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ABSTRACT

Variants can affect traits differently depending on whether they are inherited from the mother
or the father, but genome wide association studies (GWAS) treat maternal and paternal al-
leles as equivalent. In addition, the variants identified by GWAS do not account for a
significant portion of the heritability for the corresponding trait and the “missing heritabil-
ity” could be due to underlying biological mechanisms that are not yet well understood.
My thesis addresses these limitations by disentangling the effects of maternal and paternal
alleles on gene expression as well as on disease-associated phenotypes in the Hutterites, a
founder population of European descent. With phased genotype data we can ask questions
about parent-of-origin effects in this population. First, we tested for maternal and paternal
genetic associations on cardiovascular disease and asthma associated traits and developed a
novel method to detect variants that have opposite effects on the trait of interest depend-
ing on the parent of origin of the variant. We identified variants that have maternal-only or
paternal-only effects, as well as variants that have opposite effects on traits, which would not
be detected in a standard GWAS. This is the largest family based study of parent-of-origin
effects on quantitative traits and the first to look for opposite parental effects. In the second
chapter, we map RNA-seq reads from lymphoblastoid cell lines (LCLs) to parental haplo-
types in 306 Hutterites and detect known imprinted genes and two novel imprinted genes
(PXDC1 and PWARG). These imprinted gene patterns are validated using parent-of-origin
expression from peripheral blood leukocytes (PBL) from 99 different Hutterites; imprinting
control regions near the novel genes were validated using PBL methylation in the same 99
Hutterites. Finally, we explore searching for parent-of-origin effects on gene expression or
parent-of-origin eQTLs, first for opposite effects and then for maternal and paternal specific

effects.
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CHAPTER 1
INTRODUCTION

1.1 Human Genetics and the Genetics of Complex Traits

A central goal of genetics is to understand the contribution of genetic variation to phenotypic
variation. The mechanism by which genetic variants contribute to a phenotype is determined
by the genetic architecture of the phenotype, however, the underlying rules that determine
how genetic variants contribute to phenotype diversity are still not fully known.

Monogenic traits are determined by genetic variation in one gene whereas complex traits
do not follow Mendelian rules of inheritance and have heterogenous phenotypes. Genetic
variation in many genes, as well as interaction of genes with environmental factors typically
contribute to complex trait phenotypes.

Genome wide association studies (GWAS) have been effective in detecting associations
between common variants and common diseases since 2005, with the publication of the
first large GWAS with good coverage of the genome in 2007 from the Wellcome Trust Case
Control Consortium [I15]. Although GWAS have resulted in the discovery of thousands of
novel associations to hundreds of phenotypes, the loci identified by GWAS explain a small
proportion of the estimated heritability of the trait, or the fraction of phenotypic variation
in a population that is due to genetic variation. There are many explanations that could
account for this “missing heritability,” or the proportion of heritability not accounted for by
these significant GWAS loci, including gene-environment interactions, epistatic interactions,
inflated heritability estimates, rare variants or structural variants not tagged by GWAS
SNPs, common variants with small effect sizes, and parent-of-origin effects [116], [33], 139,
119]. Heritability of parent-of-origin effects on traits have been extensively studied in mice
[9, 76, 10, B] but is only beginning to be studied in humans [58]. The significant GWAS
associations, or “low-hanging fruit” have been further investigated to determine causality

1
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Figure 1.1: Asthma GWAS Manhattan Plot. Inverted manhattan plot for asthma
GWAS highlighting “low hanging fruit” as apples hanging from the manhattan plot “tree.”
Figure from Ober, 2016 [82] updated to reflect results from Demenais, 2018 [2§].

but there still remains a lot of the genome, or “mid-hanging fruit,” that could contribute to
a trait. Identifying which variants are causal among those with small p-values that are not
genome wide-significant is challenging (Figure .

Additionally, in GWAS, the impact of parental origin of associated alleles has been largely
ignored, and maternal and paternal alleles are treated as equivalent. Sequence variants
could affect disease susceptibility or a quantitative trait differently depending on whether
the variant was inherited from the father or the mother. Parent-of-origin effects include
phenomena such as imprinting where epigenetic modifications determined by parental origin
allows for differential gene expression of genes on homologous chromosomes [64, [59].

The classic examples of parent-of-origin effects are imprinted genes. More than 80% of
imprinted genes in humans are found in genomic clusters, and at least thirteen clusters have

been identified on eight chromosomes [59) [90) 0T} 2]. These clusters contain both maternally
2



and paternally expressed genes as well as non-coding RNA genes [0, 2]. Parent-specific
expression of the genes within a cluster is determined by cis-acting imprinting control regions
(ICRs). ICRs show parental allele-specific DNA methylation and chromatin modifications.
ICRs methylated in females during oogenesis typically contain the promoters of long non-
coding RNA that are antisense to a protein- coding gene in the cluster and silence it. In
contrast, ICRs that acquire methylation in the male germ line are located in intergenic
regions [90].

