introduced by Galton to describe
the relationship between parental and offspring height in his data®’?. Galton’s and
Pearson’s work on general inheritance of quantitative characteristics in turn led them
to introduce the concepts of multiple correlation and multiple regression” .

2.3.2 Genetic basis of quantitative variation

In the late 19th and early 20th scholars in the field of genetics were divided into two
schools of thought: the Mendelian and Galtonian schools. Proponents of Mendel’s
laws of inheritance believed that phenotypic traits were transmitted in discrete units
(genes) while the Galtonian school assumed that phenotypic traits were transmitted
directly from parent to offspring (instead of transmitted by genes). In a landmark
paper by Fisher in 1918” he was able to resolve the dispute and unite these schools
of thought by postulating that quantitative variation and the phenotypic correlation
between relatives could be explained by a large number of loci segregating
according to Mendel’s laws each contributing to the phenotype in minute
proportions (polygenes) as well as environmental influences producing continuous
variation.

Let us consider a simple example illustrating Fisher’s model of the polygenic nature
of quantitative traits by comparing the phenotypic distributions when the trait value
is completely determined by one, two or three bi-allelic genes. In this example we
assume that the phenotype of the heterozygotes is exactly intermediate in respect to
the two homozygotes (additivity), each gene has an equal effect on the phenotype
and that alleles at each locus are equally frequent and genotypes are in Hardy-
Weinberg equilibrium. As can be clearly seen in Figure 15, as the number of loci
contributing to the trait increases the number of trait value classes increases
gradually approaching a normally distributed continuous trait. Also, it is noteworthy
that when there are more than one gene controlling the trait the phenotype to
genotype relationship becomes less clear; for example if there are two genes
controlling the trait genotypes A;A;B;B, and A;A;B|B; produce identical
phenotypes (trait values).
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Figure 15.
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loci. The genotypes that result in a certain phenotypic value are shown for
one and two genes.
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In addition to their polygenic background, quantitative traits are usually also
influenced by environmental factors that may act separately or in concert with genes
(gene-environment interaction). The varying environments of individuals carrying
certain genotypes at a QTL also contribute to the continuous nature of many
phenotypes as is shown in Figure 16.

Phenotypic value

Environment

Figure 16.  The effect of environment on quantitative variation. The solid lines indicate
the phenotype value distribution for each genotype of a bi-allelic QTL and
the broken line the combined phenotypic distribution of all three genotypes.
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Polygenic inheritance may also relate to dichotomous traits, such as disease states
(affected/unaffected). Such traits may partially be determined by an underlying
genetic liability that has a continuous distribution and the disease is manifested when
this liability exceeds a certain threshold (Figure 17). Relating this to the previous
example, the disease may be manifested when a sufficient number of risk alleles
(e.g. Ay and B;) produce a large enough genetic liability. This theory of the
polygenic backroung underlying discrete trait is called the liability-threshold model
and was introduced by Pearson and Lee in 1901°°.

Frequency

genetic liability

Figure 17.  The liability-threshold model for dicrete traits. The underlying genetic
liability for manifesting a discrete trait such as a disease is continuous in the
population and individuals whose liability exceeds a certain threshold (dark
shading) manifest that trait.
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2.3.3 Quantitative genetics models

Quantitative genetic models are based on the decomposition of the phenotypic value
(P) of an individual to genetic (G) and environmental (E) components. In the
simplest model we consider genetic and environmental effects as independent
aggregate effects, so that the phenotype can be described as

P=G+E

Since we are interested in phenotypic and genotypic variability, it is useful to
examine quantitative traits and their components in terms of variances so that

Vo=V, +V,+2C0V

where Vp, Vg, Vi and COVgg are phenotypic, genetic and environmental variance
and COVgg genotype-environment covariance, respectively. The genotype-
environment covariance term refers to the direction of the genotype and environment
effects (positive when genotypes with higher trait value are also in better
environments and genotypes with lower values are in worse environments), not to
gene-environment interaction (the dependence of gene action from the environment).
However, in many instances (e.g. planned experiments) the covariance term can be
ignored because it is close to zero. Then this model is simplified to

Vo=V, +V,

2.3.4 Heritability

Definition of heritability

Heritability is defined as the proportion of phenotypic variance that is explained by
genetic factors. The concept of heritability was introduced by Fisher in his seminal
1918 paper%. Most commonly in the human genetics literature, heritability refers to
the broad sense heritability, H°, which reflects the proportion of all genetic effects
(additive, dominant and epistatic) influencing phenotypic variation.
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In many instances (e.g. QTL mapping, rate and response to directional selection) we
wish to decompose the aggregate genetic effects (V) further to their additive (Va),
dominant (Vp) and epistatic components (V)"

Vo=V, +V, +V, +V,

The proportion of phenotypic variance attributable to additive genetic effects is
termed the narrow sense heritability, h°.

A
VP

Properties of heritability estimates

Although the definition of heritability is very clear, there are many common
misperceptions in its interpretation. Heritability is always specific to the sample
where it is estimated, in other words no trait possesses inherent heritability. It is
incorrect to state that a trait is highly heritable on the basis of a high heritability
estimate, because heritability is not an attribute of a trait. For example, changing the
environment is likely to change the heritability estimate even when genetic variation
and all other factors are fixed. Therefore, also the exact comparison of heritability
estimates across samples is not feasible since environmental factors are very difficult
to standardize at least in non-experimental populations.

It should also be noted that a specific heritability value gives absolutely no
indication to mode of inheritance, number of loci nor the extent to which the
phenotype is “controlled” by genes (since the environment may influence the
heritability greatly).

Heritability estimates always relate to a specific sample in a specific environment
and are therefore not applicable to any given individual. For example, if the
heritability of a given disease is 0.60 in some sample this does not mean that for a
given individual from that sample 60% of the risk of developing that disease is due
to that individual’s genetic makeup. One must remember that heritability is a
proportion of variances, and since variance is meaningless for a single data point
(such as a single individual) also heritability is meaningless for a single individual.
In essence heritability is analogous to the arithmetic mean, which is also a property
of a given sample not a property of a given trait or a single data point (e.g. an
individual).
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Estimation of Heritability

The estimation of heritability is based on the correlations of phenotypic values
between different relative pair classes that have varying coefficients of relatedness
(Table 2). If a trait is controlled by genes we would assume that close relatives
resemble each other phenotypically more than distant relatives since they share more
of their genes on average. Heritability can be estimated from phenotype data of
relative pairs by using correlation and regression methods or analysis of variance
(ANOVA).

Table 2. Coefficient of relatedness r, for selected relative pairs. r, describes the
average proportion of shared genes between individuals.

Relationship Coefficient of relatedness r,
Monozygotic twins 1

Dizygotic twins 12
Parent-offspring 172

Full siblings 172
Grandparent-grandchild 1/4

Half siblings 1/4

Avuncular 1/4

First cousins 1/8

The classical method of heritability estimation is the twin method in which one
compares the intraclass correlations of monozygotic (MZ) twins who are genetically
identical and dizygotic twins (DZ) who share half their genes on average. The basic
idea is that if there are genetic components, there should be less variation among MZ
pairs than among DZ pairs. In the classical twin method it is assumed that both types
of twins share environmental effects similarly (although this has been criticized) and
the heritability is approximately twice the difference in correlation between MZ and
DZ twin pairs”™”.

h* =2[corr(MZ) — corr(DZ)]

For other types of relatives such as parent-offspring, full sibling and half-sibling
pairs heritability can be estimated using regression methods, ANOVA or maximum
likelihood (ML) methods based on variance components. In general, heritability can
be estimated as the proportion of the regression coefficient b and the coefficient of
relationship ra.

b
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2.3.5 Genetic covariance between relatives

The genetic covariance among relatives is usually described in terms of identical-by-
descent (IBD) sharing of alleles. By definition, individuals share an allele at a given
locus IBD if they have inherited that allele from a common ancestor. In some cases
it is also useful to determine another measure for allele sharing between individuals,
called identity-by-state (IBS). Two individuals share an allele IBS if they have an
identical copy of a certain allele at a given locus. IBS does not consider the ancestral
origin of alleles but simply the identity of specific alleles. The difference between
these two measures is exemplified in Figure 18.

(A)

-

1/3

Figure 18.

_(2;4)(
oo o0 oo

1/2

B) ©)
B0 B0

1/2 1/2 1/4 2/4

1/2 1/2 1/2 1/2
IBS=0 IBS =2 IBS =2
IBD=0 IBD=0or2 IBD =2

IBS and IBD sharing between sib pairs. (A) The sibs do not have any alleles
in common, therefore IBS=0. Further, since one sib has inherited allele 1
from her father and 2 from her mother and the other has inherited allele 3
from her father and 4 from the mother, also their IBD=0. (B) Sibs have both
alleles in common (i.e. both have allele 1 and allele 2), therefore they share 2
alleles IBS. In this case the parental origin of alleles can not be determined
since both sibs may have inherited allele 1 from their father and allele 2
from their mother, or vice versa. If both sibs have inherited allele 1 (and
allele 2) from the same parent IBD=2 but if they have inherited allele 1 (and
allele 2) from different parents IBD=0. (C). Sibs have both alleles in
common (i.e. both have allele 1 and allele 2), therefore they share 2 alleles
IBS. Both sibs must have inherited allele 1 from their father and allele 2
from their mother, therefore also IBD=2.
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At autosomal loci two diploid individuals may share either 0, 1 or 2 alleles IBD (or
IBS) and we can derive probabilities for each IBD state and the expected proportion
of IBD sharing across all loci over the genome by applying Mendel’s laws and
simple probability calculus. Consider a fully informative situation where both
parents are different heterozygote types: the mother has genotype 1/2 and the father
genotype 3/4. According to Mendel’s laws of segregation and independent
assortment each parent produces both types of gametes in equal proportions and the
probability of two specific gametes joining to form a gamete is simply a product of
their frequencies. Therefore, the probability of each offspring genotype (1/3, 1/4, 2/3
or 2/4) is 0.25 (Table 3).

Table 3. Possible offspring genotype for when parental genotypes are 1/2 and 3/4.
Parents produce both gamete types in equal proportions and because the joining of
gametes is random in fertilization each possible offspring genotype is equally likely.

Paternal gametes

3 4
Maternal gametes 1 13 14
2 23 24

Because the genotypes of the offspring are independent of each other, the probability
of siblings having a specific genotype pair (e.g. sib A 1/3 and sib B 2/4) is simply
the product of the respective genotype frequencies. If we work out all possible
genotype pairs, their probabilities and the IBD states we can derive the expected
IBD distribution for sib pairs (Table 4). Since we know that all genotype pairs for
the siblings are equally likely (the probability for each pair is 0.25% = 0.0625) we can
ignore this term and simply calculate the occurrence of each IBD state; therefore the
probability that sibs share zero alleles IBD is 4/16 (=0.25), one allele 8/16 (=0.5) and
two alleles IBD is 4/16 (=0.25).

Table 4. Genotype combinations and IBD states for a sib pair when parental

genotypes are 1/2 and 3/4. The genotypes of sibs are independent of each other, therefore
each genotype pair is equally likely.

Sib B
1/3 1/4 2/3 2/4
Sib A 173 2 1 1 0
1/4 1 2 0 1
2/3 1 0 2 1
2/4 0 1 1 2
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The theoretical IBD distribution for any type of relative pair can be derived in the
same manner; however this becomes rather tedious for more distant relative pairs. The
expected IBD is also called as coefficient of relationship r, and can also be thought of
as the probability that an allele drawn at random from one individual is IBD to one of
the alleles of the other individual. The coefficient of relationship is also the average
IBD across all loci over the genome and is defined mathematically as

1
Fy :Ep1 +p,

where p; and p, are probabilities of sharing one and two alleles IBD, respectively.
Table 5 also shows also the theoretical IBD distribution and the coefficient of
relationship for selected relative pairs.

Table 5. Probabilities of sharing zero (py), one (py) or two alleles (p,) IBD at
autosomal loci and coefficient of relationship r4 for selected relationships which is also the
average IBD over the genome.

