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ABSTRACT OF THE DISSERTATION

Identifying and analyzing genetic and epigenetic variation involved in cardiovascular diseases

and related metabolic traits

by

Elina Marjaana Nikkola

Doctor of Philosophy in Human Genetics

University of California, Los Angeles, 2016

Professor Paivi Elisabeth Pajukanta, Chair

Cardiovascular disease (CVD) is the most common cause of death in the U.S. Its risk
factors include smoking, hypertension, obesity, and dyslipidemia. High low-density lipoprotein
cholesterol (LDL-C) is one of the well-established treatable risk factors for CVD. However, many
individuals remain underdiagnosed and current medications do not serve all patients well,
mainly due to the side-effects of statins. There are several successful examples of
hypercholesterolemia treatments that are developed based on original discoveries in genetic
studies, both from dyslipidemic families and population-based association studies. Identification
of genes for low LDL-C in individuals with extremely low LDL-C levels is especially attractive as
it can help reveal biologically safe mechanisms to lower LDL-C in humans. Chapter 3 describes
the exome sequencing analysis we performed in two small Mexican families with familial
hypobetalipoproteinemia, characterized by very low levels of LDL-C. We identified a region on
chromosome 2p16, segregating with FHBL in the affected family members. In chapter 2, we

studied an extended multigenerational Austrian family with familial hypercholesterolemia (FH),



characterized by high LDL-C and premature cardiovascular events. We comprehensively
analyzed this family using linkage analysis followed by whole exome sequencing; evaluated
their weighted genetic risk scores relative to the general population; and systematically
analyzed all previously known FH genes in all family members. We identified a family-specific
10-SNP combination, distinguishing the affected family members from the unaffected ones. In
addition, we observed that a subset of family members have rare, previously identified less
severe, FH mutation combinations in the LDLR and APOB genes, likely also contributing to their

high levels of LDL-C.

Almost 800,000 individuals suffer a stroke yearly in the United States, and stroke is the
leading cause of serious long-term disability. Therefore, it is crucial to develop therapeutic
interventions improving outcomes of stroke. One attractive putative treatment option is the limp
remote ischemic conditioning (RIC) that is shown to provide neuro-protective effects in previous
animal studies, and a trend in human studies. However, mechanisms of RIC are not well
understood in humans. In chapter 4, we identified cell cycle and inflammatory changes in our
transcriptome and DNA methylation analyses associated with RIC. In summary, this dissertation
employs a variety of state-of-the-art massive parallel sequencing methods combined with
different study designs to search for genetic risk factors for low and high LDL-C as well as
genomic changes associated with the RIC treatment. We identified a region on chromosome
2p16 for FHBL; a family-specific combination of 10 GWAS lipid SNPs for FH; and specific cell

cycle and inflammatory changes associated with RIC, a potential new treatment of stroke.
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Chapter 1

Introduction



Cardiovascular disease (CVD) is the leading cause of death world-wide with over 17.3 million
deaths per year (31% of all deaths) ". As many as 85.6 million Americans live with some form of
CVD, and by 2030, potentially up to 44% of the US population may have CVD (unpublished
AHA tabulation, based on the methodology described by Heidenreich et al.?). Many forms of
CVD are debilitating and lead to a loss of mobility/productivity ', and such a large number of
patients, both in the present day and in the upcoming years (according to projections), also

predicts a high financial burden in healthcare costs.

The term CVD covers a continuum of diseases, from mild forms of CVD including
dyslipidemias, and hypertension, all the way to severe forms of CVD and disease end-points,
such as myocardial infarction (MI), coronary heart disease (CHD) and stroke . Risk factors
include environmental factors, especially obesity, poor diet, smoking, and lack of exercise, and
genetic factors also contribute to the spectrum of the disease. Heritability can be used to
estimate how much of the variation in a phenotypic trait is due to genetics *. Using the end
points, Ml and CHD, the heritability of CVD is 0.38-0.57 >°. CVD heritability can also be
estimated for clinical and biochemical measurements such as blood pressure (heritability 0.39-
0.42), body mass index (0.37-0.52), waist circumference (0.41), plasma triglycerides (0.48),

plasma total cholesterol (TC) and low density lipoprotein cholesterol (LDL-C) (0.57- 0.59) .

LDL-C is one of the treatable risk factors for CVD. In fact, the widespread prescription of
LDL-C lowering medication, especially statins - or HMG-CoA reductase (HMGCR) inhibitors -
has significantly decreased the number of deaths from CVD in the past decade ’ . However,
some individuals with high LDL-C cannot tolerate statins, and suffer side effects that are not
worth the possible benefits of the treatment ®. As a result, and supported by significant
advancements in sequencing technology, there is a major on-going effort by academic groups

and pharmaceutical companies to identify novel genetic risk factors predisposing to CHD and



high LDL-C levels, with the hope of discovering new therapeutic targets and/or biomarkers for

CVD.
Brief overview into the genetics of LDL-C metabolism

A classic approach to gain insight into lipid metabolism has been to study dyslipidemic
families. The most prominent example is the study of familial hypercholesterolemia by Goldstein
and Brown °, that led to the discovery of the LDL receptor (LDLR), and the feedback regulation
of LDLR. The latter discovery is the basis of the mechanism by which statins lower plasma LDL-
C levels and reduce heart disease. Over the years, the use of in vitro studies combined with the
study of dyslipidemic families eventually allowed Goldstein and Brown to discover the LDLR
pathway and advance our understanding of cholesterol homeostasis '*'". They showed that the
LDLR facilitates the uptake of LDL by the cells '°, and that mutations in the LDLR gene are
associated with elevated plasma LDL-C levels 2 To this day, over 1,200 LDLR mutations have

been identified that contribute to high LDL-C levels ™.

The low density lipoprotein receptor adapter protein 1 (LDLRAP1) plays a critical role in
the LDLR-mediated endocytosis of LDL by hepatocytes ™. Over 10 mutations in the LDLRAP1
gene have been shown to cause an autosomal recessive form of hypercholesterolemia

(ARH) *°.

Following endocytosis, as the pH decreases in endosomes, the LDLR-LDL complex
dissociates, and LDLR can either recycle back to the cell-surface or be degraded '®. PCSK9 is
an enzyme encoded by the PCSK9 gene. PCSK9 binds to LDLR and promotes the rapid
degradation of LDLR . Gain-of-function mutations in PCSK9 are associated with high LDL-C
levels and premature CHD by reducing the amount of LDLR at the cell surface and thereby
inhibiting the removal of LDL particles from the circulation '®. Loss-of-function mutations in

PCSKJ9 increase the number of LDLR on the cell surface; facilitate the uptake of LDL particles;



and are associated with low plasma LDL-C levels '®. The latter mutations can lower plasma

LDL-C by as much as 30-40% and result in an almost 88% reduction of the CHD risk ™.

Apolipoprotein B (ApoB) is encoded by the APOB gene and is the primary apolipoprotein
of LDL particles %°. ApoB also functions as a ligand for the LDLR ?°. Nonsense mutations in
APOB leading to the production of truncated forms of ApoB cause familial
hypobetalipoproteinemia (FHBL) ?'. The larger the truncation, the more severe the negative
effect on the LDL particle formation, and the lower plasma LDL-C levels are #. Conversely,
APOB missense mutations affecting residues located within the LDLR binding domain in the
carboxyl terminus of ApoB - around amino acid 3500 - block the LDLR/ApoB interaction and are
associated with increased plasma LDL-C levels and possible premature CHD 2. In addition,
missense mutations that interfere with the proper folding of the carboxyl terminus of ApoB (i.e.
mutations affecting amino acids 3174-3184, and 4181—-4540) indirectly alter the binding

properties of ApoB and are associated with increased LDL-C levels *.

Niemann-Pick C1-like 1 (NPC1L1), a transmembrane protein of the apical membrane of
enterocytes and the canalicular membrane of hepatocytes, is required for the intestinal
absorption of cholesterol ?°. Loss-of-function mutations in the NPC71L1 gene are associated with

lower plasma LDL-C levels and a reduced risk of having an atherosclerotic CVD event %°.
Familial hypercholesterolemia

Familial hypercholesterolemia (FH) is an autosomal dominant form of dyslipidemia that
typically leads to a premature cardiovascular event. The heterozygous form of FH affects as
many as 1 in every 67 individuals in some founder populations, and 1 in every 250-600
individuals in the general populations of Europe and the United States ??®. The homozygous
form of FH is rare (1:1,000,000), with a severe manifestation of the disease ?°. There are no

consensus diagnosis criteria for FH. However, the US MedPed Program *, the Simon Broome



Register Group in the United Kingdom *', and the Dutch Lipid Clinic Network?® are widely used
as references. Diagnostic is based on the family history; clinical features. including tendon
xanthoma, corneal arcus, and premature CHD; biochemical features especially high total
cholesterol and LDL-C levels; and genetic testing *. The most common genetic causes for FH
are loss-of-function mutations in the LDLR gene that account for 90% of the FH patients with a
known genetic etiology. A smaller number of FH are caused by mutations in the APOB, PCSK9,
and LDLRAP1 genes. However, only approximately 40% of the FH families have a clear genetic
cause * % suggesting that mutations in genes other than the usual culprits may be responsible
for FH. Alternatively FH may also be oligogenic or even polygenic in some families. Regardless
of the disease etiology, FH diagnosis and treatment are not optimal, to the point that it is

estimated that only 25% of individuals with FH are diagnosed "%, The rest of the FH patients

are often diagnosed with FH only after their first heart attack %’
Familial hypobetalipoproteinemia

Familial hypobetalipoproteinemia (FHBL) is an autosomal dominant disorder
characterized by reduced levels of plasma TC, LDL-C, and ApoB * Heterozygous FHBL affects
about 1:500-1:1,000 individuals ?2. However, it is challenging to estimate the exact prevalence
of FHBL because most of the subjects with FHBL are heterozygous and asymptomatic,
excluding few heterozygous FHBL subjects that develop nonalcoholic fatty liver “**'. It is
important to note that FHBL is associated with a reduced risk of CVD %, most likely due to the
beneficial effect of life-long low levels of TC and LDL—C *2. Therefore, it would be highly
desirable to identify FHBL-causing mutations and genes, as they might provide new therapeutic
targets for lowering plasma LDL-C. Over 60 mutations in the APOB gene have been associated
with FHBL, and all of these mutations result in the production of truncated ApoB ***3. However,

FHBL is a genetically heterogeneous disorder that is not always linked to the APOB gene “°.



Mutations in PCSK9 and ANGPTL3, and loci on chromosomes 10g25-26 and 3p21 have also

been implicated in some FHBL families *'.

Examples of treatments of high LDL-C supported by genetics

The main therapeutic treatment for high LDL-C is statins, which are inhibitors of
HMGCR, the rate limiting enzyme in cholesterol synthesis. The common HMGCR variant
rs12916 has approximately ~2—-3% effect on plasma LDL-C, as estimated by genome wide
association (GWAS) studies *®. However, statins can reduce LDL-C by 50% or more *°.
Interestingly, it was shown in a longitudinal study that the HMGCR risk variant carriers have

similar serum fatty-acid, and metabolomics profiles as statins users *°.

Ezetimibe is a cholesterol-absorption inhibitor that functions on the brush border of the
small intestinal epithelium. NPC1L1 is believed to be the molecular target of ezetimibe °'.
Similarly as the loss-of-function mutations of the NPC1L1 gene, inhibition of NPC1L1 by
ezetimibe reduces the intestinal absorption of cholesterol; lowers plasma LDL-C levels; and

reduces the risk of atherosclerotic CVD events 52,

Recently, PCSK9 antibodies have become available as a new class of plasma LDL-C
lowering drugs. Administration of PCSK9 antibodies can result in a 50-60% reduction in LDL-C
levels, even in patients already receiving statin and ezetimibe *. Long term end point data, such
as reduction in cardiovascular disease, are not available for this particular therapy yet, but are

expected in 2017.
Identifying genetic risk factors beyond the known FH and FHBL genes

Dyslipidemic families can be used to identity new variants, and genes that control
plasma LDL-C levels in order to design novel therapeutic interventions to lower plasma LDL-C
and reduce CVD. Particularly, extended families enable the investigation of co-segregation

between the trait and rare variants among the affected and non-affected family members.



Several studies have been carried out using FH families without a known causative mutation,

either by focusing on the known FH genes ***°

, or by whole exome-sequencing of all protein-
coding genes *"*%. As a result, exome sequencing has helped identify mutations in the APOE,
LIPA and STAP1 genes as a likely cause for FH °®°%%°_|n addition, chromosomal loci on 3q25-

26 and 2122 and other loci have been identified using linkage analysis ©'-%

. However, these
studies were not able to pinpoint the actual causative functional variants underlying these

linkage peaks.