The testing of maternal and paternal alleles separately can disentangle parent-of-origin
effects. Parent-of-origin effects can alter gene expression levels that can ultimately affect
other phenotypic traits including disease [59, O0]. Moreover, parent-of-origin eQTLs can
provide insight into the molecular mechanisms that may underlie genetic associations with

both rare and common diseases [59, 90} (6], 102, [35].

1.2 On The Origin of Genomic Imprinting

Genomic imprinting in its broadest sense suggests that a phenotype observed for a particular
gene or genes depends on the sex of the parent from which the gamete containing that gene or
genes originated [98]. A particular gene is imprinted if it results in a different phenotype when
it is maternally inherited versus paternally inherited. The phenotype can be cytological,
morphological, behavioral or biochemical [98].

The first use of the term “imprinting” was used in reference to the recognition and selective
elimination of the paternal chromosomes in Sciara [25, 98]. “The ‘imprint’ a chromosome
bears is unrelated to the genic constitution of the chromosome and is determined only by
the sex of the germ line through with the chromosome has been inherited.” [25]

The preferential inactivation of the paternally-derived X chromosomes in mouse was the
first demonstrations of a functional imprint in mammalian genomes [1006, 67, 20]. Imprinting

on autosomes was first suggested by a deletion on mouse chromosome 17 that showed a
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different phenotype based on which parent the deletion was inherited from [48, ©94]. Tt
was not until the development of the pronuclear transplantation technique that allowed
for the creation of mice zygotes which contained only maternal or only paternal genetic
contributions that there was any evidence that the maternal and paternal genomes are
not equal. The differential imprinting on the parental chromosomes prevented complete
embryonic development in these mice with complete uniparental disomy [98, [74]. Parental
chromosomes have different regions silenced, or imprinted, such that one parental copy is
expressed and having either both parental copies or neither expressed results in genetic and
developmental abnormalities.

Further experiments suggested that imprinting occurs during gametogenesis and is nec-
essary for full term development. An egg with a male pronucleus developed to term, but, an
egg with two female pronuclei (gynogenetic embryos) or two male pronuclei (androgenetic)
developed poorly[104} [74]. This provides evidence that input from both parents are required
for normal development and the genome of the egg and sperm nuclei are not equal. Non-
complementation in genetic crosses of translocated chromosomes provided a way to refine
the imprinted regions of the genome[19].

Genetic characterization of Prader-Willi syndrome (PWS) was the first human genetic
disease to be associated with maternal heterodisomy of chromosome 15q11-13[7§]. It sug-
gested that clinical phenotype of PWS arises from the absence of paternal contribution of
15q11-13 as opposed to a specific genetic mutation. Conversely the absence of maternal
contribution to the same region should result in Angelman syndrome (AS) [78, [93]. This
provided more evidence that, at “imprinted” regions, the functional differences depend on
the sex of the transmitting parent and genetic input from both parents are required for
normal human development [78]. Various other human imprinted syndromes due to loss or
gain of expression of imprinted genes have been summarized in Table [1.1]

The evolution of genomic imprinting is not yet known and there are theories in place



to explain why it still exists. Genomic imprinting exposes recessive mutations since these
regions are effectively haploid and thus results in a fitness cost. The evolution of genomic
imprinting implies an advantage as the imprinting status of many genes have been con-
served over millions of years [75, 91]. Genomic imprinting in animals exists in eutherian and
marsupial mammals but not in non-mammalian vertebrates or monotremes (mammals that
lay eggs) including the platypus and echidna [47, O1]. There are many theories to try and
explain the evolution of imprinting, and two have gained the most popularity: the kinship
(or parental conflict) theory and the maternal-offspring coadaptation theory. The kinship
theory of genomic imprinting suggests that there exists a conflict between parental interests
on maternal resources by the embryo: the paternally derived genes benefit from maximizing
the resources at the expense of embryos from other fathers (in viviparous polyandrous, or
multiple paternity species). In contrast, the maternally derived genes benefit from providing
equal allocation of resources to all embryos since they are all equally related to the mother
[91]. The kinship theory has been the most popular theory to explain the evolution of ge-
nomic imprinting since it is supported by dosage-dependent and opposing roles of reciprocally
imprinted genes (i.e. Igf2 and Igf2r) but it does fail to predict the direction of imprinting in
some loci (Meg1). A second theory, maternal-offspring coadaptation theory, proposes that
offspring are more likely to survive if they are more similar to the mother in species with
extended maternal care [91]. This coadaptation theory could explain the predominance of
maternally expressed genes in mice and plants.

