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Abstract 

The two sexes are so different that a genetic variant may finiction differentially in 

males and females. Because the evolutionary interests of the sexes never exactly 

coincide and the two sexes share most of their genetic materials (all except the 

Y chromosome in niannnals), conflicting natm'al selection can arise. Shared vari-

ants or traits undergo differential natural selection between the sexes, resulting in 

selection for a shared trait in one sex displacing the other sex from its optimum. 

The phenomenon of sexually antagonistic (SA) selection has been demonstrated 

in a wide range of taxa, including animals, insects and dioecious plans. How-

ever. it has not been widely studied in humans, and clear evidence is still rare. 

Furthermore, very little is known for the genetics underlying SA selection. 

In this thesis. SA selection in humans is studied at the viability level. Males 

and females are expected to share the same genotype distribution at autosomal 

loci. Thus, significant differences in genotype distribution at single-nucleotide 

polymorphisms (SNPs) between the sexes is an indicator of SA selection at the 

viability level. Genome-wide SNP data were the main materials used in the study. 

SNP data was obtained from white European control cohort of the Wellcome 
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Trust Case Control Consortium, wliich is a representative population sample. 

After ciuality control, ~4,80() individuals were included in the analysis with ap-

proximately equal numljers of males and females, and for each individual there 

were million genotyped autosomal SNPs available. 

Comparison of genotype distribution between the sexes at these SNPs provides 

evidence for ongoing conflicting natural selection between the sexes in humans. 

This is confirmed by examination of SNPs from genes associated with early onset 

disease and from genes related to sex hormone function. The former indicates that 

it is sex-specific differences of viability and/or mortality that lead to differences 

in genotype distributions between the sexes. The latter indicates that differences 

in sex hormones contribute to sex-differential viability or mortality. 

Candidate genes from regions with signatures of SA selection are presented. 

These candidate genes are important materials for studying the genetic mech-

anisms underlying SA selection. They may be associated with sex-differential 

prenatal viability and thus with spontaneous abortion. They may also be associ-

ated with sex differences in infant health and disease occurrence later in life. 
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Chapter 1 

Introduction 

1.1 Conflict between the sexes 

A genetic variant can be beneficial to one sex but harmful to the other sex. It 

is well known that the two sexes differ in many ways in appearance, physicjue. 

anatomy, physiology, behaviour and rei)roductive role. In humans, males and 

females also often differ in social roles. From the perspective of a gene, sex can 

be considered an 'environmental' variable which differs between boys and girls 

(in childhood), and between men and women (in adulthood). Staying in such 

distinctive enviromnents, a genetic variant shared by the two sexes can function 

differentially between the sexes, resulting in differential fitness effects |18,161 . 

The shared variant may also work in the same direction between the sexes but 

with differential magnitudes, such as a variant causing a disease in both sexes 

with differences in prevalence or severity. From an evolutionary point of view, 
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these shared variants undergo differential or opposite natural selection between 

the sexes. 

Sexually antagonistic (SA) selection occurs when the two sexes have different 

selective optima for their shared traits |18, 1611. It arises because the shared 

traits have a connnon genetic basis hut undergo differential selection between the 

sexes |119|. Thus selection on one sex may cause the displacement of the other sex 

from its phenotypic optimum, reducing its fitness. The effects of SA selection can 

be described as intra- or interlocus conflict, dei)ending on whether the target of 

selection is at a single locus or at more than one interacting loci |7|. An example of 

intralocus sexual conflict is that a gene is expressed in both sexes, but beneficial 

to one sex and detrimental to the other sex. As for interlocus sexual conflict, 

consider a case of mating decision described by Arnqvist and Rowe |7|, where 

males pursue a high mating rate, while females prefer low mating rate for their 

best interests, and mating rate is determined by locus A in males and locus B in 

females. Alleles expressed at locus A, which can increase male mating rate, will 

si)read in the population. The si)read of these alleles at locus A is detrimental 

to females, which in turn prompts selection at locus B for alleles that cause a 

decrease in female mating rate. Spread of such alleles at locus B can then impact 

selection among alleles at locus A. Interlocus sexual conflict is thus mediated by 

the interaction between loci A and B in the two sexes. In this study, however, 

only intralocus sexual conflict will be considered. 

By definition, SA selection generally produces unequal allele frequencies i m 



1.1. CONFLICT BETWEEN THE SEXES 3 

males and females each generation. However, single-locus models show that SA 

selection can maintain stable polymorphism with the balance of opposing forces 

on the two sexes |82,136|. How allele frecjuencies change over generations at a 

single locus experiencing SA selection depends on the net effect between the dif-

ferential selection acting on the two sexes. Simply based on whether selection acts 

in the same direction between the two sexes, two forms of allele frequency change 

can be predicted. The hrst is driven by selection acting in opposite directions 

between the sexes. In this tug of war, the selection force in the winner between 

the two sexes will determine how the allele frequency changes. Neutralization 

of ojiposing selection can maintain the balanced allelic freciuencies. The second 

form of allele freciuency change is directional, when natural selection is acting in 

the same direction but with differential magnitudes between the sexes. In that 

scenario, conflict between the sexes may be not as intense as the first one, but 

selection on one sex still slows adaptive evolution in the other sex |18|. Thus 

both of the two forms for sexual antagonism impede or slow the change of allele 

freciuencies in each sex. and many see sexual antagonism as a brake on sexual 

coevohition |30,45,45,88,124,140|. 

SA selection is thought to be a fmidamental force forming and maintaining 

sexual dimorphism |88, 121, 133|. The reason is that intralocus sexual conflict 

can be mitigated through the independent evolution of the two sexes toward 

their sex-specific optima |88|. Such resolution of conflict will theoretically result 

in the establishment of sexual dimorphism |88|. For example, a sharonl allele 
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beneficial to males but haniiful to females may eventually lead to that allele 

expressed only in males. In fact, sex-biased expression of shared genes is widely 

observed |36,58,104,117,132|, and sexual antagonism is a key hypothesis for the 

evolution of sex-biased gene exi)ression |49|. Sexual dimorphism is common in 

nature, and it is believed that all sexually dimorphic traits are fundamentally the 

product of sex-biased gene expression during the development of organisms [171 . 

SA selection has also been suggested to drive the evolution of the sex chromosomes 

[27,97,137], of gene duplication that leads to sex-biased genes [67,135|. and of 

genomic imprinting [41,120[, because all can mitigate and or resolve the conflict 

between the two sexes. 

1.2 Reported evidence for sexual antagonism 

In theory, sexual antagonism is inevitable and ubiciuitous because, between males 

and females, the environments of shared variants are so different, and the evo-

lutionary interests never exactly coincide. Since the theoretical foundations of 

sexual antagonism were developed decades ago [88,119,136[, accumulated and 

substantial evidence for such phenomena from nature and from laboratory exper-

iments has been presented. 

The reported evidence for the existence of sexual antagonism on shared traits 

is from a very wide range of species. For exanii)le, a study of over 13 year period 

in a natural population of serins {Sennus serinus) [14[ showed survival selection 

on bill morphology differs between the sexes, in that selection on bill depth is 
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directional in females, but stabilizing in males, presumably resulting from the 

differences in food utilization between the sexes. In birds, there is also evidence 

for SA selection on tarsus length |105| and beak colour |128|. Another example of 

sexual antagonism comes from red deer. A long-term study of red deer {Cervus 

elaphus) in nature |57| showed that fathers with high fitness at reproductive and 

survival levels tend to have daughters with relatively low fitness. In natural 

lizard populations, SA selection was reported acting on body size |40| and on 

siu'vival level |153|. As one of the examples from insects, the fly Drososoplnla 

rnelanogaster is a connnon species used in the laboratory to demonstrate evidence 

for intralocus conflict between the sexes |30,109,124,127,138|. Many more species 

from non-human animals and insects with evidence for sexual antagonism have 

been reviewed in recent literature, such as |18| and |39|. Even in the dioecious 

plan, sexual antagonism has been demonstrated [17,42,103 . 

In humans, there has also been evidence of sexual antagonism. In a male ho-

mosexual study with Italian sample, Caniperio-Ciani et al. |26| reported increased 

fecundity of maternal female relatives of homosexual probands, by comparing the 

family trees of homosexuals with heterosexuals. The same hnding was replicated 

later |74|, suggesting that shared genetic factors can significantly decrease male 

reproductive success but increase female fertility. 

Other potential evidence of sexual antagonism in humans is from the accu-

mulated rei)orts of sex-specific diseases. Nearly all human diseases are thought 

to have more or less sex-specific differences in prevalence, course and or sever-
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ity |112|. Classic examples include: Women are much more susceptible to a vari-

ety of autoinnnune diseases |102,165|; Cardiovascular disease is overall predom-

inant in men, but has a higher incidence in post-menopausal women compared 

with men [311; Alzheimer's disease are more common in women |164|, whereas 

schizophrenia and Parkinson's disease are more common in men |4, 145, 177|. 

Disease-causing variants are believed to be under pm'ifying selection [16| and will 

be removed from the gene pool. Thus, sex-specific diseases i)robably reflect the 

differential change of fitness between the sexes. However, differences of disease 

do not necessarily indicate the existence of underlying genetic factors causing dif-

ferential effects between the sexes, because other differences between the sexes, 

such as the differences in physiology like sex hormones |12,114| and in behaviour 

like exposme to cigarette smoke |11|, can also contribute to sex-specihc diseases. 

In smnmary, the phenomenon of sexual antagonism in humans has not been as 

widely studied as in non-himian species, and clear evidence of sexual antagonism 

in humans is still rare. Even in non-human species, so far, the vast majori ty 

of reported evidence for sexual antagonism has been based on the observation 

of negative genetic correlation of fftness on shared traits between the sexes in 

wild or laboratory populations |18|, without knowing the genetics underlying the 

patterns observed. Since SA selection plays an important role in forming and 

maintaining sexual dimorphism and in human genomic evolution, and genetic 

components experiencing SA selection are likely to contril)ute to lunnan health 

issues of sex-specific effect, more work is needed to detect SA selection, and 
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especially to explore the genetic basis underlying SA selection in humans. 

1.3 Aims of the study 

Only intralocus sexual conflict at the viability level will be considered in this 

study. Even in the non-human species, less attention has been paid to the sex-

differential natural selection arising from differential viability, compared to that 

from differential fertility |39|. The object of the study is to evaluate whether SA 

selection at the viability level is detectable in humans, and to explore the genetic 

basis underlying SA selection if it is detectable. 

Single-nucleotide polymorphism (SNP) data from a white European random 

sample are the main materials employed in this study. Only autosomal SNPs 

are studied in the thesis. In humans, the two sexes share the same {)robability 

of inheriting the same autosomal genotypes from their jjarents. If a SNP locus 

experiences SA selection at the viability level, the genotype frequencies at this 

SNP will differ between the sexes. For example, genotype AA at a shared SNP 

locus, which decreases male mortality but increases female mortality, will result 

in the observation of higher proportion for AA in males. Thus the difference 

in genotype frecjuencies between the sexes indicates SA selection at the viability 

level prior to the time of sampling. If SA selection is detected, then the extensive 

annotation for genes and genomic regions experiencing SA selection will be used to 

infer the genetic basis underlying SA selection, and the (characteristics of variants 

experiencing SA selection will be explored. 
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Chapter 2 

Genomic data and quality control 

Abstract 

Autosomal SNP data from a random sample of white Europeans was emjjiloyed to 

test whether there were genetic variants undergoing SA selection in humans. The 

SNP data are from the Wellcome Trust Case Control Consortium (WTCCC), 

where all individuals were Caucasian and living in Great Britain, and blood sam-

ples were collected originally for case-control studies |170|. I used only the data 

of control cohorts for the genome-wide scan for signals of SA selection. In the 

raw data, there were six thousand control individuals which were genotyped at 

~1 .8 million SNPs across the whole genome. Given the huge number of SNPs 

tested in the genome-wide scan, before interrogating each SNP, quality control 

on individuals and SNPs was performed, because even a small amount of sys-

tematic error, when applied across the huge nuniljer of SNPs, could still result 

in a considerable number of false positives which swamp the real signals. After 
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the (niality control, there were ~ 4 ,800 control individuals and ~1.2 million SNPs 

remained for analysis. In this chapter, information on the SNP data and the 

quality control process are presented. 

2.1 SNP data 

The genomic data utilized for the analysis of SA selection was from the W T C C C . 

The W T C C C is a group of 50 research groups across the UK, and aims to identify 

genetic variants associated with some conmion diseases |169]. Large-scale samples 

have been genotyped by the WTCCC, with high-throughput genotypiug technolo-

gies. The SNP data for control cohorts from WTCCC phase 2 and the SNP data 

for case cohorts from WTCCC phase 1 were utilized in this study. These SNP data 

were obtained after application to the WTCCC from http://www.wtccc.org.uk/. 

2.1.1 Subjects 

For both WTCCC control and case cohorts, all individuals were living within 

England, Scotland or Wales, and the vast majority were self-identified as white 

Europeans |169|. The two control collections were the 1958 Birth (58C) and UK 

Blood Services (UKBS) cohorts, each comprising approximately three thousand 

individuals. The 58C cohort consists of individuals, who were born in the same 

week in 1958 and provided blood samples when aged 44-45 years. In the UKBS 

cohort, samples were from blood donors with age range 18-69 years. Both cohorts 

contain approximately the same number of males and females. 
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At the time of this study (February 2011), the VVTCCC had combined the 

two control cohorts to form a shared control group for comi)arison with twenty 

four conmion diseases, and more diseases may be included in the future |169 . 

The two control cohorts are assumed to be samples from the general population. 

Comparison of SNP allele freciuencics between those two control samples revealed 

few significant differences |17()|. As a result, these two control cohorts were also 

combined in this study. 

SNP data for the seven case cohorts from the WTCCC were also employed 

in this study, to see if the genetically sexual antagonism was associated with 

diseases. These seven diseases were bipolar disorder, coronary artery disease, 

Crohn's disease, hypertension, rheumatoid arthritis, tyi)e 1 diabetes and type 2 

dial)etes |170|. The seven case cohorts each comprise approximately two thousand 

individuals. 

2.1.2 The related genotyping technologies 

The SNP data from the WTCCC were generated using DNA microarrays. These 

arrays have millions of probes on a single chip, and scan millions of SNPs per sam-

I)le. Two kinds of platforms, Illuniina 1.2M and Affymetrix V6.(), were employed 

to genotype each control individual |169|. Genotyping on both i)latfornis starts 

with a whole-genome ami)hhcation step, followed l)y hybridization between the 

specific oligonucleotide probe and the target DNA sequence |44. r23|. However, 

these two platforms differ substantially in several respects: 
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• Different methods are used to discriminate the two alleles of a SNP. The 

Affymetrix V6.0 discriminates alleles by direct hybridization of genomic 

DNA to arrays which contain locus- and allele- specific oligonucleotides [99, 

1()1|. These oligonucleotides are labeled and represent either jjerfect match 

or mismatch probes to each SNP. However, the Illumina 1.2M arrays contain 

only locus-specific probes, and use single-base extension with a labeled base 

to distinguish the SNPs [68|. Theoretically, the enzymatic fidelity in primer 

extension used to distinguish the two SNP alleles is extremely high [44,149|, 

and thus in theory the Illumina technology should show lower background 

noise. 

• The length of probes is different. Illumina arrays use 50-nier oligonu-

cleotides |149|, compared to Affymetrix's 25-niers |101|. 

• The SNP-selection strategies differs. Ilhunina's probes are based almost 

entirely on 'tagSNPs', which were those SNPs identified in the HapiXIap 

project |76|. In contrast, only about lialf of the SNP probes on the Affymetrix 

array are tagSNPs. Although Illumina 1.2M and Affymetrix V6.0 have sim-

ilar throughput (~1 million SNPs per run), they were designed to genotype 

mostly different SNPs, with only ~18% of the SNPs connnon to both plat-

forms. 

For the case cohorts, a different Affymetrix's platform (Affymetrix 500K), was 

employed. Affymetrix 5()0K follows the same procedural steps and features as 
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Affynietrix V6.(), l)ut the Affymetrix 500K only genotypes about half of tlie iiuiii-

ber of SNPs. 

2.2 Data quality control 

2.2.1 Importance of quality control 

The quaUty control (CJC) was i)erfornied on the individual level as well as on 

the SNP level before any analyses were undertaken. The goal of QC was to 

identify and remove individuals with possible inisclassification between males 

and females or low genotyping (luality, and to identify and remove SNPs with 

potential genotyping artifacts. 

The two genotyping platforms which produced the SNP data for control co-

horts, the Illumina 1.2M and the Affymetrix V6.0, both claimed accuracy in 

excess of 99.5% |101,149|. However, there are at least two reasons why QC for 

genome-wide SNP data is still important. Firstly, in practice, it is rare to reac:h 

genotype call ciuality as high as the SNP panel manufacturers claim, because the 

DNA quality of real samples is usually less than the carefully prepared samples 

used to benchmark the panels |34, 90. 125, 155,168|. Imperfections involved in 

any step of the genotyping process, from the sample collection and storage to the 

operation of SNP genotyping microarrays, can produce genotyping artifacts. Sec-

ondly. and perhaps most importantly, in the genome-wide context a small anioimt 

of i)oor (luality can have a large impact |168,170|, because even a small amount 
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of systematic error, when applied across the huge miinber of SNPs, could still 

result in considerable number of false positives which would swamp real signals. 

For instance, the reported accuracy of 99.5% means that ~5 thousand (0.5% of 

million) SNPs have l)ad ciuality on each genotyping platform employed in the 

study, and may be spuriously associated with the trait of interest. 