Another study first screened 554 individuals from both tails of the plasma LDL-C levels,
the <2" percentile and >98™ percentile, using exome sequencing. The candidate genes that
emerged from that initial screen were then tested on a follow-up set of 1,302 samples. This
approach discovered overrepresentation of rare variants in a novel gene, PNPLAS that
significantly correlated with high LDL-C using a gene-level burden test ®. These studies also
found suggestive evidence of an association between variants in ABCG5 and NPC1L1 and
plasma LDL-C levels *. Of note, both of these genes had been previously identified in

Mendelian forms of high LDL-C %,

We previously successfully identified two rare variants in the well-known lipid genes, LPL
and ABCA1, contributing to low levels of HDL-C in a large French-Canadian family by exome
sequencing and linkage analysis ®” (Appendix 1). In addition, as described in Chapter 3, we
performed exome sequencing on two small Mexican families with FHBL. We began to analyze
these two families in 2013, and have been reanalyzing this small set of individuals yearly, as
methods for gene annotation (ClinVar %, ANNOVAR °°), population frequencies (Exome
Aggregation Consortium (ExAC) and the Genome Aggregation Database (gnomAD) "), gene
expression data in different tissues (GTEx ’') and genotypes with phenotype data
(http://www.type2diabetesgenetics.org/) have been improving. Eventually, we identified a region

on chromosome 2p16 shared by all affected individuals in the two small Mexican families, but



we could not pinpoint the functional causative variant/s within that region (Chapter 3). The lack
of success can be partially explained by the small family sizes, as it is likely there were not

enough informative family members to narrow our search for causal variants.

In addition, large scale GWAS studies have found 58 replicated loci for LDL-C with
modest effect sizes **’? Some of these “small effect variants” reside close to genes ABCG5/8,
SORT1, MYLIP, INSIG2 and TM6SF2, which have strong functional evidence to support their
role in LDL-C metabolism °'. Of note, some of the GWAS SNPs are located within an active
enhancer or transcription factor binding sites. This could be a common the mechanism by which

these SNPs influence serum LDL-C levels in aggregate.

Futema et al. searched for evidence of rare and novel functional variants within the LDL-
C GWAS genes in FH patients without finding evidence of over-representation in that particular

FH cohort when compared to controls °’.

Overall, unlike originally expected, GWAS studies have not identified variants with a
large impact, and whole exome sequencing has not been very successful in finding novel FH or
LDL-C genes and variants. For example, Stitziel et al. exome-sequenced 42 dyslipidemic
kindreds, with potentially a monogenic cause, but found likely pathogenic variants in only 12%

of the families *®.
Polygenic causes for high LDL-C and FH

Despite the constantly improving sequencing methods, the causal mutation has not be
detected in roughly 60% of individuals who fulffill the clinical diagnosis of FH "®. Recently it has
been observed that some of these unsolved FH cases could be explained by the aggregate of
small effects from LDL-C GWAS loci ". It is note-worthy that many of the small effect common

GWAS LDL-C variants reside in the genes that were originally identified for the monogenic FH



(LDLR, APOB and PCSK9) as well as in other known genes of cholesterol metabolism, such as

HMGCR.

Weighted polygenic risk scores have been calculated to estimate the cumulative effect
size of each genome-wide significant LDL-C-increasing SNP derived from a lipid GWAS study
of a metacohort of approximately 180,000 individuals *®. A population-specific weighted genetic
risk score over the 90™ percentile has previously been suggested as a potential polygenic cause
for FH ". In addition, there are several proposed LDL-C increasing SNP subsets and

combinations that have been used to distinguish FH patients from healthy individuals ".

Chapter 2 describes the comprehensive analysis of a large Austrian FH family. The
proband was found to be negative for the known FH variants. We utilized a commonly used
approach in which a linkage analysis of a large family is followed by exome sequencing to
search for rare variants shared by the affected family members in the linked regions "®). We first
demonstrated that we have adequate power to detect significant two-point lod scores (lod>3.0)
with the given family structure using the SLINK software ’’. However, the highest two-point lod
score in the FH family for high LDL-C status was only 1.9 on chromosome 17. In total, there
were 17 regions with a lod score > 1.0, which we then screened for functional variants
(nonsynonymous and splice site) using exome sequencing. We found no evidence for plausible
functional variants shared by the affected family members within these regions. Nevertheless,
the validity of our approach was confirmed by utilizing a subset of family members that exhibited
high lipoprotein (a) (Lp(a)) levels, an independent risk factor for CVD. Lp(a) has a strong genetic
component (heritability = 0.91), and is largely regulated by variants at the LPA locus on
chromosome 6g27. We identified a well-known Lp(a) variant, rs3798220, at the LPA locus using
linkage and subsequent family-based co-segregation analysis in the family members with high

Lp(a). Taken together, we had a sufficient power to identify novel locus/loci for high LDL-C.



The results from the linkage analysis followed by an exome sequence analysis
suggested a polygenic cause for FH in this extended family. Therefore, we examined the known
LDL-C increasing SNPs from GWAS reported by Willer et al. using weighted genetic risk score
(WGRS) analysis*®. The average of WGRS in the affected individuals was in the ~75" percentile,
thus not completely explaining the high LDL-C. This led us to look more carefully at the GWAS
variants predominately shared by the affected family members and not present in the unaffected
family members. We identified a combination of 10 family-specific SNPs that can distinguish the
affected family members from the unaffected family members. More importantly, the risk scores
constructed from this combination resulted in an average risk score of the affected family
members of more than the 90" percentile. As a validation, we randomly constructed 100 times
the 10-SNP risk scores and could not find a combination leading to the 90" percentile among
the affected family members using this permutation analysis. In addition, when we screened the
known FH genes in all family members, we identified variant combinations in APOB and LDLR
in a subset of the affected individuals, potentially explaining high LDL-C levels. Taken together,
this family exhibits very unique etiology for the clinical FH with a specific set of 10 GWAS LDL-C

variants, and rare LDLR and APOB variants in a subset of the affected individuals.
Stroke is the leading cause of serious long-term disability

Overall, stroke is the fifth leading cause of death in the United States, with approximately
795,000 deaths yearly '. Stroke presents gender differences between women and men, being
the third leading cause of death for women versus the fifth in men (Centers for Disease Control
and Prevention). In addition to gender, other risk factors include age, genetics, and ethnicity.
Also, some medical conditions, such as high blood pressure, high cholesterol, heart disease,
diabetes, and obesity, can increase the risk of stroke. Avoiding smoking, drinking alcohol
moderately, eating a healthy diet, and exercising can reduce the risk of stroke '. Most strokes

(87%) are ischemic strokes in which the artery that brings oxygen-rich blood to the brain
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becomes blocked. Another type of stroke is the hemorrhagic stroke (3%), occurring when an
artery in the brain leaks blood or ruptures '. Subarachnoid hemorrhage is one form of the
hemorrhagic stroke that can occur at any age, including young adults "®. Strokes cause brain
damage that potentially leads to physical disability, including paralysis, speech and swallowing

difficulties, as well as a memory loss &
Remote ischemic conditioning

During a heart attack or stroke, the heart or brain can be exposed to a detrimental
ischemia-reperfusion injury. Therapeutic interventions that could protect these two tissues from
such a damaging effect are in high demand. Przyklenk ®° was the first to describe remote
ischemic conditioning (RIC), an intervention that consists of inducing short, non-lethal ischemia
in peripheral tissues to protect vital organs such as the heart and the brain from ischemia-
reperfusion injury. Since then, many animal studies have shown cardio- and neuro-protective
effects of RIC %2, A small number of human studies have been conducted as well, and the
maijority of these studies were done in patients undergoing coronary artery bypass graft
surgery ##_While some of the human studies showed that RIC was associated with a
reduction in the post-operative release of biomarkers for myocardial injury, such as troponin |
and creatine kinase-myocardial band (CK-MB) 3%, other studies could not document a positive
effect of RIC on the outcome . Thus, it would be highly desirable to firmly establish the
therapeutic value of RIC in humans. It would be an attractive intervention due to its low-cost and

non-invasive nature.

The specific mechanisms contributing to the cardio- and neuro-protective effects of RIC
are not fully understood. They appear to be complex and multifactorial #. The most prevalent
hypothesis is that, in response to short non-lethal ischemic assaults, some unknown factors are
released from the pre-conditioned tissue into the bloodstream, reaching then the heart or brain,

and exerting their cardio- or neuro-protective effect either through the nervous system, or
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through a systemic anti-inflammatory and anti-apoptotic pathway. The presence of circulating
cardio-protective factor(s) after RIC was first shown in blood transfusion experiment performed
in rabbits 3 | where the blood from the conditioned rabbit conferred cardio-protection to the
recipient, untreated rabbit. Studies in rodents and rabbits have shown that the cardio-protective
effect of the circulating humoral factor(s) released during RIC is mediated by the activation of G-
protein coupled receptors and the subsequent induction of the intracellular protein kinase
pathway 2. Interestingly, other studies have shown an increase in plasma levels of stromal-
derived factor-1a (SDF-1a or CXCL12) in rats undergoing RIC . CXCL12 is a chemokine that
regulates multiple physiological processes of organ homeostasis, and exerts its biological

effects through the G protein-coupled chemokine receptor CXCR4 %°.

Studies in humans have identified inflammatory gene expression changes in healthy

adults undergoing RIC "9

, as well as changes in the expression of genes involved in innate
immune responses, TNF-signaling pathway, leukocyte adhesion, chemotaxis, and exocytosis *'.
More recently, STAT5 signaling has been implicated in the expression changes associated with
RIC in humans %. In addition, a recent proteomic study reported multiple potential cardio-
protective targets released into the bloodstream after a limb RIC protocol **. However, these
studies are far from being definitive, mostly because human proteomic studies have been
controversial, mainly due to the lack of reproducible data *. Overall, animal studies have been
more successful than human studies at revealing the molecular mechanisms underlying the
cardio-protective effect of RIC. Taken together, there have been too few studies on humans
undergoing RIC to draw firm conclusions. This lack of definitive data needs to be addressed
because identification of the molecules that mediate the potential cardio-protective effect of RIC

could help design new treatments, and provide useful biomarkers for a better management of

myocardial ischemia and stroke.
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Transcriptome profiling can provide molecular insights into human health and disease.
Recent advances in sequencing techniques have allowed researchers to tease out gene
expression differences between tissues as well as gene expression differences between
individuals. By RNA-sequencing “normal” human tissues, the Genotype-Tissue Expression
Project (GTEx) has developed a searchable database that catalogs gene expression across
different tissues "'. Mele’ et al. were able to show that variation in gene expression is greater
between the tissues of the same individual (47%) than between individuals (4%) *. A lot of the
individual-to-individual gene expression variation are accounted by age, sex, and ethnicity,
although some could potentially also be accounted by disease phenotypes . Interestingly, Li et
al. showed that transcriptome analysis can be a powerful tool to observe changes in molecular

networks in response to treatments .

Epigenetic studies investigate heritable changes in gene function without changes in
DNA sequence. It is known to be highly relevant to disease processes, including CVD and its
risk factors %, through the complex interplay between tissues and environment *°. DNA
methylation is one of the main forms of epigenetic modifications and typically occurs in a CG
dinucleotide, so that the C is methylated. The majority of the DNA methylation sites are static,
but a sizeable 21.8% of the DNA methylation regions are actually dynamic, and could potentially

be methylated in response to outside stimuli '%.

Chapter 4 describes our transcriptomics and epigenetics study of 13 patients with
aneurysmal subarachnoid hemorrhage (aSAH) undergoing RIC. Gonzalez et al. previously
showed the safety and practicality of lower limb RIC in aSAH patients combined with
modifications in neurovascular and cerebral metabolism ’. They showed that RIC was
associated with a good outcome (odds ratio 5.17; 95% confidence interval: 1.2-25.0) and a
trend toward lower incidence of stroke and death in aSAH patients ''. In these patients, we

identified coordinated methylation and expression changes of cell cycle genes, utilizing a
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longitudinal study design in which we were able to use intra-individual control. This study design
was critical to our success in identifying significant changes because the patients were of
different age, sex, ethnicity, and were taking various medications. Furthermore, because
integrated genomic methods can strengthen our understanding of disease pathophysiology and

d '°2, we focused our differential

provide additional evidence of the mechanisms involve
methylation investigation only on the regions residing near the genes that we observed to be
differentially expressed genes during RIC. However, our cohort was rather small, and follow-up
studies with additional patients undergoing RIC are needed to replicate and robustly further

verify our findings, and in order to identify the actual cardio- and neuro-protective factors from

the bloodstream, accessible either as a therapeutic target or biomarker.