Additional theories have been put forth including the Ovarian time bomb hypothesis
(OTH) , X-linked sex-specific selection hypothesis (XSSH), sexually antagonistic selection
hypothesis (SASH), and imprinting as a barrier to parthenogenesis. OTH suggests that in-
activation of early-acting growth enhancers and upregulation of growth inhibitors lowers the
risk of unfertilized eggs in an ovary to develop into ovarian cancer [75], 47]. Both the kinship

theory and OTH predict that growth affecting genes are likely targets of imprinting. XSSH



predicts patterns opposite of OTH and kinship theory, such that as a result of inactivation of
maternal X-linked growth inhibitors and paternal X-linked growth enhancers, males will be
larger, which is common in mammals. This imbalance is suggested to result from imprinting
that augments any selection pressure that differs between sexes due to the X chromosome
since maternal X will affect males more than females, and paternal X will only affect fe-
males [75]. SASH is an extension of XSSH to autosomal loci suggesting there is sex-specific
imprinting [75]. The anti-parthenogenesis idea is that imprinting prevents an unfertilized
egg from developing into a new individual and supports the idea that the genetic benefits
of sexual reproduction for long-term evolutionary fitness outweigh the risk from imprinting
a few genes [47, [57]. These theories do not provide a good mechanistic framework but focus
on the evolutionary logic of imprinting. With characterization of more imprinted genes we

will be able to understand how and why these have evolved.

1.3 The Search for Parent-of-Origin Effects

Parent-of-origin effects and imprinted genes have been most elegantly studied in mice, where
two inbred strains are bred reciprocally to identify parent-of-origin effects on gene expression
in progeny that have the same genotypes but different patterns of inheritance [§]. Such
studies are obviously more challenging in humans. Previous studies have attempted to
identify parent-of-origin alleles using different approaches, addressing parent-of-origin effects
on gene expression and phenotypic traits.

In one study of gene expression, investigators examined whether genotypes fit Hardy
Weinberg Equilibrium expectations and considered imprinted loci to be those with no or
fewer than expected heterozygotes (C.T. Watson, ASHG 2014). Garg et al. used gene
expression in lymphoblastoid cell lines (LCLs) from 29 CEU and 30 YRI HapMap trios
to identify 30 imprinting eQTLs with parent-of-origin specific effects on expression by first

comparing maternal alleles and paternal alleles associated with gene expression, and then
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Human Syn- Location Major features Causes
drome
Transient neona- 6q24 Neonatal hyperglycaemia and in- Overexpression of PLAGI and HY-
tal diabetes mel- trauterine growth restriction MAI
litus type 1[68]
Silver-Russell 11p15.5 Dysmorphism, intrauterine growth re- Complex: 11p15.5: hypomethylation
syndrome[32] (65%), striction and postnatal growth retarda- of H19 DMR, silencing of IGF2 and
109] MatUPD7  tion biallelic expression of H19; MEST and
(10%) GRBI10 are candidates for MatUPD7
cases
Beckwith- 11p15.5 Prenatal and or postnatal overgrowth, Complex: mostly epigenetic errors- si-
Wiedemann enlarged tongue, abdominal wall de- lencing of CDKNIC or biallelic ex-
syndrome[22] fects, placental overgrowth and predis- pression IGF2 and silencing of H19;
position to embryonal tumours. inactivating mutations in CDKNIC,
PatUPD11
Temple 14q32 Prenatal and postnatal growth retarda- Loss of paternal expression of DLKI
Syndrome[46] tion, premature puberty and obesity and RTLI1
53] / MatUPD14
syndrome
Kagami-Ogata 14q32 Dysmorphism, placentomegaly and ex- Increased expression of RTLI
syndrome[52] 53] cessive amniotic fluid
84] / PatUPD14
syndrome
Prader-Willi 15q11-13 Developmental delay, obesity, hypogo- Loss of paternal expression up to 11
syndrome[17] nadism, cognitive impairment genes in 15q11-13 : paternal deletion
of MatUPD15
Angelman 15¢q11-13 Developmental delay, microcephaly, loss of maternal expression of UBES3A,
syndrome[17] absent or limited speech, gait ataxia, UBFE3A mutation or patUPD15
characteristic EEG and behavioral pro-
file with happy demeanour
Mulchandani- chrlb Prenatal growth restriction, severe MatUPD20
Bhoj-Conlin short stature with proportional head
syndrome[77] circumference, and profound feeding
difficulty
Schaaf-Yang chrl5 deelated psychomotore development, inactivation of MAGEL2 on paternal
syndrome[36] intellectual disability, hypotonia, and allele
behavioral abnormalities
Central preco- chrlb Development of secondary sexual char- inactivation of MKRNS3 on paternal al-
cious  puberty acteristics before age 8 in girls and age lele
23] 9 in boys.
Pseudo- 20q13.3 Dysmorphism, obesity, cognitive im- Inactivation/lack of maternal GNAS
hypoparathyroidism pairment, end-organ resistance to

type la and type
1b[71] [34]

parathyroid hormone (which results in
hypocalcemia and hyperphosphatemia)
and resistance to other hormones