2.2.2 Quality control on individual level 

The QC on individuals is intended to identify and remove the individuals that 

were misclassified or that had low genotyping ciuality, which may have arisen from 

sample handling mistakes, contamination, or low DNA sample quality |146 . 

Along with SNP data, the WTCCC provided the suggested individual ex-

clusion lists, in which there were results for examining the genotyjnng outcome 

of each of the individuals against several QC filters. I utilized these exclusion 

lists, and removed any control or case individuals which failed any of these QC 

filters. For the control cohorts, two exclusion lists were provided because each 

of the individuals was genotyped on both Illumina 1.2M and Affymetrix V6.0 

platforms, and one may have failed the CJC on one platform but passed the QC 

on the other platform. In this study, if an individual failed QC on any platform, 

it was excluded. 

The following seven filters were used by the WTCCC for the individual QC: 

1) High missing data rate. A genotyping result is 'missing' when the 

genotyijing platform can not produce a reliable outcome for that genotype, where 
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the reliability is quantified by the calling algorithm. Individuals with a high 

rate of missing genotypes are excluded, as this is an indication of low DNA 

quality |146, 170|. An individual with >3% missing data across all SNPs was 

excluded by the WTCCC |17() . 

2) Out ly ing heterozygosity. In theory, individuals drawn from a popula-

tion with random mating should have genotypes in Hardy-Weinberg equilibrium 

(HVVE). The proportion of an individual's genotyped SNPs which are heterozy-

gous is predictable from the Hardy-Weinberg exi)ectation and the allele frequen-

cies at each SNP |168|. Because the probability that an individual has outlying 

genome-wide heterozygosity is small, outlying genome-wide heterozygosity may 

indicate contamination |146, 168,17()|. An individual with >30% or <23% het-

erozygosity was excluded by the WTCCC |170|. 

3) Relatedness. The WTCCC excluded related individuals after rumiing a 

Hidden Markov Model to identify the i)roportion of identity by descent (IBD). If 

two individuals were >5% identical by descent then the one with the lowest call 

rate was excluded |169|, where call rate is the proportion of SNPs for which a 

specific allele SNP can be reliably identified. 

4) Non-Caucasian ancestry. The WTCCC conducted a principal com-

ponent analysis on the sample individuals against the Hai)Map individuals of 

Caucasian ancestry |17()|. Individuals were excluded if they differed from the 

majority of the collection in terms of ancestry. These excluded individuals were 

likely of non-Caucasian ancestry. 
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5) Gender discrepancy. Ideally, a male is expected to have only homozy-

gous genotyping outcomes on the X chromosome due to the sole X chromosome. 

As for females, both homozygous and heterozygous genotyping outcomes are ex-

pected to observed on the X chromosome. Thus, gender can be inferred from the 

genotyping outcome of the X chromosome. Individuals with gender discrepancies 

between the supplier and the inferred gender were excluded by the W T C C C . 

6) Outlying ciiannel. The W T C C C excluded individuals if the mean of 

the intensity values from allele A and allele B from the specified 10,000 SNPs on 

chromosome 22 was outlying when compared to the sample at large. 

7) Genotyping disconcordance. Prior to being genotyped, the W T C C C 

genotyped 30 SNPs using the Sequenom equiment at the Wellcome Trust Sanger 

Institute. After full genotyping, the calls for these 30 SNPs were checked against 

the Sequenom genotypes. If the concordance was <90% then the individual was 

excluded by the W T C C C . 

After the QC on individuals, ~2,500 (84%) and ~2,300 (77%) control individ-

uals were retained for the 58C and UKBS, respectively. Case individuals failing 

the QC were also removed from the initial 3,000 individuals in each of the seven 

case cohorts. The composition for each control and case cohort after QC in this 

study is listed in Table 2.1. 
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Table 2.1: Composition of each control and case cohort after cjuality control 

Name of cohort Males Females Total 

Sex ratio 

(males/females) 

58C (1958 British Birth Cohort) 1295 1207 2502 1.07 1 

UKBS (UK Blood Services) 1151 1163 2314 0.99/1 

BD (bipolar disorder) 697 1171 1868 0.60 1 

CAD (coronary artery disease) 1527 399 1926 3.83/1 

CD (Crohn's disease) 680 1068 1748 0.64/1 

HT (hypertension) 775 1177 1952 0.66/1 

RA (rheumatoid arthritis) 470 1390 1860 0.34 1 

T ID (type 1 diabetes) 998 965 1963 1.03 1 

T2D (type 2 diabetes) 1118 806 1924 1.39 1 

All Cohorts 8711 9346 18057 0.93/1 

2.2.3 Quality control at SNP level 

The QC used at the SNP level was designed to identify and remove SNPs that 

potentially lead to false positives or false negatives. QC processes were applied 

to SNPs from the control individnals only, as the genome-wide scan was based 

on the control data. Since the control individnals were genoty[)ed on both of 

Ilhnnina 1.2M and Affynietrix V6.() platforms, the same QC filters were execnted 

on each SNP data set from the two platforms, respectively. Below are the details 

for the SNP QC. 

2.2.3.1 Exclusion of the non-autosomal SNPs 

Only autosomal SNPs were scanned in 

this study for signals for SA selec-

tion. The coordinate information for 

the genotyped SNPs was from the Illu-

mina (www.illumina.com) and Affynietrix 

Figure 2.1: Structure of the human 

male sex chroiiio-souies and the local-

ization of PARI and PAR2. 

X Y 
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(www. affymetrix. com) companies. Any 

SNPs that had no available coordinate in-

formation or shared the same coordinate 

with others, were discarded. The SNPs in the pseudoantosonial regions (PARs) 

were also exchided. PARs are the regions of identical sequence located at the tips 

of the X and Y chromosomes, with short arms for PARI and long arms for PAR2 

(Figure 2.1). Their physical lengths are approximately 2.7 Mb for PARI and 0.33 

Mb for PAR2 [56|. During meiosis, pairing and crossover in men takes place in 

these two regions like autosomes |24,60|. However, at the PAR region close to 

the pseudoautosomal boundary, no such recombination occurs |56|. In this case, 

a man will always pass the alleles in the PAR of X chromosome to his daughters 

and the alleles in the PAR of Y chromosome to his sons, and consequently no 

concordant genotype distributions between the sexes is expected. The SNP data 

in my study showed such disconcordance between males and females in the PAR 

(Figure 2.2). Because it was not practicable to define the SNPs neighbouring the 

pseudoautosomal boundary, all the 800 genotyped SNPs in PARs were discarded. 

2.2.3.2 Common Q C filters from the W T C C C 

The WTCCC genotyped the two control cohorts separately, on both Illumina 

1.2M and Affynietrix V6.0 platforms. For the SNP data of each control cohort 

generated on each genotyping platform, the WTCCC examined each SNP against 
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Figure 2.2: The significant discordance in the genotype distribution between the 
sexes at the SNPs close to the pseudoautosomal boundary. 
X-axis is the genomic location, which here is chrX: 1-2.709,520 for the whole pseu-
doautosomal region 1 according to the UCSC genome group, in NCBI-36 coordi-
nates; Y-axis is log(P value). Red triangles represent single SNPs typed in the 
study. 

five QC filters and provided the results. According to these results, SNPs failing 

any of the five filters in any control cohort were discarded from this study. The 

majority of these filters were also conunon in other genome-wide studies, and 

were designed mainly against those genotyping artifacts which were caused l)y 

human errors such as sample contamination and genotyping misoperation |168|. 

The implementation of these WTCCC's filters excluded ~20.4% of the autosomal 

SNPs genotyped on Ilhmiina and Affymetrix platforms respectively. Below are 

the details for these five QC filters. 

1) High missing data rate. The WTCCC claimed that the best indicator 

of a SNP being difhcult to call was the amount of missing data in its calls |170 . 

A SNP was discarded, when the proportion of individuals for which the SNP can 
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not be reliably identified was greater than 0.02. 

2) Low minor allele frequency ( M A F ) . A SNP was exclnded by the 

WTCCC if the MAF <1%. It is relatively difftcnlt for the current genotyping 

platforms to accurately call a SNP with low MAF [110,168,179|. Moreover, the 

statistical power is low for detecting associations to SNPs with low MAF, and 

consequently, retaining the SNPs with low MAF can directly reduce the power 

to detect signals in other SNPs by increasing the multiple testing penalty |168|. 

3) Departure from Hardy-Weinburg equi l ibr ium. Testing for depar-

tures from the assumption of Hardy-Weinberg equilibrium (HWE) has been widely 

used as a criterion for identifying SNPs with genotyping errors in genetic case-

control studies |72,92,142,156,168,178|. Gross genotyping errors may arise among 

the genotypes called using automated and unsupervised procedures including the 

genotyping technologies used to produce the WTCCC data. However, a SNP un-

der sex-differential natural selection can also cause departures from HWE, unless 

complete neutralization between the two sexes occurs. In this study, the SNPs 

failing the WTCCC's QC filter [P < lE-20 for HWE testing) were excluded to 

produce high-quality data, but any SNPs solely failing this filter were examined 

carefully to ensure no genuine signal had been missed (for results see Chapter 

3.2.2.1). 

4) Informat ion measure. This is a measure of the amount of information 

about the allele frequency present in the genotype call probabilities, relative to 

the expected amount when the genotypes were known with certainty. It is cal-
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ciliated by one iiiimis the ratio of the expected variance of the genotype (given 

the genotype calls) and the variance you would get for a Hardy-Weinberg SNP 

if only the allele frequency is known |98|. As genotype uncertainty increases, the 

infoniation nieasiu'e goes down. A SNP was excluded if this measure < 0.975, as 

suggested by the WTCCC. 

5) Plate association. Gross genotyping errors may happen to the SNPs 

genotyped on the same plate, leading to genotyping errors associated with spe-

cific plates. The WTCCC conducted a test for the plate association with the 

genotyping outcome, and a SNP was excluded if F < lE-5. 

2.2.3.3 Q C against SNPs in segmental genome duplications 

A large amount of segmental duplications (duplicons) are distributed across the 

whole human genome |29,162]. Duplicons, defined as stretches of DNA larger 

than 1 kb and over 90% similar between copies, comprise ~5% of the human 

genome |9. 29,162|. This proportion will be increased, if the size restriction is 

reduced. 

SNPs can be located in duplicons. Due to reduced selective pressure, mu-

tations increase their frequencies more easily in duplicon regions, resulting in 

relatively high density of SNP |35|. SNP databases rei^ort that SNPs are over-

represented by a factor of ~2 in duplicon regions |29.50|. In fact, this Hgure is 

underestimated because SNP discovery efforts have discarded predicted variants 

from regions where a duplicon is suspected |141,160|. 
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The probe hyl)ri(lization process of current genotypiiig rnicroarrays can not 

distinguish the chiphcons, with probes matching and hybridizing to all of the du-

plicoiis, and thus retiu'n the combination of genotypiiig multiple genetic locations. 

Due to the difference in sex chromosomes, duplicon SNPs between autosomes and 

sex chromosomes can lead to differential genotyping results between the sexes, 

causing false positives. Consider the following hypothetical example, where there 

is a segmental duplication between the autosome and Y chromosome. A SNP 

with alleles A and a is located in the autosomal copy of the duplicated region, 

but only allele a is in the corresponding locus on the Y chromosome. Males with 

autosomal genotype AA will be mistakenly assigned genotype Aa due to the al-

lele a detected in Y chromosome, while females with the same genotype AA in 

autosome will be still assigned genotype AA due to the lack of Y chromosome. 

To detect those SNPs which were potentially affected by duplicons between 

autosomes and sex-chromosomes, two measures were applied against short and 

long duplicons respectively. Firstly, the specific oligonucleotide probe sequence 

of each autosomal SNP was aligned against the X and Y chromosomal sequences, 

using BLAT |80|. This identified autosomal SNPs where hybridization between 

the probe and the sex-chromosomal DNA sequence could possibly occur. Probe 

sequences were from the Ilhunina and Affymetrix companies, downloaded via 

the WTCCC ofhcial websites (wwu.wtccc.org.uk). The sex-chromosomal se-

quences (GRCh37 version) were downloaded from the UCSC Genome Bioinfor-

niatics group, at http://hgdownload.cse.ucsc.edU/downloads.html#human. 
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For increased sensitivity of BLAT search. I nsed the parameters, -tileSize:-6, -

stepSize= 2 and -repMatch l.OOO.OOO, for the probe seqnences (50-nier oligos) of 

Ilhnnina 1.2]\I array. The parameter tileSize defines the size of a match ('tile') 

that triggers an ahgnnient, stepSize is the spacing between tiles, and setting rep-

Matc^h to a large value reduces the chance of a tile being marked as over-used 

and ignored. The formula to calculate the shortest size that can guarantee a 

match is: 2 * stepSize + tileSize - 1. So these parameter setting could guaran-

tee an exact match as short as Obj). As for the short prol)e seciuence (25-mers) 

of Affymetrix V6.(), the same parameterization was used, except -stei)Size=l, 

which could guarantee an exact match of Ihp. Incomplete hybridization between 

the probe and sex-chromosomal seciuence, which looks like an upside-down 'U' 

(Figure 2.3), was assmned to be able to affect the genotyping. The upside-down 

'U' is represented l)y continuous gap char-

acters in the BLAT results. A hit with 

match of > = 80% of the length of probe se-

ciuence, i.e. 40bp for Illumina 1.21\I array 

and 2()bp for Affymetrix v6.() array, and n rr̂ i • w i Figure 2.3: The mcomplete hy-
. , • 4.- £• briclization between the probe and 

with no more than one insertion oi contni-

^ innni 111 1 4-1 of two bokl liiies reprcseiits the 
uous gai)s of < = lOOObp, would lead to the , , , probe sequence, and the other rep-

tile genomic seciuences. Any one 
of the two bold lines represents the 
probe sequence, and the other rep-

,. OATT-) I • 1- 11 resents the target genomic seciuence. corresponding SNP being discardcxl. ^ ^ 
ihe vertical trim lines represent tlie 
bonding between the prot)e and the 
genomic seciuences, with the solid for The second measure was against the ^i-oken for mismatch. 

SNPs located in long diiplicons. This step 
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coinpleiiieiits the step described above, as 

the BLAT search may miss some chiplicons chie to the imperfection of the genomic 

sequencing. The definition data for long dnphcons, which were defined as being 

>1 kb with >90% similarity between copies, were from Bailey et al. |10| with 

a update for NCBI36 genome version. SNPs located in the autosomal regions 

which had long duplicons at X or Y chromosome were discarded. 

2.2.3.4 Q C for the combination of control samples 

As discussed in Section 2.1.1, the 58C and UKBS cohorts were combined to 

improve statistical power. Therefore, SNPs with P < lE-7 for the difference 

in genotype distributions between the two control groups were excluded. The 

discrepancy might be an indicator for the genotyping errors occurring in any 

one or in both of the two cohorts. The P values for comparion of genotype 

distributions between the two control groups were generated with Huttley and 

Wilson's log-linear models |73| (see Chapter 3.1.1 for description). 

2.2.3.5 Combinat ion of SNP data from the two genotyping platforms 

As mentioned in Section 2.1.2. each individual from control cohorts was geno-

typed on both of the two platforms, the Illurnina 1.21M and the Affymetrix V6.0. 

There were initially ~1.15 million SNPs on Illumina 1.2M and '^0.93 million on 

Affymetrix V6.0, with approximately 0.3 million genotyped on both platforms. 

For those SNPs genotyped on both i)latforms, only the outcome from Ilhunina's 

were emj^loyed for analysis of SA selection. The Illumina platform was chosen for 
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three reasons: 

1. The method that Ilhimiiia employs to (hscriminate the two aUeles of a SNP 

may show a lower background noise (see Section 2.1.2). 

2. Illumina's longer probe sequences can increase hybridization specificity. 

This reason may be inii)ortant if the interrogated SNP is located in short 

duplicons. For example, assuming an autosomal SNP, which is targeted for 

genotyping, is located in a region completely du[)licated in a sex chromo-

some, and the length of these duplicons is 25-bi). The Aflymetrix's probes 

of 25-nier will hybridize to both duplicons with 100% matching, and thus 

can not distinguish the duplicons. However, the sex-chromosomal duplicon 

may not disturb the Illuniina platform, because for the 50-bp of Illumina's 

probes, only 50% matching to the sex-chromosomal duplicon can lead to 

the sto[) of genotyping process on the sex chromosome. 

3. Due to shorter length of probes, many more Asymetrix SNPs were filtered 

out by the QC filter of BLAT search in this study (22.5% of all autoso-

mal SNPs excluded from Aflymetrix's platform vs. 1.3% of those from 

Illumina's. See Tables 2.2). 

2.3 Summary 

QC is a key step for genomic data analysis, serving the critical function of reducing 

the number of false i)ositives and false negatives in the subseciuent analyses. Strict 
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and comprehensive QC on both individual and SNP levels has been performed to 

ensure the high quality of data utilized in the analysis of SA selection. Firstly, I 

employed all the QC filters developed by the WTCCC. These QC measures are 

used frequently as standards in genome-wide association studies [90,146,155,168|, 

aiming to exclude the individuals which accompany inadvertent sample duplica-

tion, relation or contamination, or low DNA quality, and the SNPs involved with 

potential genotyping errors. The QC on the individual level was finished after 

this process. Some of the original SNPs were also filtered out. Secondly, specific 

and novel QC steps against sex-chromosomal duplicon SNPs were utilized. These 

QC measures were developed to detect the SNPs located in duplicons between 

the autosomal and sexual chromosomes. The duplicon SNP can not be genotyped 

correctly by the current technologies such as Illumina 1.2M and Affymetrix V6.() 

employed by the WTCCC to produce the SNP data in this study. The QC against 

duplicon SNPs was critical to this study, because duplicon SNPs between the au-

tosome and the sex chromosome can directly lead to false positive signals for SA 

selection. These novel QC measures can also be applied to other genome-wide 

studies especially where the two compared groups have marked differences in the 

ratio of the two sexes. Lastly, to ensure the constancy of genotyping outcomes 

between the two combined control groups, SNPs showing great difference (P < 

lE-7) in genotype distributions between the two control groups were excluded. 