Relationship Po p1 p2 I'a
Monozygotic twins 0 0 1 1

Dizygotic twins 1/4 172 1/4 172
Parent-offspring 0 1 0 172
Full siblings 1/4 172 1/4 1/2
Grandparent-grandchild 12 12 0 1/4
Half siblings 172 172 0 1/4
Avuncular 12 172 0 1/4
First cousins 3/4 1/4 0 1/8

2.3.6 Mapping quantitative trait loci (QTL)

Quantitative trait locus (QTL) mapping refers to the statistical methods that are used
to locate and identify loci that influence quantitative traits (QTL). The basic logic
underlying QTL mapping is very intuitive, however, the algebra and numerical
methods involved are often highly complex and computationally intensive. All
methods are based on the underlying principle that family members who have
similar trait values should have a higher than expected levels of sharing of genetic
material near the QTL (due to linkage) that influence these traits. Conversely, at loci
that are not linked to QTL influencing the trait, the degree of genetic sharing should
be determined by the degree of relatedness (genetic covariance) and should not
correlate with the trait covariance between those individuals (Figure 19).
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In human QTL mapping Haseman-Elston regression and variance-components
methods are the most popular and are discussed here in detail, but other methods
such as score tests and Bayesian methods have also been developed (see Amos'”
and Feingold'”' for reviews). Score tests were initially developed'**'® to circumvent
the normality assumption in Haseman-Elston regression and variance components
methods but are less powerful when the trait distribution is close to a normal
distribution'™. The Bayesian methods'”""" have not been used widely yet because
their properties are relatively uninvestigated in human QTL mapping and they are
very computationally intensive. However Baesian methods have great advantages
over frequentistic methods since they may be used to simultaneously estimate the
number and locations of QTL influencing the trait instead of focusing on each
putative QTL individually.

(A) Linkage = - =

2 ™z LT

IBD O IBD 1 IBD 2

Figure 19.  Phenotypic covariance and IBD sharing between siblings. In each
scatterplot the phenotypic values of the sibs are on the x- and y-axes. (A) The
Phenotypic covariance (resemblance) is greater in sibs that share more
alleles IBD compared to those sibs that share less alleles IBD at this locus.
This is the expected scenario if the locus examined is linked to a QTL that
influences the trait of interest. (B) There is no marked difference in
phenotypic covariance of sibs that share 0, 1 or 2 alleles at the locus
examined. Therefore this locus is not considered to be linked to the trait of
interest.
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Haseman-Elston Regression

Haseman and Elston were the first to introduce a method for QTL mapping in
humans'®. Their original method was intended for analysis of sib pairs and their
approach was based on calculating the squared difference for the sib pair trait values
and regressing this upon the estimated proportion of alleles shared IBD (m;) by the
sib pair at the locus being tested (putative QTL). Under the null hypothesis of no
linkage, the slope of this regression slope is zero. Under the alternative hypothesis of
linkage, the regression slope is negative because similar trait values (that produce
small squared differences) should be associated with higher than expected IBD
sharing. The original Haseman-Elston regression method is robust in maintaining
correct type I error and is computationally simple but has two important limitations
1) it is applicable only to sib pairs and 2) it assumes that the trait is normally
distributed in the population. Several extensions have later been proposed to increase
statistical power and allow the use of larger families'® """,

Variance Components Method

The variance components (VC) method is based on modeling the phenotypic
covariance between relative pairs as a function of independent additive variance
components which are based on the expected genetic covariance and estimated IBD
sharing at the locus being tested (putative QTL) and are estimated by maximum
likelihood"'*"'°. In the basic VC model the phenotypic variance op” is modeled as a
function of the additive genetic effect qu of the marker location (putative QTL), the
aggregate additive genetic effect ng of all other QTL in the genome (polygenes) and
the aggregate environmental effects o.”. Using this model we can test for linkage
with a likelihood-ratio test where in the null hypothesis of no linkage ng is
constrained to zero and in the alternative hypothesis qu is a free parameter.
Statistical evidence for linkage is then evaluated with a likehood-ratio test which is
typically represented as a logarithm-of-odds (LOD) score Z

max L, .0,°0.%)

2 2 2
04,0, 0,

where L denotes the likehood of the observed genotype and phenotype data under
the alternative (csq2 > 0) and null hypotheses (Gq2 = 0). The VC framework is
applicable to pedigrees of any size and structure and allows for modeling of
covariates, household effects, parent-of-origin effects, and multiple QTLs"'"'"®.
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The VC method is more powerful than Haseman-Elston regression'*'*"'* but is

computationally very intensive due to extensive use of maximum likelihood methods
and is less robust when the trait distribution does not follow a normal distribution
producing elevated type I error rates''’. However, several extensions have been
proposed to allow non-normal distibutions in the VC framework that are based on
robust estimators'? and multivariate t-distributions'?' or gamma distributions'*.

2.3.7 Statistical Testing

Gene mapping in non-experimental organisms such as humans is based almost
exclusively on statistical inference since controlled experiments are impractical and
unethical to conduct - therefore it is necessary for a human geneticist to bear in mind
certain fundamental statistical aspects which are discussed in this section. Statistical
inference (testing) allows us to objectively evaluate the probability of a given
hypothesis; instead of subjectively stating that two samples are different in some
aspect we are interested in, statistical testing allows us to assign a level of
confidence that the samples are indeed different. All frequentistic statistical testing
(in contrast to Bayesian analysis) follows the same basic scheme: 1) formulation of
null and alternative hypotheses (Ho and H,a), 2) calculation of the expected
distribution under the null hypothesis, 3) comparing the observed and expected
distributions using appropriate test statistics and 4) determining the statistical
significance of the difference between the observed and expected distribution by
using the known distribution of the test statistic (Figure 20). In the context of genetic
mapping usually the hypotheses being tested are:

>

Hy: “Genetic marker is not linked (or associated) to the trait phenotype.’
Hy: “Genetic marker is linked (or associated) to the trait phenotype.”

We choose Hy and H, in this manner, because we need to be able to calculate the
expected distribution under the null hypothesis in a simple manner. If our null
hypothesis would be “Genetic marker is linked (or associated) to the trait
phenotype.” we would require additional parameters to calculate the expected
distribution (e.g. recombination fraction, allele frequencies, or magnitude to linkage
disequilibrium).
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Figure 20.  The y2-probability density function with three degrees of freedom. Like all
test statistics, the y2-test statistics follows a known distribution under the
null hypothesis and therefore we can evaluate the probability of obtaining
the observed test statistic under the null hypothesis. This allows us to
evaluate the fit of the observed data to our null hypothesis. For example,
with three degrees of freedom, obtaining a y2 > 7.82 corresponds to p < 0.05
which is equal to the shaded surface area.

Statistical significance

Statistical significance is a measure of the level of confidence associated to the
conclusion of a given statistical test. Statistical significance is usually measured with
a p-value, which is defined as the probability that chance alone produced the
obtained or more extreme test statistic in a given test. Formally p-value is defined as
the probability of rejecting the null hypothesis when the null hypothesis is true.

p=P(H, rejected | H, true)

The p-value is therefore the probability of obtaining a false posititive result i.e.
rejecting the null hypothesis inappropriately (type I error, o). There is an inverse
relationship between the p-value and the confidence of our conclusion based on the
statistical test; small p-values increase our confidence that our conclusion to reject
the null hypothesis is correct and not a product of chance (and vice versa).
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Statistical power

Statistical power is the probability of obtaining a level of confidence (p-value) that
we wish to acquire in our study setting and statistical methods with the sample at
hand. Formally statistical power is defined as the probability of rejecting the null
hypothesis when the null hypothesis is false (i.e. making the correct conclusion).

F =P(H , rejected | H, false)

Statistical power relates directly to the chance of a false negative finding (type II
error B3, note that F = 1-B). Basically we want to assure that we are able to obtain a
sufficiently low p-value (e.g. p < 0.05) with a sufficiently high probability (e.g.
80%) with our study setting. Determining statistical power can be performed
analytically in simple study settings (e.g. case-control studies) and via simulations
for complex study settings (e.g. linkage studies with varying family structures).

Multiple Comparisons Problem

Usually the researcher has a subjective pre-set threshold for declaring statistical
signicance. In other words this is the probability of an erroneous conclusion (false
positive) that the researcher is willing to accept. For example, a researcher may state
that he is willing to reject his null hypothesis if the statistical test produces a p-value
p < 0.05. However, we must remember that the p-value is a probability that chance
alone produced our test statistic. This translates to the fact that when we use a
threshold of p = 0.05, one out of every twenty (5%) such tests will produce a false
positive result due to chance alone (this is how we define p-value!). Thus, if our
experiment involves performing 100 tests, we expect 5 to be declared as significant
with a p = 0.05 by chance alone. This is known as the problem of multiple
comparisons. As the number of tests increases, so does the probability that one of
the tests will produce a significant result due to chance alone (false positive).

One method of adjusting for multiple comparisons is the Bonferroni-method which
is a commonly used method for obtaining the experiment-wide false positive rate p .
If our pre-set threshold for significance level is p then the probability that a test does
not produce a significant result is /- p. If we perform n independent tests the joint
probability that none of them will produce a significant results is (7 — p)". Therefore
the probability that at least one test will produce a significant result is given by

p'=1-(1-p)
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This is the p-value that one should consider significant over the whole range of n
tests given a pre-set value of p. If we wish for an experiment-wide false positive rate
of p’ (that is, the probability of one, or more, false positives over the entire set of
tests is p’), solving for the p-value required for a single test is

1

p=1-(1-p)"

For the actual obtained p-value, this is the true signicance level that ensures an
experiment-wide false positive rate of p " and is known as the Dunn-Sidak method.

In gene mapping studies there are many sources of multiple comparisons such as
performing the statistical test for 1) multiple genetic markers, 2) multiple alleles of a
genetic marker, 3) multiple phenotypes and/or 4) using multiple genetic models. The
proper adjustment for multiple comparisons depends solely on the data set, for
example the Dunn-Sidak method is appropriate only if the statistical tests are
independent of each other (which is untrue for genetically linked loci). If there is
dependence between the statistical tests performed one must use different
approaches such as permutation, resampling or simulation techniques for multiple
comparison adjustment. The detailed description of the variety of these methods is
however beyond the scope of this thesis and can be found elsewhere'**'**.

24  Genetics of height

2.4.1 Heritability of height

The earliest heritability estimate for height was 0.57 by Sir Francis Galton which he
published in 1889° demonstrating a genetic component underlying human height.
Since Galton’s work, evidence for the influence of genes in height determination has
accumulated from hundreds of twin, family and adoption studies.

As noted before, heritability estimates can be obtained by comparing the phenotypic
values of relative pairs such as twins or other types of relatives. From twin studies
perhaps the most reliable heritability estimates are from analysis of 30.111
Australian and European twin pairs’> which range between in 0.70-0.94 men and
0.68-93 in women. Large family studies consisting of thousands of families have
also estimated the heritability of height is between 0.79-0.98'>'?% in different US
populations.Adoption studies are another design that allows the estimation of genetic
and environmental influences since siblings (or twins) reared apart share genes but
their environment correlate much less compared to siblings reared together.
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Also adoption studies show that correlations in height between biological relatives
are always higher than with adopted relatives'*”'?. Unfortunately the sample sizes
in these studies prevent accurate heritability estimation.

2.4.2 Genome-wide scans for height QTL

Genome-wide screens represent a hypothesis-free approach for localizing genomic
regions that influence the trait of interest. Instead of specifying a priori some
specific candidate genes that may influence the trait we may simply explore the
entire genome for statistical evidence for genes influencing the trait. Classical
genome-wide screens utilize 400-1000 evenly spaced highly polymorphic genetic
markers, typically microsatellites, that serve as genomic landmarks and allow the
detection of linkage between the trait phenotype and marker (parametric linkage) or
identification of shared genomic segments between relative pairs that resemble each
other phenotypically (nonparametric linkage). These linkage screens may implicate
positional candidate regions in the genome (i.e. generate hypotheses) which may
harbor candidate genes influencing the trait of interest and warrant further
investigation by fine-mapping and/or association analysis. Another approach that has
become amenable through discovery of enormous amounts of tightly linked SNP
markers and inexpensive technologies to genotype them rapidly is genome-wide
association analysis (GWA). GWA is also a hypothesis-free design that attempts to
directly identify the genetic variants (or variants in very close physical proximity)
influencing the trait by utilizing 300,000-500,000 SNP markers across the genome.

To date there have been reports of 17 genome-wide linkage screens and one
genome-wide association screen that have focused on adult height (Table 6). As is
the story with other multifactorial traits results have been inconsistent and difficult
to replicate across different studies. The only genomic regions that have shown
overlapping findings (LOD>2.0) in more than two independent linkage studies are
6925, 7q35-36, and 9q21-22 while other findings are scattered across the genome.

Only one genome-wide association (GWA) for height has been published to date'’.