Table 1.1: Imprinted Gene Disorders. Adapted from Peters (2014) and Mackay and Tem-
ple (2017) [90} 69], ordered by chromosome location of causal mutation. UPD = Uniparental
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comparing reciprocal heterozygotes [38]. A study from the GTEx Consortium used RNA-seq
data to determine allele specific expression (ASE) in 45 different tissues from various numbers
of individuals to identify new imprinted genes [12]. By considering genes with monoallelic
expression that were evenly distributed to both the reference and alternate alleles across
individuals as evidence for imprinting, they identified 42 imprinted genes, both known and
novel, and used family studies to confirm imprinting of 5 novel genes. Most recently, Santoni
et al. identified nine novel imprinted genes using single-cell allele-specific gene expression
and identified genes with mono-allelic expression in fibroblasts from 3 unrelated individuals
and probands of 2 family trios, and then used the trios to confirm parent-of-origin of the
alleles [97].

Not many studies have searched for parent-of-origin effects on binary and quantitative
traits. In a study on 38,167 Icelanders with known status for 7 diseases, investigators iden-
tified variants that were associated with breast cancer only when paternally inherited and
variants associated with type 2 diabetes only when maternally inherited [56]. Parent-of-
origin associations with height in the same Icelandic population (n=88,835) identified four
associations of which three were in known imprinted regions, one of which was also replicated

in the Sardinia population [118].

1.3.1 Dissertation Overview

Large pedigrees are ideal for identifying parent-of-origin effects [12]. The advantages that
large family studies have for these studies include: 1) formally proving parent-of-origin ef-
fects detected from ASE, and 2) detecting subtle imprinting that does not lead to strictly
monoallelic expression [I2]. The Hutterite population is ideally suited for these studies.
The >1,400 Hutterite individuals studied by our group are related to each other in a 13-
generation pedigree that includes 3,671 individuals, all of whom are descendants of only 64

founders. Ninety-eight Hutterites were initially selected for whole genome sequencing; alleles



were phased using Affymetrix framework markers in the 98 individuals and then imputed
to the remaining 1,532 Hutterites who had been previously genotyped with the Affymetrix
framework markers [63]. After quality control, parent-of-origin was assigned to more than
10 million variants. Of the 1,532 with genotype data, 431 also had RNA-seq expression
data from LCLs, and between 600-1300 individuals have been phenotyped for cardiovascular
disease (CVD) and asthma associated quantitative traits.

In this dissertation, I use a novel variation on GWAS to detect parent-of-origin effects
on quantitative disease-related traits in the Hutterites that would be normally missed in
standard GWAS. I am able to find maternal- and paternal-only effects, as well as opposite
parent-of-origin effects. This method can be applied to any quantitative trait for which we
know parent of origin of alleles, including gene expression. The method and results of test-
ing this method with quantitative disease related traits is in Chapter Using LCL gene
expression and parent-of-origin allele information in the Hutterites, I develop a new method
of mapping RNA-seq reads to parental haplotypes and detect known and novel imprinted
genes in Chapter [3] The patterns of imprinted genes are validated in a different sample
of Hutterite individuals for which we have peripheral blood luekocyte (PBL) RNA-seq and
DNA methylation. In Chapter [, I use methods, including one from Chapter [2] to try and
find parent-of-origin variants that have opposite effects on gene expression. Additionally, we
tested for maternal and paternal effects on maternal and paternal gene expression, respec-
tively, and used a parent-of-origin ASE (PO-ASE) test to identify differences in maternal

and paternal gene expression among reciprocal heterozygotes.



CHAPTER 2
PARENT-OF-ORIGIN EFFECTS ON QUANTITATIVE
PHENOTYPES IN A FOUNDER POPULATION

2.1 Abstractll]

The impact of the parental origin of associated alleles in GWAS has been largely ignored.
Yet sequence variants could affect traits differently depending on whether they are inherited
from the mother or the father. To explore this possibility, we studied 21 quantitative pheno-
types in a large Hutterite pedigree. We first identified variants with significant single parent
(maternal-only or paternal-only) effects, and then used a novel statistical model to identify
variants with opposite parental effects. Overall, we identified parent-of-origin effects (POEs)
on 11 phenotypes, most of which are risk factors for cardiovascular disease. Many of the loci
with POEs have features of imprinted regions and many of the variants with POE are asso-
ciated with the expression of nearby genes. Overall, our results indicate that POEs, which
can be opposite in direction, are relatively common in humans, have potentially important

clinical effects, and will be missed in traditional GWAS.