After QC and the combination of SNPs from the two genotyping platforms, 

1,222,210 SNPs were retained for analysis of SA selection. Table 2.2 shows the 
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proportion of SNPs excluded l)y each QC filter in this study, as well as the overall 

proportion, on Illurnina f.2M and Affynietrix V6.() platforms, respectively. 

The validity of the employed QC measures was demonstrated by the high 

enrichment of probable false jjositives among the discarded SNPs. Tal)le 2.3 shows 

the proportion ratios of positives between hltered and unfiltered autosomal SNPs 

for each QC filter, where positive was defined as P < lE-5 for sex difference in 

genotype distribution, the threshold used for the genome-wide scan after QC. The 

SNPs failing each QC filter contained a much liigher proportion of probable false 

positives compared to the background proportion (the proi)ortion for original 

SNPs before QC), with the ratio up to 242. The only exception was for the 

filter against SNPs with low minor allele frequency on the Affynietrix platform, 

probably due to the low statistical power. 
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Table 2.2: Number of SNPs failing each QC ftlter 

Genotyping platform 
Filter Illumina 1.2M* Affymetrix V6.0 
High missing data rate 26,836 33,256 
Low minor allele frequency 185,460 140,067 
Hardy-Weinburg test 19,472 56,127 
Information measure 157,953 133,748 
Plate association test 100,321 32,692 
Differ between 58C and UKBS 16,614 642 
Short duplicon (BLAT search) 14,087 199,777 
Long duplicon 1,434 742 
Failing any of the above filters 235,646 338,281 
*The numbers of original autosomal SNPs before QC were 1,115,038 and 887,688 
from Illumina 1.2M and Affymetrix V6.0, respectively. 

Table 2.3: Proportion ratios of positives between filtered and unfiltered SNPs* 

T 7 : 1 J 
Genotyping platform 

r liter Illumina 1.2M* Affymetrix V6.0* 
High missing data rate 29.8 14.7 
Low minor allele frequency 2.6 0.6 
Hardy-Weinburg test 30.0 6.4 
Information measure 5.9 3.1 
Plate association test 10.0 15.3 
Difter between 58C and UKBS 32.4 155.8 
Short duplicon (BLAT search) 28.6 3.0 
Long duplicon 148.4 242.6 
Failing any of the above filters 4.6 2.5 
"Positives were defined as P < lE-5 for sex difference in genotype distribution, 
the threshold used for genome-wide scan after QC. 
^The positive proportions in the original autosomal SNPs before QC were 4.7E-5 
and l . lE-5 on Illumina 1.2M and Affymetrix V6.0 platforms, respectively. 



Chapter 3 

Evidence for sexually antagonistic 

selection in humans 

Abstract 

Sexual antagonism has been barely investigated in humans, let alone the local-

ization of genomic loci undergoing SA natural selection. In this study, significant 

differences in genotype distribution between males and females from random sam-

ples were used as indicators for sexual antagonism, or sex-differential viability, 

since the two sexes share the same probability of inheriting the same autosomal 

genotypes from their parents. This chapter presents the results for the compari-

son of genotype distribution between the sexes at each of million autosomal 

SNPs across the whole genome, with control samples (~4,800 of sample size, with 

approximately eejual numbers of males and females) from the W T C C C passing 

tlie (juality control process. The results demonstrate evidence for ongoing SA 
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selection in lunnaiis, with eight genomic regions exhibiting a signal with P value 

< lE-5. Candidate genes associated with sexual antagonism in those eight re-

gions are identified. The reliability of the positive signals revealed in this study 

is demonstrated. 

3.1 Statistical methods 

Differences in genotype distributions between males and females were used as 

indicators for SA selection. In the genome-wide scan for the signals for SA selec-

tion, ~1.2 million statistical tests were performed simultaneously for difference in 

genotype distributions between the sexes. Huttley and Wilson's log-linear mod-

els |73| were used to measure such sex difference. To solve the issue of multiple 

testing, the ~1.2 million test results were adjusted in two ways, with calculation 

of the false discovery rate (the 'q value' method) and the effective number of inde-

pendent tests (the 'simpleM' method). These statistical methods are introduced 

below. 

3.1.1 Huttley and Wilson's log-linear models 

Huttley and Wilson's log-linear models |73| were employed to measure the dif-

ference in genotype distributions between the sexes at each of the SNPs in the 

genome-wide scan. These models compare groups based on the deviations from 

Hardy-Weinberg equilibrium (HWE) of each group. 

For illustration, consider a locus where there are two alleles A and a, with p for 
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the frequency of allele A and q for the frequency of allele a, and the genotypes are 

AA, Aa, and aa. The expected genotypic frequencies under H W E are PAA = p^ 

for AA, PAa = 'ipq for Aa, and Paa = q^ for aa, with p"^ + 2pq + q'^ = 1. Thus, 

under HWE , APAAPaa/P'L = 1- Let coefhcient Maa = ^PAAPaa/Pla^ and the 

deviation of MAA fi'om 1 is a measure of the departure of observed genotyi)ic 

distribution from the expected HWE. 

When testing two groups for concordant equilibria, according to Huttley and 

Wilson, more terms can be added to the log-linear model, written as: 

LN{PAA)I = InM + IriT, + 2/ni\/^ + ITIMAA + 2LN{TMA), + LN{TMAA)R 

LN{PAA)I = IN2 + InM + Inr^ + ITIMA + LN{TMA)I 

ln{Paah = InM + IriT, 

where i = 1,2 for the two groups respectively. The parameter M is the differences 

between observed numbers of genotypes {AA, Aa, and aa) and the mean value 

of these numbers in the total samples; r represents the possible uneciual sizes of 

samples between two compared groups; MA represents the freciuency of allele A 

compared with allele a in the total sample; MAA represents the Hardy-Weinberg 

(HW) disequilibrium coefhcient in the total sample; TMA represents the difference 

in allelic freciuencies between the two groups; and TMAA-. the difference in Hardy-

Weinberg (HW) disequih})ria between the two groujjs. The deviance for genotypic 

concordance between the two compared groups is the sum of values of TMA and 
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which is the measure for SA selection in this stndy. The calculation was 

(lone with an R package, 'hwde', comprising these models and developed by J.H. 

Maindonald at http://cran.r-project.org/web/packages/hwde/iiidex.htnil. 

3.1.2 Adjustments for multiple testing 

In statistical significance testing, P value is the probability of obtaining a test 

statistic at least as extreme as the one that was actually observed, assuming 

that the null hypothesis is true |143|. In the case of comparison of genotypic 

distributions between the sexes at a SNP in this study, the null hypothesis is 

that there is no difference in genotypic distribution between the sexes. However, 

random sampling from males and females can still provide discordance under 

the condition of true null hypothesis. The distribution of P values generated by 

statistical testing with random samples under null hypothesis is continuous and 

uniform on the interval (0, 1) [116|. So P values can be used to measure the 

strength of evidence against the null hypothesis. For example, P = 0.01 simply 

means that the observed difference can l)e attributed to chance 1% of the time 

when the null is true, and a very small P value provides strong evidence that 

null hypothesis is unlikely to be true. Likewise, choosing 0.05 of P value as the 

threshold of significance means there is a 5% probability of obtaining a significant 

result when the null hypothesis is true. A more stringent threshold reduces the 

probability that significant results are obtained simply by chance when the null 

hypothesis is true. 
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Multiple testing problem occurs when a set of statistical inferences is consid-

ered simultaneously. As discussed above, the distribution of P values generated 

by statistical testing under true null hyi)othesis is uniform on the interval (0, 1). 

Hence, under the null hypothesis, five positive results are expected to ai)pear sim-

ply due to chance, when one hundred testes are performed simultaneously with 

P = 0.05 selected as the threshold. Given the ~1.2 million of SNPs tested in the 

genome-wide scan in this study, a huge number of positives can appear simply 

by chance. 

For this reason, strict significance thresholds have been recommend to control 

the experiment-wise error rate in multiple testing. One of the traditional and 

popular methods is the Bonferroni correction |f9|, which controls the overall false 

positive rate (e.g., a 0.05). In a study of n independent tests, the Bonferroni-

corrected a' for each individual test is a! = a/n. So for the 1.2 million testes, to 

reach 0.05 of overall false positive rate, the Bonferroni-corrected a' = 0.05/1.2E6 , 

which is 5E-8. However, the Bonferroni correction method is overly conservative 

in genome-wide studies |107, 134, 167], where hmidreds of thousands of testes 

are not completely independent due to linkage diseciuilibrimn (LD) relationships, 

leading to a huge number of false negatives. To resolve this statistical issue, the 

following methods for correcting the multiple test results were employed in this 

study. 
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3.1.2.1 Q value for false discovery rate 

The first method employed hi this study to resolve the multiple testing issue 

is to calculate the q value for false discovery rate (FDR). FDR is the expected 

proportion of false positive findings among all the rejected rmll hypotheses |151 . 

The q value is defined to be the FDR analogue of the P value, and is the minimum 

FDR at which the test may be called significant |151|. In the study, the q value 

for each test was calculated according to Storey et al |150,151|, after obtaining 

all P values for the sex differences in genotype distributions in the genome-wide 

scan by Huttley and Wilson's log-linear models described above. The principal 

algorithm for this mathematical method is to calculate the proportion of false 

positives by the comparison of distributions between the observed P values and 

the P values from null hypothesis (Figure 3.1). Storey et al. claimed that this 

method also works well with multiple testing of weak dependence |151|. It is 

one of the most popular methods for multiple testing adjustments, with more 

than four thousand citations according to Scopus literature database |93| (up to 

February 2011). The calculation was performed with the R package, 'tivalue', 

from http://cran.r-project.org/web packages/qvalue/index, lit nil. 

3.1.2.2 The simpleM correction 

The simpleM correction [64| is a recently published method, which is based on the 

estimation of the number of independent tests from genome-wide SNP data. In 

this method, the genotypes of neighboring SNPs of all individuals are employed to 
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Distributions of observed and expected p values 
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Figure 3.1: Calculating the false discovery rate for multiple testing correction. 
The bars represent the distribution of observed P values from a multiply tested 
hypothesis; The dashed line is the density histogram that is expected under the 
null hypothesis. The proi)ortion below the dashed line can be considered as 
false positives when they are called "significant'. 

infer the linkage disequilibrium (LD) correlation structure of SNPs, and therefore 

the effective number of independent tests can be estimated. Standard Bonferroni 

correction then can be used to adjvist the multiple testing. The program of 

simpleM was downloaded at h t t p : / / s i m p l e m . s o u r c e f o r g e . n e t / . 

3.1.2.3 The permutation test 

The two above methods for multiple test adjustments were used in the genome-

wide scan where ~1.2 million tests were performed simultaneously. In the case of 

adjustment of the P values from SNPs located in a single gene, permutation test 

were employed for more accurate adjustment. For instance, to choose the gene 

with stronger signal for SA selection from two genes, we cannot simply compare 
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the two smallest P values from SNPs in the two genes, because the number of 

SNPs and the LD among SNPs are different between the two genes. To solve 

such issue, many researchers use permutation-based methods [23,32,55,61,79,87, 

91,94,95, 111, 139,166,172|. 

Permutation tests provide the valid adjustment, when the data are permuted 

in a way that simulates the null hypothesis but preserves the original correlation 

structure |32|. Randomly permuting and reanalyzing the data many times and 

comparing the permutation-based results to the original results then allow esti-

mation of the probability of achieving the originally observed P value, given the 

correlation between tests. 

In this study, in each permutation shuffle for a gene, the SNP genotypes of each 

individual were kept the same, while the sexes of each individual were shuffled. 

Such shuffle can maintain the haplotype of each individual and thus the LD among 

SNPs, and simulate the null-model of no sex-differential natural selection. For 

each j)ermuted sample, the difference in genotyjje distribution between the sexes 

at each SNP was tested, and the smallest P value was recorded. I performed 

10,000 permutations, as Chmchill and Doerge suggested |32|. and had 10.000 

smallest P values for a gene. The 10,000 smallest P values were then arranged in 

ascending order, and the percentile where the observed smallest P value from the 

original WTCCC sample was located would be presented as the adjusted P value 

for that gene. The permutation-adjusted P values from different genes could be 

compared to choose the gene with the strongest signal for SA selection. 
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Peniiutatioii tests are considered the gold standard for multiple testing cor-

rection |37,63,69,115|, but require too much computation time (years estimated 

to finish the computation on a single PC for all the million SNPs employed 

in the genome-wide scan). Thus they were utilized only for adjustment of signals 

from a subset of genes identified as interesting in this study. Likewise, to make 

it practical for computation time, here I used Fisher's exact test, rather than 

Huttley and Wilson's log-linear models, to compare the genotype distributions 

between the two sexes. 

3.2 Results 

3.2.1 Examination of reported variants with sex differences 

in genotype distribution 

So far, to my knowledge, only two genetic variants had been reported to show 

significant difference in genotype distributions between the sexes in general human 

Ix)pulations. I consider these two variants before jiresenting the results from the 

genome-wide scan for signals of SA selection in this study. The data here are 

the same as for the genome-wide scan. The first variant is SNP rsf44848 in 

BRCA2 (breast cancer 2, early onset; Ensembl gene ID; ENSG00()()0139618) on 

chromosome 13. At this SNP, flealey et al. |71| originally rei)orted a significant 

difference between genotype distributions of the miselected newborn males and 

females in the UK {P = 0.0015, ~I .I5() of sample size for each sex), with an 
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Table 3.1: Genotype distributions of rsl801406 in BRCA2 

Observed mnnber of genotype Allele frequency Deviation 

AA (%) AG (%) GG (%) A G from HWE 

(46 G%) (45 W ) (8 2%) ^ 

Fe,„a.e. ' ' " 

Combined , , 68.8% 3L2% P --0.420 

Sex difference in genotype distribution: P ^ 0.004 

excess of heterozygotes in females but a deficit in males, compared to the expected 

HWE respectively. Later. Teare et al. [154| repeatedly observed the significant 

heterozygote excess in females from control populations, but foimd no evidence 

of genotype specific selection in males, and no statistical evidence that the male 

and female viabilities were genotypically different from each other. This SNP was 

genotyped by the WTGCC on the Illuniina platform and passed all QG filters in 

this study. However, there was no significant signal {P = 0.30) when I compared 

the genotype distributions between the two sexes from WTCGG's control samples. 

The P values of Fisher's exact test of HWE were 1.00 for females, 0.66 for males, 

and 0.72 for the combined sexes, all showing no violation of HWE. 

Healey et al. |71| also reported that the homozygous genotype (G/C) at 

rsl44848 in BRGA2 was associated with a 30% increase in breast cancer risk, 

in a case-control study of Gaucasian European samples. This finding was later 

confirmed by another independent study |147|, but has not been replicated in sev-

eral other studies [22,38,59,65|. Thus, it was suggested that the allele at this SNP 

locus might be a low-i)enetrance risk factor for develo|)ing breast cancer |131 , or 
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Figure 3.2: The distribution of signals for SA selection across a 1 Mb genomic 
region centered on BRCA2. 
X-axis is genomic location, in NCBI-36 coordinates; y-axis, left, is --log(P values), 
and right, is recombination rate. Red triangles rei)resent singllde SNPs employed 
in the study. Rsl44848, for which a significant association with sex-differential 
prenatal viability is reported |71|, is indicated by a blue triangle. The SNP 
showing the strongest signal is rsl80f406 ( P = 0.004). Other SNPs with P < 
0.01 are rs2320236, rs9534174, rs9567578 and rs4942448. Grey bars represent 
recombination rates. In lower panel, blue arrows are the genes in this region, and 
gene annotations were taken from the UCSC Genome Browser. 

that this SNP is in LD with the causative variant rather than being the causative 

variant itself |71|. These explanations may also apply to the failure to observe 

sex difference in genotype distributions in this study, if the degree of association 

with breast cancer is directly j^roportional to the degree of sex specific selection. 

Although rsl44848 may not be strongly associated with breast cancer. BR.CA2 

is a tumour-suppressor gene [20,28,144|. and deleterious mutations in BRCA2 

are a major cause of hereditary breast and or ovarian cancer |48,52, 77,83,106, 

152,176|. A wide range of types of mutations, including SNPs, insertion-deletion 

and larger genomic rearrangements, has been reported for BRCA2 (reviewed by 
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Table 3.2: Observed and expected genotype frequencies at rsl801406 in BRCA2 

Population Genotype Observed Expected Residuals^ 

AA 1136 1166.43 -0.89 

Males AG 1100 1039.14 1.89 

GG 201 231.43 -2.00 

AA n 2 8 1110.11 0.54 

Females AG 986 1021.77 -1.12 

GG 253 235.11 1.17 

^Residnal calcnlated as {Observed - Expected)/y/expected 

Fackenthal et al. |51|). Breast and ovarian cancer are mostly sex-specific diseases, 

that can theoretically lead to genotypic differences between the sexes. BRCA2 

is thus a good candidate gene for SA selection, and I decided to examine all the 

WTCCC's SNPs located in this gene. 