The investigators reported convincing association across multiple populations in
samples consisting of more than 30,000 unrelated individuals for the HMGA2 gene
residing in 12q14. The role of HMGAZ2 in height determination is also supported by
defects in this gene which have been shown to cause gigantism in mice and
humans'*""** and dwarfism'’ in mice. Weedon and colleagues estimated that this
gene accounts for 0.3% of height variation in the general population implying that
most height genes may be of even smaller effect since the association to HMGA2
was their most significant finding.
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2.4.3 Gene associations for height

There are hundreds of Mendelian traits which are characterized by growth
disturbances (Online Mendelian Inheritance in Man, 2007). However, most of these
traits are serious disorders which affect fundamental biological processes and
seriously perturb normal development. Thus it is reasonable to assume that the
disturbance in growth is a by-product of a severe systemic effect and the genes
underlying these traits are unlikely to underlie height variation in the general
population. There are however, some Mendelian traits where short stature is a
hallmark feature; the defective genes causing these traits may therefore give clues
also to the biological mechanisms underlying normal growth and height variation.
These traits can be roughly categorized to according to the function of the defective
genes to aberrations of the 1) hypothalamic-pituitary-GH-IGF-I axis, 2) sex steroid
metabolism and 3) structural components and other factors influencing bone
morphogenesis.

Classical growth hormone (GH) deficiency can be caused by mutation of GH
releasing hormone receptor (GHRHR), mutations in transcription factors essential
for the pituitary GH producing cells (e.g. PIT1 and POU1F1) or mutation or deletion
the growth hormone gene (GH1)146'148. Missense mutations producing biologically
inactive GH, loss-of-funtion of growth hormone receptor (GHR)149 or defects in the
GH signalling cascade (e.g. JAK2, STATSB or ERK) on the other hand produce GH
insensitivity'**"*'. Most of the growth promoting effects of GH are mediated by
insulin-like growth factor-1 IGF-1'"** which forms a complex with IGF binding
proteins (especially IGFBP3'**) and the acid labile subunit (ALS)"** or the IGF-1
receptor gene'~ and thus mutations in these genes may cause GH secondary GH
insensitivity (also reviewed by Walenkamp et al."”® Mullis'*®). To date the only
analysis of the association of common variation in genes in the GH-IGF-1 axis and
height in the general population'’” reported negative findings and therefore it is still
unknown whether variation in these genes contributes to height variation in the
general population or not. One gene associated to height that probably acts via the
GH-IGF-1 pathway, is one of the receptors (DRD2) of the neurotransmitter
dopamine which in turn has multiple roles in regulating appetite and growth
hormone secretion. The role of DRD2 was initially discovered from observations of
children that are chronically exposed pre- and postnatally to dopamine receptor D2-
blockers who tend to increase in height'*®. Variations in DRD2 have also been

associated with height in the general Japanese populationlsg.
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Sex steroids play a pivotal role especially in pubertal growth and although single
gene mutations are quite rare there are two noteworthy examples of defects in sex
steroid metabolism in respect to growth. Mutations in the estradiol receptor ESR1
causing estrogen resistance lead to tall stature because this reduces the response of
bones to estradiol which is the key accelerator of bone maturation and epiphyseal
closure. Due to this lowered estradiol response the patients continue growing until
their late twenties or even later'® resulting in increased stature. Another gene
implicated in abnormal stature functions via sex steroid pathways is CYP19 which
codes for aromatase that is responsible for converting androgens to estrogens.
Certain loss-of-function mutations in aromatase result in estrogen deficiency and tall
stature especially in males'®"'*2. On the other hand, gain-of-function mutations in
CYP19 causes excess estrogen which in boys causes gynecomastia, a premature
growth spurt, early fusion of epiphyses, and decreased adult height'®,
Polymorphisms in CYP19 have also been associated to variation in height in the
general population®'.

Bone morphogenesis is a highly complex process where there are tens of known
genes that when defected cause skeletal dysplasias and dysosotoses (reviewed
extensively by Superti-Furga et al. '* and Kant et al.'®®). Interestingly over half of
all known mutations underlying abnormal bone formation are located within FGFR3
and COL2A1'®. These skeletal dysplasias and dysostoses produce dramatic
phenotypes and currently it is unknown how they relate to height in the general
population. To date, only one gene involving bone metabolism, the vitamin D
receptor has been associated to height in the general population. The vitamin D
receptor is a nuclear hormone receptor which mediates the action of vitamin D3
(calcitriol) by inducing the synthesis of osteocalcin, the most abundant
noncollagenous protein in bone. Polymorphisms in VDR have been shown to
associate with adult height in Japanese and European-Americans'®'®® and many
bone phenotypes across multiple populations169'172.

One of the most convincing single gene findings underlying idiopathic short stature
(short stature of unknown cause) that does not fit into the rough categories stated
above are mutations within the SHOX gene located in the pseudoautosomal region
of the sex chromosomes'”>'7*. SHOX encodes for a transcription factor belonging to
the homeobox gene family of developmental regulators. SHOX haploinsufficiency
has been suggested as the cause of the short stature phenotype in Turner syndrome

patients™*.
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Table 7. Selected genes that have influence on height

Gene name Gene Symbol  Locus Function

Growth hormone GHR Spl2 Mutations in GHR have been associated with

receptor Laron syndrome, also known as the growth
hormone insensitivity syndrome (GHIS), a
disorder characterized by short stature.

Estrogen receptor 1 ESR1 6925 Nuclear hormone receptor. Loss-of-function of
ESRI leads to estrogen resistance and tall stature
due to incomplete epiphyseal closure.

Growth hormone GHRHR pl5 Mutations in this gene have been associated with

releasing hormone isolated growth hormone deficiency (IGHD), also

receptor known as Dwarfism of Sindh, which is
characterized by short stature.

Insulin-like growth IGFBP3 7pl3 Mutations may cause biologically inactive IGF-1

factor binding protein 3 resulting in short stature.

Janus kinase 2 JAK2 9p24 Involved in growth hormone signalling.

Dopamine D2 receptor DRD2 11g23 Receptor of dopamine which plays a major role

gene in the regulation of appetite and growth hormone.

Insulin-like growth IGF1 12q23 Mediates many of the growth-promoting effects

factor of growth hormone. IGF1 deficiency is an
autosomal recessive disorder characterized by
growth retardation, sensorineural deafness and
mental retardation

Vitamin D3 receptor VDR 12q13 Nuclear hormone receptor that mediates the
action of vitamin D3 by controlling the
expression of hormone sensitive genes

Cytochrome P450, CYP19A1 15921 Involved in estrogen biosynthesis. CYP19A1

family 19 mutations have been associated with height via
estrogen dosage.

Insulin-like growth IGFIR 15926 Loss-of-function mutations lead to IGF-1

factor 1 receptor insensitivity and pre- and postnatal growth
retardation.

Acid-labile subunit IGFALS 16pl3 Mutations may cause biologically inactive IGF-1
resulting in short stature.

Signal transducer and STATSb 17q21 Involved in growth hormone signalling. Defects

activator of transcription in STATS5B are the cause of Laron type dwarfism

5B II (LTD2) which is characterized by growth
hormone insensitivity.

Short stature homeobox- ~ SHOX Xp22/Ypll Involved in idiopathic growth retardation and in

containing gene

the short stature phenotype of Turner syndrome
patients
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3 AIMS OF THE STUDY

The aim of this study was to localize and identify genetic variants that influence the
determination of adult height in the general population by addressing the following
specific aims:

1) To develop methods and protocols for the efficient use of samples originally
ascertained for different traits by various investigators in combined genome-wide
linkage analysis (I, 11, III).

2) To perform combined data analyses of genome-wide linkage screens performed in
Finnish family samples and investigate the potential of sex-limited analysis in order
to locate sex-specific genetic effects (I).

3) To perform combined data analysis of genome-wide linkage screens performed
in Australian, Danish, Finnish, Dutch, Swedish and United Kingdom families and
investigate also the usefulness of reducing environmental variation in genome-wide
analyses by restricting analyses to dizygotic twin pairs (II).

4) To carry out combined data analysis of genome-wide linkage screens performed
in families from the United States and investigate the role of within country
population variation by performing joint and individual analyses on families of
African-American and European-American origin across the cohorts (III).

5) To study the potential sex-specific genetic architecture of height (I, II, III).

57



4 MATERIALS AND METHODS

4.1 Study subjects

The reader is referred to the original publications (I-III) and the references therein
for a more detailed description of the studies.

4.1.1 The Finnish family sample

In Study I all genome-screened families originated from Finland and they were
ascertained for type 2 diabetes, familial low-HDL cholesterol or familial combined
hyperlipidemia (FCHL). The total study sample contained 1,417 individuals from
277 families with genome-wide genotype data and phenotype information. Details of
the sample used in Study I are shown in Table 8.

Table 8. Demographic characteristics of the sample used in Study 1.
Stature (cm) Age

n Mean SD Range Mean
Botnia
Males 211 174.7 5.9 157.0-193.0 58.7
Females 205 161.2 5.9 143.0-181.0 58.2
Helsinki
Males 288 174.4 6.7 153.7-197.0 56.6
Females 380 160 6.3 136.0-184.0 60.1
FCHL
Males 63 175.7 5.9 164.0-191.0 47
Females 76 161.5 6.2 147.0-176.0 51.4
Low-HDL
Males 97 176.7 6.2 162.0-190.0 49.3
Females 97 164.2 6.2 149.5-170.0 50
Combined
Males 659 174.7 6.4 153.7-197.0 55.4
Females 758 161 6.3 136.0-184.0 57.6

4.1.2 Families from Australia and Europe

The family samples analyzed in study Il were derived from twin cohorts provided
by the GenomEUtwin consortium (http://www.genomeutwin.org) which consists of
eight twin cohorts (Australian, Danish, Dutch, Finnish, Italian, Norwegian, Swedish,
and the United Kingdom) with the total resource of hundreds of thousands of twin
pairs. The total number of individuals with genome-wide genotype data and
phenotype information was 8,450 individuals from 3,817 families.
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Details of the sample used in Study II after diagnostic analyses of phenotype data
were performed are shown in Table 9.

Table 9. Demographic characteristics of the sample used in Study I1.
Stature (cm) Age

n Mean SD Range Mean
Australia
Males 1005 177.2 6.5 152-203 40.9
Females 1604 163.4 6.6 144-186 422
Denmark
Males 248 176.8 7.9 152-199 53.7
Females 380 164.1 7.0 144-183 61.1
Finland
Males 509 175.6 6.1 157.5-194 52.6
Females 342 160.8 6.4 147-176 61.2
Netherlands
Males 481 179.3 6.7 162-203 40.2
Females 605 168.7 6.3 147-189 37.9
Sweden
Males 531 175.4 5.9 156-193 74.6
Females 533 162.6 6.0 137-163 75.0
United Kingdom
Males - - - - -
Females 2212 162.5 6.4 141-191 473
Combined
Males 2774 177.5 6.8 152-203 50.2
Females 5676 163.4 6.6 137-191 49.1

4.1.3 Families from the United States

In Study II we analyzed African-American and European-American families
ascertained for type 2 diabetes, blood pressure-related traits, obstructive sleep apnea
and systemic lupus erythematosus. The combined sample consisted of 9,306
individuals from 3,032 families with genome-wide genotype and phenotype
information. Descriptive statistics of this sample are shown in Table 10.

Table 10. Demographic characteristics of the sample used in Study II1.

Stature (cm) Age

n Mean SD Range Mean
African-
American
Males 1617 177 6.6 158-196 50.4
Females 3161 163.6 6.3 144.8-182 51.4
European-
American
Males 2183 176.4 6.5 158-195.6 54.1
Females 2884 162.4 6.2 144-180.3 53.7
Combined
Males 3550 176.7 6.6 158-196 52.5
Females 5756 163.1 6.3 144-182 52.5
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4.2  Methods and statistical analyses

4.2.1 Combining the genome-wide screens

Marker map construction

The advent of commercial multi-allelic marker sets (Weber sets, ABI sets) in the
mid-1990s was essential for efficient genome-wide linkage screening. However,
each genome-wide screen is essentially performed using a unique set of genetic
markers (marker map) because for example some markers in a commercially
available marker set may not be sufficiently polymorphic in some study samples, or
genotyping success rate is low. Also many investigators follow-up on interesting
genomic regions with additional genetic markers or add markers simply to ensure
sufficient coverage of a given region.

Building a common genetic marker map is essential for combining data across
multiple genome-wide screens so that marker genotypes can be assigned to their
correct positions. Also, since the correct genetic map is crucial for power and
accuracy of multipoint linkage analysis'”"'"" we applied the most current data and

strict criteria in genetic map building.