2.2 Introduction

Genome-wide association studies (GWAS) typically treat alleles inherited from the mother
and the father as equivalent, although variants can affect traits differently depending on
whether they are maternal or paternal in origin. In particular, parent-of-origin effects
(POEs) can result from imprinting, where epigenetic modifications allows for differential

gene expression on homologous chromosomes that is determined by the parental origin of

1. Citation for chapter: Mozaffari SV, DeCara JM, Shah SJ, Lang RM, Nicolae DL, Ober C. Parent-of-
Origin Effects on Quantitative Phenotypes in a Founder Population bioRxiv (2017).
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the chromosome. Mutations in imprinted genes or regions can result in diseases. For ex-
ample, two very different diseases, Prader-Willi Syndrome (PWS) and Angelman Syndrome
(AS), are due to loss of function alleles in genes within an imprinted region on chromosome
15q11-13. Inheriting a loss of function mutation for the SNRPN gene from the father results
in PWS but inheriting a loss of function mutation for the UBE3A gene from the mother
results in AS [90], [35]. Long noncoding RNA genes at this and other imprinted regions act to
silence (i.e. imprint) genes in cis. Imprinted genes are often part of imprinted gene networks,
suggesting regulatory links between these genes [88|, 37, [108]. More than 150 imprinted loci
have been described in humans [I4] but there are likely many other, as yet undiscovered,
imprinted loci. The kinship theory or conflict hypothesis suggests there is a conflict between
the parent’s interest on use of maternal resources by the fetus in utero. This theory promotes
the idea that novel imprinted loci can affect more prominently phenotypes associated with
fetal use of maternal resources, including early growth as well as downstream traits such as
height, BMI, and metabolic disease [90)].

Previous studies have utilized pedigrees to test maternal and paternal alleles separately
for association with phenotypes or with gene expression to uncover new imprinted loci [56),
121 38, 89, [14]. Kong et al [56] discovered one locus associated with breast cancer risk only
when the allele is inherited from the father and another locus associated with type 2 diabetes
risk only when the allele is inherited from the mother. Garg et al. reported parent-of-origin
cis-eQTLs with known or putative novel imprinted genes affecting gene expression [38]. Two
additional studies by Zoledziewska et al. and Benonisdottir et al. identified opposite POEs
on adult height at known imprinted loci [118, 14]. Both studies reported associations with
variants at the KCNQ@1 gene, and one showed additional opposite POEs with height at
two known imprinted loci (IGF2-H19 and DLKI1-MEG3)[14]These studies provide proof-
of-principle that alleles at imprinted loci can show POEs, some with opposite effects, with

common phenotypes.
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Many existing studies and methods that identify POEs use case/parent trios or case/mother
duos[23] [44) 4, 113], 112]. Similar to Kong et al. [56], our method does not require data on the
parent and only uses the parent-of-origin informative alleles which were assigned and phased
using PRIMAL [63]. In contrast to Kong et al. [56] which used binary traits, our method
tests for POEs on quantitative traits, similar to Benonisdottir et al. [I4] which tested for
POEs on height.

No previous study has included a broad range of human quantitative phenotypes or has
studied genome-wide variants with effects in different directions depending on the parent of
origin. To address this possibility, we developed a statistical model that directly compares
the effects of the maternal and paternal alleles to identify effects that are different, including
those that are opposite. We applied this model in a study of 21 common quantitative traits
that were measured in the Hutterites, a founder population of European descent for which
we have phased genotype data [63]. We identified variants with maternally inherited or
paternally inherited effects only and variants with opposite POEs. Some of the identified
regions have characteristics similar to known imprinted genes. Overall, we show that this
model can identify putative novel imprinted regions with POEs for a broad range of clinically

relevant quantitative phenotypes.

2.3 Results

2.8.1 GWAS

We first performed standard genome-wide association studies (GWAS) of 21 traits in the
Hutterites (Table [2.5). These studies identified one genome wide significant association (p
<5 x 1078) with each of five of the 21 traits: low density lipoprotein level (LDL)-cholesterol,
triglycerides, carotid artery intima media thickness (CIMT), left ventricular mass index

(LVMI), and monocyte count. The results of all 21 GWAS are summarized in Table [2.6|and
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Supplementary Figure [2.5] Results for all variants for all GWAS are deposited in dbGaP

(phs000185 - submission in progress).

2.3.2  Parent-of-Origin GWAS

We considered two possible mechanisms of POEs. In the first, the effect size of one parent’s
allele is close to zero and the effect size of the other parent’s allele is significantly different
from zero. For these cases, we performed a paternal only or maternal only GWAS. In other
cases, the maternal and paternal alleles may both have effect sizes different from zero, but
the effects are significantly different from each other or opposite in direction. To detect these
types of POEs, we developed a model that tests for differences between parental effects (see
Methods). This model is especially powerful to identify variants with parental effects in

opposite directions.