Forty SNPs located in BRCA2 (~84 Kb length) passed the QC. Among these 

SNPs. rsl801406 shows the strongest signal for sex difference in genotype distri-

bution with P = 0.004 (Tables.1). Permutation tests with the 40 SNPs produced 

adjusted P 0.075. The differences between the sexes at BRCA2 are also the 

largest across the region of 1 Mb centered on BRCA2 (Figure3.2). These re-

sults suggest that sex-differential natural selection is acting on BRCA2, and that 

rsl44848 is not the causative variant of the previously rei)orted positive associa-

tion with sex-differential prenatal viability. Despite great differences in genotypic 

distributions at rsl801406, there is no significant sex difference in the allelic dis-

tribution (F = 0.456), and departures from HWE were observed in each sex 

(P = 0.004 for males and P = 0.095 for females) with relative concordance with 

HWE expectations (P = 0.420) for the combined sexes, suggesting the possible 

balanced allelic frequencies maintained by sexually antagonistic natural selection. 
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Figure 3.3: Signals for sex differences of genotyi)e distribution in the 100 Kb 

genomic region with central rsl800907 in l)lue. This SNP reportedly showed 

significant signal for SA selection |159|. 

The comparison between observed and expected genotype frequencies (Table 3.2) 

also shows the opposite departures between the sexes from the H W E on all three 

genotypes, indicating the existence of sexually antagonistic natural selection. 

The other genetic variant, for which a sex difference in genotype distribution 

has l)een re{)orted in general human populations, is rsl80()907 on chromosome 7. 

At this SNP, Tripputi et al. |159| genotyped 200 male and 300 female healthy 

Caucasian Europeans in Italy, and found significant disconcordance of genotype 

distribution between the sexes (P = 0.012), with relative excess of heterozygotes 

in males. This SNP was also genotyped by the W T C C C on the Illumina platform 

and passed all QC filters in this study. However, no significant signal {P = 0.26) 

was observed when the genotype distributions between the sexes were (X)mpare(l 

in the control individuals, with P values for the exact test of HWE greater than 
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0.23 ill males, females and the combined sexes. In the genomic region of 100 

Kb length centred on rsl800907, there were 44 SNPs, among which all have 

P > 0.085 for sexually genotypic difference, indicating no signihcant signal in 

the rsl800907 region (Figiire3.3). Since neither rsl800907 nor its surrounding 

SNPs in LD showed signature for sex difference, plus a relatively larger cohort 

was used in this study, the previous positive report may be geographically specific 

or simply a false discovery. 

3.2.2 Evidence for SA selection revealed by the genome-

wide scan 

3.2.2.1 The positive results from the genome-wide scan 

In the genonie-wide scan, the genotype distribution between the sexes was com-

pared at each of the 1,222.210 million autosomal SNPs across the whole genome. 

As described in Chapter 2, the individuals were white Europeans from the control 

cohorts of the WTCCC, with sample size of 4,816 and approximately the same 

number in males and females, and the SNP data had passed the process of quality 

control. 

Comparison of the observed statistics from the genome-wide scan and the ex-

pected values revealed true associations. If there were no sex differences in geno-

type distributions at any SNP, the -1.2 million test statistics from the genome-

wide scan would fit the chi-squared distribution. The comparison between the 

observed and expected statistics was performed and showed by a quantile-quantile 
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I)lot (C -̂CJ plot) ill Figure 3.4. In a Q-Q plot, observed test statistics are ranked in 

the order from sinallest to largest, and plotted against the expected values in the 

same order that have been sampled from a distribution of known theoretical form 

(in this case, the chi-squared distribution) |6|. If the distributions of observed 

and expected statistics are similar, then the i)oints in a Q-Q plot will approxi-

mately lie on the line y ^ x. The true associations can lead to deviations from 

the line y ^ x. An R package, 'siipMatrix', developed by Clayton et al. |33|, were 

emj^loyed to generate Q-Q plots in this study. Figure 3.4 showed the Q-Q plot 

from the genome-wide scan in this study, where most of the observed statistics 

were located in the 95% concentration band, except outliers in the extreme tail. 

The latter suggested that sexual antagonism, which could cause sex differences in 

genotype distributions, exists in humans. The distribution of test statistics from 

all SNFs across the whole genome is shown in Figure 3.5. 

The genome-wide scan revealed 19 SNFs with P < lE-5. The cutoff level of 

P < lE-5 was chosen to identify the SNFs with the strongest signals, because the 

outliers from the 95% concentration band in the CJ-CJ plot were approximately 

greater than 22 in Figure 3.4 (corresijonding to P < 1.7E-5 with 2 d.f.). Among 

these 19 SNFs, eight indei)endent signals were identified by the threshold of pair-

wise LD statistic r^ < 0.2, or the distance greater than 250 Kl) between the 

SNFs when the corresponding r̂  values were absent. The r'̂  data were from 

the Hai)Mai) project |76|, ranging from 0 to 1, with 1 indicating the comj)lete 

LD. Table 3.3 shows the test results and the genotyije details for these eight 
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Figure 3.4: Quantile-quantile plot for the test statistics from the genoiiie-wide 
scan. SNPs failed by the quality control filters were already excluded. The shaded 
region is the 95% concentration band. 
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Figure 3.5: Genonie-wide picture of the signals for SA selection. The two liori-
zontal lines represent P values of lE-5 and lE-7 respectively. SNPs failed by the 
quality control filters were already excluded. 

SNPs. Figiu'e 3.6 shows genomic regions of 800 Kb centered on these eight SNPs, 

including surrounding SNPs and genes within these regions. 

The smallest P value from the genome-wide scan was 1.52E-7 at rsl 1159094 

on chromosome 14. The corresponding q value was 0.096. The effective inde-

pendent number of tests in the genome-wide scan was 528,486, estimated by the 

sinii)leM method. Given the numl)er of indei^endent tests, the adjusted value of 

the smallest P is 0.080, and the exj)ected number of signals < lE-5 ol)tained l)y 

chance was five but eight were actually obtained from the genome-wide scan. 

That the smallest adjusted P and q values were greater than 0.05 might refiect 

the limited power of the samples used in the study. The sample size of ~4,800 in 

the study had only 47% statistical power to detect rsl 1159094, the SNP showing 

the strongest signal, with 0.05 of adjusted P value as threshold (corresponding 

to a P 4E-8 before adjustment by Bouferroni method). To obtain 80% or 95% 

power, the sample size would need to be increased to 6,500 or 8,100. respectively. 



§ 
§ 
o 
S 
o 
tq 

CO 

CO 

cc 
0 

8 S g 
CO g 
1 

Table 3.3: Eight independent SNPs with P < lE-5 for the comparison of genotype distribxitions between the sexes revealed by genome-wide scan 

S N P Chr: Posi t ion P v a k 
9 H W E Alleles Minor AA P R Aa PR aa PR O b s O b s O b s 

value P ( / l a ) allele (95% CI) (95% CI) (95% CI) AA Aa aa 

1.03 1.18 14.55 F: 2151 215 0 
0.483 0.565 AC C 

(1.00-1.40)# (1.01-1.04) (1.00-1.40)# (1.92-110.03)#* M: 2164 262 15 

1.59 1.10 1.10 F: 96 796 1472 
0.589 0.967 AC, A 

(1.24-2.03)# (1.02-1.18)# 
0.589 

(1.24-2.03)# (1.02-1.18)# (1.05-1.15) M: 157 899 1378 

1.14 1.17 1.00 F: 1258 905 207 
0.526 0.917 AG G 

(1.10-1.26)# (0.83-1.20)# (1.08-1.21) (1.10-1.26)# (0.83-1.20)# M: 11.35 1096 214 

1.38 1.06 1.09 F: 348 1175 846 
0.331 0.656 AC A 

(1.22-1.56)# (1.00-1.12) (1.01-1.18) M: 495 1149 800 

1..30 1.10 1.13 F: 576 1231 555 
0.096 1.000 C T T 

(1.18-1.42)# (1.18-1.42)# (1.0,3-1.16) (1.02-1.26) M: 771 1160 ,507 

I.:M 1.13 1.13 F: 142 846 1381 
0.483 0.390 AG A 

(1.0,5-1.22)# 
0.483 0.390 

(1.09-1.66)# (1.0,5-1.22)# (1.07-1.19) M: 197 987 1261 

1.57 1.09 1.11 F: 106 850 1407 
0.483 o.;?7i AG A 

(1.24-1.99)# (1.01-1.17)# (1.24-1.99)# (1.01-1.17)# (1.05-1.16) M: 172 953 1312 

1.57 1.14 1.03 F: 128 975 1267 
0.482 0.853 AC A 

(1.27-1.94)# (1.06-1.22) (0.98-1.09)* M: 207 886 1353 

rs267642 1:57553573 

rs l7553946 2:155055407 

rs l568946 7:48338344 

rs8011192 14:27858369 

rs l1159094 14:74165900 

rs7237 15:82987581 

r s l l 0 7 9 1 5 5 17:50646506 

rs7505612 18:4766396 

5.28E-06 

9.18E-06 

7.76E-06 

2.07E-06 

1.52E-07 

5.93E-06 

6.50E-06 

4.35 E-06 

Chr. chromosome: HWE, Hardy-Weinberg eqnihbrium. here P vahies for HWE were calculated for the combined sexes: PR. proportion ratio, which 
is the ratio of the proportions of a specified genotype between males and females, with corresponding reciprocal presented if less than one. and with 
# indicating male advantage; CI, confidence interval; Obs, observed. 
Positions arc in NCBI build-36 coordinates. * Here the number of genotype aa was taken to be 1 in females, where no aa was observed. 

o 
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The statistical [)ower was calculated according to Purcell et al. |130|, with a 

general 2 d.f. model where the three genotypes at a SNP were assnnied to be 

under different selection pressures between the sexes. For the eight indei:)endent 

SNPs with the strongest signals, all of the values of the proportion ratio were less 

than 1.6 (except rs267642 where no C/C genotype was ol)served in females, see 

Table 3.3), revealing the modest effect of potential SA selection. 

As mentioned in Chapter 2.2.3.2, the SNPs failing the WTCCC's HWE filter 

were excluded to produce high-quality data, although SNPs putatively under 

natural selection with sex-different effect were likely to violate the HWE. The 

3,533 SNPs which failed the HWE filter but passed all other filters were re-

examined, and none of them reached P < lE-5, the threshold used in the genome-

wide scan. 

In the eight genomic regions of strongest signature, candidate genes, which 

might })e undergoing SA selection, were selected based on three criteria: 

1) Genes associated with diseases. In theory, sex difference of viability taking 

place at any stage of lifetime (from the [)hases of gamete and zygote to adult) 

prior to sampling can lead to the observed differences in genotype distributions in 

the study. Hence, genes associated with diseases that exhibit different incidences 

between the sexes are candidates. However, for many known diseases, there is 

little information in terms of sex difference. So genes associated with any diseases 

were presented as candidates in this study. The Online Mendelian Inheritance 

in Man database (OMIM) |75|, which is the most exhaustive i)ublic database for 
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Figure 3.6: The eight genomic regions that reached P < lE-5 in the genonie-wide 
scan. 
X-axis is genomic location, in NCBI-36 coordinates; y-axis, left, is log(P val-
ues), and right, is recombination rate. Triangles represent single SNPs typed in 
the study, with blue for the peak one in the middle. The grey bars represent 
recombination rates. In the lower panel, blue arrows are the genes in this region, 
and gene annotations were taken from the UCSC Genome Browser. 
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Figure 3.6 continued 
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Figure 3.6 continued 
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the mapping between known Mendelian disorders and genes, was eini)loyed. Tlie 

states for disease onset were also presented once the chsease genes were selected as 

cancUdates, since analyses in Chajiter 4.1.2 revealed that the disease genes with 

prenatal or infantile onset were enriched by signals of SA selection. 

2) Genes with abnormal or lethal effect in knockont mice. Not all human genes 

are known in respect of disease association, so the reported effects of the genes 

from knockout mice were considered. Genes were selected as candidates if they 

led to abnormal or lethal outcomes in knockout-mouse experiments, assuming the 

relative information was available in the Jackson Laljoratory database |85 . 

3) Genes of functions involving hormones. Hormones, esijecially sex-hormones, 

are one of the striking physiological differences between the sexes, which could 

contribute to sex differences in the prevalence, course and severity of many dis-

eases |173|. Furthermore, the analysis in Chapter 4.2 revealed that genes from the 

hormone-relative categories by their functions, according to the PANTHER [158| 

and Gene Ontology |8| databases, were em'iched by signals for SA selection. How-

ever, no genes from the eight regions satished this criterion. 

For details for the selected candidate genes from the eight genomic regions 

with the strongest signals, see Table 3.4. 

3.2.2.2 The validity of the signals for SA selection 

There was substantial evidence that the eight strongest signals for SA selection 

revealed in this study were valid. Firstly, the availability of dense genome-wide 
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Table 3.4: Suiiiiiiary of candidate genes from the eight genomic regions showing P < 
lE-5 for SA selection 

Peak SNP 
with 
P < 1 E 5 

Candidate genes Reported 
OMIM disease 

rs267642 

rsl7553946 

rs7237 

DABl (disabled, 
Drosophila, 
homolog of, 1) 

rsl568946 
rs8011192 
rsl1159094 

rsll079155 

rs7505612* 

KCNJ3 (potassium 
channel, inwardly 
rectifying, 
subfamily J, 
member 3) 

LTBP2 (latent 
transforming 
growth factor-
beta-binding 
protein 2) 
PDE8A 
(phosphodiesterase 
8A) 

ZNF592 (zinc 
finger protein 592) 

HLF (hepatic 
leukemia factor) 

Glaucoma 3, 
primary 
congenital. D 

Yes 

Spinocerebellar 
ataxia, 
autosomal 
recessive 5 

Yes 

Prenatal or 
infantile 

onset 

Knockout mouse 
phenotype 

Homozygous null 
mutants show high 
prenatal and 
perinatal mortality, 
with abnormal brain 
morphology, thymus 
atrophy and 
decreased body size. 

Homozygous null 
mutants show 
embryonic lethality 
before somite 
formation. 
Homozygous null 
mutants show 
abnormal hormone 
level. 

Mutants show 
dramatically 
shortened life span, 
with lethal seizures. 

T h e cand ida te genes were selected f rom the regions shown in F igure 3.6, based on 
th ree cr i ter ia described in text . T h e in format ion for knockout mouse p h e n o t y p e 
was f rom Jackson Labora to ry d a t a b a s e |85|. 
*No genes are included in the regions of this SNP. 
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Table 3.5: Surroiuuling SNPs of the peak from the eight genomic regions showing 

P<lE-5 for SA selection 

Peak SNPs ^ 

No. of selected surronnding SNPs with 

P < 0.05 

No. of all selected snrroimding SNPs '' 

rs267642 2 / 3 

rsl7553946 9 / 12 

rsl568946 3 / 10 

rs8011192 14 / 29 

rsl1159094 40 / 49 

rs7237 14 / 35 

rsl1079155 2 2 

rs7505612 0 2= 

^Figure 3.6 shows signals from the SNPs around these eight peak SNPs. 

''Only surrouiKliiig SNPs in litikage (lisequilibriuni (LD) with the peak SNP 

were selected. A SNP will be considered as in LD with the peak one if the 

corresponding LD statistic r^ > 0.2. The LD data were from the HapMap 

project. 

'=rs7.505612 had two hnked SNPs, rsl2454604 (r^ = 0.458) and rs8()8925() (r^ = 

0.414), whic:h exhibited boundary F values for SA selection, 0.055 and 0.059 

respectively. 
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Table 3.6: P values at the eight SNPs with the strongest signals for the two 

control cohorts 

SNP P of combined 

controls 

P of 58C P of UKBS 

rs267642 5.28E-06 0.033 5.13E-05 

rs 17553946 9.18E-06 0.006 0.001 

rsl568946 7.76E-06 2.17E-04 0.020 

rs8011192 2.07E-06 9.25E-05 0.011 

rsl1159094 1.52E-07 3.22E-04 4.88E-04 

rs7237 5.93E-06 0.008 5.01E-04 

rsl1079155 6.50E-06 0.002 0.002 

rs7505612 4.35E-06 0.001 0.003 

58C, the 1958 British Birth Cohort; UKBS, UK Blood Services. 

SNP data allows me to be confident that these results are not due to genotyping 

errors. For the eight SNPs, the surrounding SNPs also showed significant sig-

nals, which was consistent with the linkage relationship between these SNPs (see 

Tables.5 and Figure3.6). Since the SNPs genotyped on two different platforms 

were combined, the signals from the two platforms were checked respectively, and 

their consistency is shown in Figure 3.7, confirming no i)latform bias in the data 

used in this study. For the eight SNPs, significant signals were showed in each of 

the two controls, with stronger signal in combined controls, which exhibited the 

concordance of genotyping outcome between the two control cohorts (see Table 

3.6). 

Secondly, there was no evidence that the strongest signals were caused by 

the confounding genotyping of genomic duplication between the autosomal and 

sexual chromosomes. The quality control against duplicate SNPs was done before 

conducting the genome-wide scan (see Charpter 2.2.3.3). The deviations from 

HWE are good indicators for duplicating SNPs, and produce a power of 80% for 
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sample sizes as small as 50 |92|. However, all P values for HWE test at the eight 

SNPs were greater than 0.37, confirming these results were not due to duplication 

(Table 3.3). 