Combining marker maps however, is not trivial due to many factors. First there is no
standard nomenclature for multi-allelic markers and they may have up to ten aliases;
for example the marker ATA29D04 present in one screen may be named D1S1631
or RH27948 in other screens. Second, published reference genetic maps such as the
Marshfield'”® and the deCODE map85 disagree about some locations; for example
they place markers D1S2783 and D1S195 in different orders along the chromosome.
Third, genetic maps also differ in map resolution (number of meioses used to build
the map), marker density and choice of markers.

We used the genome sequence (physical map) to assign the marker order, because it
is based on physical experiments rather than statistical inference (which is the basis
of marker positioning in genetic maps). However, since recombination frequency is
not constant over the genome we also needed to rely on a reference genetic map to
obtain genetic locations. We chose the deCODE map because out of the published
genetic maps it is statistically most reliable and has the highest resolution because it
is based on the largest number of informative meioses (1,257 versus 188 in the
Marshfield map).
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Our strategy for building the common genetic map is illustrated in Figure 21 and is
as follows: 1) obtain a unique reference name and physical location (bp) for each
marker from the University of California Santa Cruz (UCSC) database
(http://genome.ucsc.edu) and order the markers based on their physical locations, 2)
obtain the genetic location (cM) for each marker from the deCODE genetic map and
3) for those markers which were not included in the deCODE marker map or were in
disagreement with the sequence information, use linear interpolation for genetic
location estimation using the physical and genetic locations of the immediately
neighboring deCODE markers. For this purpose we developed publicly available
software Cartographer (https://apps.bioinfo.helsinki.fi/software/cartographer.aspx).

Genome-wide screen X Genome-wide screen Y

+—+—+ - -7

A B CcC D AF G D

Combined Genome-wide screen

H——"

A F BIG c D

Figure 21.  Schematic representation of combining marker maps across multiple
genome-wide screens. The genetic map of genome-wide screen X includes
genetic markers A, B, C, and D while genetic map of genome-screen Y
includes markers A, F, G, and D. Querying the UCSC database identifies
markers B and G as the same marker, although it is genotyped under
different names in the two genetic maps. The physical locations of the
markers are also retrieved from the UCSC database and the markers are
ordered accordingly. Last, the genetic locations are retrieved from the
deCODE genetic map and interpolated using their physical locations if the
markers are not included in the deCODE map.
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Combining genotype data

Once a common marker map is established combining the genotype data is a trivial
yet tedious task of assigning genotypes to proper locations along the map. For this
purpose we wrote custom software Mergescan (Sammalisto and Hiekkalinna,
unpublished). However, because the genome-wide screens were performed at
different genotyping centers and different batches we could not treat markers from
different genome-wide screens as identical even if they have been genotyped under
the same name since they may differ in allele coding. It is common practice to code
alleles 1, 2, 3... n based on their frequencies in the sample; therefore allele 1 for a
given marker in study A may correspond to allele 2 for that marker in study B. One
could try to resolve this by recoding alleles in each sample according to their
frequency before combining; this however would assume that the proportions of
allele frequencies are the same in each study sample which is clearly an unsafe
assumption. The allele coding problem can be resolved either by 1) assigning unique
allele numbers for a marker in each sample or by 2) treating markers from different
samples as different markers by setting some small arbitrary genetic distance
between them (e.g. 0.0001 cM). The former is more suitable for two-point analysis
while the latter is more suitable for multipoint analysis. Because in this study we
were primarily focused on the multipoint analysis we chose the latter strategy.

4.2.2 Statistical analysis

The methods described here were used throughout the study (I-III), therefore there
are no indications of which methods were used in which part of the study.

Familial relationship verification

The genotype quality control methods and linkage analysis methods assume that
family relationships are correctly specified. In some cases such as non-paternity,
also violations to Mendelian transmission of alleles at multiple loci may uncover
incorrectly specified familial relationships. However, for more distant relationships
simply focusing on Mendelian transmission is unlikely to uncover all relationship
errors. In the context of genetic mapping knowledge on the true relationships is
essential since all genetic analyses are performed conditional on the family structure.
For example, the expected genetic covariances utilized in the variance components
linkage analysis are derived from the declared familial relationships.

In this study Graphical Representation of Relationships, GRR'” was used to
perform the familial relationship testing. GRR implements a simple general method
that plots the mean and standard deviation of genome-wide IBS sharing between all
pairs of individuals in a given sample resulting in distinct clustering of specific types
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of relatives and unrelated pairs. The approach implemented in GRR has two clear
advantages over many other approaches 1) it does not require specification of
parameters (such as allele frequencies) and 2) since no inferential statistics are used
there is no need to set significance levels or be wary of multiple comparisons. GRR
is designed for genome-wide studies using multi-allelic markers and it can be
considered as accurate when individuals are genotyped for at least 50 loci. Figure 22
GRR shows how potential errors can be detected from the GRR output. If suspicious
relationships were detected the original investigators of the corresponding genome-
wide screen were contacted. If they were unable to provide information that would
allow us to resolve the suspected error either the pair in question or the whole family
was discarded prior to genetic analyses.

GRR: Simulated data . B
() ;::

IBS StDev

(d)

Figure 22.  GRR output for a simulated data set. Different declared relationships, sib-
pairs, half-sibs, parent-offspring and unrelated pairs are shown in different
colours and form distinct clusters when relationships are correct. The results
show many types of likely relationship errors: a) sibs who are really half-
sibs, b) half-sibs and unrelateds which are really sibs, ¢) unrelateds which
are parent-offspring pairs, d) unrelateds that may be either genotyping
duplicates or MZ twins and e) a sib-pair which is really a MZ pair.
Simulated data is provided by GRR authors
(www.sph.umich.edu/csg/abecasis/GRR/)
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Genotype quality controls

Since all the genotypes were already produced prior to this study, genotype quality
could only be assessed by statistical methods. Elimination of all Mendelian
inconsistencies is essential prior to genetic analyses. In this study we applied
Pecheck 1.1'" for singlepoint analysis of Mendelian inconsistencies in the data. If
inconsistencies were detected we removed the genotypes for that marker in all
family members using the automatic routines (option “-z”) implemented in
Pedcheck. Figure 23 shows an example of a Mendelian inconsistency due to a
common type of genotyping error called “allele dropout”.

Father Mother Child

(A) (B)
172 213

Allele 3

Allele 2
Allele 1

7

Figure 23.  (A) A family with father, mother and a child who are genotyped for a genetic
marker. The genotypes however, are Mendelian inconsistent since the
homozygous child must have inherited allele 1 from both parents but the
mother does not carry any copies of allele 1. (B) Electrophoresis diagram
from the genotyping procedure used to genotype this family. The true
genotype of the child is 1/3 but for some reason allele 3 is below the
detection threshold and thus the child is erroneously declared as 1/1
homozygote. This phenomenon is called allele dropout (the presence of
allele 3 is not detected) and is a common type of genotyping error.

Multipoint linkage analysis is highly sensitive to genotyping error and it has been
shown that error rates as low as 1% can decrease the power to detect loci
significantly'®"'®.  Singlepoint analysis may not be able to uncover all
inconsistencies in the genotype data for example due to missing parental genotypes
or uninformative markers (e.g. single SNPs). Multipoint genotyping error detection
methods examine multiple linked markers simultaneously and are able to detect
genotyping errors by detecting excessive recombination (Figure 24). Multipoint
error detection has been shown to greatly improve the power of linkage analysis'™
and it is especially relevant for small families where the majority of genotyping
errors are Mendelian consistent'**'® i.e. not detectable using singlepoint methods.

64



We applied the multipoint method for genotyping error detection implemented in
Merlin 1.0.1"® and removed all genotypes flagged by Merlin as unlikely using the
Pedwipe utility program distributed with the Merlin package.

(A) (B)
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Figure 24.  Concept of multipoint error detection. Sibs that are genotyped for nine
closely linked bi-allelic genetic markers. (A) It is likely that sibs have
inherited identical haplotypes from each parent since they have identical
genotypes at all loci. (B) If the genotype at one of the marker is different
(circled) the genotype at this locus contradicts the inheritance pattern from
all other linked markers since it would imply one of the parents carried two
nearly identical copies of the chromosome or two recombination events
occurred. MERLIN can compute the likelihood of each scenario and
evaluate their likelihoods allowing the detection of genotyping errors. Figure
reproduced from the Merlin web tutorial
(www.sph.umich.edu/csg/abecasis/Merlin)

Most genetic analysis methods assume that genotypes at genetic markers are in
Hardy-Weinberg equilibrium (HWE) and therefore the validity of this assumption
should also be verified. Since it has been shown empirically that HWE holds for
most human populations, deviations from the expected HWE proportions may
suggest problems with genotyping or undetected population structure (stratification)
or in samples ascertained for manifestation of a certain disease, an association
between the marker and disease susceptibility. In linkage analysis the HWE
assumption is used to assign the probability of compatible founder genotypes when
they are missing. In this study we used Pedstats'* to test for HWE equilibrium using
the “checkunrelated”-sampling scheme that performs the test by sampling
individuals from the families whose genotypes are independent of each other. If a
marker showed deviation from HWE at a statistically significant level (experiment-
wide p <0.05) we ignored this marker in subsequent genetic analyses.
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Statistical diagnostics of the phenotype data

Parametric statistical methods such as Pearson’s correlation, linear regression and
analysis of variance (ANOVA) assume certain characteristics of the variables
analyzed and may produce highly biased estimates, false positives and/or false
negatives if these assumptions are violated (see Figures 25 and 26 for examples).
Since the variance components method used for the linkage analyses in this study is
essentially an extension of multiple regression analysis it assumes that the trait
analyzed follows a normal distribution, therefore the validity of this assumption and
the presence of outliers (extreme trait values) must be checked with statistical
diagnostics methods. It has been shown that violation of the normality assumption
and/or relatively few outliers even in large data sets may elevate the false positive
rate of the variance components linkage analyses substantially'™'*"!*¥ we
performed basic diagnostics using SPSS 11.0 to ensure that height was normally
distributed in our sample and excluded outliers that deviated more than three
standard deviations from the sex-specific mean in that sample. Also, the phenotypes
of all individuals less than 23 years old were excluded because these individuals
may still be growing.

(A - (B)

alllile .

Figure 25.  Effect of outliers on distribution measures. Histograms A and B are based
on 100 data points but in A there is a single outlier in the data. Removing
this outlier reduces the mean from 0.10 to 0.05 (50% reduction) and the
variance from 0.95 to 0.80 (19% reduction) even though only 1% of the data
is altered.
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(A) (B)

Figure 26.  The effect of outliers to regression. Scatterplots A and B are based on 500
data points but in A there is a single outlier in the data. Removing this
outlier increases the regression coefficient from 0.23 to 0.35 (52% increase)
even though only 0.2% of the data has changed.

Height measurement

For most samples body height was measured at health care centers without shoes,
however for some samples only self-reported height was available. Although there is
upward bias in self-reported height it has been shown in Finnish twins that the
correlation between measured and self-reported height is very strong 0.98 for men
and 0.96 for women®*. Secondly since this bias is systematic, i.e. virtually everyone
overestimates their height, it has little effect on height variance which is the primary
focus of interest in variance components linkage analyses. In some of the US
genome-wide screens height was measured in inches which were converted to
centimeters using 1 inch = 2.54 cm.

Variance components linkage analysis

For the the linkage analyses we used the variance components method implemented
in Merlin 1.0.1.". Merlin uses the Lander-Green algorithm'® for the IBD
estimation and standard variance components framework for heritability analysis
and linkage analysis (see 2.6.3 for mathematical description) assuming no
dominance or epistatic variance. Due to its use of the Lander-Green algorithm
Merlin is designed to provide exact likelihood calculations for small families (=20)
that are genotyped for large numbers of linked markers. Merlin utilizes fast
algorithms based on sparse gene flow trees for IBD estimation which improves
analysis efficiency considerably in terms of computation speed and memory

) o 1 191
consumption compared to similar programs such as Genehunter % or Allegro o
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The VC method implemented in Merlin allows the incorporation of covariates in the
variance components model. Covariate adjustment is used to improve the power to
detect QTL by reducing the phenotypic variance that is not attributable to genetic
effects'®?. If the covariate does not correlate with the QTL influencing the trait of
interest, covariate adjustment of the trait value increases the power to detect that
QTL. Conversely, if the covariate and the QTL do correlate (or in the extreme case
there is a causal relationship), then the power to detect the QTL is decreased'®. If
we wish to find genes for height, we want to eliminate all sources of variation in
height that are not due to genes. For example, we know that sex is an important
source of “environmental” variation in height so when we want to analyze height in
a sample consisting of males and females we eliminate the effect of sex by
performing sex-adjustment. Basically covariate adjustment in the VC framework is
performed by using multiple regression analysis to eliminate the effect of that
covariate to the phenotype of interest.

