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2 CHAPTER 1. INTRODUCTION
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 [18,161]. It arises because the shared
traits have a common genetic basis but 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, depending 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
spread in the population. The spread 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 in
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beneficial to males but harmful 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 expression [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 ubiquitous 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 example, a study of over 13 year period
in a natural population of serins (Serinus serinus) |14] showed survival selection

on bill morphology differs between the sexes, in that selection on bill depth is
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10 CHAPTER 2. GENOMIC DATA AND QUALITY CONTROL

the quality 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 WTCCC.
The WTCCC is a group of 50 research groups across the UK, and aims to identify
genetic variants associated with some common diseases [169]. Large-scale samples
have been genotyped by the WTCCC, with high-throughput genotyping 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.wtcee.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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e 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.

101]. These oligonucleotides are labeled and represent either perfect match

or mismatch probes to each SNP. However, the [llumina 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 [llumina technology should show lower background

noise.

e The length of probes is different. Illumina arrays use 50-mer oligonu-

cleotides [149], compared to Affymetrix’s 25-mers [101].

e The SNP-selection strategies differs. Illumina’s probes are based almost
entirely on ‘tagSNPs’, which were those SNPs identified in the HapMap
project [76]. In contrast, only about half of the SNP probes on the Affymetrix
array are tagSNPs. Although [llumina 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 common to both plat-

forms.

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

employed. Affymetrix 500K follows the same procedural steps and features as
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of systematic error, when applied across the huge number 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
~1 million) SNPs have bad quality 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 quality, 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 genotyping 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 [llumina 1.2M and Affymetrix V6.0
platforms, and one may have failed the QC 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

genotyping platform can not produce a reliable outcome for that genotype, where
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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 pseudoautosomal regions (PARs)
were also excluded. PARs are the regions of identical sequence located at the tips
of the X and Y chromosomes, with short arms for PAR1 and long arms for PAR2
(Figure 2.1). Their physical lengths are approximately 2.7 Mb for PAR1 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 QC filters from the WTCCC

The WTCCC genotyped the two control cohorts separately, on both Illumina
L.2M and Affymetrix 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 common in other genome-wide studies, and
were designed mainly against those genotyping artifacts which were caused by
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 Ilumina 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 difficult 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 (MAF). A SNP was excluded by the
WTCCC if the MAF < 1%. It is relatively difficult 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 equilibrium. 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 < 1E-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) Information 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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complements the step described above, as

the BLAT search may miss some duplicons due to the imperfection of the genomic

sequencing. The definition data for long duplicons, 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 QC 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 1E-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 Combination 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 [llumina 1.2M and the Affymetrix V6.0.
There were initially ~1.15 million SNPs on [lumina 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 platforms, only the outcome from Illumina’s

were employed for analysis of SA selection. The Illumina platform was chosen for
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Table 2.2: Number of SNPs failing each QC filter

. Genotyping platform
Filter ypmg |

[llumina 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 [lumina 1.2M and Affymetrix V6.0, respectively.

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

Filter Genotyping platform

Mlumina 1.2M7# Affymetrix V6.07
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 59 3.1
Plate association test 10.0 11523
Differ between 58C and UKBS 32.4 1155.8
Short duplicon (BLAT search) 28.6 Sl
Long duplicon 148.4 242.6
Failing any of the above filters 4.6 2.5

*Positives were defined as P < 1E-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 1.1E-5 on [lumina 1.2M and Affymetrix V6.0 platforms, respectively.
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selection in humans, with eight genomic regions exhibiting a signal with P value

1E-5. Candidate genes associated with sexual antagonism in those eight re-
oions 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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7M 44, which is the measure for SA selection in this study. The calculation was
done with an R package, ‘hwde’, comprising these models and developed by J.H.

Maindonald at http://cran.r-project.org/web/packages/hwde/index.html.

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 be 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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3.1.2.1 Q value for false discovery rate

The first method employed in this study to resolve the multiple testing issue
is to calculate the ¢ value for false discovery rate (FDR). FDR is the expected
proportion of false positive findings among all the rejected null hypotheses [151].
The ¢ 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 ¢ 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]. Tt 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. ‘qvalue’,

from http:/ /cran.r-project.org/web/packages/qvalue /index.html.