2.3.3 Maternal and Paternal GWAS

Using the same phenotypes, genotypes, pedigree, and criteria for significance as in the
standard GWAS, we tested for maternal and paternal effects on each trait by testing each
parentally inherited allele with the trait of interest, similar to previous studies [56} 118, 38].
Variants were considered to have POEs if they had a p-value less than 5 x 10~ in only
one parent and were not significant in the standard GWAS (i.e., the LDL association on
chromosome 19 and the triglycerides association chromosome 11 were not considered to have
POEs; see Table . The most significant parent-of-origin associations are summarized in
Table 2.1} All significant results of the parent-of-origin GWAS for all 21 phenotypes are
included in Tables 2.9 and 2.10l

Overall, seven phenotypes had genome-wide significant parent-of-origin associations: four
in the maternal only GWAS and three in the paternal only GWAS. Three cardiovascular

disease (CVD)-associated phenotypes (age at menarche, CIMT, LVMI) and one lung function
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Phenotype rsid chr:loc Variant Nearest Gene MAF N  Beta Paternal Maternal Standard
Location (SE) GWAS GWAS GWAS
p-value p-value p-value
A. Maternal Associations
Age at Menarche | rs7184983  16:56554709 Upstream  BBS2 0.059 336 0.862 0.501 3.11E-08 6.75E-03
(A/G) (0.154)
CIMT rsd4077567  2:216703202 Intronic LINC00607* 0.30 429 0.047 0.572 3.02E-08 4.21E-06
(G/A) (0.008)
FEV, rs9849387  3:77764243 Intergenic =~ ROBO2 0.39  1029-0.089 0.387 4.10E-09 4.38E-04
(A/G) (0.015)
rs6791779  3:74996505 Intergenic ~ MIR4444-1% 024 879 -0.102 0.069 1.48E-08 0.0452
(C/G) (0.021)
LVMI rsb74232282 1:41662388  Intronic SCMH1 0.018 537 0.239 0.552 1.39E-08 1.05E-03
(G/A) (0.042)
B. Paternal Associations
LDL rs12024326  1:227146433 Intronic ADCKS3 0.175 686 -0.295 8.06E-10 0.421 4.24E-05
(A/G) (0.048)
rs4843650  16:87683486 Intronic JPH3 0.448 621 0.211 6.57E-09 0.221 1.50E-04
(A/G) (0.036)
SBP rs1536182  13:46275415 Upstream  LINC01055% 0.2 684 -0.028 1.53E-08 0.178 6.93E-04
(A/G) (0.005)
Total cholesterol | rs113588203 1:228979156 Intergenic =~ RHOU 0.099 703 -0.341 1.76E-08 0.074 8.08E-03
(G/T) (0.060)

Table 2.1: Phenotypes with significant single parent-of-origin associations. *The
most significant variant (P <5 x 1078) at each locus for the (A) maternal and (B) paternal
associations associated with each phenotype is shown. *non-coding RNA genes

phenotype (forced expiratory volume in one second [FEV{]) were associated with maternally-
inherited alleles only.

When maternally inherited, the allele G at rs7184983 on chromosome 16 was associated
with younger age of menarche (P = 3.11 x 10_8) (Figure . This SNP, rs7184983, is
located upstream of the BBS2 gene and is associated with increased expression of OGFOD1
in transformed fibroblast cells and tibial nerve [40]. The maternally inherited G allele at
154077567 on chromosome 2 was associated with decreased CIMT (P = 3.02 x 10~8) (Figure
2.6). This SNP is in the intron of a long intergenic noncoding gene, LINC00607, that
is expressed in aorta, coronary, and tibial artery, all tissues potentially relevant to CIMT
and atherosclerosis [40]. When maternally inherited, the allele G at rs574232282 in the
intron of SCMH1 on chromosome 1 was associated with increased LVMI (P = 1.39 x 107%)
(Supplementary Figure . SCMH1 is expressed in aorta, coronary, and tibial artery
[40]. SCMH! protein associates with the polycomb group multiprotein complexes required

to maintain the transcriptionally repressive state of certain genes [40]. Lastly, maternally
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inherited A allele at rs9849387 and maternally inherited C allele at rs6791779 on chromosome
3 were both associated with reduced FEV; (P = 4.10 x 1072 and 1.48 x 1078, respectively)
(Supplementary Figure 2.8). The nearest gene to rs9849387 is ROBO2 (65kb, downstream),
which is expressed in the lung as well as in brain, and ovary [40]. The nearest gene to rs6791779

is MIR/444-1(267kb) whose expression has not been characterized.
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Figure 2.1: Maternal and Paternal GWAS results for Age of Menarche. The top
panel shows the Manhattan plots from the paternal (left) and maternal (right) GWAS.
LocusZoom plots for both GWAS are shown in the lower panel for the associated region
in the GWAS. Boxplots show the distribution of age of menarche residuals (y-axes) by the
corresponding maternal and paternal alleles at this SNP (x-axes). The horizontal bar of the
boxplot shows the median, the box delineates the first and third quartile, and the whiskers
show +/-1.5 x IQR.