In summary, we are living in exciting times in genetics and genomics. While the
sequencing methods are improving in quality and cost, collaborative efforts between research
laboratories, clinicians, and disciplines will advance genetic and genomic research. The
ENCODE (Encyclopedia of DNA Elements) project aims to characterize the functional parts of
the genome, specifically the transcriptome, DNA and RNA binding sites, DNA accessibility, and
DNA methylation '®. The data of the ENCODE and other large scale projects, such as the
String protein-protein network database '® and ExAC, can already be freely accessed online.
This will help researchers with fewer resources to prioritize genomic regions, genes, and
variants. While we still have several limitations to overcome (Chapter 5), we are steadily moving

towards personalized and family-centered genomic medicine.
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Abstract

Hypercholesterolemia confers susceptibility to cardiovascular disease (CVD). Both serum total
cholesterol (TC) and LDL-cholesterol (LDL-C) exhibit a strong genetic component (heritability
estimates 0.41-0.50). However, a large part of this heritability remains hidden and cannot be
explained by the variants identified in recent large scale genome-wide association studies
(GWAS) on lipids. To find genetic causes leading to high LDL-C levels and ultimately CVD, we
utilized linkage analysis followed by whole-exome sequencing and genetic risk score analysis in
a large Austrian family presenting with autosomal dominant inheritance for familial
hypercholesterolemia (FH). We did not find evidence for genome-wide significant linkage for
LDL-C or causative variants in the known FH genes, rather we discovered a particular family-
specific combination of 10 GWAS LDL-C SNPs (p=0.02 by permutation), and putative less
severe familial hypercholesterolemia mutations in the LDLR and APOB genes in a subset of the
affected family members. Separately, high Lp(a) levels observed in one branch of the family
were explained primarily by the LPA locus, including short (<23) Kringle IV repeats and
rs3798220. Taken together, some forms of FH may be explained by family-specific

combinations of LDL-C GWAS SNPs.

Keywords: familial hypercholesterolemia (FH), LDL-C, Genetic risk score (GRS)
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Introduction

High levels of serum total cholesterol (TC) and especially low-density lipoprotein cholesterol
(LDL-C) predispose to cardiovascular disease (CVD), the major cause of death worldwide (1).
Genetics plays a major role in CVD (heritability estimates 0.38-0.57) (2,3). However, variants
identified in extensive genome-wide association studies (GWAS) explain only 6-20% of the
variance in lipid traits and even less of CVD (4). This missing heritability may partially be
explained by rare and private variants, and thus large families with several affected

individuals without risk variants in the known familial hypercholesterolemia (FH) genes may help
identify new genes causing Mendelian forms of dyslipidemia or other inherited mechanisms

contributing to high LDL-C.

FH affects 1 in 200-600 people (5). To date there are only a handful of genes known to cause
FH, including LDLR, APOB, PCSK9 and LDLRAP1 (6). However, it is estimated that only
approximately 20-60% of FH subjects exhibit a causal variant within these four genes (7-9),
suggesting that variants in these genes do not explain all cases of familial

hypercholesterolemia.

To find mutations leading to high LDL-cholesterol and ultimately CVD, we systematically
screened both rare coding and common genomic variants in a large Austrian dyslipidemic family
exhibiting elevated TC and LDL-C levels, in addition to elevated lipoprotein a (Lp(a)) levels in
one branch of the family. All affected elderly family members had suffered a cardiovascular

event in the past, and the index case did not have known FH variants in LDLR or APOB.

Combining linkage analysis with whole-exome sequencing has become a common approach to
pinpoint candidate chromosomal regions and specific variants for Mendelian diseases (10,11).
We first genotyped the family members using a genome-wide SNP array to cover the common

variants, and then exome-sequenced the family members to capture their coding variants. We
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screened for mutations in the known FH genes, performed a genome-wide linkage analysis, and
assessed the coding variants present predominantly in the affected individuals for functional
predictions. Since no genome-wide significant linkage peaks or mutations in the known FH
genes were found, we estimated genetic risk scores using all common GWAS SNPs previously
associated with LDL-C (12) and identified a family-specific combination of 10 LDL-C GWAS

variants, contributing to the high LDL-C levels in this family.

Materials and Methods

We first searched for a possible monogenic cause for FH in a large Austrian pedigree using a
linkage analysis, followed by an exome sequencing analysis and subsequent variant screening
in existing European cohorts. We also comprehensively analyzed all variants identified in the
known FH genes (6). We then searched for a potential polygenic cause for FH in this family by

performing a genetic risk score analysis of the known LDL-C GWAS variants (12).

Study samples

The study sample consists of 16 individuals from a large Austrian dyslipidemic family (Figure 1;
for clinical characteristics, see Table 1). DNA was extracted from the blood, and clinical
phenotypes were measured using standard protocols. The number of apolipoprotein (a) Kringle
IV (apo(a) KIV) repeats were measured by SDS-agarose electrophoresis followed by
immunoblotting, as described previously (13). Lp(a) concentrations were measured by an
ELISA, as recently described (14). Phenotypes included age, sex, status of statin medication,
total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), Lp(a), and the number of
apo(a) KIV repeats. All family members gave a written informed consent, and the study was

approved by the local ethic committees.

30



Validation cohorts

To validate our findings, we utilized genome-wide genotyping data from the METabolic
Syndrome In Men (METSIM) cohort (n=10,197) (15) and the European exome sequencing

database of type 2 diabetes concortium (n~13,000) (16) for the association with LDL-C.

Genome-wide SNP genotyping and whole exome sequencing

We performed genotyping using a genome-wide SNP panel (lllumina HumanCoreExome-12v1-
1) as well as exome sequencing of all available affected and unaffected family members using
the Agilent SureSelect All exon 50-Mb capture with the lllumina Hiseq2500 platform employing
75bp paired-end reads, resulting in a mean coverage of 75X, and capturing ~91% of the
targeted regions with 210X coverage. We aligned and called the variants using BWA (17) and
GATK (18). We checked the data quality, including the call rate of the SNPs, gender check
based on X chromosome SNPs, and heterozygosity rate using PLINK (19) as well as pedigree

consistency using the Mendel software packages (20).

Linkage analysis

We first estimated the expected maximum LOD score (EMLOD) based on the pedigree
structure and binary LDL-C affection status by performing a simulation analysis using the
fastSLINK package (21). In this simulation, we employed the same penetrance model that was
used in the actual linkage analysis (see below). To identify linked regions for LDL-C and Lp(a),
we performed a genome-wide parametric two-point linkage analysis for each trait using the
Mendel software (20). Linkage analysis was performed utilizing ~95K high-quality (genotyped in
all family members) and informative (MAF > 10% in the family (>3 carriers)) SNPs, spaced ~25
kb apart throughout the genome. For LDL-C, we employed an autosomal dominant model with a
penetrance of 0.95 and phenocopy rate of 0.001. As Lp(a) has a strong genetic component, we

also performed a linkage analysis for Lp(a) and tested the variants at the LPA locus. For this
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analysis, we used a highly penetrant autosomal dominant model with penetrance of 0.99 and a

phenocopy rate 0.0001.

Variant filtering

We focused on the functional variants (nonsynonymous and splice site variants) fulfilling the
following criteria: minor allele frequency (MAF) <10%; location in the regions with a LOD score

21.0; and present predominantly in the affected individuals (high LDL-C or high Lp(a)).

Genetic risk score analysis

We calculated weighted risk scores of the known 47 GWAS LDL-C variants (12) in the METSIM
cohort (n=9,836) and family members. For each LDL-C associated locus, we selected the SNP
with the lowest p-value and weighted each risk allele with the beta effect size established by
Willer et al. from ~180,000 individuals (12). The selected SNPs, including their risk alleles and
weights are listed in Supplementary Table 1. We first calculated the risk scores for each
individual in the METSIM cohort, and then compared the risk scores of the affected family

members with the estimated population percentiles obtained in the METSIM cohort.

Permutation analyses

We performed a permutation analysis for the 10 family-specific GWAS SNPS by randomly
selecting 20 individuals with LDL-C >75th percentile (the LDL-C cut off = 3.9 mmol/l) and 20
individuals with LDL-C <50th percentile (the LDL-C cut off < 3.5 mmol/l) from the METSIM
cohort. We calculated how many times the allele frequency difference is larger for all 10 SNPs
between the METSIM individuals with high LDL-C and normal LDL-C than the 15% difference

observed for all 10 SNPs in the family.

We performed an additional permutation of the risk scores by randomly selecting 100 times a

10-SNP set from the 47 LDL-C increasing SNPs (12). We constructed new risk scores weighted
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by beta and estimated the percentiles in the METSIM population for each of the 10-SNP sets.
We then calculated how many times the average risk score of the affected individuals would be

in the >90™ percentile.
Evaluation of the known FH variants and genes
We screened all individuals for variants in the four previously known FH genes. (6)

Results

In this study we aimed to identify the variant(s) for an autosomal dominant type of inheritance of
high LDL-C levels in a large Austrian dyslipidemic family. The affected family members had an
average pre-statin LDL-C level of 5.56 mmol/l (range 4.20-9.20 mmol/l), and four siblings from
the first generation had suffered a cardiovascular event (Figure 1). One branch of the family
also exhibited 4 individuals with extremely high Lp(a) levels (66 mg/dl-113 mg/dl, i.e. all above
the 90" percentile), a known independent risk factor for CVD (22,23). We first performed a
linkage study followed by exome-sequencing analysis to find novel variants co-segregating with
high LDL-C status in the family. Lp(a) levels were investigated for variants at the LPA locus. We
evaluated our identified LDL-C variants for association in existing large European cohorts, and
calculated the weighted genetic risk scores for LDL-C using genome-wide significant LDL-C
variants from the Willer et al. 2013 meta-GWAS study (12), utilizing the METSIM cohort as a
reference panel. Lastly, we systematically screened all variants we identified in the known FH
genes, LDLR, APOB, PSCK9, and LDLRAP1, for co-segregation with high LDL-C status among

the family members.
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Linkage analysis followed by a variant screening did not pinpoint one causal locus for high LDL -

C

We performed a two-point parametric linkage analysis for LDL-C by analyzing ~95K SNPs (~25
kb apart) throughout the genome. The estimated maximum LOD score for this family was 3.3
using a simulation analysis (fastSLINK). We observed 17 loci with a LOD score >1.0, with the
highest maximum LOD score of 1.9 on chromosome 17, suggesting a polygenic rather than
monogenic origin of the high LDL-C levels in this family. To systematically fine-map the chr17
region that yielded the highest LOD score of 1.9, we used all available SNPs within the region
with suggestive LOD scores (~3 Mb) to perform a regional refined two point linkage analysis.
We identified a total of 21 SNPs with LOD scores between 1.9 and 2.1 spanning a 1.7 Mb
region, but none of the SNP resulted in a LOD score close to the estimated theoretical
maximum LOD score of 3.3. We then searched for potential functional variants
(nonsynonymous and splice site variants), residing in all of the 17 genomic regions with a LOD
>1.0 and predominantly present in the affected individuals. Within the 17 loci, we identified 6
potential functional variants (Figure 2a); however, none of these variants were robustly
associated with quantitative LDL-C in the large European cohorts (all p-values >0.006). See
Supplementary Table 2 for a list of all potential functional variants predominantly present in

affected family members.

Genetic risk score analysis of known LDL-C loci identified a family-specific combination of 10

risk variants

Out of the 60 independent LDL-C associated risk loci identified by Willer et al. 2013 (12), 47
SNPs (or their LD proxies, r*>0.95) were successfully genotyped for 9,836 METSIM individuals
and 16 family members. We constructed the overall genetic risk scores by calculating the sum

of number of risk alleles, weighted by the beta established by Willer et al. 2013 of each of the 47
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SNPs for every individual. The weighted LDL-C risk score observed in the METSIM cohort was
correlated with serum LDL-C levels (Pearson’s correlation = 0.28, p <2.2x10™'®), after removing
the statin users (n = 2,749). For the calculations of the population percentiles of the genetic risk
scores, we included all METSIM participants (n=9,836). The 50" percentile of the LDL-C risk
scores in the METSIM cohort was 3.55, whereas the average of the affected family members
was 3.72 (~75th percentile), suggesting a stronger predisposition for high LDL-C in the family
based on the common LDL-C GWAS variants. The 75" percentile is likely a conservative

estimate as all METSIM individuals are men.

To better understand the effect of the each LDL-C GWAS risk variant in this family, we further
identified and investigated 10 variants with the highest difference in the average number of risk
variants (>0.30, corresponding to a MAF difference of ~15%) between the affected and non-
affected family members (Table 2). To evaluate if this 10-SNP combination was family-specific,
we performed a permutation analysis by randomly selecting 20 individuals with high LDL-C
(>75th percentile) and 20 individuals with LDL-C <50th percentile from the METSIM cohort and
observed no similar allele frequency difference between all of the 10 LDL-C GWAS SNPs
among these subjects with low and high LDL-C levels using 100 permutations (p<0.01). This
suggests that the distinct combination of a large difference in allele frequencies with these 10
SNPs is specific for this family, and does not appear commonly in the population by chance
alone. Next, we derived the risk scores using the sum of the weighted betas of these 10 SNPs
(Table 2). The new 10-SNP-weighted LDL-C risk score of the METSIM participants was
correlated with serum LDL-C levels (Pearson’s correlation = 0.12, p <2.2x107°), after removing
the statin users. As above, for the calculations of the population percentiles of the genetic risk
scores, we included all METSIM participants (n=9,836). The average risk score in the METSIM
population sample was 0.58 (50" percentile), whereas the average risk score of the affected

family members was 0.76 (>0.90™ percentile) and of the unaffected family members 0.42
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(<0.20™ percentile) (Table 1 and Supplementary Figure 1), respectively, further suggesting that

the combination of the 10 SNPs is contributing to the high LDL-C levels in this family.