In our analyses we used sex, age and cohort as covariates in the VC model. Since
height is a sexually dimorphic trait (the mean heights of males and females is
significantly different), sex is an obvious covariate. Furthermore as the age range of
our samples is wide we also incorporated age as a covariate to control for the secular
trend. Because there were slight differences in the distribution of height between
samples we combined we also included a cohort identifier as a covariate in our
analyses. This was most evident in Study II where we combined several distinct
populations (Table 9).

It has been shown that inclusion of ungenotyped and unphenotyped individuals that
are not required for specification of pedigree structure introduces noise in the
variance-components analyses' because the IBD estimates for ungenotyped
individuals will be based on theoretical expected genetic covariance (see the section
“Genetic covariance between relatives”) instead of genotype data and may therefore
be inaccurate. For this reason, we used Merlin’s “trim” option to automatically
remove these individuals prior to genetic analysis. Also, all variance components

analyses were automated using AUTOGSCAN'*.
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Stratification strategies

Sex can be considered as an environmental factor that can modify the penetrance or
expressivity of a trait®'*>'°. In addition to using sex as a covariate to correct for the
difference in average height between males and females we also stratified our
sample according to sex (i.e. analyzed males and females separately). This was done
because as noted before, covariate adjustment reduces the power to detect linkage if
the covariate and the QTL examined correlate'*>. Therefore if there are QTL that are
influenced by sex or are sex-specific there may be more power to detect them in sex-
specific analyses. These sex-specific analyses were performed by ignoring the
phenotype data of one sex while retaining all available genotypes in order to
maximize IBD information in the sample.

In study II where all families were ascertained on the basis of monozygotic or
dizygotic twin pairs we also aimed to reduce within-pair environmental variation by
only including the phenotypes of the dizygotic twin pairs. Utilizing dizygotic twins
instead of siblings reduces environmental variation due to many factors: 1) they are
of the same age, 2) they share fetal conditions and 3) they are likely to share
childhood environment more closely than siblings of different ages197. These
analyses were also performed by retaining all available genotypes for maximum IBD
information.

We also performed linkage analyses for each study sample separately in each study
I, IT and III for two reasons: 1) combining samples may increase genetic and
environmental heterogeneity and thus reduce the power to detect QTL and 2)
comparison of the subset and the combined analyses allowed us to evaluate the gain
in statitistical power due to combined analysis of the subsets.

Empirical significance determination

The significance of an obtained test statistic is assessed by comparison to the known
theoretical distribution of that type of test statistic. However, in the case of LOD
score analysis the distribution under the null hypothesis (no linkage) depends on
many factors (marker density and informativeness, family structure, patterns of
missing data etc.) so the theoretical distribution may not hold for all genome-wide
screens. Therefore in order to assess the findings of a specific genome-wide screen
ideally one should derive the empirical distribution of the test statistic in that
specific screen via simulation. In this study we used the gene-dropping simulation
method implemented in Merlin 1.0.1 to randomly generate genotypes (under the null
hypothesis of no linkage) conditional on the genetic map and allele frequencies
while retaining the family structures, phenotypes and covariates of the individuals as
well as missing genotype data patterns.
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The gene-dropping approach is considered as the gold standard for determining
genome-wide significance, but due to its heavy computational burden many
alternative approaches have also been developed'**>%. Since these simulated data
sets are comparable to the original data in all other aspects except that any linkage is
due to chance, we are able to evaluate the probability that a given finding in the
original data is due to chance alone (false positive). The logic of evaluating the
empirical significance is simple and is shown in Figure 27: 1) analyze the original
(real) data, 2) record the reference (e.g. highest) LOD-score obtained for the original
data, 3) use gene-dropping to simulate a replicate data set, 4) analyze the replicate
data set exactly like the original data, 5) examine if reference LOD-score or higher
was observed in the replicate, 6) repeat steps 2-4 e.g. 100 replicates or more,
depending on computational resources and 7) determine the empirical significance
of the reference LOD score by dividing the number of replicates where the reference
LOD-score or higher was observed by the total number of replicates. For example, if
one simulates 100 replicate data sets and in 4 of them the reference LOD score (e.g.
LOD=3.00) is reached or exceeded, then the empirical p-value for the refrerence
LOD score is p = 4/100 = 0.04.

REAL DATA SIMULATED DATA

(3) Perform gene-dropping

(1) Analyze (6) Repeat e.g. (4) Analyze
100 times
(2) Record reference (5) Evaluate if reference
LOD score LOD reached or exceeded

Figure 27.  Schematic representation of determining empirical signicance of a LOD
score by gene-dropping simulations. Note that the retainment of the missing
data patterns: in the real data the mother in the top generation and one of
the sibs in the bottom generation are not genotyped therefore these missing
data patters are retained in all replicates. Calculation of the empirical
significance is not shown in this diagram.
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5 RESULTS

5.1 Combined genome-wide screen in Finnish families

5.1.1 Stratification of families

The Finnish families used in this study were originally ascertained for type 2
diabetes, familial combined hyperlipidemia or familial low-HDL levels and in total
comprised of 1,417 individuals from 277 families with genome-wide genotype and
phenotype data. Most families were extended pedigrees ranging from two to five
generations (average 2.8) and consisted between 2 to 15 informative members
(average 4.9).

5.1.2 Heritability estimates

The covariate-adjusted (age, sex and cohort) narrow sense heritability of stature was
0.84 in the combined sample. In the sex-stratified analyses age and cohort were used
as covariates and the heritabily estimates for stature were 0.95 for males and 0.99 for
females.

5.1.3 Genome-wide linkage results

Genome-wide multipoint linkage results are shown in Figure 28. Six chromosomal
regions were linked to stature with multipoint LOD scores > 2.0 (Table 11). Only the
male-specific locus on 1p21 was statistically significantly linked to stature according
to 100 simulated genome scans with an empirical p-value of p < 0.01 (Wilson’s 95%
confidence interval®”' 0-0.037).
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Figure 28.  Multipoint LOD scores for the Finnish families. The results for the joint
analysis of males and females, females and males are shown from top to
bottom, respectively.
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Table 11. Multipoint LOD scores > 2.0 observed in the Finnish families. Asterisks
denote interpolated genetic distances.

Multipoint LOD Score

Locus Peak Marker deCODE cM Males Females Combined
1p21 DI1S1631 125.75 4.25 0.00 0.34
4q35 D4S426 202.69 0.17 1.06 2.18
9p24 D9S2169 12.55* 2.57 0.00 0.15
13ql12 D13S221 16.26 0.00 2.66 0.47
18q21 D18S60 86.76* 2.39 0.00 0.57
22ql13 D22S282 50.81 0.23 0.47 2.85

5.2 Combined genome-wide screen in Australian and European
twin families

5.2.1 Stratification of families

The Australian, Danish, Finnish, Dutch, and UK families derived from the twin
cohorts of the GenomEUtwin consortium provided genome-wide genotype and
phenotype data also for non-twin family members in addition to the twin pair (MZ or
DZ) for which they were ascertained on. Since sample size is a critical determinant
of statistical power in genetic mapping studies we performed the variance
components analysis also using all available data even though the initial premise of
the study design was minimizing envirionmental variation by utilizing DZ twins.
From the available 3,817 families we had data for 8,450 individuals in the former
and 6,602 in the latter sample.

5.2.2 Heritability estimates

When all available data was analyzed, the covariate-adjusted (age, sex and cohort)
heritability estimates for stature were 0.82 in the combined analyses, 0.98 in the
females- and 0.93 for males-only analyses. When only the DZ twin pairs were
analyzed, the heritability estimates were 0.99 in the combined analyses, 1.0 in the
females- and 1.0 for males-only analyses. Only age and cohort identifier were used
as covariates in the sex-stratified analyses.

5.2.3 Genome-wide linkage results

Genome-wide multipoint linkage results are shown in Figure 29. In this sample six
chromosomal regions showed evidence for linkage to stature, with LOD scores > 2.0
(Table 12). However, none of the loci retained empirical significance according to
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our simulation; the empirical p-value for the strongest linkage on 8p21 (multipoint
LOD =3.28) was p = 0.08 (Wilson’s 95% CI 0.04-0.15).
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Figure 29.  Multipoint LOD scores for Australian and European families. The left panel
displays the results using all available individuals and the right for DZ twins
only. The results for males and females jointly as well as, females and males
separately are shown from top to bottom, respectively.
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Table 12. Multipoint LOD scores > 2.0 observed in the Australian and European families

Multipoint LOD Score

All individuals DZ twins only
Locus deCODE Males Females Combined Males Females Combined
cM
Tp22 1 0.78 0.00 2.03 0.52 0.05 0.00
8q21 97 1.07 1.58 3.28 0.51 0.57 1.25
20p13 15 1.70 1.12 140 1.35 0.55 2.90
20p13 21 2.70 1.14 1.69 1.32 0.53 2.32
21q21 23 1.40 0.28 0.56 2.25 0.46 1.36
Xq25 131 1.48 0.00 2.03 1.12 1.00 2.69

5.3  Combined analysis of families from the United States

5.3.1 Stratification of families

Families were collected from completed genotyping projects performed at the
National Heart Lung and Blood Institute’s Mammalian Genotyping Service
(Marshfield, WI, USA) and originally ascertained for type 2 diabetes, elevated blood
pressure phenotypes, systemic lupus erythematosus and obstructive sleep apnea. In
total we had genome-wide genotype and phenotype information for 9,371
individuals from 3,032 families available to us. In addition to combining all
available data in order to maximize the sample size we also analyzed the African-
American and European-American families separately in order to reduce possible
heterogeneity due to genetic and environmental variation. The relative contributions
of African-Americans and European-Americans were 4,466 and 4,905 individuals
from 1,628 and 1,404 families, respectively.

5.3.2 Heritability estimates

The covariate-adjusted (sex, age and cohort identifier) heritability estimates for
stature were 0.87 in the African-American and 0.83 in the European-American
cohorts. The heritability estimates by cohort and sex are displayed in Table 13. In
the combined analysis of the African-American and European-American families we
also added a covariate distinguishing the two cohorts.

Table 13. Heritability estimates for stature from the US families.

Males Females Combined
African-American 0.94 0.97 0.87
European-American 0.81 0.92 0.83
All 0.87 0.95 0.85
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5.3.3 Genome-wide linkage results

The genome-wide linkage results by cohort and sex are shown in Figure 30. In
summary, we found evidence for linkage to stature in previously reported loci on
11923, 12q12, 15925 and 18923 as well as 1526 and 19q13 which have not been
linked to stature previously. The LOD scores for each locus are shown in Table 14
by cohort and sex.

Most of the linkage evidence emerged from the European-American cohort where
multipoint LOD scores > 2.0 were found at loci 11923, 12q12, 15925 and 15q26.
When African-Americans were included in the analyses linkage evidence at these
loci decreased suggesting some locus heterogeneity between these samples. The
African-American sample did not yield any LOD scores > 2.0 when analyzed
separately, however their inclusion in the joint analyses increased evidence for
linkage substantially at 1823 and 19q13 suggesting common loci influending
stature between the African-American and FEuropean-American cohorts.
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6 DISCUSSION

6.1  Heritability estimates for height

The heritability estimates show remarkable consistency across the populations in this
study as is shown in Table 15. These results further establish that the heritability of
adult height in modern Western societies is well over 0.80 (Reviewed by
Silventoinen 2003202). However, as already discussed earlier (see sections 2.3.4 and
2.4.1) this may only reflect the fact that the populations included in this study are
highly similar in respect to environmental influences affecting growth. Also since
the samples sizes from each population are large, sampling variation is negligible
and the heritability estimates are robust.

The sex-specific heritability estimates are substantially higher than the estimates
from the joint analyses which may suggest the presence of sex-specific genetic
elements i.e. that sex is not merely an environmental influence but also interacts
with genes that influence height; therefore sex is a confounder. The heritability
estimates for females are also consistently larger than those for males suggesting that
environmental influences may be less relevant for females. This may suggest that
females are better buffered against environmental influences on growth which has
been reported previously”” 2% although not all studies agree **.