Three other CVD-related phenotypes (systolic blood pressure, LDL-C, and total choles-
terol) had associations with paternally inherited alleles only. The paternally inherited A
allele at rs12024326 on chromosome 1 was associated with lower LDL-cholesterol levels (P =
8.06 x 10719 (Figure . rs12024326 is in the intron of gene ADCKS, and the same allele
was associated with increased expression of ADCKS in whole blood, as well as decreased
expression of a neighboring gene, CDC/2BPA in brain (cerebellum), heart (left ventricle),
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esophagus, and tibial artery [40].When paternally inherited, the allele G at rs4843650 on
chromosome 16 was associated with increased LDL-C and is located in the intron of JPHS,
which is expressed predominantly in the brain [40]. A SNP on chromosome 13 (rs1536182)
was associated with systolic blood pressure levels when it was inherited from the father
(Figure [2.9). The paternally inherited A allele at this SNP was associated with decreased
systolic blood pressure, as well as decreased expression of its closest gene, LINC01055, a
long intergenic noncoding gene, in testis [40]. A paternally inherited allele at rs113588203
(G) on chromosome 1 was associated with lower total cholesterol (P = 1.76 x 107%) (Figure
2.10)). This SNP is intergenic between RHOU (96kb, downstream), which is expressed across

multiple tissues, and MIRR/454 (331kb), which is expressed in adipose, kidney and heart

tissues [40].
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Figure 2.2: Maternal and Paternal GWAS results for LDL Cholesterol. The top
panel shows the Manhattan plots from the paternal (left) and maternal (right) GWAS.
LocusZoom plots for both GWAS are shown in the lower panel for the associated region in
the GWAS. Boxplots show the distribution of LDL residuals (y-axes) by the corresponding
maternal and paternal alleles at this SNP (x-axes). The horizontal bar of the boxplot shows
the median, the box delineates the first and third quartile, and the whiskers show +/-1.5 x
IQR.
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: T Variant Nearest By — Bp Opposite Paternal GWAS Maternal GWAS GWAS
Phenotype rsid chriloc Location ~ Gene MAF (SE) Effect GWAS } P-value  Beta(SE) | P-value  Beta(SE) | p-value
Age of menarche | rs12447191 16:62199299 Intergenic =~ CDHS 0.17  -0.654 5.27E-09 5.20E-06  0.391 1.85E-05  -0.368 0.868
(0.109) (0.085) (0.085)

BMI 177785972 5:97415767 Intergenic  LINC01340*0.025 0.154 5.12E-10 5.84E-07  -0.094 1.58E-05  0.081 0.539
(0.025) (0.019) (0.019)

rs17605739 6:22962798  Intronic RP1- 0.17  0.053 3.01E-08 6.99E-05  -0.032 1.42E-06  0.034 0.156
209A6.1* (0.010) (0.008) (0.007)

Eosinophil count | 12355879  1:18732860 Intergenic ~ IGSF21 0.14  0.091 1.69E-08 5.83E-08  -0.065 5.59E-04  0.043 0.253
(0.016) (0.012) (0.012)

FEV1 rs12714812 3:74813002 Intergenic =~ CNTN3 0.45 -0.119 4.52E-08 1.78E-03  0.052 6.35E-06  -0.073 0.958
(0.021) (0.017) (0.016)

LDL rs1032596  16:86281537 Intronic LINC01081%0.30 -0.310 3.69E-08 1.05E-06  0.201 4.56E-04  -0.148 0.271
(0.056) (0.041) (0.042)

LVMI 16853098 2:168013281 Intronic XIRP2 0.12  -0.091 4.18E-08 5.29E-06  0.064 2.04E-04  -0.048 0.926
(0.053) (0.014) (0.013)

Neutrophil 1514203084118:34371947 Intronic TPGS2 0.042 -0.224 4.40E-08 2.25E-03  0.078 1.30E-07  -0.188 0.577
count, (0.041) (0.025) (0.035)

Triglycerides rs7525463  1:218860879 Intronic MIR548F3* 0.16 -0.401 2.51E-08 1.14E-03  0.195 5.52E-08  -0.267 0.028
(0.071) (0.060) (0.049)

Total cholesterol | 187033776  9:36704465 Intergenic =~ MELK 0.41  0.230 4.12E-08 5.60E-08  -0.183 2.28-03 0.099 0.067
(0.041) (0.034) (0.032)

Table 2.2: Significant Opposite Parent-of-Origin Effect GWAS Associations. The
most significant variant at each locus for each phenotype is shown. Sp; — Sp represents
difference in parental effect size. *non-coding RNA genes

2.3.4 GWAS for Differential Parent-of-Origin Effects

Because some imprinted regions include genes that have both maternal or paternal specific
tissue expression, we next tested for such differential effects with these 21 phenotypes. In
these analyses, we compared the effect and direction of the association between maternal and
paternal alleles to identify variants that have different effects, including opposite effects, on
the phenotype. Such loci would be completely hidden in standard GWAS in which paternally
and maternally inherited alleles are combined. These opposite effect GWAS revealed 11
independent loci with opposite POEs for nine different traits, at least six of which are
associated with CVD risk (Table 2.2 Figure [2.4)).