To determine whether this type of aggregation would appear by chance, selecting any set of
LDL-C-raising GWAS SNPs, we first calculated the risk scores using the well-established Global
Lipid Genetic Consortium 12-SNP LDL-C gene score calculation (24). Indeed, the average risk
score of the affected family members was in the 7" decile and the average of the unaffected
family members was in the 4™ decile when compared to the percentiles in the Whitehall Il
controls (24). Three of the SNPs were overlapping between the risk scores. Second, we further
performed 100 permutations by randomly selecting 10-SNP combinations from the 47 LDL-C-
increasing genome-wide GWAS SNPs and calculated how many times the average risk score of
the affected family members is > 90" percentile. We observed this phenomenon only with two
sets (p=0.02), of which both sets had > 5 SNPs overlapping with the 10-SNP family-specific risk
score we originally identified. These additional risk score permutations suggest that randomly
selecting other sets of LDL-C GWAS SNPs does not present as high a risk as the actual 10
family-specific SNP combination, unless at least 5 or more SNPs are included from the family-

specific risk score SNPs.

We also assessed the significance of the individual 10 SNPs included in the new risk score
analysis within the family by obtaining empirical p-values derived by swapping the low and high
LDL-C status within the family in a permutation analysis using PLINK. We observed that three
(rs12916 at HMGCR, rs1564348 at SLC22A1, and rs646776 near CELSR?2) of the 10 SNPs are
significant (p<0.05) after random label-swapping (Table 1 and Supplementary Figure 1).
Furthermore, we observed that rs12916, a GWAS variant that resides in the statin target gene
HMGCR, was only present in its homozygote form C/C in the affected family members (Table 1

and Supplementary Figure 1).
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High Lipoprotein (a) (Lp(a)) levels are likely explained by the known genetic variants in the LPA

locus

Lp(a) is one of the most heritable (heritability = 0.91+£0.01) blood biomarkers (25,26), and is
largely regulated by genetic variants at the LPA locus on chromosome 627, including the
number of Kringle (IV) repeats and two SNPs in LD (rs3798220 and rs10455872) which
together explain 30-70% of the Lp(a) variation (23). In the family, the individuals with high Lp(a)
also had low number of Kringle (IV) repeats (<23) (Table 1). Furthermore, we identified a well-
known Lp(a) variant, rs3798220, in the LPA locus using linkage and subsequent variant analysis
(Figure 2b). This variant is well known to be associated with high Lp(a) concentrations (26); has
a MAF of 2% in the general population; and tags a small proportion of small apo(a) isoforms
with less than 23 K-V repeats (27). Taken together, these data suggest that the high Lp(a)

levels observed in a branch of the family are very likely explained by variants at the LPA locus.

Variants in the known FH genes may explain high LDL-C levels in one family branch

The index case had been previously screened negative for the known FH variants in FH genes
(LDLR, APOB, PCSK9 and LDLRAP1). We screened all family members for the known FH
genes and identified a total of 87 variants, of which 19 were non-synonymous or splice site
variants (Supplementary Table 3). None of the variants fully segregated with the high LDL-C
status. However, we identified two splice site variants (rs72658867, MAF = 0.0039 and
rs72658861, MAF = 0.0052) and one non-synonymous variant (rs45508991 [T7261], MAF =
0.0018) in LDLR in one family branch (Supplementary Table 3). All of these variants have been
previously implicated in FH, but do not consistently co-segregate with hypercholesterolemia
(28), suggesting that another variant must be present for these LDLR variants to be pathogenic,

as previously proposed (29,30).
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Similarly, we identified 3 potentially pathogenic non-synonymous variants (rs1801695 [A4481T],
MAF = 0.026, rs61742247 [S1613T], MAF = 0.013 and rs1801701 [R3638Q], MAF = 0.077)
(Supplementary Table 3) in APOB, of which rs1801701 has been implicated for TC in a previous
GWAS (31). Interestingly, these APOB variants appeared in the same branch as the LDLR
variants described above, with 3 affected family members sharing a combination of these LDLR
and APOB variants (Table 1, Supplementary Table 3 and Supplementary Figure 1). We
postulate that in order to have an impact on the ApoB metabolism, and furthermore on TC and
LDL-C levels, these LDLR and APOB variants may need to appear as a risk combination or

require other GWAS LDL-C variants as a haplotypic background.

Discussion

Our comprehensive analysis of a large Austrian family with phenotypical familial
hypercholesterolemia (FH) showed evidence of a specific polygenic contribution to high LDL-C.
The linkage analysis did not pinpoint to a single genetic locus for high LDL-C; rather, we found
17 loci with a LOD score >1.0, implying that it is likely several loci contribute to the high LDL-C
levels in this family. Consistent with that, our risk score analyses followed by a permutation
analysis identified a combination of 10 LDL-C GWAS SNPs specific for polygenic FH in this
family. In addition, a systematic examination of the variants in the known FH genes resulted in
the identification of possible less severe FH mutations in the LDLR and APOB genes in a subset
of the affected family members, in line with the previous hypothesis (28,29) that specific LDLR
and APOB coding variants may only become pathogenic in the presence of an additional risk
variant in these FH genes. Because three of the affected family members carried both LDLR
and APOB risk combinations, we postulate that small functional defects in both genes, whose
biological functions are tightly bound, escalate the effects and contribute to the high LDL-C
levels in these individuals. For example, one of the APOB variants (R3638Q) resides in the C-

terminus of apoB100, a region known to be regulating LDL receptor binding (32).
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Recent evidence suggests that FH is a heterogeneous disorder that can be caused by
monogenic or polygenic mechanisms, including rare variants at the traditional FH genes or
multiple common variants at the LDL-C GWAS loci and other genes (7). We did not identify FH-
causing mutations in the known FH genes tightly co-segregating with LDL-C, and our linkage
study combined with exome sequence analysis did not pinpoint a single monogenic causative
variant or gene. When we evaluated the effects of the weighted LDL-C risk scores of 47 LDL-C
GWAS SNPs collectively present in the family members on LDL-C levels, we observed that the
affected members had a significantly higher average risk score than the reference population (p
= 0.001). However, the risk scores were not in the top 90" percentile, which has previously been
used to distinguish polygenic and monogenic forms of FH (24). Interestingly, however, we found
a combination of 10 variants at the LDL-C GWAS loci among the affected members of this
particular family (p <0.01 by permutation). The risk scores constructed using only these 10

variants accelerated the affected individuals to the 90™ percentile of LDL-C.

Among the 10 family-specific GWAS variants (Table 2), we observed that the homozygous risk
genotype C/C of the HMGCR variant (rs12916) was exclusively present in the affected family
members. We also observed that rs12916 is located in the region resulting in a LOD score of
1.4 in this family. HMGCR is a rate-limiting enzyme in cholesterol biosynthesis and the main
target of statin therapy. Given the relatively large effect size of this GWAS variant (beta=0.07)
for LDL-C (12) and the previous evidence that the rs12916 is a liver eQTL (33), it is likely that
the elevation of plasma LDL-C levels due to the C allele is caused by augmented HMGCR
expression and the subsequent increased cholesterol synthesis in the liver. The increased
cholesterol synthesis in turn activates a feedback mechanism that inhibits the uptake of LDL-C
from blood via the LDL receptor. Interestingly, a recent longitudinal metabolomics study
observed that the carriers of the protective T allele exhibit a similar lipidomics profile as

observed in individuals who have started statin therapy (34).
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Our study has several limitations. Analysis of only one family does not provide information that
could be directly extrapolated to the entire Austrian population. However, our findings further
demonstrate the genetic complexity of FH in individuals without the known FH mutations. This
type of presentation can clearly complicate the diagnosis and identification of
hypercholesterolemic individuals in early stages of disease, emphasizing the importance of
family-based evaluation of FH. We showed a polygenic effect that included variants residing in
regions with LOD scores >1.0 and a combination of 10 LDL-C GWAS SNPs aggregating in the
affected family members. We hypothesize that most of the FH families without a single known
pathogenic mutation will exhibit a specific combination of the LDL-C GWAS variants that can be
distinguished if extensive family data is available. We recognize that it is still possible that we
missed the causal variant(s) since no whole genome sequencing was performed and the causal
variant might reside outside the protein coding regions or be a large copy humber variation, not
studied here. This scenario is, however, less likely given our negative linkage screening that,

based on our simulation, had adequate power to identify a single monogenic variant.

In summary, our linkage study followed by exome sequencing and a GWAS LDL-C risk score
analysis supports a specific polygenic cause for hypercholesterolemia in this Austrian family.
Potential cascade testing of identified variants in the third generation of this family might provide
valuable information regarding who should be followed up for early treatment of
hypercholesterolemia. Our study demonstrates the importance of using family-wide genetic
data, when available, in future personalized medicine initiatives of complex diseases. For
example, in other FH families without the known FH mutations, a similar approach could be
used for establishing a family-specific polygenic hypercholesterolemia diagnosis when sufficient
numbers of affected and unaffected family members are available for identification of a family-

specific set of LDL-C increasing GWAS SNPs that exceed the 90" risk score percentile in the
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particular population. Subsequently, the family’s younger generations could be tested for these

variants to provide an earlier personalized diagnosis and potential treatment.
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Table 1. Clinical characteristics and genetic findings contributing to high LDL-C in the family members.

Known LPA
variant Family specific HMGCR SLC22A41 APOB and

Indivi (rs3798220), genetic risk score  (rs12916), risk  (rs1564348),  LDLR variant
dual LDL-C Lp(a) KR Allele KR Allele riskallele C, Genetic risk of 10 SNPs (see allele C, risk allele C, combinations

1D TC (mmol/l) (mmol/l) Statins  mg/dl 1 2 MAF=0.02 score * Table 2) MAF=0.43 MAF=0.15 o
7711 (4.32)F 2.16)f Yes 4 24 (85%)% 36

7724 6.8 (5.93)F 5.00 (3.90)F Yes 6 36 0 T/T 3.83 (86th) 0.89 (>99th) C/IC C/T

7725 7.00 (5.57) 5.36 (3.19) Yes 2 36 0 T/T 3.60 (58th) 0.85 (>99th) C/C C/T

7727 6.64 4.54 No 10 36 0 T/T 3.86 (89th) 0.69 (83th) C/C C/T

7729 9.6 6.38 No 3 30 0 T/T 3.79 (82th) 0.80 (97th) C/C T/T

773 (4.52) (2.96) Yes 36 0 T/T 3.79 (82th) 0.89 (>99th) C/IC C/T

7749 7.60 (4.92) 5.00 (2.87) Yes 23 (80%) 36 T/T 3.61 (59th) 0.73 (90th) C/T C/T

7772 7.57 5.11 No 26 (10%) 36 T/T 3.91 (92th) 0.78 (96th) C/IC C/T

7775 8.98 5.72 No 77 20 T/C 3.74 (77th) 0.78 (96th) C/C T/T Yes
7776 6.80 (6.09) 4.20 (3.56) Yes 90 20 T/C 3.41 (30th) 0.51 (32th) C/T T/T Yes
7777 11.70 (5.06) 9.20 (1.94) Yes 113 20 T/C 3.67 (68th) 0.67 (80th) T/T T/T

7792 7.77 5.45 No 7 23 (80%) 36 T/T 3.70 (72th) 0.78 (96th) C/C C/T Yes

776 72 332 No 11 30 (85%) 36 T 3.66 (66th) 0.58 (52th) C/T C/T

7726 5.92 2.82 No 7 30 0 T/T 3.64 (64th) 0.48 (25th) C/T T/T

778 5.03 24 No 5 23 (95%) 26 T 3.80 (83th) 0.54 (40th) C/T /T

7789 4.49 2.34 No 66 20 T/C 3.32 (20th) 0.35 (6th) /T /T

7793 4.38 2.57 No 0 0 0 T/T 2.82 (2nd) 0.32 (4th) C/T T/T

TC, total cholesterol; LDL-C, low density lipoprotein cholesterol; T (measured while on statins); KR, Kringle IV repeats; $ (percentage of allele 1); *Weighted genetic risk score of 47 LDL-C GWAS
SNPs; percentile is in parenthesis after risk scores;**Specific APOB and LDLR variants listed in supplementary table 3; Grey highlight=High LDL-C status.
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Table 2. The 10 family-specific LDL-C GWAS variants. Numbers in the matrix under the individual IDs represents number of risk alleles in that particular