Thirdly, population stratification is unlikely to be responsible for the results 

in this study. Population subgroups are defined by ethnicity or geographic origin 

and consequently differ in allele frecjuency |76|. If population subgroups did not 

equally affect males and females, artificial positives would appear. The connnon 

statistic used in genome-wide studies to assess the effect of population stratifica-

tion is genomic control inflation factor, which is defined as the ratio of the median 

of the empirically observed distribution of the test statistic to the expected me-

dian |43|. The closer values are to I the weaker the effect. The genomic control 

inflation factor in this study was I.Off, indicative of an extremely weak effect. 

Moreover, the 13 ancestry informative markers described by the WTCCC, which 

vary substantially in allele freciuency across the UK |170|, did not show significant 

signals during the genome-wide scan (all P values > 0.096). 

Lastly, sex differences in mutation rate may lead to i)ositives in the study, 

but the mutation rate is extremely low in humans. With an estimated de novo 

germline mutation rate of IE-8 per base pair per generation |1|, the expected 

number of mutation was less than one in the 1.2 million SNPs of this study. 
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3.3 Discussion 

From an evolutionary perspective, in general, the viability selection acting on 

modern human population has been greatly weakened through contemporary 

medical technology and human modification of the environment |148|. This may 

lead to the low power to detect SA selection in humans. In this chapter, the 

observed test statistics from the genome-wide scan significantly departed from 

the expected values (shown in the Q-Q plot Figure 3.4). This result supports the 

existence of genetic sexual antagonism in humans. Substantial evidence was also 

presented to support the validity of the signals. However, the strongest signal 

revealed by the study {q = 0.096 or adjusted P = 0.080) was close to but did 

not reach the 0.05 level, the traditional threshold for 'significance'. This suggests 

that replication in independent samples is needed, and that bigger sample size 

might be needed given the modest effect of potential SA selection revealed by the 

study. 

The SNP associations revealed by the genome-wide scan, even if the associa-

tions are true, may not be the causative variants per se. The causative variants 

could be those which were not determined but in LD to the siu'rounding SNPs 

interrogated in the study. One example from this study was from the genomic re-

gion of BRCA2 as discussed in section 3.2.1. Although it was the SNPs located in 

BRCA2 showing the observed peak signal, another gene, LOC646799, zygote ar-

rest l-like gene (Ensenibl gene ID: ENSG00000189167), could not be ruled out as 

the causative gene. LOC646799 has the peak signal located at its upstream with 
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25-kb distance (Figure 3.2). Moreover, LOC646799 is prcdoininaiitly expressed 

in oocytes and early embryos, and may function as an RNA regulator, according 

to the description from the NCBI RefSeq project (RefSeq ID NM_001136571, 

at http://www.ncbi.nhn.iiih.gOv/nuccore/nni_001136571). Given the discovery 

in Chapter 4.1.2 that the disease genes with prenatal or infantile onset were en-

riched by signals for SA selection, LOC646799 deserves attention. To determine 

whether the variants in BRCA2 or in LOC646799 is causative, hne-niapping (e.g. 

sequencing the whole region), is needed. Likewise, fine-mapping is also needed to 

determine the causative variants in all other candidate regions. Note the causative 

variants might be other untyped SNPs, or other types of genetic variation siK:h as 

copy number variants |100|. Also, the causative variants might be not in coding 

sequences of genes but in regulatory sequences |122 . 
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Figure 3.7: Comparison between the signals from Affymetrix V6.0 and Illumina 
1.2M platforms, at the eight genomic regions that reached P < lE -5 . 

The npper panel is for Illnniina platform, and the lower is for Affymetrix. Note 
that only ~ 1 8 % of the total SNPs were genotyped on both of the platforms. 
X-axis is genomic location, in NCBI-36 coordinates; y-axis, left, is - log(P val-
ues), and right, is recombination rate. Triangles represent single SNPs typed in 
the study, with blue for the one with the peak signal. The grey bars represent 
recombination rates. 
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Chapter 4 

Characteristics of variants 

experiencing sexually antagonistic 

selection 

Abstract 

SNPs with very high density were employed in this study. Between the SNPs 

passing the CJC and analyzed in the study, the median i:)hysical distance is 1.2 

Kb, and the average distance is 2.2 Kb. With SNPs of such high density, the sig-

nal distribution for SA selection across the whole genome has been estimated by 

tests for sex-differential genotyi)e frequencies at each of the SNPs, in the i^revious 

chapter. In this chapter, whether specific genes or genomic regions are relatively 

enriched for signals of SA selection will be exi)lored and determined. With the 

available annotatioins for the enriched genes and genomic regions, characteristics 
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of the variants experiencing SA selection can be revealed, and several theories 

and hypotheses regarding SA selection can been tested. Firstly, the hypothesis, 

that it is the sex difference in viability or mortality leading to the observation of 

differences in genotype distribntions between the sexes, was tested by the com-

parison between controls and cases at the genomic regions with strongest signals 

for SA selection, and by the examination of whether there was signal enrichment 

in the group of genes reportedly associated with diseases. All the results support 

this hypothesis. Secondly, signals from the genes associated with sex hormones, 

one of the major physiological differences between the sexes, were examined. The 

results suggest these genes are hotspot of ongoing SA selection. Thirdly, the evo-

lutionary hypotheses, that the evolutions of sex-specific cis-regulatory elements, 

imprinted genes and positively selected genomic regions could be driven by SA 

selection, were tested, but no positive results were obatined. Lastly, evidence 

was presented that, due to SA selection, the differences, not only in genotype 

frequencies, but also in allelic frequencies, can be observed between the sexes in 

human random samples. 

4.1 Human diseases underlying SA selection 

In the previous Chapter 3, evidence for SA selection in humans had been presented 

in the form of observed differences in autosomal genotype frequencies between 

the sexes. In theory, sex differences in viability or mortality could lead to such 

differences, because males and females share the same probability of inheriting the 
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same autosomal genotypes fioin their parents. Hence, the genes associated with 

sex-specific cUseases were assumed to be enriched by signals of SA selection. In 

this section, the relationship between human diseases and SA selection is explored. 

4.1.1 Sex-effects of diseases underlying SA selection 

In the genome-wide scan described in Chapter 3, eight genomic regions with 

strongest signals for SA selection were presented (see Table 3.3). Besides the data 

for control individuals used in the genome-wide scan, SNP data for seven disease 

cohorts were also employed in this study, as described in Chapter 2.1.1. At the 

eight significant genomic regions, the comparison between the controls and cases 

in each sex could reveal whether there were sex-effects from the diseases, which 

would help to explain the observation of sex differences in genotype distributions 

among the control samples. 

However, the case individuals were genotyped on different platform by the 

W T C C C , with only ~30% of the SNPs genotyped in controls also available for 

the cases. Only two of the eight peak SNPs (rs267642 and rs7237), exhil)iting the 

strongest signal in the eight presented genomic regions, were also genotyped in 

the case cohorts. For the other six peak SNPs. surrogates were sought for case-

control comparison. Surrogate SNP was dehned as a SNP, which was genotyped 

in both cases and controls, and located closely to and in the strongest linkage 

disequilibrium (LD) with the peak SNP. The extent of LD t)etween the peak and 

the surrounding SNPs was measured by r^ sourced from the HapMaj) project |76 . 
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The surrogate SNP was selected only when the corresponding r^ > 0.2, since 

surrounding SNPs with weak LD relationship may not be representative of SNPs 

with the strongest observed signal. For this reason, three peak SNPs did not 

have surrogates available. For the other three peak SNPs, surrogate SNPs were 

determined, and they were rsll50137 (r^ = 0.29) for rsl7553946, rs8008977 (r^ 

-- 0.359) for rs8011192, and rsl558933 (r^-l.O) for rslll59094. The r^ of 1.0 for 

rsl558933 means complete LD between the peak SNP and its surrogate. These 

three surrogate SNPs, plus the two peak SNPs originally genotyped both in cases 

and controls, were selected for case-control comparison. 

The comparison of genotype distribution between cases and controls was con-

ducted in each sex. There were a total of 70 tests for case-control comparison at 

the five selected SNPs, among which seventeen showed positive results, with P < 

0.05 as the cut-off threshold (see Figure 4.1). The proportion of positives (17/70) 

was significantly high (P - 0.006, one-sided Fisher's exact test), compared to 

~4 among the 70 tests under the imll model of no sex-differential effects between 

cases and controls. For any disease, all the five SNPs had effects only in one sex, 

except rsl 150137 on hypertension. At the five SNPs, genotype distributions were 

also compared between the sexes in the disease cohorts, with four signals with P 

< 0.05 revealed. These four signals were rsll50137 for hypertension (P = 0.033), 

rs7802110 for coronary artery disease {P 0.0006), rsl558933 for Crohn's disease 

(P = 0.003), and rsl2450116 for rheumatoid arthritis (P - 0.002). 

Sex-specific eft'ects have been reported for some of the seven diseases repre-
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Chr SNP BD CAD CD HT RA TID T2D 
1 rs267642 
2 rsll50137* 
14 rs8008977* i ' 
14 rsl558933* 
15 rs7237 

Feiiiale-onlv effect Male-only effect 

Figure 4.1: Comparisons of genotype distribution between cases and controls in 
each sex, at the genomic regions that exhibited strongest signals for SA selection 
diu'ing genome-wide scan. 
Colored cells represent the comparison results with P < 0.05, with pink for fe-
males and blue for males. SNPs marked with * are surrogates for the peak SNP of 
the strongest signal within the region. The selection criteria for surrogate SNPs 
are described in the text. BD. bipolar disorder; CAD. coronary artery disease; 
CD, Crohn's disease; HT, hypertension; RA, rheumatoid arthritis; TID, type 1 
diabetes; T2D. type 2 diabetes. 

sented by the case cohorts. For example, there is a striking imbalance between 

the sexes in the occurrence of rheumatoid arthritis, with females representing the 

majority of the cases |3,113,114,174|. For cases of type 1 diabetes, male excess 

is a consistent finding in populations of European origin aged 15-40 years |62|. 

Large studies of Crohn's disease demonstrated greater female prevalence than 

males, in North America, Scandinavia and Northern France |21|. As for coronary 

artery disease, women experience higher morbidity and mortality |47|. Hence, 

the eight genomic regions with strongest signals for SA selection discovered l)y 

this study were good candidates for studying the sex-eff'ects of these diseases. 

In Figure 4.1, three of the five selected SNPs were sexually associated with more 

than one diseases, which might suggest that multiple diseases with sex-differential 

effect, probably including more other diseases unknown or not included in this 

study, caused the observation of sex differences in genotype distributions among 
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Tal)le 4.1: Nmiiber of SNPs located within the hOMIM |16| disease genes of four 
categories of onset age 

Disease-onset age No. of genes included No. of SNPs 
Birth 585 20,789 
Pre-15 262 8,182 
Pre-40 59 1,978 
Post-40 14 471 

the control samples. 

4.1.2 Signal concentration of diseases genes 

If sex differences in viability or mortality led to the differences in genotype dis-

tributions observed in this study, the signals for SA selection are likely to be 

concentrated in genes associated with diseases with sex-specific effect. For most 

diseases, there is little information about sex effects, but nearly all human dis-

eases are thought to have more or less sex-specific differences in prevalence, age 

of onset and/or severity [112|. So regardless of the awareness of their sex effects, 

whether the reported disease genes were enriched by signals for SA selection is 

the main question to be answered below. 

The Online Mendelian hiheritance in Man database (OMIM) |75| and a hand-

curated version of OMIM |16| (hereafter "hOMIM") were employed to define the 

disease genes. There are ~2,500 autosomal genes mapped to disorders in OMIM, 

up to March 2011. However, the phenotypic information from OMIM is sometinres 

outdated and is manually edited without a standard format [16|. So hOMIM, a 

hand-curated version of OMIM by Blekhnian et al. |16| to include only highly 

penetrant diseases caused by point mutations, was also employed in this study. 
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Figure 4.2: Q-Q plot for signals for SA selection from OMIJM disease genes, 
comparing the observed test statistics to the expected values. 
The statistics were from 102,246 SNPs located in all the 2,496 autosomal OMIM 
disease genes. SNPs failed by the (juality (X)ntrol filters were already excluded. 
The shaded region is the 95% concentration band. 
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Figure 4.3: Q-Q plot for signals for SA selection from hOMIM disease genes, 
comparing the observed test statistics to the expected values. 
The statistics were from 31,942 SNPs located in all the 939 autosomal hOMIM 
disease genes. SNPs failed by the ciuality control filters were already excluded. 
The shaded region is the 95% concentration band. 

There were 939 autosomal disease genes included in hOMIM |16|. In addition. 

hOMIM classified the ages of disease onset into four categories, "in utero or shortly 

after birth", "before 15 years of age", "between 15 and 40 years of age", and "post-

40", which would be also utilized in this study (See Table 4.1 for the rmmbers of 

SNPs within genes of the four categories). 

The signals for SA selection from the SNPs located in disease genes were 

compared to their expected distribution under null condition, via Q-Q plots. The 

comparison showed no significant enrichment for the 102,246 SNPs located in all 
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the autosomal OMIM disease genes, with no observed outliers apart from the 

95% concentration band (Figure 4.2). However, for the 31,942 SNPs located in 

the disease genes included in hOMIM dataset, the comparison showed obvious 

departure for the observed statistics in the range of ~7 to 12 (corresi)<)n(hng 

to P values from ~().03 to ().()()2, 2 d.f.), indicating emichment of signals for 

SA selection in l iOMIM genes (Figure 4.3). No departure was observed at the 

extreme tail in the Q-Q plot for hOMIM genes, [probably reflecting the modest 

effect of SA selection. The enrichment of signals for SA selection on hOMIM, 

but not on OMIM. might reflect the greater statistical i)ower due to the higher 

accuracy of hOMIM data. Similarly, there was no significant emichment among 

the SNPs from all the known human autosomal genes (Figure 4.4). 

The classification of onset ages for disease genes by hOMIM can be used to 

explore whic:h class of diseases the enrichment of signals were from. For the four 

categories of onset ages, only SNPs located in the disease genes from the group of 

'in utero or shortly after birth' showed significant enrichment via C^CJ plots (see 

Figure 4.5). The trend that signals for SA selection are weaker with the increase 

of disease onset age was shown, when signals from SNPs of the four categories of 

disease-onset age were i)lotted on one figiu'e (see Figure 4.6). Such trend is also 

statistically supported by the comparisons of the distribution of these signals with 

one-sided Kolniogorov Smirnov test between the Birth and Pre-15, between the 

Pre-15 and Pre-40, and between the Pre-4() and Post-40 groups, which generated 

P values of 0.021, 3.5E-1() and 8.1E-4. respectively. The significant enrichment of 
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Figure 4.4: Q-Q plot for signals for SA selection from all known autosomal genes, 
comparing the observed test statistics to the expected values. 
The statistics were from 571,791 SNPs, located in all the 24.252 known autosomal 
genes according to Ensembl database release 59 |129]. SNPs failed by the quality 
control filters were already excluded. The shaded region is the 95% concentration 
band. 
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signals from the disease genes with prenatal or infantile onset is consistent with 

the different infant mortalities between the sexes in hnnians, with the ratio of 

males to females ranging from ~1.25 to 1.30 in the UK during 1950-2000 |46 . 

The trend that signals for SA selection are weaker with the increase of disease 

onset age reflects the changes of statistical power, because the earlier the disease 

onset is, the greater proi)ortion of individuals are affected by the disease. 

4.2 Functional category enrichment 

This section explored what function categories of genes are enriched l)y signals 

for SA selection. The gene classification by function was from PANTHER |158|. 

PANTHER (version 6.1) classified human genes into 242 terms, in terms of bi-

ological process (such as pathways, cellular roles or physiological functions). To 

measure the degree of significant signal emichment for a specified gene category, 

SNPs tested in the genome-wide scan and located in the genes from each gene 

category were grouped. For the SNPs in each gene category, the proportion of 

SNPs with P < 0.01 for SA selection was calculated and compared to that pro-

portion in all the ~1.2 million SNPs used in the genome-wide scan (hereafter 

the 'background proportion'), to generate a P value measuring the significant 

signal enrichment. The P value was calculated by one sided Fisher's exac:t test, 

with that the smaller the P value, the higher the degree of signal enrichment for 

that gene category. The usage of P < 0.01 for SA selection for individual SNPs 

was to detect the modest effect of potential SA selection, although this signature 
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Figure 4.5: Q-Q plots for the signals for SA selection from SNPs located in the 
disease genes from each of the four categories of disease-onset age. The four 
categories were "in utero or shortly after birth", "before 15 years of age", "between 
15 and 40 years of age", and "post-40", accroding to hOMIM |16|. Note in the 
hOMIM data, a gene may be associated with multiple Mendelian diseases, as well 
as different onset ages. In that case, the gene was only assigned to the category 
of the earliest onset age in the study. 
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Figure 4.6: Comparison of the signals for SA selection from SNPs loacted in the 
hOMIM disease genes from four categories of disease-onset age. The diagonal 
line is y x. 
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Table 4.2: Enriched PANTHER biological process categories 

Biological process 

Steroid hormone metabolism 

Electron transport 

mRNA polyadenylation 

Other lipid, fatty acid and steroid metabolism 

Mitosis 

MAPKKK cascade 

Anion transport 

Sulfur metabolism 

Other signal transduction 

Fatty acid beta-oxidation 

Heart development 

Ganietogenesis 

Carbohydrate transport 

Phosphate transport 

Gut mesoderm development 

Anterior posterior patterning 

Receptor protein serine/threonine kinase signaling 

pathway 

Proportion of 

positive SNPs# Q value* 

6.92% 3.68E-18 

2.74% 2.58E-f3 

6.50% 2.12E-11 

4.53% 5.53E-09 

2.29% 2.10E-08 

1.92% 2.62E-07 

2.20% 1.21E-05 

2.21% 9.41E-05 

2.48% 2.48E-04 

2.52% 7.43E-03 

1.99% 8.09E-03 

2.82% 8.09E-03 

2.06% 8.09E-03 

3.28% 2.26E-02 

2.84% 2.82E-02 

1.80% 3.23E-02 

1.74% 4.62E-02 

#Here the SNPs showing P < 0.01 for sex-differential genotype distribution in the 

control individuals were defined as 'positive'. 