Table 15. Heritability estimates from this study by sex and population

Males Females Combined
h? N h? N h’ N
Finland 0.95 659 0.99 758 0.84 1,417
Europe 0.93 2,774 0.98 5,676 0.82 8,450
United States 0.87 3,550 0.95 5,756 0.85 9,306

6.2 Stature loci identified in the Finnish families

6.2.1 Locus 1p21

Epidemiologists have a long tradition of stratifying samples according to sex, but
this approach has been relatively uninvestigated in genetic mapping studies until
recent years™ >**72% Since sex-specific hormonal environments may influence
the expressivity of genes that influence height we decided to analyze males and
females separately in order to increase the statistical power to detect these genes and
consequently we were able to show strong evidence for male-specific linkage to
1p21. This locus is the single strongest finding in this study (I-11I).
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Evidence for linkage to this locus was also reported previously in a sample of
African-Americans'®®, although the investigators did not perform sex-limited
analyses for height. The 1-LOD drop support region (the genomic region
surrounding the linkage peak where the difference in LOD score is less than 1 unit)
surrounding this linkage peak harbours three genes that we considered as interesting
functional candidate genes for height: EXTL2, COL11A1 and CHI3L2.

EXTL2 is an enzyme that is involved in the biosynthesis of heparin/heparin-sulfate
and belongs to the hereditary multiple exostoses (HME) family of tumor
suppressors. Mutations in two other members of this gene family, EXT1 and EXT2
have been shown to cause HME types I or II where approximately 50% of patients
exhibit short stature. Interestingly there is also a significant excess of male patients
(104:76) and male probands (28:15) in HME implying sex-specific genetic effects
for this gene family.

COL11AT1 encodes for one of the two alpha chains of a minor fibrillar collagen, type
IT collagen and is mostly expressed in cartilage tissue. Mutations in COL11A1 have
been shown to cause type II Stickler syndrome209 and Marshall Syndrome210 that
both include skeletal manifestations. The link between COL11A1 and stature is
especially pronounced in Marshall Syndrome where patients are short in stature
relative to unaffected family members and have a stocky build. The role of
COL11A1 in growth and stature is further strengthened by the phenotype of
COL11A1 null mice®'". The null mutation produces an autosomal recessive lethal
phenotype with long bones that are half the normal length and wider at the
metaphyses (portion of the long bones between the epiphyses and the diaphyses).

CHI3L2 is a chondrocyte protein that is highly expressed in articular cartilage
chondrocytes and has been shown as a marker of chodrocyte expansion’'? relating
this protein with growth of long bones. However, this gene is relatively poorly
characterized to date.

6.2.2 Family based association analysis of 1p21 in Finnish families and
replication in a Finnish population cohort

We further examined the locus on 1p21 by genotyping 42 SNP markers within the
positional candidate genes on 1p21 in a subsample of individuals (54 families)
where samples were readily available for genotyping. These families were also
extended with additional family members. In addition we included 263 individuals
from 38 independent families which were not included in study I. Figure 32 gives a
schematic representation of the sample used. In total this sample consisted of 874
(431 males and 443 females) individuals from 92 families with genotype data and
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phenotype information. The family-based association analyses were performed using
MENDEL?". The association analyses in the population sample were conducted
with SPSS using analysis of covariance (ANCOVA).

Original Sample Fine-mapping sample

Figure 31.  Samples used in the finemapping of the locus on 1Ip21. In total 54 families
from the sample used in study I were included and also extended with
additional family members (dotted individuals). In addition we included 38
independent families which were not included in Study 1.

Using this sample we found evidence for male-specific association (p=0.02) in a
nonsynomous SNP Prol1535Ser within COL11A1. Stratifying our sample to only
families that were linked to this locus (n=45) increased the association (p=0.003).
We also genotyped this SNP in a representative Finnish population cohort Health
2000 (http://www ktl.fi/health2000) consisting of 6,542 unrelated individuals (3,023
males and 3,499 females) and replicated this association (p=0.03). In the Health
2000-cohort the effect was more pronounced in males where Ser/Ser-males were on
average 1.1 cm taller compared to Pro/Ser and Pro/Pro-males, while in females they
were only 0.6 cm taller (Kettunen et al., unpublished). The proportion of variance
explained by this variant was estimated to be 0.1% in males, a value which is
comparable to the effect of the recently reported HMGA?2 variants in the GWA study
by Weedon et al.'®.
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6.2.3 Other loci identified in Finnish families

The locus on 4q35 has not been previously linked to stature in independent studies.
Hirschhorn et al."* reported linkage at marker D4S1540 (LOD=1.73) in their
Finnish cohort and at markers D4S3051-D4S426 (LOD=1.89) in their Botnia cohort.
However, this report contained overlapping samples with Study I (both Botnia and
the Finnish cohort were included in Study I) and can not therefore be considered as
independent. In Study I we were able to further increase confidence for linkage at
the latter locus (LOD= 2.18). The linkage region is close to the telomeric region of
the long arm of chromosome four and does not harbor any obvious candidate genes
for height.

The male-specific linkage observed on 9p24 is also unique to this study and is quite
close to the telomeric regions which are typically quite gene-poor. Interestingly
though, Mukhopadhyay et al.'”® who performed sex-limited analyses in a
comparable manner to ours reported a male-specific locus (LOD=1.65 near marker
D9S319) = 40 cM from our linkage peak, however, due to the inherent variation in
location estimates from genome-wide screens”'* it is difficult to establish whether
these findings indicate the same or different loci. An interesting candidate gene,
natriuretic peptide receptor B precursor NPR2 is located = 5 Mb downstream of the
peak marker reported by Mukhopadhyay et al.'”’. Loss-of-function mutations in
NPR2 are the cause of acromesomelic dysplasia Maroteaux type (AMDM), where
skeletal growth falls off sharply after birth and results in adult heights that are >5
SDs below the mean®. Also heterozygous individuals, though unaffected for
AMDM, have been shown to be shorter than matched controls and consequently it
has been suggested that 1 in 30 cases of idiopathic short stature may be explained by
AMDM mutations”'®,

13q12 showed linkage (LOD=2.66 at D13S221) in the females-only analyses and
has been previously reported for modest linkage (LOD=1.01 at markers D13S221-
GGAA29H03) by Hirschhorn et al. in a Finnish cohort'** which was also included in
this study. However, Hirschhorn et al. analyzed only 388 females compared to 758
females analyzed in this study and also did not perform sex-limited analyses which
may explain why in this study the evidence for linkage was significantly stronger. In
the close proximity of this locus there are two genes which when disrupted cause
severe disorders where growth in stature is also affected: beta 3-glycosyltransferase-
like B3GALTL and spartin SPG20. Mutations in B3GALTL are the cause of Peters-
plus syndrome which is characterized by anterior eye-chamber abnormalities,
disproportionate short stature, developmental delay, characteristic craniofacial
features, cleft lip and/or palate”’. Loss-of-function mutations in SPG20 on the other
hand causes Troyer syndrome that is a form of spastic paraplegia with distal muscle
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wasting that usually debilitates patients in early childhood. Short stature is also a
prominent feature of Peters-plus patients'.

The male-specific locus on 18g21 (LOD=2.39 at marker D18S60) overlaps well with
the locus reported by Mukhopadhyay'* (LOD=2.26 at marker D18S364) with only
5 cM separating the peak markers between these studies. However, they observed
this linkage in the joint analysis of males and females and did not perform sex-
limited analyses. The immediate proximity of this locus does not seem to harbor any
obvious candidate genes for height.

The locus on 22q13 (LOD=2.85 at marker D22S285) has been implicated by another
genome-wide screen by Ellis'*> who reported linkage at approximately 10 ¢M from
our finding at 38 ¢cM (LOD=2.02). One plausible candidate gene for stature in this
region is adenylosuccinate lyase (ADSL) since it has been reported that some
children with ADSL deficiency exhibit growth retardation®’. However, ADSL
deficiency causes severe phenotypic manifestations such as autistic features,
epilepsy and mental retardation and it is unclear how this deficiency relates to
normal growth in stature.

6.3  Stature loci identified in Australian and European families

6.3.1 Locus 821

The strongest evidence for linkage to stature in Study II was observed on 8q21
(LOD=3.28 at 97 cM) using all available individuals. Chromosome 8 has been
implicated as harbouring stature QTL previously by Hirschhorn'**, although their
linkage peak (LOD=2.52 at marker D8S1100) is located = 50 cM downstream on
8q24. The 8q21-q24 region contains three interesting candidate genes for stature:
nibrin NBN, a zinc finger transcription factor TRPS1 and exostosin EXTI.
Mutations in NBN cause Nijmegen breakage syndrome which is characterized by
microcephaly, growth retardation, immunodeficiency, and cancer predisposition®’.
Different mutations in TRPS1 cause both tricho-rhino-phalangeal syndrome types I
and III that are both characterized by craniofacial and skeletal abnormalities
including growth retardation and resulting short stature™'. As already mentioned
EXT1 belongs to the hereditary multiple exostoses (HME) family of tumor
suppressors and when mutated causes hereditary multiple exostoses type 1 which is
characterized by formation of numerous cartilage-capped, benign bone tumors
(osteocartilaginous exostoses or osteochondromas) that are often accompanied by

skeletal deformities and short stature’?.
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6.3.2 Converging evidence for 8q21-q24 from an independent genome-
wide association analysis

We also performed a genome-wide association scan using = 317,000 SNP markers in
1,552 monozygotic female twin pairs derived from the GenomEUtwin consortium
cohorts (Kettunen et al., unpublished). The twin pairs were from Australia (n=480),
Finland (n=141), Denmark (n=172), Sweden (n=302) and the United Kingdom
(n=457) and did not overlap with the families that were used in the genome-wide
linkage screens in dizygotic twins (Study II). For each twin pair, we computed the
mean height and corrected it for age and cohort effects and performed regression-
based association analyses using PLINK 2 The genome-wide association results are
shown in Figure 33. Interestingly, two of the associated SNPs were on 8q24,
rs1464241 (p=4.1x107, rank 11.) and rs7830584 (p=9x10™®, rank 1.) overlapping the
linkage peak on 8q21. Neither of these SNPs has known regulatory functions nor is
located within known genes and therefore it is unclear if these SNPs have a role in
the determination of stature or if they are in linkage disequilbrium with the actual
QTN(s). However, these converging findings from independent genome-wide
linkage and genome-wide association screens warrant closer examination of the
involvement of the 8q21-q24 locus in growth and adult height.
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Figure 32.  Overview of the results from the MZ GWA study for stature (Kettunen et al.,
unpublished). The best associated (1.) SNP rs7830584 and another top-

ranking (11.) SNP rs1464241 on 8q24 overlapping the linkage signal are
indicated with red arrows.
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6.3.3 Other loci identified in Australian and European families

The telomeric end of the long arm of chromosome 7 is one of the best established
putative loci containing stature QTL (see Figure 31). However, in Study II we found
evidence for linkage in the telomeric end of the short arm on 7p22 (LOD=2.03 at 1
cM). The linkage evidence at this locus is fairly modest and is seen only in all
available individuals when males and females are analyzed jointly (Table 12). One
of the prime candidate genes for stature, the growth hormone-releasing hormone
receptor (GHRHR) is located near this linkage peak on 7pl5. Loss-of-function
mutations in GHRHR have been shown to cause isolated growth hormone deficiency
also known as dwarfism of Sindh which is mainly characterized by extremely short
proportionate stature and patients who are virtually devoid of other features typically
associated with other types of dwarfism'"’. However, the association of common
variation within this gene and short or tall stature was examined by Lettre et al. and

they did not find significant evidence for any association"’.

The linkage region on 20p13 (LOD=2.90 at 15 cM and LOD=2.70 ant 21 cM) is
very wide and poses some challenges when it comes to interpretation. The region
could possibly contain multiple linked QTL or may contain very little recombination
events in our sample due to stochastic factors. These loci map close to the linkage
peak reported by Thompson et al. in Pima Indians (stature p=0.0001 and leg length
p=0.001 at markers D20S66-D20S98) who also analyzed a positional candidate gene
in this region, bone morphogenetic protein 2'*, which is a member of the
transforming growth factor-beta (TGFB) superfamily. However, Thompson et al. did
not find evidence for association to stature or leg length and the potential role of
BMP2 in growth is yet to be determined although it has been reported to be capable
of inducing the formation of cartilage required for bone growth in vivo™*.