SNP.
Average Average # Difference
#of risk of risk  in average
alleles in allelesin  # of risk
Chr Rs # Risk Alt beta P-value MAF Family members with high LDL-C affected Family members with normal LDL-C unaffected  alleles Gene Type
7777 7776 7772 7775 7749 7725 7729 7792 7724 773 7727 7726 778 7789 7793
1 rs646776 t ¢ 0160 163E-272 0.79 2 2 2 2 2 2 2 2 2 2 2 200 2 2 1 1 1.50 0.50 CELSR2 Intergenic
5 rs12916 ¢t 0073 7.79E-78 043 0 1 2 2 1 2 2 2 2 2 2 164 1 1 0 1 0.75 0.89 HMGCR 3-UTR
6 rsl564348 ¢t 0048 2.76E-21 0.5 0 0 1 0 1 1 1 1 1 1 1 0.73 0 0 0 0 0.00 0.73 SLC2241 Intronic
§ rslolo2l64 a g 0032 3.74E-11 0.17 2 1 1 1 0 0 1 2 1 0 0 082 0 1 0 0 0.25 057 RPI1-53M11.3  Intergenic
8 rs2954029 a t 0056 21E-50 0.53 1 1 1 1 2 2 1 1 1 2 2 136 1 0 2 0 0.75 061 RP11-136012.2 Intergenic
11 rs174583 c t 0052 70E41 063 1 0 0 1 0 2 1 1 2 1 0 082 0 0 1 0 0.25 057 FADS2 Intronic
11 rs11220462 a g 0.059 661E-21 014 1 0 1 2 1 1 1 1 1 2 0 1.00 0 1 0 0 0.25 0.75 ST3GAL4 Intronic
17 rs7225700 ¢t 0.030 3.56E-13 067 1 0 2 0 2 1 1 1 2 1 1 1.09 1 1 0 1 0.75 034 RPII-290H%4  Intergenic
19 rs492602 g a 0029 942E-14 043 2 1 1 2 2 0 1 0 1 1 1 1.09 0 1 1 1 0.75 034 FUT2 Synonymous
20 re2328223 ¢ a  0.030 5.63E-09 0.25 1 0 1 0 0 1 1 0 1 1 0 0.55 0 0 0 1 0.25 0.30 RPS5-905G11.3  Intergenic
LDL-C, Low-density lipoprotein cholesterol; Chr, chromosome; Risk, LDL-C increasing variant; Alt, alternative variant; MAF, minor allele frequency
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Figure 1. The Austrian hypercholesterolemia family showing an autosomal dominant type of
inheritance. The figure includes only the family members who had given the consent for blood
sampling and DNA analyses. The pedigree was drawn using CraneFoot (Makinen et al. 2005).

The box shows the explanations of the drawing scheme.
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Figure 2a. Overlap between the 17 LDL-C regions with a LOD score > 1.0, exome variants
(potentially functional and MAF<10%), and 10 family-specific GWAS variants identified in the
Austrian family members, as illustrated by rCircos (Zhang et al. 2013). The outer most track
indicates the chromosome number; followed by the cytoband; LOD scores of ~95K SNPs (red
indicates LOD > 1.0); exome variants predominantly present in affected family members

(Supplementary Table 2); family-specific GWAS SNPs (Table 2); and the gene names of the

variants.
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Figure 2b. Overlap between the Lp(a) regions with a LOD score > 1.0 and exome variants
(potentially functional and MAF<10%) identified in the Austrian family members, as illustrated by
rCircos (Zhang et al. 2013). The outer most track indicates the chromosome number; followed
by the cytoband; LOD scores of ~95K SNPs (red indicates LOD > 1.0); and exome variants

present only in the family members with high Lp(a).



Supplementary Table 1. The 47 LDL-C GWAS SNPs (or their LD proxies, r2

that were included in the risk score analysis.

>0.95) (Willer et al. 2013)

Chr Location Rs # Risk Alt Proxy Risk (proxy) Beta (weight) P-value MAF
1 25768937 rs10903129 g a 0.033 3.03E-17 0.54
1 27138393 rs12748152 t c 0.050 3.21E-12 0.07
1 55505647 rs11591147 g t 0.497 8.58E-143 0.98
1 63133930 rs4587594 g a rs1570694 a 0.049 1.63E-32 0.69
1 93269824 rs4847221 c t 0.038 8.57E-11 0.90
1 109818530 rs646776 t c 0.160 1.63E-272 0.79
1 150958836 rs267733 a g 0.033 5.29E-09 0.86
1 234846396 rs6695664 g a 0.037 9.36E-13 0.16
2 21263900 rs1367117 a g 0.119 9.48E-183 0.29
2 27742603 rs780093 t c 0.022 2.36E-08 0.41
2 44073881 rs6544713 t c rs4299376 g 0.081 4.84E-83 0.29
2 121309488 rs2030746 t c 0.021 8.61E-09 0.40
2 135762344 rs16831243 t c 0.038 9.06E-12 0.18
3 12370737 rs17793951 a g 0.025 2.63E-09 0.69
3 32533010 rs7640978 c t 0.039 9.84E-09 0.89
3 132163200 rs17404153 g t rs10490862 a 0.034 1.83E-09 0.86
4 3434885 rs6818397 t g 0.022 1.68E-08 0.41
5 74656539 rs12916 c t 0.073 7.79E-78 0.43
5 156390297 rs6882076 c t 0.046 3.31E-31 0.67
6 16127407 rs3757354 c t 0.038 2.09E-17 0.79
6 160578860 rs1564348 c t 0.048 2.76E-21 0.15
7 25991826 rs4722551 c t 0.039 3.95E-14 0.17
7 44581986 rs17725246 c t 0.047 1.49E-20 0.20
8 55421614 rs10102164 a g rs9298506 g 0.032 3.74E-11 0.17
8 116648565 1s2737229 a c 0.029 3.74E-12 0.72
8 126490972 rs2954029 a t rs2954022 c 0.056 2.1E-50 0.53
9 2640759 rs3780181 a g 0.045 1.76E-09 0.95
9 107664301 rs1883025 o t 0.030 6.14E-11 0.76
9 136154168 rs579459 c t 0.067 2.42E-44 0.22
10 113933886 rs2255141 a g rs2792751 t 0.030 1.32E-13 0.32
11 18632984 rs10128711 c t 0.034 9.21E-13 0.72
11 61609750 rs174583 c t 0.052 7.00E-41 0.63
11 126243952 rs11220462 a g rs7940893 c 0.059 6.61E-21 0.14
14 24883887 rs8017377 a g 0.030 2.52E-15 0.46
16 56989590 rs247616 c t rs183130 c 0.055 2.57E-37 0.71
17 7091650 rs314253 t c 0.024 3.44E-10 0.66
17 45391804 rs7225700 c t 0.030 3.56E-13 0.67
19 11202306 rs6511720 g t 0.221 3.85E-262 0.90
19 19407718 rs10401969 t c 0.118 2.65E-54 0.93
19 45395619 rs2075650 g a 0.177 1.72E-214 0.13
19 49206417 rs492602 g a 0.029 9.42E-14 0.43
20 12969400 rs680379 g a 0.024 7.96E-10 0.63
20 17845921 rs2328223 c a 0.030 5.63E-09 0.25
20 39797465 rs753381 c t 0.038 3.57E-25 0.54
20 43042364 rs1800961 c t 0.069 6.03E-10 0.97
22 30378703 rs5763662 t c rs4820821 a 0.077 1.19E-08 0.03
22 46629479 1s4253776 g a 0.031 3.35E-08 0.12

Chr, chromosome; Risk, LDL-C increasing variant; Alt, alternative variant; MAF, minor allele frequency.
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Supplementary Table 2. The potential functional variants predominantly present in the affected family members identified by exome-
sequencing and located in the LDL-C regions with a LOD score >1.0.

Chr  Location Rs # Type MAF  Gene Risk  Family members with high LDL-C Family members with normal LDL-C

7777 7716 7772 7775 7749 7792 7724 7727 773 7725 7729 778 7793 7726 7789 776
2 33482586 511686962 SPLICE-SITE 0.071 LTBP1 T C/T CIT c/IC CIT CIT CIT CIT CIT T/T CIT c/C c/C c/C c/C CIT c/C
4 87770252 rs17694522 NON-SYNON 0.066 SLC10A6 A G/IA  GIA GIA GIA GIA G/IA GIG GIA GIA G/IA  GIA GIG GIG GIG GIA GIA
8 124658214 511779866 NON-SYNON 0.102 KLHL38 T C/T CIC CIT CIT TIT CIT CIT CIT CIT CIT c/C c/ic c/iC c/iC c/iC CIT
15 78558584 rs142025971 FRAMESHIFT 0.065 DNAJA4 c CAT/C CAT/C CAT/C CAT/C CAT/CAT CAT/C CATI/C CAT/C CATI/CAT CAT/C CATIC CATICAT CAT/CAT CAT/CAT CAT/CAT CAT/CAT
15 89398553 535430524 NON-SYNON 0.083 ACAN A CIA  CIA CIA CIA c/iC C/IA  CIA AA c/IC C/IA  CIA c/C c/C c/iC CIA CIA
16 89985844  rs1805005 NON-SYNON 0.104 MCIR T GIT _GIT GIT GIT GIG GIG GIT GIT GIT GIT GIT GIG GIG GIG GIG GIT

Chr, chromosome; LDL-C, low-density lipoprotein cholesterol; Risk, potential LDL-C increasing allele; MAF, minor allele frequency; and Grey highlight=High LDL-C status.
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Supplementary Table 3. The non-synonymous and splice site variants identified in the known FH genes.

Family members with high LDL-C Family members with normal LDL-C

Chr Rs # Location 7777 7776 7772 7775 7792 7749 7724 7727 773 7725 7729 778 7793 7726 776 7789 Variant type Gene MAF FH variant/LDL-C GWAS Change
Variants MAF < 10%:

2 rs1801695  21224853]C/C |C/C |CI/C |CI/C |C/C |[C/IC C/C CI/C CIT CI/C |C/T |C/C CI/C |C/T |C/IC C/C NON-SYN APOB 0.026 FH variant A4481T

2 rs1801701  21228827)C/T |C/T |C/C |CIT |C/T |[C/T C/IC CIT CIC CI/C |C/T |C/C CI/C |C/T |C/T CI/IT NON-SYN APOB 0.077 GWAS LDL-C R3638Q

2 rs61742247 21234902|C/G JC/G |C/G |C/G |C/G |C/IC C/C CIC CI/C C/C JC/C |C/G CIG |C/C JCI/IC C/C NON-SYN APOB 0.013 S1613T

19 rs72658861 11222182 T/T |T/C |T/T |T/C |T/C |\T/T T/T T/T TT T/T T/T T/T T/T T/T T/T |T/C |SPLICE SITE:INTRONIC LDLR 0.0052  FH variant €.1061-8T>C

19 rs72658867 11231203 G/G |G/A |G/A |G/A |GIG |GIG GIG GIG GIG G/IG GIG G/A G/IG GIG G/G |G/G |SPLICE SITE:INTRONIC LDLR 0.0039  FH variant €.2140+5G>A

19 rs45508991 11233886 C/C |C/T JC/C |C/T |C/T JC/IC C/IC CI/C C/C C/IC CI/C CI/IC CI/C CI/C CIC JC/IT JNON-SYN LDLR 0.0018 FH variant T7261
Common variants:

1 rs6687605 25889632 C/C C/C C/IC C/C T/C T/IC T/IC T/ T/ TIC CI/IC T/IC TI/IC CIC TI/IC CI/IC NON-SYN LDLRAP1  0.51 S202P

1 rs11583680 55505668 C/IC C/C C/IC C/C C/IC CIT C/IC C/IC C/IC C/IC CIC C/IC CIC CIC CI/IC CI/IC NON-SYN PCSK9 0.12 GWAS LDL-C A53V

1 rs2483205 55518316 C/C C/T C/IC C/T C/T C/T C/T CI/IT C/IC C/IC CI/IC C/T C/T T/T C/IT T/T SPLICESITE:INTRONIC PCSK9 0.46 FH variant €.658-7C>T

1 rs2495477 55518467 AIA AIG AIA AIG AIG AIA AIA AIG AIA AIA. AIA AIG AIG A/IG A/A AIG SPLICE SITEINTRONIC PCSK9 0.41 €.799+3A>G

1 rs562556 55524237 AIA AIA AIA AIA AIA AIA AIA GIA AIA AIA AIA AIA G/A G/IA AIA A/JA NON-SYN PCSK9 0.82 V4741

1 rs505151 55529187 AIA AIA. AIA AIA AIA AIA AIA AIA AIA AIA AIA AIA AIA AIA A/A A/A NON-SYN PCSK9 0.96 GWAS LDL-C €.2009G>A

2 rs1042034 21225281 C/T C/T C/T C/T C/T T/T TT T/ C/T T/T C/T C/IT C/IT C/T T/T T/T NON-SYN APOB 0.77 GWAS LDL-C S4338N

2 rs676210 21231524 GIA GIA GIA GIA GIA GIG GIG GIG G/IA G/IG G/A G/A G/A G/IA GI/G G/G NON-SYN APOB 0.22 GWAS LDL-C p2739L

2 rs584542 21232803 C/C C/C C/IC CIC CI/IC C/IC CIC CIC CIC CIC CIC C/IC C/IC CIC CIC CIC NON-SYN APOB 1 V23131

2 rs568413 21235475 C/IC C/IC C/C CIC C/IC C/IC CIC CIC CIC C/IC C/IC C/IC C/IC C/IC C/IC CIC NON-SYN APOB 1 Cc1422Y

2 15679899 21250914 G/IA G/IA G/A GIG GIA GIG GIG GIG GIA GIG GIA G/IA G/A G/IA G/IG G/G NON-SYN APOB 0.48 GWAS LDL-C A618V

2 rs1367117 21263900 G/A G/A GIG G/A G/IA G/IA GIA AIA GIG G/A G/A GIG GIG G/A G/IA A/A NON-SYN APOB 0.29 GWAS LDL-C T98I

19 rs2738442 11221454 C/C _CIC C/C CIC C/C C/IC C/IC CIC CIC CIC CIC C/IC C/C CIC CIC CIC SPLICESITE:INTRONIC LDLR 1 c.679+7T>C

LDL-C, Low-density lipoprotein cholesterol; Chr, chromosome; MAF, minor allele frequency; FH variant, previously implicated for familial hypercholesterolemia; Grey highlight=High LDL-C status; Red box, risk

combination in affected family member; and Blue box, risk combination in unaffected family member.