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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Table 3.1: Genotype distributions of rs1801406 in BRCA2

Observed number of genotype Allele frequency  Deviation
AA (%) AG (%) GG (%) A G from HWE
1136 1100 201 . ,
ales , ¥ : 69.2% 30.8% P = 0.004
alcs (46.6%)  (45.1%)  (8.2%) ‘ i
1128 986 253 he et -
‘males : , : 8.5% 31.5% P = 0.095
Females (olon (7w (10.7%) O80% 31K :
226 2086 15: Aok s
Gl e 1 6g8% 31.2% P —0.420

(47.1%) (43.4%) (9.5%)
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 found 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 WTCCC on the Illumina platform and passed all QC filters in
this study. However, there was no significant signal (P = 0.30) when I compared
the genotype distributions between the two sexes from WTCCC’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 (C/C) at
rs144848 in BRCA2 was associated with a 30% increase in breast cancer risk.
in a case-control study of Caucasian 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-penetrance risk factor for developing 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: v-axis, left, is log(P values).
and right, is recombination rate. Red triangles represent singllde SNPs employed
in the study. Rsl144848, 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 rs1801406 (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 proportional to the degree of sex specific selection.

Althonugh rs144848 may not be strongly associated with breast cancer, BRCA?2
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 rs1801406 in BRCA?2

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 1128 1110.11 0.54

Females AG 986 1021.77 =[R2
GG 255 235Ul 1.17

#Residual calculated as (Observed — Expected)/+/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, rs1801406 shows the strongest signal for sex difference in genotype distri-
bution with P = 0.004 (Table3.1). 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
rs144848 is not the causative variant of the previously reported positive associa-
tion with sex-differential prenatal viability. Despite great differences in genotypic
distributions at rs1801406, there is no significant sex difference in the allelic dis-
tribution (P = 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 genotype distribution in the 100 Kb
genomic region with central rs1800907 in blue. This SNP reportedly showed
significant signal for SA selection [159].

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

also shows the opposite departures between the sexes from the HWE 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 been reported in general human populations, is rs1800907 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 heterozyvgotes
in males. This SNP was also genotyped by the WTCCC on the lHlumina 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 compared

in the control individuals. with P values for the exact test of HWE greater than
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0.23 in males, females and the combined sexes. In the genomic region of 100
Kb length centred on rs1800907, there were 44 SNPs, among which all have
P > 0.085 for sexually genotypic difference, indicating no significant signal in
the rs1800907 region (Figure3.3). Since neither rs1800907 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 genome-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 WT'CCC, 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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Figure 3.4: Quantile-quantile plot for the test statistics from the genome-wide
scan. SNPs failed by the quality control filters were already excluded. The shaded
region is the 95% concentration band.
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Chromosome

Figure 3.5: Genome-wide picture of the signals for SA selection. The two hori-
zontal lines represent P values of 1E-5 and 1E-7 respectively. SNPs failed by the
quality control filters were already excluded.

SNPs. Figure 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 rs11159094
on chromosome 14. The corresponding ¢ value was 0.096. The effective inde-
pendent number of tests in the genome-wide scan was 528486, estimated by the
simpleM method. Given the number of independent tests. the adjusted value of
the smallest P is 0.080, and the expected number of signals < 1E-5 obtained by
chance was five but eight were actually obtained from the genome-wide scan.

That the smallest adjusted P and ¢ values were greater than 0.05 might reflect
the limited power of the samples used in the study. The sample size of ~4.800 in
the .\llul_\' had onlv 47% statistical power to detect rs11159094. the SNP showing
the strongest signal. with 0.05 of adjusted P value as threshold (corresponding
toa P’ 1E-8 before ;l(l_illﬁllll"l]l by Bonferroni method). To obtain 80% or 95%

power. the sample size would need to be increased to 6.500 or 8,100. respectively
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Table 3.3: Eight independent SNPs with P -

1E-5 for the comparison of genotype distributions between the sexes revealed by genome-wide scan

) q HWE  Alleles Minor AA PR Aa PR aa PR Obs Obs Obs
SNP Chr:Position P value
value 2 (Aa) allele (95% CI) (95% CI) (95% CI) AA Aa aa
) 1.03 1.18 14.55 B 2151 215 0
1s267642 1:57553573 5.28 E-06 0.483 0.565 AC C
(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
rs17553946  2:155055407 9.18E-06 0.589 0.967 AG A
(1.24-2.03)# (1.02-1.18)# (1.05-1.15) M: 157 899 1378
114 LT 1.00 F; 1258 905 207
rs1568946 7:48338344 7.7T6E-06 0.526 0.917 AG G
(1.08-1.21) (1.10-1.26)# (0.83-1.20)# M: 1135 1096 214
1.38 1.06 1.09 F: 348 1175 846
rs8011192 14:27858369 2.07E-06 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 ke F: 576 1231 555
rs11159094 14:74165900 1.52E-07 0.096 1.000 CT a8
(1.1&1.-—1‘2)# (1.03-1.16) (1.02-1.26) M: 771 1160 507
1.34 13 i3 E: 142 846 1381
rs7237 15:82987581 5.93E-06 0.483 0.390 AG A
(1.09-1.66)# (1.05-1.22)# (1.07-1.19) M: 197 987 1261
1.57 1.09 110 F: 106 850 1407
rs11079155 17:50646506 6.50E-06 0.483 0.371 AG A
(].2-1—]..‘)9)# (1.01—1.]7)# (1.05-1.16) M: 172 953 1312
1.5T 1.14 1.03 F: 128 975 1267
rs7505612 18:4766396 4.35E-06 0.482 0.853 AC A
(1.27-1.94)# (1.06-1.22) (0.98-1.09) 7% M: 207 886 1353