The seemingly male-specific locus linked to stature on 21q21 has not been reported
to contain stature QTL previously and does not seem to contain potential stature
genes. Unlike most published genome-wide linkage screens for stature (16 out of 17)
in this study we had also genotypes for X-chromosomal markers and found evidence
for linkage to Xq25 (LOD=2.69 at 131 cM). Interestingly, like at the male-specific
locus on 2121, linkage evidence was increased when we restricted our analyses to
dizygotic twins in order to reduce environmental variance. Liu et al.'*> showed
evidence for linkage at 122 ¢cM (two-point LOD=5.36 at marker GATA165B12P)
which overlaps well with our finding. However, since they did not perform
multipoint analyses, comparison between our findings is not straightforward. This
region contains several genes that are associated to various syndromes characterized
by short stature, including SLC6A8 mutations with X-linked creatine deficiency
syndrome™®, TAZ mutations with Barth syndrome®*®, CULB4 gene mutations with
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MRXSC syndrome®*’, SOX3 mutations with MRGH*****’ and the MRSS syndrome
locus™® where the defective gene is unknown. Another highly interesting gene in
this region is glypican 3 GPC3 that when deleted, causes Simpson-Golabi-Behmel
syndrome type 1 which includes severe pre- and postnatal overgrowth leading to
gigantism along with many other symptoms such as coarse facial features and

congenital heart defects™".

6.4 Stature loci identified in families from the United States

6.4.1 Locus 15925

The strongest evidence for linkage in the US families was observed on 15g25 which
shows linkage only in European-American families and is contributed by both
females and males. This locus has also been previously reported with linkage to
stature in the Australian sample (LOD score of 3.43 at 79 ¢cM) included in study II.
However, a seemingly distinct male-specific linkage on 15926 was also observed in
the European-American cohort. The region of these linkages contains several genes
that may be relevant for stature with aggrecan 1 (AGC1) and insulin-like growth
factor I receptor (IGF1R) being the most noteworthy. Aggrecan 1 has been shown
to cause Kimberly type spondyloepimetaphyseal dysplasia®~ which is characterized
by proportionate short stature, stocky habitus and progressive osteoarthropathy of
the weight-bearing joints. There is some evidence that mutations in the IGFIR gene,
resulting in IGF1 resistance, may underliec some cases of prenatal and postnatal

growth failure'”.

6.4.2 Locus 12ql2

Both African-American and European-American cohorts show evidence for linkage
on chromosome 12 but the peak locations are slightly different. This linkage is also
mostly contributed by females; however, inclusion of males adds linkage evidence
suggesting a lack of sex-specific genetic effects. This locus has also been previously
reported to contain a QTL for stature in a Finnish cohort'** and contains several
interesting candidate genes for stature such as SRY-box 5 (SOXS), vitamin D
receptor (VDR) and collagen type 2, alpha-1 gene (COL2A1).

SOXS5 has been shown to be an enhancer of chondroblast functions, controlling both
the expression of extracellular matrix genes and cell proliferation™ and to
participate in COL2A1 expression activation*. VDR is an obvious candidate gene

for stature since the vitamin D endocrine system is of paramount importance in
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normal skeletal growth. VDR has also been previously linked and associated with
stature'®'”°. COL2A1 encodes for type II collagen (cartilage collagen) and
disruptions of its normal functions cause several forms of chondroplasias and
spondyloepiphyseal dysplasia syndromes which are characterized by shortening of
the trunk and limbs. Also mice carrying a partially deleted human COL2A1 gene
developed the phenotype of a chondrodysplasia with dwarfism, short and thick

limbs, short snout, cranial bulge, cleft palate, and delayed mineralization of bone™”.

The linkage peak on 12q12 maps close to the HMGA2 gene on 12q14 which was
associated to stature in a genome-wide association study by Weedon et al."* thus
providing converging evidence from two independent genome-wide studies utilizing
complementary strategies (linkage and association). The importance of HMGA2 in
growth and attainment of adult height is also supported by findings from defects in
this gene that have been shown to cause gigantism in mice and humans""** and
dwarfism'*® in mice.

6.4.3 Locus 1823

The locus on 1823 is highly interesting because it showed evidence for male-
specific linkage in Finnish families (Study 1), US families (Study III) and in another
sample of US families reported by Mukhopadhyay et al.'*. Although
Mukhopadhyay et al. used phenotypes for both sexes in their study they did model
imprinting effects as well as utilized sex-specific genetic maps. In both Studies I
and III the linkage observed on 18q23 is clearly sex-specific since inclusion of
females dilutes evidence for linkage completely. In the US families this male-
specific linkage is contributed roughly equally by both African-American and
European-American cohorts although the exact peak location is slightly different
between the cohorts.

The linkage peak on 18q23 lies within the region deleted in patients with
chromosome 18q deletion syndrome. The phenotype of this syndrome is highly
variable but commonly includes mental retardation, short stature, hypotonia, hearing
impairment, and foot deformities. The likely cause of growth impairment in these
patients is growth hormone insufficiency which has been associated to a deletion of
an approximately 2 Mb region between markers AFM242yf2 and D18S4627°. An
excellent candidate gene for stature within this critical region is the galanin receptor
(GALR1) because its substrate, galanin (GAL), is a potent stimulator of growth

. 237
hormone secretion™".
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6.4.4 Other loci identified in US families

The linkage observed on 11g23 is mostly driven by European-American males
which show clearly the most evidence for linkage. This locus however, may not be
truly sex-specific since females also show some evidence for linkage and the total
evidence for linkage is stronger when females and males are analyzed jointly.
African-American families on the other hand exhibit virtually no evidence for
linkage at this locus. Mukhopadhyay et al. also reported linkage peak overlapping
our findings in this region'*"""**'*>_ This locus contains several interesting candidate
genes for stature. One such gene set is a cluster of matrix metalloproteinase (MMP)
genes such as MMP8, MMP10 and MMP13 which are involved in the breakdown of
bone extracellular matrix by degrading proteoglycans and type I, II and III collagens.
MMP13 is of particular interest since it is the likely cause of human Missouri type
spondyloepimetaphyseal dysplasia238, a skeletal disorder characterized by defective
growth and modelling of the long bones and the spine.

Chromosome 19 has not been previously linked to stature in other genome-wide
screens. The linked region on 19q is very large containing hundreds of known genes.
The most prominent candidates are transforming growth factor-beta (TGFB1) and a
cluster genes belonging to the insulin-like growth factor family of signaling
molecules (IGFL1, IGFL2, IGFL3 and IGFL4). TGFBI1 is highly expressed in
developing cartilage, endochondral and membrane bone, and skin, suggesting a role
in the growth and differentiation of these tissues and it also regulates the actions of
many other growth factors. The physiologic functions of IGF-like proteins are not
well defined but given the homology with IGF proteins that have central roles in
growth and development (such as IGF1 and IGF2), it is likely that genes of the IGF-
like family act as growth modulators as well*>.
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6.5  Stature loci localized in this study compared to previous
findings

6.5.1 The stature gene map

Including this study, there have been 17 genome-wide linkage screens and one
genome-wide association screen that have reported linkage findings in every
chromosome except chromosomes 10, 16, 19 and Y. However in Study III we report
evidence for a QTL on chromosome 19 as well. To facilitate the accumulation of
genetic evidence in stature gene mapping we have established an Internet knowledge
resource The Stature Gene Map (wWww.genomeutwin.org/stature gene map.htm)
that summarizes all published linkage findings for stature.

The schematic diagram from the web site (Figure 33) visualizes the current
knowledge on QTL underlying height. From this figure it is clear that most findings
are from single reports, some loci are supported by two and only the loci on 6q25,
7q35-36 and 9q21-22 by three studies.
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Figure 33.  Overview of the results from published genome-wide QTL screens for stature
where multipoint LOD scores over 2.0 have been reported. The numbers
refer to the original publications that are accessible via hyperlinks at the
Stature Gene Map web site. Study I is shown with number 14 and study 11
with 17. Study I11 is not shown here because it has not been published yet.
http://www.genomeutwin.org/stature_gene_map.htm

89



6.5.2 Replication in genome-wide studies

Naturally the most convincing loci are those reported by multiple studies; however,
converging evidence from multiple linkage studies may be complicated because the
support regions for linkage peaks are typically very large, spanning even tens of
centimorgans and hundreds of genes and maximum likelihood estimates of QTL
locations are subject to chance variation®. In QTL analysis it has also been shown that
the precision of the location estimate is also positively correlated with the QTL effect™™.
The QTL effect on the other hand may vary between studies due to many factors; for
example due to sampling variation or differences in genetic and environmental
influences. Thus it is difficult to distinguish between overlapping and independent

findings when they are located, for example, on adjacent chromosome bands.

There is also considerable debate regarding the statistical criterion for declaring
replication of a previously reported linkage signal although some have postulated
thresholds for replication®*'*. A common confusion when investigators claim
replication is the lack of multiple testing corrections. For example, authors who find
a LOD score in their genome-wide scan with a nominal p-value of 0.05 that overlaps
with a previous genome-wide significant linkage report and claim replication thus
ignoring the multiple testing they have performed in their genome-wide scan.
Statististical significance is always a subjective decision and thresholds such as p <
0.05 or LOD > 3.0 are completely arbitrary. It is clear that most test statistics are
dependent on many features such as family structures and allele frequencies and
therefore empirical significance might be a more useful method of comparing
statistical findings from multiple independent studies.

6.6  Conclusions from loci discovered in this study

The loci discovered in this study well represent the findings from previous genome-
wide screening of stature QTL: most of the discovered loci are unique to a single
study while some findings overlap between studies. However, some of the loci
implicated in this study merit more focus than others.

The male-specific locus on 1p21 identified in the Finnish families (Study I) seems
particularly interesting since we were able to show that a specific variant
Pro1535Ser in the positional candidate gene COL11A1 was associated with stature
in Finnish families where the initial linkage was established and was also replicated
in a large population cohort that is representative of the Finnish general population.
Using this population cohort we estimated that this variant explains 0.1% of the
population variance in height in males. To our knowledge, this variant is the first
sex-specific quantitative trait nucleotide (QTN) discovered that is convincingly
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associated with stature in the general population (Kettunen et al., unpublished). In
addition, it is possible that this locus has an effect on stature in other populations as
well, since it has been reported for linkage in US African-Americans as well'*’.

The locus on 8p21 linked to stature in Australian and European families (Study II) is
also of special interest since there is converging evidence from our genome-wide
association screen in MZ twins that specific variants at this locus may influence
stature. We found two variants that were highly associated with stature in an
independent GWA screen (Kettunen et al. unpublished) and we are currently
investigating this locus further.

There is also a highly interesting overlap between the 12q21 locus linked to stature
in our study (Study III) and the recently reported association of HMGA?2 to stature
from the first published genome-wide association study for stature'”’. Unfortunately
our data does not allow us to further dissect whether this gene explains the observed
linkage in our study or if there are other stature QTL at this locus.

Furthermore, in this study we were able to show converging linkage evidence for the
18921-q23 region from the Finnish and the US families (Studies I and III) which
was prior to this study an “orphan” stature locus where only one study had reported
linkage to stature'”. Now, this locus joins the group of prime candidate loci 6¢25,
7q35-q36 and 9q21-q22 that are reported for linkage to stature by three independent
genome-wide linkage screens.

Also, our results imply that many loci influencing height are sex-dependent - in this
study 8 out of the 16 loci that showed evidence for linkage (LOD > 2.0) were either
exclusive for one sex or the linkage was stronger in the sex-stratified analysis. The
major finding of this study the Prol535Ser variant in COL11A1 demonstrates
clearly how the effect is different in males and females where Ser-homozygote
males are on average 1.1 cm taller, while females are 0.6 cm taller than their
counterparts with other genotypes. It is plausible that the larger effect in males
compared to females was the critical factor that allowed the detection of linkage in
the males-only analyses in study I since no linkage was observed at this locus in the
combined analysis of males and females nor in the females-only analyses. Until
recent years the potential sex-specific architecture of human traits has been
underappreciated and relatively uninvestigated in gene mapping studies, where sex
has usually been treated as a simple environmental covariate. Reports of sex-specific
or sex-dependent genetic findings have now begun to surface *'°%!?6207208 apq
probably will do so even more in the future.
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6.7  The importance of studying stature

Understanding the genetics of human height is important for several reasons. First,
linear growth is one of the fundamental characteristics of childhood, and deviation
from normal patterns of growth is a common cause of medical evaluation and
referral to pediatric clinics. Also, because the height of an individual may have
important socioeconomic and psychosocial implications there is special interest in
the height of children of shorter than average parents.

Secondly, epidemiological studies have shown many associations between height
and general health indicators as well as between height and several specific diseases
such as cancers and cardiovascular diseases. Although these associations may be
examples of classical confounding, where two variables correlate due to a third
shared causative factor, there may indeed be shared etiology as well and unraveling
the genetics of height may give insight to these etiologies.