49



Supplementary Figure 1. A summary of the genetic findings contributing to high LDL-C in the Austrian
family. The pedigree was drawn using CraneFoot (Mikinen et al. 2005). The box shows the explanations of the
drawing scheme. The text and numbers underneath each individual indicate individual’s family-specific genetic
risk score (GRS); family-specific GRS percentile; and genotypes of three individual SNPs from the family
specific GRS that were significant after random label swapping. Individuals with a combination of 4POB and
LDLR mutations are circled.
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Chapter 3
Two Mexican families with familial hypobetalipoproteinemia share a region on

chromosome 2p16

Abstract

Background: To better prevent and treat hypercholesterolemia, one of the most critical risk
factors of coronary heart disease, it is important to identify genes and molecular mechanisms
decreasing serum total cholesterol (TC) levels. Familial hypobetalipoproteinemia (FHBL) is an
autosomal dominant disorder characterized by low levels of plasma total cholesterol (TC), low-
density lipoprotein (LDL-C), and apolipoprotein B (apoB). FHBL has previously been shown to
be caused by mutations in the APOB, PCSK9, and ANGPTL3 genes, and loci on chromosomes
10 and 3p21 have also been linked to FHBL. However, in most FHBL cases the underlying
cause is unknown. To identify genes involved in FHBL and cholesterol metabolism in Mexicans,
we explored two Mexican FHBL families without known mutations in the known causal genes.
Importantly, the probands of the both families had a similar kinetic profile with an increased
apoB-LDL and apoB-VLDL catabolic rate. Methods and Results: The affected and unaffected
individuals from the Mexican FHBL families were exome sequenced by lllumina Truseq Exome
enrichment kit capturing 62Mb coding and regulatory regions. We focused on the variants
shared by all affected family members and not present in the family members with normal apoB
levels. In addition, we filtered the variants based on their type, frequency, gene expression, and
functional predictions using SIFT and PolyPhen. In family 1, filtering for novel missense variants
and variants with minor allele frequency (MAF) <5% as well as applying the filters for gene
expression and functional predictions, reduced the variant pool to 9 nonsynonymous variants. In
family 2, the filtering led to 13 nonsynonymous variants. To further investigate whether any of
these 22 genes regulates cholesterol levels largely in Mexicans, we tested their common

variants for association with TC in 3,700 Mexican individuals. Variants in one gene, neuregulin 1
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(NRG1), passed the Bonferroni correction for association with TC, with rs1383966 providing the
strongest signal. However, subsequent replication in ~6,000 Mexicans did not validate these
results. We visualized overall chromosomal differences between affected and unaffected family
member using rCircos and observed shared locus on chromosome 2p16. Conclusions: We did
not find novel variants or genes for FHBL, but identified 20-Mb region in chromosome 2 as a
new potential FHBL locus. However, further FHBL families from Mexico are needed to confirm

these results.

Introduction

Overall, the deaths caused by CVD are declining, reflecting recent improvements in health
awareness and medical care '. However, this decline is not equally distributed among different
ethnic groups and still every third death in the United States is caused by CVD. In about half of
these the cause of death is CHD 2. High levels of blood total cholesterol (TC) and especially of
low-density lipoprotein cholesterol (LDL-C) (hypercholesterolemia) are well-established risk
factors for CHD °. Statins (HMG CoA reductase inhibitors) are the primary treatment to lower
LDL-C. However, many of the patients who are on statins are either not responding ideally or
suffer side effects *. Thus, other therapeutic drugs targeting genes involved in lipid metabolism

should be developed for hypercholesterolemia.

Mexicans are an admixed population of European, Native American, and African
ancestries °. According to previous studies, Mexicans have astoundingly high prevalence of
different types of dyslipidemias ®’. However, overall the Mexican population is
underinvestigated in genomic studies, and particularly in cardiovascular genetic studies °. Thus,

finding population-specific variants lowering lipids in Mexicans would be very beneficial.

Familial hypobetalipoproteinemia (FHBL) is an autosomal dominant disorder of
apolipoprotein B (apoB) metabolism °. It is characterized by reduced levels of plasma TC, LDL-

C, and apoB '°. Most of the subjects with FHBL are heterozygous and asymptomatic. However,
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some of the heterozygous FHBL subjects develop nonalcoholic fatty liver ''. It is important to
note that FHBL is associated with a reduced risk of CVD '?, most likely because of the life-long
low levels of TC and LDL-C ™. Prevalence of heterozygous FHBL is about 1:500-1:1,000 "2,
FHBL has previously been shown to be caused by mutations in the apolipoprotein B (APOB)
gene "> but FHBL is a genetically heterogeneous disorder that is not always linked to the
APOB gene '°. Other genes, including PCSK9 and ANGPTL3 and loci on chromosomes 10 and

16—

3p21 have also been implicated in some FHBL families '®'°. However, in many FHBL cases the

definite genetic cause is not known yet %°.

As an initial step towards identifying novel FHBL genes, we performed exome
sequencing in two Mexican families with FHBL. A previous study by Gutiérrez-Cirlos et al.
showed that these families do not have causal FHBL variants in the known causative FHBL
genes and the probands of these families have a similar kinetic profile for apoB-LDL and apoB-
VLDL production and catabolic rate. Furthermore, their LDL and VLDL apoB catabolic rate was

significantly increased when compared to controls 2.

We hypothesized that the underlying genetic component of FHBL plays a role in the
apoB or LDL pathways. To find additional variants involved in lipid metabolism, we will extend
the findings of a familial lipid disorder to the population level. We postulate that genes where
these variants reside may regulate apoB, LDL-C, and TC levels in the Mexican general
population as well.

Materials and Methods
Exome sequencing

We exome sequenced two Mexican FHBL families (figure 1) without mutations in the
known FHBL genes. These families are previously described by Aguilar-Salinas et al °. The
genomic DNA was extracted using standard protocols. The exome libraries were prepared using

lllumina Truseq 2.1 exome capture kit and sequenced using the Illlumina HiSeq2000 platform.
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We used our standard exome sequence data analysis pipeline, including quality control (QC),
sequence alignment, and variant filtering approaches described in detail in our previous exome
sequencing paper 2'. Briefly, we aligned the reads using the Burrows-Wheeler Aligner (BWA)
software package %, performed the QC and variant calling using the Genome Analysis Toolkit
(GATK) # and annotated the variants with the ANNOVAR software #. As FHBL is an autosomal
dominant disorder, we focused on variants that are shared by the affected individuals and not
present in the unaffected family members. Furthermore, because the disorder has a dominant
mode of inheritance, we were interested in both homo- and heterozygous variants. Additionally,
the variants were filtered by variant type, frequency, and evaluated by gene expression and a
functional prediction score by PolyPhen-2 ?° and SIFT . The final candidate genes were
selected based on previous evidence in literature related to lipid metabolism, expression in
relevant tissues such as liver and adipose.
Association analyses

We analyzed the potential susceptibility gene candidates found by exome sequencing
for association with quantitative TC levels in the Mexican population. To avoid multiple testing,
we restricted the analysis to the most promising candidate genes in both families. A Bonferroni
corrected p-value of <0.002 (i.e. p=0.05/22 tested genes) was considered statistically
significant. We have ~3,700 individuals with genome-wide SNP chip data available from two
Mexican case-control GWAS studies, including a dyslipidemic cohort and a T2D cohort. In
addition, we imputed the variants with MAF>1% using IMPUTE2 % and the 1000 Genomes data
as a reference panel. The imputed SNPs with a MAF<1% were excluded from our analysis as
their imputation quality is typically low. To ensure accuracy of the imputed genotypes, a
posterior probability >0.9 and info value >0.8 were also used asQC criteria of the imputed
SNPs. In addition, we excluded SNPs deviating from Hardy-Weinberg Equilibrium (HWE) (P-
value <0.0001) 8. We used SNPtest for association analysis because it can analyze quantitative

phenotypes, their covariates, and imputed SNPs with proportional genotypes. Mexican
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replication cohort with (n=~6,000) was utilized to further investigate the variants passing the
Bonferroni correction in the first study sample for replication.
Circos visualization

The overall difference in genetic variation between affected and unaffected family
members was visualized using RCircos .

Results

We exome sequenced two Mexican FHBL families: four individuals including two
affected family members in family 1 and eight individuals including four affected family
members in family 2. Overall, the exome sequencing resulted in on average 64 million uniquely
mapped reads per sample. The average coverage was 42X and the average Ti/Tv ratio was 2.4,
indicating a good data quality for exome sequencing. We found ~54,000 variants in each
individual of which ~23,800 were coding variants of which ~11,900 were nonsynonymous.
Variant filtering

First, we analyzed the two families together and the variant filtering resulted in one
nonsynonymous variant predicted to be damaging that was shared by all of the affected family
members in both families but not present in any of the individuals with normal lipid levels.
However, this variant resides in the TSPYLG6 (Testis-specific Y-encoded-like protein 6) gene that
is mainly expressed in testis. Furthermore, the variant was not associated with total cholesterol
in the Mexican population cohort. Taken together these data made TSPLY®6 an unlikely
candidate for FHBL.

We then proceeded to analyze the two families separately as the previous evidence
suggests that FHBL is a heterogeneous disorder that may be caused by different genes in
different families '°. With the larger family (family 2) consisting of 4 affected family members and
4 unaffected family members, the variant filtering resulted in 13 susceptibility genes for TC

(Table 1). We applied more stringent filtering criteria for the smaller family (family 1) by requiring
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that the gene where the variant resides in is expressed in relevant tissues to lipid metabolism.
This filtering resulted in 9 candidate genes (Table 2).
Population association analyses

We analyzed the susceptibility genes found by exome sequencing for association with
TC levels in the Mexican population. We assessed these candidate genes in ~3,700 individuals
with genome wide SNP chip data from two Mexican case-control GWAS studies. In most cases,
the actual variant identified in the families was missing in our imputed and genotyped Mexican
GWAS data sets. Therefore, we investigated the gene for TC levels rather than the actual
variant. This was done by testing all of the variants in the candidate gene for association. Using
SNPtest for association analysis, variants in NRG1 (neuregulin 1) provided the strongest signals
(p< 2.7e-5) (Table 3). However, when we further extended the analysis to 6,000 additional
Mexican individuals, the most significant NRG1 variant did not show evidence of association
with TC, making it a less likely candidate.
RCircos visualization

We recognize that we might have lost the causative variant/gene when applying our
relatively strict filtering criteria. To better understand overall genome-wide differences in genetic
structure between the affected and unaffected family members, we used RCircos to visualize
our exome sequencing data (Figure 2). We observed 25 gene regions throughout the genome
shared by all affected family members but not by the controls. Interestingly, 10 of the 25 genes
reside in a 20-Mb region on chromosome 2 (Figure 2). Thus, this analysis pinpointed us back to
the TSPLYG6 gene region on chromosome 2. In more detail, the affected individuals from Family
1 exhibit 39 variants in 23 genes and affected individuals from family 2 exhibit 56 variants in 34
genes in the 20-Mb region not present in the unaffected family members. Importantly, 10 of
these genes are shared between both families. Taken together, the RCircos visualization

analysis resulted in 25 shared gene regions between the two Mexican FHBL families, the most
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interesting one of these being the 20-Mb chromosome 2p16 region with 10 shared genes
between the two families.
Discussion

We examined two Mexican families to identify novel causal variants for familial
hypobetalipoproteinemia. We identified a large 20-Mb locus on chromosome 2 shared by the
affected individuals in both families. While we were not able to pinpoint the exact causal variant
within this region, a recent GWAS study of over 180,000 individuals identified a variant residing
on EHBP1 (EH domain-binding protein) on chromosome 2 to be associated with LDL-C #°.