*Only 17 categories with q vahie < 0.05 were listed. The q values were the nmltiple-

testing correction for the total 242 categories, for comparisons of positive proportions 

between the specified category and the background. The background proportion was 

1.06%, and was the proportion of SNPs with P < 0.01 among all the SNPs used in the 

genome-wide scan. 

might only reflect the LD relationship to the causative variant, or be false positive 

generated by the nuiltiple testing problem. 

Testing the degree of signal enrichment simultaneously for the 242 PANTHER 

gene categories raised the multiple testing issue. To solve such issue, q values for 

false discovery rate were calculated. The 17 categories with q value < 0.05 are 

listed in Table 4.2. Three of the 17 gene categories, 'steroid hormone metabolism', 

'other lipid, fatty acid and steroid metabolism' and 'fatty acid beta-oxidation', 
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are thought to be among the niajor physiological ditfereiices between males and 

females |5,15,81,96,126|. Another Hve categories, 'mitosis', 'heart development', 

'gametogenesis', 'gut mesoderm development' and 'anterior posterior pattern-

ing', are assumedly related to the diseases with extremely early onset, and corre-

sponded to what was revealed with the hOMIM data above. The degree of signal 

em-ichment for all the 242 PANTHER terms is detailed in Appendies TableAl. 

Another database for gene classification. Gene Ontology |8|, was enii)loyed to 

confirm the significant emichnient from the genes associated with sex hormones. 

Compared to PANTHER, Gene Ontology used nnu^h more detailed (~5,0()()) 

terms to describe biological process for gene classification |157|, which led to very 

few or even no SNPs located in the genes from many terms, and consecjuently 

was not appropriate for genome-wide analysis. However, Gene Ontology classified 

genes in different way. and included part of the genes that were not embodied by 

the PANTHER database. Searching by "sex hormone" in Gene Ontology online 

(4th Septenil)er 2010) returned 14 terms of biological process (see Appendices 

Table A2 for details). From the 14 terms, there were 96 genes, among which 77 

genes were not included within the 17 em'iched PANTHER terms. 1,961 SNPs 

were located in these 77 genes, and 1.74% of these SNPs were with P < 0.01, 

indicating signihcantly high concentration compared to the 1.06% of background 

proi)ortion {P 0.005, one-sided Fisher's exact test). This was also consistent with 

the dei)arture from the 95% concentration band showcid in the corresponding Ĉ -CJ 

plot (Figure 4.7). 
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Figure 4.7: Q-Q plot for the 1,961 SNPs located in the 77 genes, which are 
associated with regarding sex hormones, and are embodied by the Gene Ontology 
but not by the enriched PANTHER terms. 

4.3 No enrichment in sex-hormone receptor bind-

ing loci 

Recent studies quantifying niRNA abundances using microarrays have suggested 

that sex-biased gene expression is widespread across organisms and genomes [49 . 

During sex-biased gene expression, genes are expressed exclusively in one sex, or 

in both sexes but at a higher level in one sex. Theories suggested that intralo-

cus sexual conflict plays a key role in driving the evolution of sex-biased gene 

expression |49,163|. This happens because sex-biased gene expression increases 

the fitness of the combined sexes in the case of sexual antagonism, by the shared 

allele expressed solely or more in the sex that it benehts, rather than in the sex 

that it harms. 
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One of the hypothetical iiicchanisiiis underlying sex-biased expression is the 

constant regulatory differences between males and females |112|. The binding 

between cis-regTilatory elements and trans-regulatory elements is a very connnon 

way to regulate gene expression |86|. A cis-regulatory element is a region of DNA 

usually located on the same chromosome with the gene to be regulated, while 

trans-regulatory elements are usually proteins. A study in mice showed that dif-

ferent cis-regulatory elements might be used between the sexes |13|. maintaining 

the sex-biased expression. The evolution of sex-specific cis-regulatory elements 

might be driven l)y SA selection. Furthermore, if sex-specific cis-regulatory ele-

ments exist widely across the human genome, then mutations in such regions can 

impact only one sex, which could result in sex-differential viabilities or mortalities, 

and consequently the observation of sex-differential genotype distributions from 

this study. Whether the WTCCC SNPs in cis-regulatory elements are enriched 

of signals for SA selection will be examined in this section. 

Sex-hormone receptor binding loci (SHRBL) are connnon cis-regulatory ele-

ments in humans. SHRBL are the DNA regions which sex-hormone receptors bind 

to, causing the consefiuential regulation of gene expression. The SHRBL for two 

receptors for two major sex-hormones, estrogen and androgen, were considered 

in the study. The genomic coordinate data for the binding loci of these two sex-

hormone receptors were from Kennedy et al. |78|, who created a database collect-

ing and containing the relevant data generated by ClilP-based high-throughput 

experiments in the published literature. Among Kennedy's data, only coordinate 
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Tal)le 4.3: Proportion of positive SNPs for SA selection at the estrogen and 

androgen receptor binding loci 

Loci 

No. of 

SNPs 

Proportion of 

positive SNPs 

P value compared 

to background* 

Estrogen receptor binding 

loci 5,195 0.79% 0.98 

Estrogen receptor binding 

loci with 10Kb extention* 69,029 0.99% 0.97 

Androgen receptor binding 

loci 657 1.07% 0.55 

Androgen receptor binding 

loci with 10Kb extention* 8,354 0.95% 0.86 

The proportion of positives among the SNPs located inside the sex-hornione re-

ceptor binding regions was compared to the background proportion. The SNPs 

showing P < 0.01 for sex-dilTerential genotype distribution in the control individ-

uals were defined as 'positive'. The background proportion was 1.06%, and was 

the positive proportion among all the ~1.2 million SNPs used in the genome-wide 

scan. 

^5Kb extention from each of the two boundaries of the receptor binding loci. 

*P values were generated by one-sided Fisher's exact test. 

data from in vivo experiments were employed, where there were 16,422 estrogen 

receptor binding loci and 1,793 androgen receptor binding loci included (accessed 

1st June 2011). 

However, no significant enrichment of signals for SA selection was observed 

at the estrogen or androgen receptor binding loci. Among the SNPs located 

in SHRBL, the proportions of SNPs with P < 0.01 for SA selection were not 

significantly higher than the background proportion, with P values of 0.98 and 

0.55 for estrogen and androgen receptor binding loci, respectively. Because more 

than 91% of the receptor binding regions employed in the study were less than 

1Kb in size, most of the regions did not contain any WTCCC SNPs. To obtain 

more SNPs, extension of 5Kb from each of the boundary of the binding region 
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Figure 4.8: Q-Q plots for signals for SA selection from sex-hornione receptor 

biding loci. 

was ai)plied. However, there was still no significant ernichinent observed in the 

extended regions. The details for the signals in SHRBL are shown in Table 4.3. 

Shown in the corresponding Ĉ-Ĉ  i)lot, there were no obvious departures from the 

95% concentration band, also indicating no significant enrichment (Figure 4.8). 
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4.4 No enrichment in imprinted genes 

luipriiited genes are expressed from only one allele in a parent-of-origin dependent 

manner |108|. Gene imprinting occurs during gametogenesis, with one parental 

allele epigenetically marked in either the egg or the sperm. The marked allele 

remains silenced throughout somatic development in the offspring. The phe-

nomenon of gene imprinting has been observed across mannnals, insects and 

plants |54,84,175|. In humans, the disruption to gene imprinting has been re-

ported to be associated with a number of disorders and cancers |25,53 . 

It has been suggested that intralocus sexual conflict could drive the evolution 

of genomic imprinting. Day and Bonduriansky |41| put forward the hypothesis 

that, when a variant is experiencing differential selection between the sexes, si-

lencing of the alleles from the less-strongly selected parent can enable a higher 

proportion of individuals expressing high-fitness phenotypes. For example, sup-

pose there is an allele A which is strongly beneficial to females but neutral or a 

little harmful to males. In that case, Day and Bonduriansky |41| suggested that 

silencing of paternally inherited alleles can evolve, because daughters will benefit 

from exclusively expressing the maternally inherited allele (as the frequency of 

allele A is higher in maternal gametes than in paternal gametes), whereas the 

fitness of sons is roughly independent of the alleles carried at this locus. 

To examine whether the imprinted genes were enriched of signals for SA se-

lection, 55 imprinted genes of humans were collected. These genes were from 

the "genomic imprinting website" (http://www.geneiniprint.coni/, accessed 1st 
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March 2011), with status assigned as "imprinted", and inchided in the Ensenibl 

database release 59 from which the corresponchng genomic coordinate data were 

ol)tained. For details of these 55 imprinted genes, see Table A3 in Appendices. 

Located in these 55 imprinted genes are 2.079 WTCCC SNPs tested during 

the genome-wide scan. Among these SNPs, the proportion of SNPs with P < 

0.01 for SA selection was O.G7%, which was smaller than the 1.06% of background 

proportion. Two-sided Fisher's exact test for comparison of these two i)roportions 

generated a P value of 0.086. The corresponding Q-Q plot also showed part of 

the observed statistics were smaller than the expected values mider null condition 

(Figure 4.9). As at the imprinted loci, only one allele is expressed, if there is 

selection it could be between alleles rather than Ijetween genotypes. Thus whether 

the SNPs in imprinted genes exhibit significant difference in allelic frequencies 

between the sexes was examined. However, the test statistics are not greater than 

their expected chi-squared values (Figure 4.10). All results indicate no evidence 

for signal enrichment in the regions of imprinted genes. Both test statistics shown 

in Q-Q plots 4.9 and 4.10 tend to be smaller than the expected chi-squared values, 

probably reflecting the considerable LD among the SNPs tested. Due to LD. the 

effective number of independent tests is smaller than the number of SNPs tested, 

while the expected chi-sciuared values are generated based on the number of SNPs 

tested 16 . 

There might be four [jotential reasons for no signal em'ichnient observed in 

imprinted genes. Firstly. SA selection does not result in genomic imprinting. 
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Figure 4.9: Q-Q plot for the 2,079 SNPs located inside the 55 imprinted genes. 

Test is for the differences in genotype frequencies between the sexes. 

Secondly, only a small proportion of imprinted genes are evolutioiially driven by 

SA selection, leading to too low statistical power for detection. In other words, 

more than one evolutionary mechanisms contributes to genomic imprinting |175 . 

Thirdly, for the imprinted genes, natural selection might be acting dominantly 

based on fertility htness, while the data used in this study are only about via-

bility fitness. Lastly, the establishment of imprinted genes only represents the 

past sexual antagonism or the current sexual antagonism that have been mostly 

resolved |39|, whereas the signals detected from this study are for ongoing SA 

selection. 
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Figure 4.10: Q-Q plot for the 2,079 SNPs located inside the 55 imprinted genes. 
Test is for the differences in allelic frequencies between the sexes. 

4.5 No enrichment in regions of positively selected 

selection 

Whether iiitralocus sexual conflict is an impediment or a driver to adaptive evo-

lution is still under debate |18|. Many researchers support the theory that sexual 

antagonism obstructs sexual coevolution. because simply by definition, sexual an-

tagonism displaces both sexes from their phenotypic optinnnn. However, theory 

also suggests that sexual antagonism can promote adaptive evolution and specia-

tion |118|. Sexual antagonism acting on a trait in one sex can do so. by reducing 

the average fitness of the two sexes to the bottom, and ultimately allowing that 

trait to evolve in a new niche |89|. One of the potential examples is that, in 

mannnals, horns and antlers that nowadays serve as anti-predator defences could 
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have evolved from weapons used in male-male competition |18|. In this section, 

whether the genomic regions experiencing recent or ongoing positive selection 

were enriched of signals for SA selection is examined. 

The coordinate data for genomic regions experiencing recent or ongoing pos-

itive selection were from Akey |2|. Akey synthesized the results from 21 studies, 

which had performed genome-wide scans to locate the positive selected regions. 

An integrated map of positive selection was presented, showing that ~ 8 % of the 

human genome had been influenced by positive selection. Located in the 8% 

region, 92,557 W T C C C SNPs ( - 7 . 6 % of the total) had been tested chuing the 

genome-wide scan. 

However, no significant enrichment of signals for SA selection was showed in 

the positively selected regions. Among the 92,557 SNPs, the proportion showing 

P < 0.01 for sex-differential genotype (hstributions was 1.12%, which was slightly 

greater than the 1.06% of background proportion. But comparison of the whole 

distributions of signals from the positively selected regions and from all the SNPs 

used in genome-wide scan generated P=^0.78 with one-sided Kohnogorov-Smirnov 

test, suggesting no significant signal enrichment in the regions of positively se-

lected selection. The Q-Q plot also showed the vast majority of the comparison 

results between the observed test statistics and the expected chi-squared values 

were located inside the 95% concentration band, with the exception that the ob-

served statistics of ~10 and ~14 (corresponding to P^O.006 and P=-0.001, 2 d.f., 

respectively) showed a little greater enrichment than the expected distribution. 
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Figure 4.11: Q-Q plot for the 92,557 SNPs located in the positively selected 

genomic region. 

and the exception that some of the observed statistics at the extreme tail showed 

less enrichment than the expected distribution (Figure 4.11). 

As in the discussion of imi)rinted genes, the selection on these genomic regions 

might only represent the jjast evolutionary events, leading to no significant en-

richment observed in this study. Another potential reason is, as shown in Section 

4.1, the observation of signals for SA selection from this study was due to the 

variations causing diseases with sex-differential effect, and such variations might 

be under purifying selection rather than positive selection |16 . 

4.6 The allelic effect underlying SA selection 

Natural selection is one of the forces that change allelic frecjuencies, driving hu-

man evolution |7()|. However, whether sex-differential natural selection changes 
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Figure 4.12: Q-Q plot for the comparison between the test statistics for differences 
in allele frequency between the sexes [ t M a ) and the expected values. The shaded 
region is the 95% concentration band, and the diagonal line is y x. 

the allelic frequencies depends on the net effect of selection between males and 

females. If natural selection acts on a variant in the same direction between the 

sexes, despite differential magnitudes, the allelic frequency will be changed di-

rectionally, and the favored allele can be fixed eventually. However, in the case 

of opposite direction of natural selections, allelic frequencies may be kept stable, 

maintaining the genetic polymorphism in humans [39 . 

Because the population samples used in this study are cross-sectional, it is not 

possible to determine whether there are changes of allelic frequencies over gener-

ations due to SA selection. In this section, the main pmpose is to study whether 

there is significant sex differences in allelic frequencies in humans, and whether 

there were allelic effects that significantly contributed to the sex-differential geno-
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type (listril)ution observed from the study. 

The allehc frequencies between the sexes were compared simultaneously at 

all the ~1.2 million SNPs passing (luality control process. The statistical tests 

were performed with Huttley and Wilson's log-linear models described in Chai)ter 

3.1.1. If the individuals are randomly sampled from a population, in which no 

allelic frequencies between the sexes are presented across the whole genome, then 

the statistical test statistics are expected to be in the chi-squared distribution. 

The comi)arison between the observed test statistics and the expected chi-sciuared 

values is showed in Figure 4.12. This figure shows that the observed statistics 

greater than 14 slightly departed over the diagonal line (where y x). How-

ever, the most majority were still locatcd in the 95% concentration band, with 

slight departure for the values from ~14 to 17 (approximately corresponding to 

P values from 2E-4 to 4E-5, 1 d.f.). These results suggest that there might be 

differential allelic frequencies between the sexes caused by natural selection, with 

low confidence. 

Other evidence for the existence of sex-differential allele frequencies is from 

tlie comparison between the statistics of unequal allele freciuencies {TMA) and 

Hardy-Weinberg (HW) disequilibria (TMAA)- In Huttley and Wilson's log-linear 

models, the deviance measuring genotypic disconcordance between the sexes is 

the sum of rA/^ and TMAA- In addition, the distril)utions of statistics OITMA and 

TMAA ai'e expected to be the same, if they contribute eciually to the genotypic 

difference between the sexes. However, the comparison showed that the statistics 
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Effect of allelic discordance vs. effect of HW disequilibria 
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Figure 4.13: Q-Q plot for the comparisons between vahies of tMa (Y axis) and 

of TMAA (X axis), for all the SNPs passing the QQ and used in the genonie-wide 

scan. The diagonal line is y = x. 

of tMa were greater than the statistics of tMaa hi the tail of the Q-Q plot 

(Figure 4.13). The statistics located in the tail presented the SNPs potentially 

experiencing the strongest SA selection. Consistently, tMa had obviously much 

greater values than the tMaa did, when only the SNPs exhibiting P < lE-3 and 

P < lE-4 for SA selection were included (Figure 4.14). These results suggest 

the existence of sex-differential allele freciuencies and that they contribute to the 

sex-differential genotype distribution observed in the study. 
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Figure 4.14: Q-C^ plot for the conii)arisoiis between values of t A / ^ (Y axis) atul 
of TMAA ( X axis), only for the SNPs with P values less than l E - 3 (a) and less 
than l E - 4 (b) for the potential ongoing SA selection. T h e diagonal line is y x. 
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4.7 Candidate genes 

Since some kinds of genes showed enriched signals for SA selection in this chapter, 

candidate genes can be selected and presented. Candidate genes were selected 

from the gene gronps, that included genes associated with Mendeliaii diseases with 

the onset of "in utero or shortly after birth" from the hOMIM database, genes 

embodied in the presented 17 enriched PANTHER terms, and genes relevant 

to "sex hormones" according to the Gene Ontology database. There were 1,433 

genes inchided in these gene gronps with SNPs genotyped. Signals from the 

SNPs in these genes were adjusted by permutation test (details for this method 

see Chapter 3.1.2.3), and 22 genes with adjusted P value less than 0.01 were 

presented as candidate genes. The description for these 22 genes are listed in 

Table 4.4. 