A locus on chromosome 16, near the CDHS8 gene (128kb, upstream), was associated
with opposite POEs with age of menarche (Figure . CDHS is highly expressed in the
brain, as well as in the aorta artery and pituitary gland. Two loci on chromosomes 5
and 6 were associated with opposite POEs on body mass index (BMI) (Figure 2.4). The
most significant variant on chromosome 5 (rs77785972) is near a long intergenic noncoding

gene, LINC01340 (409kb, downstream), whose expression has not been well characterized.
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The SNP on chromosome 6 (rs17605739) is also in a long intergenic noncoding gene, RP1-
209A6.1, which is expressed in low levels in the tibial artery, bladder, spleen, lung, pituitary

gland, as well as testis.
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Figure 2.3: Opposite Effect Parent-of-Origin GWAS Result for Age of Menarche.
Box plots of age of menarche residuals (y-axes) are shown for each of the four genotypes
(left panel; x-axis), and for paternal (center panel; x-axis) and maternal (right panel; x-
axis) alleles. The maternal C allele is associated with decreased and maternal T allele
with increased age of menarche. The paternal C allele is associated with increased and the
paternal T allele with decreased age of menarche. The horizontal bar of the boxplot shows
the median, the box delineates the first and third quartile, and the whiskers show +/-1.5 x
IQR.

A SNP on chromosome 16 (rs1032596) was associated with opposite POEs on LDL-
cholesterol (Figure . This SNP lies in the intron of another long noncoding RNA gene,
LINC01081, which has been suggested to be imprinted because its downstream genes have
also been shown to have parent- and tissue-specific activity [105]. A region on chromosome
2 has opposite effects associated with LVMI (Figure . The associated SNPs are in the
intron of XIRP2, a cardiomyopathy associated protein that is expressed in skeletal muscle and
heart left ventricle, suggesting that this gene could play a role in determining left ventricular
mass [110, 81 [40]. In addition, the most significant SNP at this region, rs17616252 (and
multiple SNPs in LD) is a strong eQTL (P = 1.8 x 10713) for the gene XIRP2 in skeletal
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Figure 2.4: Opposite Effect Parent-of-Origin GWAS Result for BMI. Box plots of
two significant loci plot BMI residuals (y-axes) for each of the four genotypes (left panel;
x-axis), and for paternal (center panel; x-axis) and maternal (right panel; x-axis) alleles.
For the (A) SNP on chromosome 5 the maternal A allele is associated with decreased and
maternal G allele with increased BMI. The paternal A allele is associated with increased
and the paternal G allele with decreased BMI. For the (B) SNP on chromosome 6 the
maternal A allele is associated with decreased and maternal G allele with increased BMI.
The paternal A allele is associated with increased and the paternal G allele with decreased
BMI. The horizontal bar of the boxplot shows the median, the box delineates the first and
third quartile, and the whiskers show +/-1.5 x IQR.

muscle, XIRP2-AS1 in testis, and B3GALTI in transformed fibroblast cells [40]. Four
variants in a region on chromosome 1 in a microRNA gene, MIR5/8F3, were associated with
opposite POEs on triglyceride levels (Figure . The expression of MIR548F3 has not
been characterized. SNP rs7033776 near MELK (27kb, downstream) on chromosome 9 was
associated with opposite effects on total cholesterol (Figure . MELK is expressed in
the colon and esophagus in addition to transformed lymphocytes and fibroblasts [40].

Nine linked variants on chromosome 1 were associated with opposite POEs of blood
eosinophil count (Figure . These variants are near the gene IGSF21 (27kb, down-
stream) which is a member of the immunoglobulin superfamily and likely acts as a receptor
in immune response pathways [86]. A variant on chromosome 3, rs12714812, was associated

with opposite POEs for FEV{ (Figure 2.17). This variant has been shown to regulate the
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expression of a gene CNTN3 (45kb, upstream) in heart and brain [40]. Studies in mice
have suggested that this gene is imprinted and maternally expressed in the murine placenta
[16]. Variant rs142030841 in the intron of the gene TPGS2 on chromosome 18 has opposite
POEs with neutrophil levels (Figure . This SNP is an expression quantitative trait
locus (eQTL) for the noncoding RNA gene RP11-9502.5 in skin, testis, breast, thyroid and
adipose tissue, for CELFJ in tibial nerve and lung, and for TPGS2 in tibial artery and

transformed fibroblast cells [40].

2.3.5 Parent-of-Origin Effects on Gene Ezrpression

To determine if any of the associated variants also showed POEs on gene expression in the
Hutterites, we used RNA-seq gene expression data from lymphoblastoid cell lines (LCLs)
collected from 430 of the individuals in the GWAS sample. We first tested for association
of maternal and paternal variants with genes detected as expressed in the LCLs and whose
transcript start site was within 1Mb of each associated SNP. There were no significant
associations after multiple testing correction, similar to a previous study [I4]. However,
because we considered this to be exploratory analyses, we show results for the five most
significant parent-of-origin eQTLs (Table . We next used the opposite effect model for
each SNP in Table and expression of all genes that were detected as expressed 