Our study has some limitations. As the FHBL is a fairly rare disorder without serious
clinical symptoms, finding FHBL families is challenging. Therefore, currently our study sample is
small and collecting more families continues gradually. In addition, we potentially lost our
susceptibility variant when performing the variant calling only with GATK. However, this data
has been subsequently analyzed many times after our initial analysis, always resulting in
TSPLY®6 as a shared variant between the affected individuals. In addition, we have performed a
two-point linkage analysis using data generated by whole exome sequencing as conducted in
Park et al. * The highest lod score was detected in the same 20-Mb chromosome 2 region

(data not shown).

We recognize that FHBL is a heterogeneous disease and that the causal mechanisms
might involve two or more genetic loci in these families. Future studies include recruitment of
additional FHBL families and construction of Mexican-specific polygenic risk scores, which is
currently impossible due to the lack of genome-wide genotypes with detailed phenotypes in the

population level in Mexicans.
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Tables

Table1. Variants found by exome sequencing and after filtering in Family 2. The brackets
indicate that the variant or gene was discovered later than our initial analysis.

Amino acid
Location change rs # Gene
Chr2:46711558  W218L new LOC388946 (TMEM247)
Chr2:136620315 N361S rs141448886 MCM®6
Chr2:136691500 P162S rs149170955 DARS
Chr8:110631186 C104W new SYBU
Chr9:5462971 K178E new CD274
Chr9:117849170 N280K rs200913956 TNC
Chr13:46935685 N337S rs151242987 C130rf18
Chr14:94936062 T57I rs45438596 SERPINA9
Chr16:3707050  V163L new (rs759204609) DNASE1
Chr19:3831739 G173R new (rs755011310) ZFR2
Chr19:8669976 R119Q rs3814291 ADAMTS10
Chr19:58370657 Q292K rs3745132 ZNF587
Chr19:58421128 R173H rs3826671 ZNF417

Table2. Variants found by exome sequencing and after filtering in Family1. The brackets
indicate that the variant or gene was discovered later than our initial analysis.

Amino acid
Location change rs # Gene
Chr1:143767544 N102I new (rs781911564) PPIAL4G
Chr2:97482987  F325L new (rs781051911) CNNM3
Chr3:9970121 P337L rs115419420 IL17RC
Chr6:3152760 L276S rs2231370 BPHL
Chr6:32552080 Y59C rs3175105 HLA-DRB1
Chr8:32611970  V258L rs74942016 NRG1
Chr13:33703666 R383P rs34425674 STARD13
Chr22:21354174 A309T new THAP7
Chr22:21141193 E447K rs142451096 SERPIND1
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Table 3. The results of the Mexican population sample in candidate genes.

Location rs# MAF p-value BETA SE
Chr8:32078675 Deletion 0.16 2.7TE-05 -0.13 0.03
Chr8:32475691 rs2466060 0.48 7.5E-05 -0.09 0.02
Chr8:32473401 Insertion 0.47 8.0E-05 -0.09 0.02
Chr8:32490310 rs2439273 0.15 0.0001 -0.12 0.03
Chr8:32099876 rs2347064 0.19 0.0001 -0.12 0.03
Chr8:32079101 rs1383965 0.15 0.0002 -0.12 0.03
Chr8:32088299 Insertion 0.23 0.0002 -0.11 0.03
Chr8:32110257 rs139988270 0.16 0.0002 -0.11 0.03
Chr8:32536454 rs75438610 0.12 0.0002 -0.13 0.03
Chr8:32489868 rs2439274 0.15 0.0002 -0.11 0.03

Chr indicates chromosome; MAF, minor allele frequency; BETA, the effect size; and SE,
standard error.
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Figure 1. Pedigree structure of the two Mexican FHBL families. Arrow indicates individuals that

were exome sequenced.
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Figure 2. Overall genetic differences between affected and unaffected family members
visualized using RCircos. All of the variants presented here are shared by affected family
members and not present in unaffected family members, or vice versa. The first four traces after
chromosomal g-stain and gene names are from Family 1 and the inner 8 from Family 2. Light

blue indicates that the variant is present in the particular individual.
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expression of cell cycle genes in aneurysmal subarachnoid
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Remote Ischemic Conditioning Alters Methylation
and Expression of Cell Cycle Genes in Aneurysmal
Subarachnoid Hemorrhage

Elina Nikkola, BS: Azim Laiwalla, MS; Arthur Ko, BS: Marcus Alvarez, BS; Mark Connolly, BS;
Yinn Cher Ooi, MD; William Hsu, PhD: Alex Bui, PhD; Piivi Pajukanta, MD, PhD;
Nestor R. Gonzalez, MD

Background and Purpose—Remolte ischemic conditioning (RIC) is a phenomenon in which short periods of nonfatal
ischemia in | tissue confers protection to distant tissues. Here we performed a longitudinal human pilot study in patients
with aneurysmal subarachnoid hemorrhage undergoing RIC by limb ischemia to compare changes in DNA methylation
and transcriptome profiles before and after RIC.

Methods—Thirteen patients underwent 4 RIC sessions over 2 to | 2 days after rupture of an intracranial aneurysm. We analyzed
whole blood transcriptomes using RNA sequencing and genome-wide DNA methylomes using reduced representation
bisulfite sequencing. both before and after RIC. We tested differential expression and differential methylation using an
intraindividual paired study design and then overlapped the differential expression and differential methylation results for
analyses of functional categories and protein—protein interactions.

Results—We observed 164 differential expression genes and 3493 differential methylation CpG sites after RIC, of which
204 CpG sites overlapped with 103 genes, enriched for pathways of cell cycle (P<3.8x107%) and inflammatory responses
(P<1.4x107"). The cell cycle pathway genes form a significant protein—protein interaction network of tightly coexpressed
genes (P<0.00001).

Conclusions—Gene expression and DNA methylation changes in aneurysmal subarachnoid hemorrhage patients
undergoing RIC are involved in coordinated cell cycle and inflammatory responses. (Stroke. 2015;46:2445-2451.
DOI: 10.1161/STROKEAHA.115.009618.)

Key Words: aneurysm m DNA methylation m genomics m preconditioning
® subarachnoid hemorrhage ® transcriptome

Rcmmc ischemic conditioning (RIC) is a phenomenon mediated in part by a cascade of transcriptional and transla-
where nonlethal ischemic exposure in a peripheral tissue tional changes.” Activation of basic cell survival responses to
induces a systemic protection of subsequent injuries in distant transient ischemia causes a shift toward a protective genetic
organs and tissues.' RIC has shown encouraging results in ani- profile, leading to a differential regulation of genes involved in
mal models by providing cardio- and neuroprotective effects inflammation, neurotransmitter excitotoxicity, apoptosis, and
against an ischemic injury, and thus RIC is emerging as an cerebrovascular perfusion.®" Nevertheless, the mechanisms
attractive novel therapeutic for clinical trials.” Recent human by which RIC provides neuroprotective effects in human are
studies have confirmed the safety and feasibility of lower limb not well understood. The involvement of humoral factors has
RIC in patients with aneurysmal subarachnoid hemorrhage been demonstrated in animals because the protection can be
(aSAH).** Based on our separate study (Laiwalla et al, unpub- transferred from an RIC animal to a nonconditioned animal
lished data), the odds ratio of a good outcome for patients with by whole blood transfusion." Thus, genetic and epigenetic
RIC is 5.17 (95% confidence interval, 1.21-25.02) when com- studies in human blood could elucidate the humeral processes
pared with matched controls with SAH. catalyzed by RIC and furthermore provide potential diagnos-

The effectiveness of RIC is likely to be caused by its mul- tic and therapeutic targets for the treatment and prevention of
tifactorial effects, and rodent studies suggest that these are ischemic injury.
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In this human pilot study, we performed a prospective lon-
gitudinal evaluation in a group of patients with aSAH undergo-
ing RIC to study the induced genomic responses by identifying
and comparing blood DNA methylation and gene expression
profiles before RIC and 1 week after RIC. Identification of
factors altered by a transient limb RIC can provide insights
into the mechanisms of neuroprotective action and, ultimately,
may yield biomarkers for SAH prognosis and treatment.

Methods
Study Samples

Patients with aSAH were enrolled from the Remote Ischemic
Preconditioning in Subarachnoid Hemorrhage Trial (Clinicaltrials.
gov No. NCTO1158508). The study was approved by the local in-
stitutional review board, and all participants gave a written informed
consent. Patients 18 to 80 years old with SAH confirmed by com-
puted tomography or lumbar puncture and presence of a ruptured in-
tracranial aneurysm confirmed by computed tomography, magnetic
resonance, or catheter angiography were considered for enrollment
in this study. Patients who were pregnant or with a history or physi-
cal examination findings of peripheral vascular disease, deep venous
thrombosis, peripheral neuropathy, or lower extremity bypass were
excluded. Clinical characteristics are provided in Table 1.

RIC Protocol

Patients underwent 4 RIC sessions over 2 to 12 days after aneurysm rup-
ture, RIC sessions were performed on the lower limb with a large adult-
sized blood pressure cuff. Each session consisted of 4 inflation cycles
lasting 5 minutes, followed by 5-minute deflations. Cuff pressure was
originally inflated at 20 mm Hg over the patient’s baseline systolic blood
pressure, then increased until the dorsalis pedis pulse was abolished, as
confirmed by a Doppler ultrasonography. This pressure was maintained
for 5 minutes throughout the duration of the inflation cycle.

Peripheral blood samples were drawn from aSAH patients at 2
different time points: before RIC (baseline) and after 4 sessions of the
RIC treatment. DNA and RNA were isolated according to standard
protocols.

Aneurysm Controls
We included 24 control individuals with a history of intracranial an-
eurysms who never received RIC treatment. The blood collection and

sample processing were performed in the same way as described for
the aSAH cases above,

RNA Sequencing

We included 13 aSAH sample pairs and 24 aneurysm controls in the
study after the initial quality control of the blood RNA (RNA integrity
number [RIN] value =7, RNA concentration >10 ng/pL). The blood
RNA sequencing libraries were prepared using Illumina TruSeq RNA
library kit, and sequencing of the paired-end, 100-bp reads was per-
formed using the Hlumina Hiseq2000 platform, resulting in on aver-
age 46.1 mol/L reads per sample. We used STAR" to align the fastg
files to the human GRCh37/hg19 reference genome with the follow-
ing settings: the maximum intron size was set at 500 kb: the minimum
intron size was set at 20; and we allowed for 4 mismatches. We used
HTSeq (version HTSeq-0.6.1)"" to produce raw counts.

Differential Expression Using EdgeR and DESeq2
We used both EdgeR' and DESeq2" R-packages to identify dif-
ferentially expressed (DE) genes using the paired sample design
and focused on their overlap to obtain a set of highly confident
DE genes. First, using EdgeR, we excluded the genes that did not
have one count per million reads in at least 50% of the samples. We
normalized the read count values using trimmed means of M value
and estimated common, trended, and tagwise dispersions using R
software (version RX64 3.0.2). Together, these quality control steps
removed genes with low expression and normalized the libraries for
library size and biological variability, resulting in 14816 genes for
our subsequent analyses. We determined DE using the generalized
linear model likelihood ratio test using a significance threshold of
FDR <0.05.

Second, similarly as in EdgeR, we used a multifactor design with
DESeq2. We estimated the size factors and dispersions and performed
negative binomial generalized linear model fitting for the sample as
a factor and Wald statistics for DE. We used Benjamini-Hochberg—
adjusted P<0.05 as a threshold for significance.

To compare the aSAH patients with aneurysm controls, we
considered only the genes DE between the aSAH baseline and
after the treatment. We performed 2 separate DE analyses using
negative binomial and determined DE using Wald test for (1) the
aSAH baseline group versus the controls and (2) the aSAH RIC
treatment group versus the controls (Figure [ in the online-only
Data Supplement). The genes changing the DE status between
the 2 analyses (ie, the genes that were not DE between the aSAH
baseline group and controls, but became DE when comparing the

Table 1. Clinical Characteristics of the aSAH Patients

Clinical Functional
Subject ID Age Sex Smoking Alcahol Hypertension T2D Vasospasm Outcome
SAH 551 61 F No No No No N Improved or no change
SAH 553 7 F No No No No Y Improved or no change
SAH 554 56 M Former No No No ¥ Improved or no change
SAH 555 53 F No No No No Y Deteriorated
SAH 556 23 F No No No No N Improved or no change
SAH 557 47 F No No Yes No ¥ Deteriorated
SAH 558 65 F No No Yes No Minimal Improved or no change
SAH 559 43 F Yes Yes Yes No Y Improved or no change
SAH 5510 36 M Yes Yes No No ¥ Improved or no change
SAH 5511 51 M Yes Yes Yes Yes N Improved or no change
SAH 5512 43 M Yes No Yes Yes Y Improved or no change
SAH 5513 60 F No No Yes Yes Y Deteriorated
SAH 5514 51 M Yes Yes Yes No Suspected Improved or no change

SAH indicates subarachnoid hemorrhage; and T2D, type 2 diabetes mellitus.
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aSAH treatment group with the controls) were carried forward to
subsequent analyses.