Thirdly, even though there is extensive knowledge on hormonal regulation of growth
we still lack a basic understanding of biological mechanisms of growth and the
factors that produce observed variation in growth tempo and potential. The study of
height may shed light on these basic biological mechanisms as well.

Lastly, height may serve as a model phenotype of a polygenic trait study which may
yield important lessons for methodology and study design of other polygenic
phenotypes of interest.

6.8 Lessons from genome-wide studies of stature

6.8.1 Heritability and mappability

By definition, heritability is an aggregate measure that includes the joint effect of all
genes that influence the trait and it does not give any insight to the number genes
affecting the trait or to the relative proportions of variance explained by each gene. In
general, traits for which heritability is low are not amenable to QTL mapping®**,
However, this does not translate to the fact that traits with high heritabilities are
amenable to successful QTL mapping either. QTL mapping is most likely to succeed
for so called oligogenic quantitative traits that are controlled by only a few bi-allelic
loci that are largely responsible for contributing genotypic variation to variation in the
phenotype (major genes) and an indefinite number of loci with small effects**>**. For
truly polygenic traits, which are controlled a large number of QTL with small and
roughly equal effects (i.e. no major genes), locating those QTL with current mapping
methods may be impossible**’. Accumulating knowledge from this and other studies
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suggest that stature may be indeed highly polygenic, since only a few loci have been
consistently mapped and the identified variants explain only minute proportions of the
observed variance despite the very large samples in some studies.

Another concern is the accumulating evidence for the highly polygenic background
of quantitative traits. For height, the identified variants on HMGA2 and COL11A1
explain only 0.3% and 0.1% of the observed variation suggesting that there may be
hundreds or even thoudands of QTL of similar or even smaller effects. Visscher et
al.** estimated by genome partitioning in a sample of 11,214 sibling pairs that all
autosomes and the X chromosome contribute to the variation in height. They also
described that in the “best-case” scenario the average QTL would explain 3.9% of
the phenotypic variance (90% heritability equally divided into 23 chromosomes each
harboring a single QTL) and that even in this case a linkage study of 57,830 sib pairs
would be required for 80% power with an alpha level of 0.0001. Therefore even the
largest studies such as this one would be likely to be underpowered. In the study of
model organisms it is well established that the effects (QTL specific heritabilities) of
identified QTL are distributed in an extreme L-shaped manner, where a few loci
have relatively large effects, more loci have moderate and may have very small
effects®®*>°. However, the effects are typically less than 5%>°. It should be noted
though that the observed L-shaped distribution may also arise from several statistical
artefacts as well”’.

6.8.2 Maximizing sample size by combining data

Common explanation for failure to identify loci in genetic mapping is a lack of
statistical power due to small sample sizes™. One of the key aims of this study was
to examine the usefulness of combining data across multiple primary sources.
Although it was clear that combining data is also likely to increase heterogeneity due
to genetic and environmental sources, our hypothesis was that major loci containing
ancient variants that are shared across diverse populations may be detectable given
large enough sample size. However, if stature is controlled only by QTL of small
effects (e.g. < 5% of the observed phenotypic variance) even this study is likely to
be underpowered. For most loci, we could definitely demonstrate the value of
combining data since they were not detectable in individual subsamples. For other
loci, however we noticed that reducing variation by stratification was essential for
locus identification. Stratification may also produce false positives and false
negatives due to sampling variation if sample size is small. Still if QTL effects are
very small as some model organism data and recent data from human studies
suggests even this study may have been underpowered to detect most QTL
underlying height and one requires luck to discover true QTL.
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6.8.3 Information content

Another potential factor that may explain the limited success in genome-wide
linkage studies is the relatively low information content due to missing founder
genotypes and relatively sparse marker maps of traditional genome-wide screens. In
a systematic analysis of 101 genome-wide linkage scans™® the average marker
density was 11 c¢cM which is far too sparse in order to extract all inheritance
information®’ especially if there are missing founder genotypes in the data. Since
the expected LOD score and therefore the power of linkage analysis is proportional
to the inheritance information extracted from the marker data®® it is likely that most
genome-wide linkage studies have been seriously underpowered. Many empirical
%1 and simulation studies have shown that regenotyping families that have already
been collected with high-density SNP maps is highly beneficial. Since sample
ascertainment and collection are very time-consuming and expensive stages in
genetic studies this would very likely be worth the effort.

6.8.4 Stratification strategies

It has become increasingly evident from this and other studies that special
ascertainment schemes may be essential for dissection of the genetic architecture of
oligo- and polygenic traits. This study has demonstrated the usefulness of reducing
environmental variation due to sexual dimorphism and unshared familial
environment by analyzing males and females (who differ greatly in hormonal
environment) separately and by sampling dizygotic twins who share fetal, childhood
and adolescent influences on growth and attainment of adult height. Also, when
there is population stratification, such as in the US families, in most cases analyzing
ethnic groups separately results in greater statistical power even though sample size
is reduced.

Reducing genetic and environmental heterogeneity is clearly an efficient strategy in
genetic mapping and may also be a more critical determinant than robust statistical
power based on sample size. This is evident from the results from this study; the
most convincing locus finding in our genome-wide studies was from the smallest
and the most homogeneous Finnish study sample - a finding which was also recently
replicated in an independent population cohort (Kettunen, unpublished). This should
not be surprising since multiple successful gene identifications have been performed
utilizing homogeneous isolated or relatively isolated populations (see Peltonen et al.
262 and De La Chapelle®® for review). Also, systematic analyses have shown that the
only two critical factors determining successful locus identification are sufficiently
large sample size and genetically and environmentally homogeneous study
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sample™®. Results from this study suggest that given sufficient sample size the latter

may be a more useful strategy.
6.9  Future strategies for studying stature

6.9.1 Sample population

This study has demonstrated the importance of sample homogeneity over sample
size and no matter which study designs are utilized sample choice is of paramount
importance in any genetic study. Ideally the sample should be homogeneous in terms
of environmental and genetic variation because 1) environmental influences add
random noise to genetic analyses thus reducing statistical power and because 2) all
genetic mapping methods are susceptible to false positive and false negative findings
in the presence of locus and allelic heterogeneity (although association analyses are
more susceptible in general®” whilst linkage may succeed’®). The recent
availability of very dense genome-wide data enables the stratification of samples
based on their actual genetic resemblance®?* instead of relying on geographic
location, genealogy or self-reported ancestry and will provide an excellent tool for
detecting population stratification. One should also bear in mind the importance of
environmental homogeneity and attempt to minize all sources of heterogeneity by
clever study design and careful documentation of relevant exposures.

6.9.2 Phenotype of choice

Often the phenotype of interest may be the end result of a complex multibranched
pathway. However, focusing on intermediate stages (endophenotypes or
intermediate phenotypes) of those pathways may allow more successful dissection of
the genetic architecture of the phenotype. The use of expression levels in linkage
analysis has demonstrated that this is a powerful approach®’>".

For example height is an aggregate trait that is composed mainly of lengths of the
long bones, the spine and the cranium. It is not known whether these genes are
controlled by separate or shared sets of genes or a mixture of both. If there are genes
that influence the growth of specific components of height, performing genetic
analyses for these components separately is bound to improve the power to detect
underlying QTL.

One should also bear in mind that growth is a longitudinal process that occurs in
fetal life, childhood and adolescence. However, genetic studies of stature are cross-
sectional and focus only on adult height which is the endpoint of this growth
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process. It is well known that growth rate in relative and absolute terms varies
greatly between these developmental stages and they may also be under specific
genetic control. Restricting analyses to these specific growth periods could permit
the genetic dissection of the growth process in more detail. Also individuals vary
greatly in growth velocity within specific stages which may also be genetic in origin;
focusing on these stages might unravel these genetic differences as well.

Another challenge is how to better integrate the knowledge accumulated by the
scientific community in genetic analyses. For example there is extensive knowledge
on environmental factors that influence growth and subsequent adult height yet this
data is rarely collected and incorporated into the ascertainment schemes and genetic
models. In addition molecular and statistical geneticists should collaborate more
with auxologists, endocrinolgists and anthropologists especially in the design phase
of the study to better take into account all relevant variables and other
considerations. If these data could be included in an appropriate manner they could
accelerate genetic discoveries immensly

6.9.3 Study design and analysis

There have been many genome-wide screens for stature QTL, but unfortunately
these efforts have been characterized by lack of consistency between studies and
surprisingly low statistical evidence for QTL despite large samples (such as the ones
included in this study). Genome-wide association studies utilizing large numbers of
unrelated individuals have recently been proposed as a method of choice for
identifying genes underlying polygenic traits’’'*%. Unfortunately, for many
investigators, the GWA approach seems so appealing that they may not bother with
collecting family samples since it is more time-consuming than collecting unrelated
individuals. The arguments for the recent frenzy for GWA studies are both practical
as well as statistical; it is far less time consuming and expensive to collect unrelated
individuals as opposed to families and given that correct markers (i.e. the
quantitative trait nucleotides (QTN) affecting the trait or markers in strong linkage
disequilibrium with them) are genotyped and the genetic mechanism is fairly simple
(e.g. only a few common variants) association analysis is more powerful than
linkage analysis®***".
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Table 16. Simplistic comparison between relevant differences in genome-wide linkage
and genome-wide association designs.

Linkage Association

Requires family samples Can be performed with unrelated individuals or
family samples

Low resolution since it focuses on observed High resolution because it focuses on historical

recombinations recombinations

Immune to allelic heterogeneity Sensitive to allelic heterogeneity

Immune to false positives due to population Sensitive to false positives due to population

stratification stratification (in population samples)

Optimal for rare alleles of moderate-to-large effect Optimal for common alleles and can detect modest
effects

One should remember that family-based linkage mapping and association mapping
in unrelated individuals are optimal under very different genetic models (Table 16)
and therefore it is unwise to invest solely in one or the other since we do not know a
priori the genetic architechture of the trait we are interested in. In the case of rare
monogenic disease, multiple rare variants at linked loci (allelic heterogeneity) seem
to be the rule not the exception®?™. For common polygenic disease and
quantitative traits this question is still unanswered - there are examples for both
common”” and rare alleles’® and theoretical and empirical studies suggest a role for
both rare and common variants®*’"*’®. The power of GWA studies relies heavily on
linkage disequilibrium since they are unlikely to genotype the actual QTN*** but rely
on LD between the typed variants and the actual QTN. Finally, also the extravagant
multiple testing involved in GWA studies reduces statistical power drastically due to
the requirement for stringent significance thresholds.

One complementary approach of combining family-based linkage and GWA analysis
was performed recently by Cheung et al.*” who utilized the Centre d’Etude
Polymorphism (CEPH) families where they initially performed a family-based linkage
study for 3554 gene expression phenotypes™®. For the strongest linkages (N=27) they
first performed regional association and later genome-wide association using the
founders from the same families and they were able to show concordant results using
these two approaches for many of the loci (n=15). Considering the inherent qualities of
family-based linkage and association analysis in unrelated individuals and empirical
studies it is clear that genome-wide linkage mapping in families and genome-wide
association mapping in population cohorts should rather be considered as
complementary, not alternative, strategies in mapping polygenic traits.
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7 CONCLUDING REMARKS

The foundation of this study has been an extensive national and international
scientific collaboration that has resulted in the pooling of intellectual resources and
study materials. Without such collaboration modern science would not excel at the
pace we have seen in recent years.

During this study the emphasis in genetic mapping has shifted from genome-wide
linkage studies in families to genome-wide association studies utilizing unrelated
individuals due to the availability of sufficient SNP marker via the HapMap-project
and the advent of rapid and affordable genotyping technologies.

If the majority of the genetic background of stature is explained by combinations of
relatively common variants genome-wide association studies may provide novel
insights into the genetics of growth and stature. However, if stature is largely
determined by rare variants that have a large impact for individuals but very little
impact on the population level, family-based linkage studies are better geared for
identifying them. Therefore, although the genome-wide association approach holds
great promise it should be considered as a complementary strategy to genome-wide
linkage not as the sole method of choice in the genetic mapping of human complex
traits. Also, with proper study design these two approaches need not be mutually
exclusive but their power can be combined.

It does seem that considering human stature as an “easy” model trait is a fallacy,
although stature inarguably possesses desirable features for genetic mapping such as
easy and reliable measument of the trait phenotype. Even though we have been able
to identify a few genetic variants underlying stature variation it is likely that we will
need deeper phenotyping, careful sample ascertainment, insightful study design,
sophisticated statistical modeling and careful consideration in accumulating
knowledge to fully understand the genetics and biology of growth and its endpoint,
human stature.
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