4.8 Summary 

SNPs with very high density were employed in this study. The test for sex-

differential genotype frequencies at each of these SNPs had revealed the sig-

nal distribution for SA selection across the whole genome. The examination of 

whether specified genes or genomic regions were enriched of signal is helpful in 

exploring the characteristics of variants experiencing SA selection, and in testing 

several evolutionary hypotheses. 

Firstly, the characteristics of variants experiencing SA selection revealed in 
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this study are consistent with the hypothesis that it is sex difference of via})ility 

or niortahty leading to the observation of (hfferences in genotype chstributions 

between the sexes. Evidence has been presented that the genomic regions ex-

hil^iting strongest signals for SA selection during the genome-wide scan were sex-

specifically contributing to one or more of the seven connnon diseases involved 

in the study. These genomic regions deserve further study, and they might be 

sex-specihcally associated with other diseases. 

Furthermore, genes associated with diseases are enriched of the signals for 

SA selection. For the SNPs located in the Mendelian disease genes with early 

onset, there was significant em'ichment of signals for SA selection. This result is 

consistent with the different infant mortalities between the sexes, where genetic 

factors probably play a greater role than social factors, life style, and behaviour 

between the sexes. Additional evidence conies from the list for enriched PAN-

THER gene categories, in which five of the 17 listed categories are potentially 

relevant to diseases with early onset. 

Secondly, significant enrichment of signals for SA selection was shown from 

genes associated with sex hormone functioning. This is consistent with differences 

in sex hormones being one of the major physiological differences between males 

and females, and potentially contributing to the sex-differential viabilities and 

mortalities. In turn, the observation of signal enri(;hment from genes associated 

with sex hormones and diseases made the results of this study more convincing. 

No variations from these genes were identified in the genome-wide scan, reflecting 
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potentially real signals with small effect were hidden below the stringent thresh-

old for genome-wide scan |66|. The candidate genes from these enriched gene 

categories are presented. 

Thirdly, three evolutionary hypotheses have been tested. However, no posi-

tive results were obtained for the examinations for enrichment of signals in cis-

regulatory elements of sex-hormone pathway, imprinted genes, or in the positively 

selected genomic regions. Perhaps these were due to the past evolutionary events 

that were hardly be replicated with the data of ongoing activities employed in 

the study. 

Lastly, this study showed that due to the sexual antagonism, the differences, 

not only in genotype frequencies, but also in allelic frequencies, can be observed 

in human random samples. This discovery has important implication, especially 

for those studies that are sensitive to the ratio of the sexes. 
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Table 4.4: Caiuliclates genes selected from the gene groups enriched of signals for 
SA selection. For details for the selection see the context. 

Reported Knoctout Enriched GO term 
Gene Name OMIM disease mouse PANTHER of sex-

(Early onset?) phenotype terms hormone 
MADILI ( 
mitotic 
arrest-deficient 
1, yeast, 
homolog-like 1) 

Prostate cancer 
(Not early 
onset) 

Lethality prenatal-
perinatal; Mitosis 
tumorigenesis 

NKX3-1 (NK3 
homeobox 1; 
NKX3-1) 

CDC37L1 
(CDC37-hke 1) 

Lethality/ 
perinatal; 
tumorigenesis 

eart 
development 

Other signal 
transduction 

NANOSl 
(NANOS, 
Drosophila, 
homo log of, 1) 

No phenotypic 
alterations 

Anterior posterior 
patterning 

SLC35B4 
(solute carrier 
family 35 (UDP-
xylose/UDP-n-
acetylglucosamine 
transporter), 
member B4) 

Carbohydrate 
transport 

SLC22A25 
(organic anion 
transporter 
UST6) 

Anion 
transjjort 
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Reported Knockout Enriched GO term 
Gene Name OMIM disease mouse PANTHER of sex-

(Early onset?) phenotype terms hormone 

PRKAG2 
(protein kinase, 
amp-activated, 
noncatalytic, 
gamma-2) 

CarcUoniyopathy, 
faniihal 
hypertrophic, 
6; glycogen 
storage disease 
of heart, lethal 
congenital 
(Early onset) 

TGFB2 
(transforming 
growth factor, 
beta-2) 

lethality,' prenatal-
perinatal; 

Response 
to estrogen 
stinmlus 

ADSL (adenylo-
succinate 
lyase) 

Adenylosuccinase 
deficiency 
(Early onset) 

ARSA 
(arylsulfatase 
A) 

Metachromatic 
leukodystrophy 
(Early onset) 

Affected 
Systems: 
nervous 
system, 
behavior, 
homeostasis, 
hear-
ing/vestibular/ear 

Sulfur 
metabolism 

KIF15 (kinesin 
family member 
15) 

Mitosis 

CHSTll 
(carbohydrate 
sulfotransferase 
11) 

Lethality/prenataBulfm-
perinatal metabolism 

PR0X2 
(prospero 
homeobox 2) 

No phenotypic 
alterations 

Gut 
mesoderm 
development 
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Gene Name 

Reported 

OMIM disease 

(Early onset?) 

Knockout 

mouse 

phenotype 

Eiuiclied 

PANTHER 

terms 

GO term 

of sex-

hormone 

BCL2L10 

(BGL2-like 10) 

CEP135 

(centrosomal 

protein, 

135-KD) 

No phenotypic 

alterations 

Other signal 

transduction 

Mitosis 

AGFS 

(alkylglycerone-

phosphate 

synthase) 

PDGFB 

(l)latelet-derived 

growth factor, 

beta 

I)olypepti(le) 

IL6ST 

(interleukin 6 

signal 

transducer) 

Rhizomelic 

chondrodyspla-

sia i)unctata, 

type 3 

(Early onset) 

Other lipid, 

fatty acid 

and steroid 

metabolism; 

Electron 

transport 

Dermatofibrosarcoma 

protuberans Lethality/prenatal-

(Not early perinatal 

onset) 

Lethality/prenataMAPKKK 

perinatal cascade 

Response 

to estrogen 

stimulus 

CHSTL3 

(carbohydrate 

sulfotransferase 

13) 

SLC22A9 

(solute carrier 

family 22 

(organic 

anion/cation 

transporter), 

member 9) 

Sulfm-

metabolism 

Anion 

transi)ort 
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Gene Name 
Reported 
OMIM disease 
(Early onset?) 

Knockout 
mouse 
phenotype 

Enriched 
P A N T H E R 
terms 

GO term 
of sex-
hormone 

SLC22A10 
(solute carrier 
family 22 
(organic 
anion/cation 
transporter), 
member 10) 

- -

Anion 
transport 

-

U R O C l 
(nrocanase 
domain-
containing 
protein 1) 

Urocanase 
deficiency 
(Early onset) 

- - -



Chapter 5 

Conclusions 

The two sexes differ in many ways. In snch two distinct environments, a genetic 

variant shared by the two sexes may fnnction diff'erentiaUy, resnlting in different 

fitnesses in the two sexes. Sexnal antagonism occurs when natural selection on a 

shared trait in one sex disi)laces the other sex from its optimum. There has been 

substantial evidence for SA selection from a broad range of taxa. But this has 

not been widely studied in humans. 

This study aimed to detect ongoing SA selection at the viability level in hu-

mans. A variant experiencing such sexual antagonism could result in differential 

or opposite effects on viability or mortality between males and females. The 

main material in the study was the autosomal SNP data for the control individ-

uals from the W T C C C , which are rei)resentative of a random sample of white 

Europeans. The disconcordance in genotype distribution between the sexes was 

used as an indicator for SA selection. In this study, the genotyjje distribution 
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between the sexes at ~1.2 million SNPs across the genome has been compared, 

and the annotation for genes and genomic regions has also been integrated to 

interpret the genetics nnderlying SA selection. 

5.1 Discoveries from the study 

Following the examination for the signals aronnd the two SNPs, which reportedly 

exhibited significant difference in genotype distribntions between the sexes in gen-

eral hninan popnlations. BRCA2 was presented as a candidate gene experiencing 

SA selection. It has been reported that BRCA2 is a tninoin-suppressor gene, 

and deleterious mutations in BRCA2 are the principal cause of hereditary breast 

and or ovarian cancer. It is likely that the sex-differential effects of variants in 

BRCA2 caused the sexual antagonism observed in the study. 

Additional direct evidence for SA selection in humans is from the genome-wide 

scan. The comparisons of genotype distributions between the sexes at the ~1.2 

million SNPs across the whole genome showed significantly more SNPs of sexual 

discordance than expected. Eight independent genomic regions with the strongest 

signals, as well as the candidate genes from these regions, were presented in the 

study. Evidence of allele frequency variation between the sexes in control samples 

due to SA selection was also presented. 

The inspection of signals from disease genes with early onset and from genes 

associated with sex hormone functioning showed enrichment of signals for SA se-

lection. The former supports the hypothesis that it is the sex difference in viability 
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or mortality leading to the observation of differences in genotype distributions be-

tween the sexes. The latter is consistent with differences in sex hormones being 

one of the major differences between males and females, and these differences {)o-

tentially contributing to the sex-differential viability and mortality. In tm'n. these 

results provide support for the existence of SA selection, making the findings from 

this study more reliable. Candidate genes from these enric:hed genomic regions 

and from other enriched gene categories embodied by the PANTHER system are 

presented in the study. 

Lastly, the examination for SNPs from the specific genomic regions, includ-

ing cis-regulatory elements of sex-hormone pathway, imprinted genes, and the 

positively selected regions, shows no trace of ongoing SA selection. 

5.2 Importance of the discoveries 

The evidence presented in this study shows that we humans, just like other sex-

ually reproducing organisms, are experiencing SA selection. It also supports the 

hypothesis that SA selection is inevitable and ubicjuitous due to the differences 

between males and females. Natural selection of such pattern might have been 

acting on humans since the origin of sexual rejiroduction. Furthermore, given the 

sami)le size (~4,8()0 individuals) used in the study, the ongoing SA selection is 

still detectable, reflecting the potentially great impact on human evolution. 

The presentation of candidate genes exi)erienciug SA selection revealed in this 

study is significant. Although substantial evidence for the existence of SA selec-
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tioii has been presented, the vast majority of previous studies only showed the 

sex-differential phenotypic effects of intralocus sexual conflict, without exploring 

the genetic basis, let alone the localization of the genes involved. Thus the pre-

sented candidate genes from this study are important materials for studying the 

genetic mechanisms miderlying SA selection, and for studying the evolution of 

genes experiencing SA selection, at the viability level. 

Diseases were shown to be underlying SA selection. This has important im-

plications to human health. Among the candidate genes presented in the study, 

the majority were not yet reported to be associated with known diseases. They 

thus are candidates responsible for the unknown diseases with sex-speciffc effects. 

In particular, the candidate genes provide clues for exploring the genetic basis 

contributing to the different infant mortalities between the sexes. 

Novel quality control filters, to exclude regions of genomic duplication, were 

utilized in the study. These filters are effective in screening the duplicon SNPs, 

which can not be genotyped correctly. These novel QC measures can also be 

applied to other genome-wide studies especially where the two compared groups 

have marked differences in the ratio of the two sexes. 

This study also provides a fundamental understanding of allele and genotype 

frequency distributions in human populations. Even in the control or random 

samples, there is still the inherent variation of allele and genotype frequencies 

between the sexes. This has important implication, for genetic studies that ignore 

such sex-speciftc effects in their design and interpretation could lead to spurious 
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outcomes. 

5.3 Further study 

The findings regarding SA selection from this study need to be rephcated in 

independent sani[)les in the future. Bigger sample size might l̂ e needed, given 

the modest effect of potential SA selection. With candidate genomic regions and 

genes presented in the study, fine-mapping (e.g. sequencing the whole region) 

will be needed to determine the causative variants. Lastly, because this study 

only identifies natural selection for viability, whereas SA selection arising from 

differential fertility might be stronger |39|. more coniijreherisive studies in humans 

are necessary in the future. 
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Appendices 

Ta})le A l : Positive ( F < 0.01) proportions for S N P s from each of the 242 P A N T H E R 
biological process categories (version 6.1), in the ascending order of q values. 
The q values were the multiple-testing correction for the total 242 categories, for com-
parisons of positive proportions between the specified category and the background. 
The background proportion was 1.06%, and was the proportion of SNPs with P < 0.01 
among all the S N P s used in the genome-wide scan. 

Biological process 
No. of 
genes 

No. of 
S N P s 
included 

Proportion 
of positive 
S N P s ( % ) 

Q value 

Steroid hormone metabolism 36 622 6.91 3.89E-18 

Electron transport 140 3478 2.73 3.05E-13 

inRNA polyadenylation 25 433 6.46 2.35E-11 

Other lipid, fatty acid and steroid 25 684 4.53 5.53E-09 
metabolism 
Mitosis 138 3673 2.28 2.26E-08 

M A P K K K cascade 170 6058 1.91 2.90E-07 

Anion transi)ort 78 2782 2.19 1.30E-05 

Sulfur metabolism 49 2262 2.21 9.52E-05 

Other signal transduction 64 1416 2.47 0.00025 

Fatty acid beta-oxidation 23 874 2.51 0.00742 

Heart development 48 1863 1.98 0.00817 

Ganietogenesis 26 605 2.80 0.00817 

Carbohydrate transport 48 1602 2.05 0.00817 

Phosi)hate transport 16 335 3.28 0.02261 

Gut mesoderm development 14 457 2.84 0.02822 

Anterior posterior patterning 58 2057 1.79 0.03281 

Rec;eptor protein seriiie/threoiiine 39 2192 1.73 0.04930 
kinase signaling pathway 
Amino acid activation 38 755 2.25 0.05611 

Other sensory perception 14 1089 2.02 0.05631 



No. of 
No. of Proportion 

Biological process 
No. of 

SNPs of positive Q value 
genes 

included SNPs (%) 

Amino acid biosynthesis 41 965 2.07 0.05709 

Vitamin biosynthesis 17 519 2.50 0.05709 

Lipid metabolism 143 5866 1.43 0.06155 

Indnction of apoptosis 149 3956 1.51 0.06155 

Other inmiime and defense 145 3369 1.54 0.07153 

Non-vertebrate process 18 207 3.38 0.07842 

Other sulfur metabolism 16 558 2.32 0.08080 

RNA localization 32 981 1.93 0.10332 

Extracellular transport and import 79 3237 1.51 0.10352 

Skeletal development 115 3808 1.47 0.10754 

Asymmetric protein localization 19 927 1.94 0.10754 

Carbohydrate metabolism 136 3267 1.49 0.10836 

Vitamin metabolism 19 289 2.76 0.10930 

Other neuronal activity 126 9313 1.30 0.11340 

Extracellular matrix 

protein-mediated signaling 
61 3464 1.47 0.11832 

Polyphosphate catabolism 3 91 4.39 0.12732 

Other protein targeting and 

localization 
18 253 2.76 0.14127 

Pterin metabolism 8 97 4.12 0.14127 

Developmental processes 469 18452 1.22 0.14127 

Neurogenesis 549 31783 1.18 0.14127 

DNA replication 120 2186 1.50 0.20798 

Protein phosphorylation 603 28648 1.17 0.21180 

Muscle development 128 3419 1.40 0.22278 

Complement-mediated inmmnity 52 1131 1.67 0.22389 

Proteolysis 882 21483 1.19 0.23601 

Vitamin catabolism 1 30 6.66 0.24043 

Other pathways of electron 

transport 
19 302 2.31 0.24844 

Small molecule transport 127 4171 1.34 0.27642 

Vision 178 5332 1.29 0.32637 

Metabolism of cyclic inicleotides 43 3563 1.34 0.32637 

Inhibition of apoptosis 120 2988 1.37 0.32860 

Hearing 29 996 1.60 0.35498 

Mesoderm development 134 6025 1.26 0.38724 

JAK-STAT cascade 78 1569 1.46 0.38791 

Embryogenesis 130 4960 1.27 0.43038 

niRNA capping 3 104 2.88 0.45872 

Fatty acid metabolism 107 2374 1.34 0.48685 

JNK cascade 61 1469 1.42 0.48719 



Biological process 
No. of 

genes 

No. of 

SNPs 

included 

Proportion 

of positive 

SNPs (%) 