Chr. chromosome; HWE, Hardy-Weinberg equilibrium, here P values 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 are in NCBI build-36 coordinates. * Here the number of genotype aa was taken to be 1 in females, where no aa was observed.
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Figure 3.6: The eight genomic regions that reached P < 1E-5 in the genome-wide
scaltl.

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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3.2. RESULTS

Table 3.5: Surrounding SNPs of the peak from the eight genomic regions showing

P 1E-5 for SA selection

Peak SNPs #

No. of selected surrounding SNPs with
P < 0.05
No. of all selected surrounding SNPs

rs267642
rs17553946
rs1568946
rs8011192
rs11159094
L1231
rs11079155
rs7505612

5

4

9
3
14
40
14
2
0

3
12
10
29
49

3

N o ow

2Figure 3.6 shows signals from the SNPs around these eight peak SNPs.
*Only surrounding SNPs in linkage disequilibrium (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.

157505612 had two linked SNPs, rs12454604 (r?

0.458) and rs8089250 (r?

0.414), which exhibited boundary P 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 P ot 58€ P of UKBS
controls

rs267642 5.28E-06 0.033 5.13E-05
rs17553946 9.18E-06 0.006 0.001
rs1568946 7.76E-06 2.17E-04 0.020
rs8011192 2.07E-06 9.25E-05 0.011
rs11159094 1.52E-07 3.22E-04 4.88E-04
rs7237 5.93E-06 0.008 5.01E-04
rs11079155 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
Table3.5 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 platform 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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25-kb distance (Figure 3.2). Moreover, LOC646799 is predominantly 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.nlm.nih.gov/nuccore/nm_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, fine-mapping (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 such as
copy number variants [100]. Also, the causative variants might be not in coding

sequences of genes but in regulatory sequences [122].



CHAPTER 3. EVIDENCE FOR SA SELECTION IN HUMANS

Figure 3.7: Comparison between the signals from Affymetrix V6.0 and Illumina

1.2M platforms, at the eight genomic regions that reached P -

1E-5.

The upper panel is for llumina platform. and the lower is for Affymetrix. Note
that only ~18% of the total SNPs were genotyped on both of the platforms.
X-axis is genomic location, in NCBI-36 coordinates: y-axis, left, is

ues). and right. is recombination rate.
the study, with blue for the one with the peak signal.

recombination rates.
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Chr SNP
| 1s267642
2 rsl1150137*

14 | rs8008977*
14 | rs1558933°
15 rs7237

mmmm Female-only effect ommmm 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
during 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: T1D. 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 | 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 by
this study were good candidates for studying the sex-effects 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 discases 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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Figure 4.2: Q-Q plot for signals for SA selection from OMIM 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 quality control 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 quality 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-
407, which would be also utilized in this study (See Table 4.1 for the numbers 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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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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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
hOMINM disease genes from four categories of disease-onset age. The diagonal
lineisy — x.
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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 mRNA 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 benefits, rather than in the sex

that it harms.
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Figure 4.8: Q-Q plots for signals for SA selection from sex-hormone receptor

biding loci.

was applied. However, there was still no significant enrichment observed in the
extended regions. The details for the signals in SHRBL are shown in Table 4.3.
Shown in the corresponding Q-Q plot, there were no obvious departures from the

95% concentration band. also indicating no significant enrichment (Figure 4.8).
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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 evolutionally 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 fitness, 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 mostl_v
resolved [39], whereas the signals detected from this study are for ongoing SA

selection.
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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 (7M ) 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 purpose 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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Figure 4.13: Q-Q plot for the comparisons between values of 7414 (Y axis) and
of TM 44 (X axis), for all the SNPs passing the QQ and used in the genome-wide
scan. The diagonal line is y — x.

of 7M 4 were greater than the statistics of 7M4, in 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, 7M, had obviously much
greater values than the TM 44 did, when only the SNPs exhibiting P < 1E-3 and
P 1E-4 for SA selection were included (Figure 4.14). These results suggest
the existence of sex-differential allele frequencies and that they contribute to the

sex-differential genotype distribution observed in the study.
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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 groups, that included genes associated with Mendelian 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 included in these gene groups 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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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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tion 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 underlying 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-specific 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-specific 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 replicated in
independent samples in the future. Bigger sample size might be 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 comprehensive studies in humans

are necessary in the future.
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