Q value 

Miscellaneous 129 3075 1.30 0.50611 

General iiiRNA transcription 
43 533 1.68 0.50611 

activities 

Heniatopoiesis 65 1663 1.38 0.52919 

Angiogenesis 50 2191 1.32 0.57538 

rRNA nietabolisni 63 724 1.51 0.61924 

Apoptotic processes 17 268 1.86 0.62829 

Porphyrin metabolism 13 209 1.91 0.70564 

Biological process unclassified 8809 164606 1.08 0.70564 

Oncogene 96 3358 1.22 0.78105 

Cell motility 322 15336 1.12 0.85744 

Stress response 186 4880 1.16 0.92620 

Phospholipid metabolism 134 4614 1.17 0.92620 

Nerve-nerve synaptic transmission 72 5174 1.15 0.94682 

Oxidative phosphorylation 69 669 1.34 0.98649 

Other oncogenesis 47 1193 1.25 0.99837 

Other intracellular signaling 
206 10901 1.11 1 

cascade 

Regulation of carbohydrate 
12 513 1.36 1 

metabolism 

Protein modification 196 5630 1.13 1 

Protein methylation 10 186 1.61 1 

Coenzyme metabolism 53 1304 1.22 1 

Constitutive exocytosis 11 187 1.60 1 

Sensory perception 23 721 1.24 1 

Purine metabolism 61 1627 1.16 1 

Cytokinesis 103 1451 1.17 1 

Regulated exocytosis 46 2188 1.14 1 

Oncogenesis 154 6330 1.10 1 

Receptor mediated endocytosis 102 3348 1.10 1 

Neurotransmitter release 93 6934 1.08 1 

Cell structure 619 21443 1.07 1 

General vesicle transport 227 6857 1.07 1 

Fatty acid biosynthesis 14 517 1.16 1 

Cell communication 309 16318 1.07 1 

Steroid hormone-mediated signaling 44 984 1.11 1 

Other receptor mediated signaling 197 5665 1.07 1 

pathway 
1.06 1 

Cell adhesion 531 38805 1.06 1 

Pre-mRNA processing 36 

-I /-x r 

350 1.14 1 



No. of 

genes 

No. of Proportion 

Biological process 
No. of 

genes 
SNPs of positive 

No. of 

genes 
included SNPs (%) 

Chromatin packaging and 

remodeling 
202 3180 1.06 

Detoxification 67 1872 1.06 

Other intracellular protein traffic 59 2159 1.06 

Amino acid transport 42 1698 1.06 

Macrophage-mediated innnunity 136 1894 1.05 

Cell structure and motility 183 7673 1.05 

MHCI-mediated innnunity 18 172 1.16 

Other carbohydrate metabolism 54 1618 1.05 

Pentose-phosphate shunt 8 78 1.28 

Other transport 57 1155 1.03 

Polyphosphate biosynthesis 3 80 1.25 

Apoptosis 193 5743 1.04 

DNA metabolism 30 482 1.03 

Other mRNA transcription 19 796 1.00 

Glycogen metabolism 43 797 1.00 

Protein targeting 101 3517 1.02 

Nucleoside, nucleotide and nucleic 

acid transport 
42 805 0.99 

Gluconeogenesis 17 607 0.98 

mRNA transcription regulation 1303 29784 1.04 

Coenzyme and prosthetic group 

metabolism 
10 518 0.96 

Glucose homeostasis 15 723 0.96 

Other cell cycle process 9 213 0.93 

Other apoptosis 12 213 0.93 

Other nucleoside, nucleotide and 
28 1037 0.96 

nucleic acid metabolism 
28 1037 0.96 

Cell cycle control 380 10926 1.02 

Immunity and defense 275 6935 1.00 

Glycolysis 41 546 0.91 

Signal transduction 272 11092 1.01 

Endoderm development 11 338 0.88 

Tricarboxylic acid pathway 31 760 0.92 

Other metabolism 433 9305 1.01 

mRNA transcription 253 5659 0.98 

Segment specification 92 1917 0.93 

Sex determination 9 126 0.79 

Protein-lipid modification 21 480 0.83 

DNA recombination 38 1126 0.88 

Protein biosynthesis 464 

106 

3360 0.95 

Q value 



Biological process 
No. of 

genes 

No. of 

SNPs 

included 

Proportion 

of positive 

SNPs (%) 

Regvilatioii of vasoconstriction, 
40 816 0.85 

dilation 

rnRNA splicing 188 3674 0.95 

Other amino acid metabolism 28 607 0.82 

Cytokine and chemokine mediated 
225 4088 0.95 

signaling pathway 
225 4088 

NO mediated signal transduction 7 413 0.72 

Peroxisome transport 14 302 0.66 

Reverse transcrijjtion 8 305 0.65 

Intracellular signaling cascade 235 8253 0.95 

Steroid metabolism 59 1456 0.82 

Amino acid catabolism 43 1130 0.79 

Other coenzyme and prosthetic 
9 185 0.54 

group metabolism 
9 185 0.54 

Cell adhesion-mediated signaling 321 23560 0.99 

Nucleoside, micleotide and nucleic 
244 4262 0.89 

acid metabolism 
244 

Other carbon metabolism 75 1737 0.80 

Transport 452 11618 0.95 

NF-kappaB cascade 71 1199 0.75 

Muscle contraction 181 9892 0.94 

Lysosome transport 11 214 0.46 

Protein metabolism and 
68 1799 0.77 

modification 

Interferon-mediated irmnunity 62 645 0.62 

Other homeostasis activities 61 1258 0.71 

Calcium mediated signaling 107 8018 0.91 

tRNA metabolism 41 397 0.50 

Cholesterol metabolism 64 1976 0.75 

Tumor suppressor 75 2750 0.8 

Protein targeting and localization 84 2538 0.78 

Cation transport 443 22691 0.96 

Endocytosis 112 3545 0.81 

Other blood circulation and gas 16 267 0.37 
exchange activity 

Oogenesis 62 3890 0.82 

Blood clotting 86 2370 0.75 

Other develoi)mental process 94 3912 0.81 

B-cell- and antibody-mediated 86 1699 0.70 
immunity 

Vitamiir'cofac-tor transport 42 604 0.49 

Q value 



Biological process 
No. of 

genes 

No. of 

SNPs 

included 

Proportion 

of positive 

SNPs (%) 

Q value 

Homeostasis 59 2421 0.74 1 

Nitric oxide biosynthesis 6 305 0.32 1 

Olfaction 195 510 0.39 1 

Action potential j^ropagation 20 522 0.38 1 

Regulation of lipid, fatty acid and 
26 679 0.44 1 

steroid nietabolisni 
26 679 

Synaj)tic transmission 74 8228 0.85 1 

G-protein mediated signaling 786 18016 0.91 1 

Translational regulation 74 1111 0.54 1 

Lipid, fatty acid and steroid 
37 1116 0.53 1 

metabolism 

Acyl-CoA metabolism 19 365 0.27 1 

Ion transport 43 1262 0.55 1 

Cytokine/chemokine mediated 
113 1393 0.57 1 

innnunity 

Amino acid metabolism 57 1003 0.49 1 

Protein complex assembly 60 865 0.46 1 

Lipid and fatty acid transport 120 3705 0.72 1 

T-cell mediated immunity 128 2549 0.66 1 

Cell proliferation and 
926 25159 0.92 1 

differentiation 

Mitochondrial transport 24 609 0.32 1 

Fertilization 35 774 0.38 1 

DNA repair 148 3781 0.71 1 

Natural killer cell mediated 
69 634 0.31 

irmnunity 
69 634 0.31 1 

irmnunity 

Cell surface receptor mediated 
158 6422 0.77 1 

signal transduction 

Sulfur redox metabolism 19 456 0.21 1 

Exocytosis 92 2456 0.61 1 

Meiosis 72 1571 0.50 1 

RNA catabolism 61 1015 0.39 1 

Protein disulfide-isornerase reaction 17 512 0.19 1 

Other protein metabolism 43 746 0.26 1 

Nuclear transport 121 1394 0.43 1 

Neuromuscular synaptic 
22 1397 0.42 1 

transmission 

Protein acetylation 27 548 0.18 1 

Other polysaccharide metabolism 123 5424 0.70 1 

Pain sensation 29 566 0.17 1 

Neuronal activities 127 6369 0.72 1 
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No. of 
No. of Proi)ortion 

Biological process 
No. of 

SNPs of positive 
genes 

included SNPs (%) 

Graiiulocyte-rnediated immunity 57 585 0.17 

Cell cycle 112 3329 0.60 

Ectoderm development 94 1929 0,46 

Monosaccharide metabolism 37 1010 0.29 

Protein folding 167 1721 0.40 

Spermatogenesis and motility 106 2587 0.50 

Phosphate metabolism 80 3081 0.51 

niRNA transcription initiation 59 1388 0.28 

Calcium ion homeostasis 34 1430 0.27 

Ligand-mediated signaling 380 10153 0.71 

Receptor protein tyrosine kinase 
190 11344 0.69 

signaling pathway 
190 

Phagocytosis 38 2876 0.38 

Protein glycosylation 178 7654 0.61 

Intracellular protein traffic 183 5066 0.49 

Pyrimidine metabolism 40 1179 0.08 

Determination of dorsal/ventral 
14 1382 0.07 

axis 

Chromosome segregation 105 1527 0.06 

Fatty acid desaturation 4 49 0.0 

Ferredoxin metabolism 4 53 0 

Antioxidation and free radical 
35 470 0 

removal 
35 470 0 

Other nitrogen metabolism 2 10 0 

MllCII-niediated immunity 24 427 0 

Growth factor homeostasis 7 51 0 

niRNA end-processing and stability 16 267 0 

Regulation of nucleoside, luicleotide 
13 511 0 

metabolism 
13 

Cheniosensory perception 2 11 0 

Nitrogen utilization 4 7 0 

Pinocytosis 5 44 0 

Blood circulation and gas exchange 28 411 0 

Other steroid metabolism 12 110 0 

niRNA transcription termination 9 57 0 

Protein ADP-ribosylation 10 187 0 

Other phosphate metabolism 1 12 0 

Taste 7 71 0 

Regulation of phosphate 3 21 0 
metabolisni 

DNA degradation 10 108 0 

Q value 



Biological process 
No. of 

genes 

No. of 

SNPs 

included 

Proportion 

of positive 

SNPs (%) 

Q value 

Lipid and fatty acid binding 24 217 0 1 

Bile add metabolism 1 3 0 1 

Nitrogen iiietabolisni 5 83 0 1 

Pheronioiie response 7 22 0 1 

Amino acid metabolism regulation 2 13 0 1 

m R N A transcription elongation 31 323 0 1 

Disaccharide metabolism 5 87 0 1 

Lactation, mammary development 12 272 0 1 

Table A2: The 14 terms of biological process from the Gene Ontology regarding 

sex hormone 

Term Description 

Androgen 

metabolic process 

Androgen 

biosynthetic 

process 

Androgen 

catabolic process 

Estrogen metabolic 

process 

Estrogen 

biosynthetic 

process 

Estrogen catabolic 

process 

Cellular response 

to estrogen 

stinnihis 

The chemical reactions and pathways involving 

androgens, C19 steroid hormones that can stimulate the 

development of male sexual characteristics. 

The chemical reactions and pathways resulting in the 

formation of androgens, C19 steroid hormones that can 

stimulate the development of male sexual characteristics. 

The chemical reactions and pathways resulting in the 

breakdown of androgens, C19 steroid hormones that can 

stimulate the development of male sexual characteristics. 

The chemical reactions and pathways involving estrogens, 

C18 steroid hormones that can stimulate the development 

of female sexual characteristics. Also found in plants. 

The chemical reactions and pathways resulting in the 

formation of estrogens, C18 steroid hor mones that can 

stimulate the development of female sexual 

characteristics. Also fomid in plants. 

The chemical reactions and pathways resulting in the 

l)reakdown of estrogens, C18 steroid hormones that can 

stimulate the development of female sexual 

characteristics. Also found in plants. 

A change in state or activity of a cell (in terms of 

movement, secretion, enzyme production, gene expression, 

etc.) as a result of stimulus by an estrogen, CIS steroid 

hormones that can stimulate the development of female 

sexual characteristics. 



Term Description 

Response to 

estrogen stiiniilns 

Development of 

primary male 

sexnal 

characteristics 

Development of 

primary female 

sexnal 

characteristics 

Development of 

primary sexnal 

characteristics 

Development of 

secondary female 

sexnal 

characteristics 

Development of 

secondary male 

sexnal 

characteristics 

Development of 

secondary sexnal 

(characteristics 

A change in state or activity of a cell or an organism (in 

terms of movement, secretion, enzyme prodnction. gene 

expression, etc.) as a result of stininlns by an estrogen, 

C18 steroid hormones that can stininlate the development 

of female sexnal characteristics. 

The process whose specific ontcome is the progression of 

the primary male sexnal characteristics over time, from 

their formation to the matnre strnctnres. The primary 

male sexnal characteristics are the testes, and they 

develoj) in response to sex hormone secretion. 

The process whose specific ontcome is the progression of 

the primary female sexnal characteristics over time, from 

their formation to the matnre strnctnre. The primary 

female sexnal characteristics are the ovaries, and they 

develop in res[)onse to sex hormone secretion. 

The process whose specific ontcome is the progression of 

the primary sexnal characteristics over time, from their 

formation to the matnre strnctnres. The primary sexnal 

characteristics are the testes in males and the ovaries in 

females and they develop in response to sex hormone 

secretion. 

The process whose specific ontcome is the progression of 

the secondary female sexnal characteristics over time, 

from their formation to the matnre strnctnres. In female 

hnmans, these inclnde growth of axillary and i)nbic hair, 

breast development and menstrnal periods. Their 

development occnrs in response to sex hormone secretion. 

The process whose specific ontcome is the progression of 

the secondary male sexnal characteristics over time, from 

their formation to the matnre strnctnres. In male 

hnmans, these inclnde growth of axillary, chest, and pnbic 

hair, voice changes, and testicnlar penile enlargement. 

Development occnrs in resi)onse to sex hormone secretion. 

The process whose specific ontcome is the progression of 

the secondary sexnal (characteristics over time, from their 

formation to the matnre strnctnres. In hnmans, these 

inclnde growth of axillary, chest, and pnbic hair, voice 

changes, testicnlar penile enlargement, breast 

development and menstrnal periods. Development occnrs 

in response to sex hormone secretion. 

The descriptions for the 14 terms were from the Gene Ontology database. 

I l l 



Table A3: Description for the selected iniprintecl genes 

Ensenibl ID Gene Name Location Expressed Allele 

ENSG000()0078900 TP73 lp36.32 Maternal 

ENSG()0000162595 DIRAS3 lp31.3 Paternal 

ENSG00000177432 NAP1L5 4q22.1 Paternal 

ENSG00000118495 PLAGLl 6q24.2 Paternal 

ENSG00000246840 HYMAI 6q24.2 Paternal 

ENSG00000112499 SLC22A2 6q25.3 Maternal 

ENSG00000146477 SLC22A3 6q25.3 Maternal 

ENSG00000132437 DDC 7pl2.1 Isoforni Dependent 

ENSG00000106070 GRBIO 7pl2.1 Isoforni Dependent 

ENSG00000105825 TFPI2 7q21.3 Maternal 

ENSG00000127990 SGGE 7q21.3 Paternal 

ENSG00000242265 PEG 10 7q21.3 Paternal 

ENSG00000158528 PPP1R9A 7q21.3 Maternal 

ENSG00000105880 DLX5 7q21.3 Maternal 

ENSG00000128510 CPA4 7q32.2 Maternal 

ENSG00000106484 MEST 7q32.2 Paternal 

ENSG00000246011 MESTITl 7q32.2 Paternal 

ENSG00000174595 KLF14 7q32.3 Maternal 

ENSG00000198010 DLGAP2 8p23.3 Paternal 

ENSG00000169427 KCNK9 8q24.3 Maternal 

ENSG00000165029 ABCAl 9q31.1 Null 

ENSG00000198825 INPP5F 10q26.11 Paternal 

ENSG00000229414 KGNQIOTI l lpl5.4 Paternal 

ENSG00000130600 H19 l lpl5.5 Maternal 

ENSG00000167244 IGF2 l lpl5.5 Paternal 
ENSG0000()099869 IGF2AS llpl5.5 Paternal 

ENSG00000129965 INS llpl5.5 Paternal 
ENSG00000053918 KCNQl l lpl5.5 Maternal 
ENSG00000237941 KCNQIDN l lpl5.4 Maternal 
ENSG00000129757 CDKNIG llpl5.4 Maternal 
ENSGOOOOOl 10628 SLC22A18 l lpl5.4 Maternal 
ENSG00000181649 PHLDA2 llpl5.4 Maternal 
ENSG00000021762 0SBPL5 l lpl5.4 Maternal 
ENSG00000184937 WTl l l p l3 Paternal 
ENSG0000()139194 RBP5 12pl3.31 Maternal 
ENSG00000214548 MEG3 14q32.2 Maternal 
ENSG0()000185559 DLKl 14q32.2 Paternal 
ENSG00000182636 NDN 15qll.2 Paternal 



Ensembl ID Gene Name Location Expressed Allele 
ENSG()00()0214265 SNURF 15(ill.2 Paternal 
ENSG00()00238810 SNORD107 15qll.2 Paternal 
ENSG00()()()239()14 SNORD108 15qll.2 Paternal 
ENSG0()000179455 MKRN3 15qll.2 Paternal 
ENSG()0000179449 MAGEL2 15qll.2 Paternal 
ENSG00000128739 SNRPN 15qll.2 Paternal 
ENSGOOOOOl 14062 UBE3A 15qll.2 Maternal 
ENSG00()00206190 ATP 10 A 15ql2 Maternal 
ENSG00000167522 ANKRDl l 16q24.3 Maternal 
ENSGOOOOO183791 TCEB3C 18q21.1 Maternal 
ENSG00()00198300 ZIM2 19ql3.43 Paternal 
ENSG00000083844 ZNF264 19ql3.43 Maternal 
ENSG00000166619 BLGAP 20q 11.23 Isoform Dependent 
ENSG()0000053438 NNAT 20qll .23 Paternal 
ENSG00000185513 L3MBTL 20ql3.12 Paternal 
ENSG0000023559() GNASAS 20ql3.32 Paternal 
ENSG00000087460 GNAS 20ql3.32 Isoform Dependent 
These genes were from the genomic imprinting website 
(http://www.geneimprint.com/, accessed 1st March 2011). 
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