Methylation

We analyzed blood DNA methylation profiles by reduced represen-
tation bisulfite sequencing (RRBS). RRBS libraries from human
genomic DNA were prepared as previously described.” Briefly, we
treated blood DNA with sodium bisulfite (Epitecht Illumina), di-
gested it with the Mspl enzyme, and selected fragments averaging
100 to 250 bp. We multiplexed 4 samples per lane and sequenced the
libraries using single-end 100-bp reads with the Illumina Hiseq2000
platform, resulting in on average 25.1 mol/L reads per sample.

We performed initial QC for fastq files using FastaQC. We used
BS-seeker2? with Bowtie2?' for RRBS alignment using hgl9 as a
reference genome. For alignment, we considered in silico Mspl frag-
ments between 40 and 500 bp to cover all possible Mspl fragments
from the RRBS libraries. We aligned the reads using the Bowtie2
end-to-end alignment mode by allowing 4 mismatches. We called the
methylation status of the individual CpG sites (percentage of meth-
ylated cells) by requiring at least 10 reads per a CpG site. Pearson
correlation coefficient was used to estimate pair-wise correlations in
methylation sites between the individuals. Paired Students r-tests were
conducted to compare between-group and within-group differences.
The CpG sites passing a 2-tailed nominal P<0.01 were considered
significant and carried forward for subsequent analyses. Finally, we
used BEDTOOLS? to overlap the DE genes with methylated regions.

Functional Annotation and Coexpression of the
Pathway Genes

We used DAVID software”* to search for functional categories of
the DE genes. To highlight the most relevant gene ontology terms
associated with the overlapped DE and differential methylation (DM)
gene lists, we performed a batch annotation and gene-GO term en-
richment analysis. We searched for protein—protein interaction (PPI)
networks using STRING v9.1.* We used Pearson correlation coeffi-
cient to estimate correlations between the pathway genes and ggplot2
and reshape2 to visualize these results. Reactome®?’ was used to ex-
plore specific pathways.

Results
The overall study design is shown in Figure 1. To identify
genomic mechanisms for the effects of RIC in aSAH patients,
we used a paired sample design where each patient gave blood
samples before and after 4 RIC sessions. Using this longitu-
dinal study design, each individual functions as a control for
him-/herself in the DE and DM analyses. Accordingly, we

Identify and compare changes in
DNA methylation and gene
expression profiles in SAH patients
before and after RIC treatment

(e A BAR mare o)
From 14,816 genes:

451 differentially
expressed genes

)
Methylation sites that
changed 10% at
least in one individual

Remote Ischemic Conditioning—Methylation/Genomics

were able to adjust for potential confounding factors, such as
age, smoking, medication, and ethnicity, using this intraindi-
vidual paired design. We analyzed the blood RNA expression
and DNA methylation profiles of each patient before RIC and
1 week after the RIC treatment started. We compared these
profiles to the ones of the controls who did not receive any
RIC treatments. Finally, we overlapped the DE genes with
DM sites and performed functional annotations and PPIs
analysis of the overlapping genes (Figure 1).

Differential Expression

We found 451 DE genes after RIC (FDR<(0.05) consistently
using both EdgeR and DESeq2, of which 205 were upregu-
lated after the RIC treatment and 246 were downregulated,
respectively (Figure 2; and Table I in the online-only Data
Supplement). Next, to identify genes responding to the
RIC treatment, we tested the expression of the 451 genes
in the controls for DE against their expression at both the
aSAH baseline and after the RIC treatment, considering a
Bonferroni-corrected P<1.1x10~* (P<0.05/451 DE genes) sig-
nificant. We found 164 DE genes (see Table IT in the online-
only Data Supplement for the list of DE genes) between the
controls and aSAH patients before and after RIC treatment,
suggesting that these genes may contribute to the response to
the RIC treatment.

Differential Methylation

‘We were able to map on average 66% of reads/sample to the
human genome, which is in accordance with previous RRBS
studies.””* The resulting methylation profiles per sample
covered on average 1764402 CpG sites, of which 676543
were assayed in all individuals, The overall methylation sta-
tus changed little within an individual (=98%) and between
individuals (=97.5%; Figure II in the online-only Data
Supplement), suggesting that methylation is a stable phenom-
enon and only a small number of sites are actively respond-
ing to environmental factors. We focused on the 403 546 CpG
sites that altered by >10% in at least one individual after RIC.
To test DM cytosines between the baseline and after treat-
ment, we used 2-tailed paired student’s ¢ test. A total of 3493
CpG sites were DM (P<0.01).

versus controls
2. SAH treatment
versus controls

164 genes DE

genes and differential

- methylation sites:

204 CpG sites in 103
genes

before and after RIC after the RIC:
(EdgeR and DESeq2) 403,546
v v ) ] ) ’
Figure 1. A schematic overview of study design and
SRR Overlap between DE  EE——
1. SAH baseline

Paired t-test before
and after RIC: 3,493
nominally significant
CpG sites (P<0.01)
| S —

results. DE indicates differential expression; PPI,
protein—protein interaction; RIC, remote ischemic
conditioning; and SAH, subarachnoid hemorrhage.
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Figure 2. The differentially expressed (DE) genes between the
aneurysmal subarachnoid hemorrhage (aSAH) baseline and a
week after remote ischemic conditioning (RIC) treatment. Red
dots indicate DE genes with an FDR <0.05.

Overlapping the DE and DM Regions

When we overlapped (defined £250 kb from the each DE
gene) the DM CpGs with the DE genes, we found 204 CpG
sites corresponding to 103 DE and DM genes, suggesting
methylation as a potential mechanism for DE (Table IIT in the
online-only Data Supplement). Furthermore, 52 of the genes
had =1 nearby DM site.

Functional Annotation and Coexpression of the
Pathway Genes

Functional annotation with DAVID software showed that the
overlapping 103 DE and DM genes are enriched for defense
and inflammatory responses (Benjamini-Hochberg [B-H]-
corrected P<1.4x107) and for cell cycle and mitosis (B-H-
corrected P<3.8x107; Table 2). In addition, we examined the
PPIs of the 103 DE genes using String (Figure 3). We found a

Table 2. Functional Annotations of the 103 Identified DE
Genes Using the David Pathway Tool

Gene Count B-H Comected PValue
Enrichment score 4.35
Cluster 1
Defense response 18 1410
Inflammatory response 10 1.7=10%
Enrichment score 3.95
Cluster 2
Cell cycle 19 3.8x10°*
M phase 12 1710
Cell eycle phase 13 1.9x10°
Nuclear division 10 1.7x10-
Mitosis 10 1.7=10°

B-H indicates Pvalue after Benjamini-Hochberg correction for false discovery
rate; and DE, differential expression.
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significant enrichment for PPIs and one large network consist-
ing of 21 DE and DM genes (Figure 3). of which 14 are part of
the cell cycle pathway from the functional enrichment analy-
sis (Table 2). We also found 2 smaller PPIs consisting of 3 pro-
teins each: CEBPB, HDAC4, PPARG and AZU I, CTSG, MPO
(Figure 3), all present in the significant pathways of defense
and inflammatory response mechanisms (Table 2).

Next, we further examined the 14 cell cycle pathway genes
for correlations between their gene expressions. These genes
exhibited highly dynamic correlation shifts, with substantially
tighter correlations after the RIC treatment (Figure 4), sug-
gesting that different phases of cell cycle pathway are turned
on as a result of RIC. Interestingly, when we visualized the
coexpression of these genes in the control group, we observed
a clear difference in their correlations when compared with
the aSAH patients at baseline and even more after the treat-
ment (Figure 4), indicating the involvement of these genes in
aSAH and the potential influence of the RIC treatment.

Based on a more detailed Reactome pathway analysis (Table
IV in the online-only Data Supplement), 8 of the 14 genes
(FDR<1.0x107%) are involved in the cell cycle pathway (SPC24,
ESPLI, CLSPN, CDC45, CENPF, FOXM1, CDKI1, RAD5T). In
the Reactome analysis, CDK/ acts as a key regulator of spe-
cific mitotic cell cycle pathways. For instance, we observed that
CDKI is involved in G2/M transition and mitotic G2-G2/M
phases with CENPF and FOXM I, regulating the G2/M check-
points with CLSPN and CDC45. In addition, CDK/ is involved
in processes such as kinetochore assembly in mitotic prometa-
phase and M Phase with SPC24, CENPF, and ESPLI (Table TV
in the online-only Data Supplement). CDKJ is also present in
numerous activation and signaling pathways within mitotic cell
cycle pathway (Table IV in the online-only Data Supplement).

Discussion

We performed the first longitudinal and systematic genome-wide
pilot study in humans comparing gene expression and methyla-
tion changes after RIC in aSAH. We found 164 DE genes and
3493 DM Cp(G sites that are modified, potentially as a result of
RIC. When we overlapped these regions, we observed 204 DM
CpG sites corresponding to 103 DE genes, suggesting meth-
ylation as a potential mechanism regulating gene expression.
These genes were enriched for cell cycle-related processes, as
well as for defense and inflammatory responses. Furthermore,
the identified 14 cell cycle genes exhibited highly correlated
expression signals after RIC (Figure 4). Overall, these findings
provide first insights into the neuroprotective molecular mecha-
nisms underlying RIC in humans.

Our prior work has demonstrated RIC-induced metabolic
changes in the preconditioned limb, as well as cerebral tis-
sue. " Muscle microdialysis during RIC showed an increase
in lactate/pyruvate ratio and lactate, without change in glyc-
erol.” Cerebral microdialysis during RIC showed a decrease
in lactate/pyruvate ratio and glycerol, which persisted after the
last RIC session.™ Identification of markers of the RIC effects
beyond local factors is imperative for determining appropriate
end points in future RIC clinical studies.

Whole-genome transcriptional analysis has been applied
to uncover genetic changes underlying ischemia-induced
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Figure 3. Protein—protein interactions (PPIs) of the 103 differentially expressed (DE) genes using String. We observed a statistically signifi-
cant (P<0.00001) enrichment of PPlIs of the DE genes residing in the cell cycle, defense, and inflammatory response pathways, all passing

the Benjamini correction as shown in Table 2.

neuroprotective effects in animal models.*'*> DNA methyla-
tion changes of gene promoter regions have also been investi-
gated to uncover preconditioning-induced epigenetic changes,
contributing to neuroprotection in mice.* Although proof of
concept animal studies have given great insight into the poten-
tial mechanisms of RIC, they do not necessarily translate
directly to humans, and thus, human studies are essential to
evaluate effects in clinical settings.

Cell cycle machinery and related molecules have been
previously implicated in ischemic neuronal death,***® and
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irregular cell cycle activation has been implicated in stroke.*®®
‘We show evidence for involvement of genes in cell cycle pro-
cesses regulated by CDK/ in the acute stage of aSAH, possi-
bly modified by RIC (Figure 4). We postulate that this pathway
may be important in various forms of ischemia. Furthermore,
we hypothesize that RIC may induce a release of substances
from the ischemic limb muscles to blood. These in turn stimu-
late white blood cells, such as macrophages, to increase the
expression of genes involved in cell cycle and cell prolifera-
tion. Subsequently, these white blood cells may stream to the

Treatment

Figure 4. Co-expression analysis of the 14 mitotic cell cycle genes identified in the Protein-protein interactions (PPls) and functional

enrichment analyses.
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ischemic location in brain and release substances, including
growth factors and other cytokines, to protect brain from fur-
ther apoptosis. This mechanism could lead to the neuroprotec-
tive effects of RIC, although additional functional studies are
warranted to verify the underlying mechanisms.

One of the mechanisms proposed for RIC is inflamma-
tory responses.”* In accordance with this, our DAVID path-
way analysis implicated a set of 18 both DE and DM genes
in defense response pathways (CEBPB, AZUI, BFI, CTSG,
CRISP3, CYSLTRI, HDAC4, INHBA, ILIRI, ILIORB, LTF,
MPO, OLRI, PPARG, PROK2, STATSB, STABI, and TLRS).
Six of these genes were also involved in 2 separate PPIs
(Figure 3).

A recent study exploring human plasma proteome in RIC
found that cysteine-rich secretory protein 3 (CRISP-3) was
increased in serum after RIC in 6 adults.*' This is consistent
with our finding of over a 2-fold increase of CRISP3 gene
expression in blood followed by RIC (Table [ in the online-
only Data Supplement), suggesting its role as a humoral
RIC mediator and surrogate marker. CRISP-3 is a glycopro-
tein present in exocrine secretions, bone marrow, secretory
granules of neutrophils, and plasma bound to alB glyco-
protein.**** Although its complete function is unknown, it is
thought to act in innate immune response and as a prostate
cancer marker,#*

In summary, in this first pilot study, using a longitudinal
design to investigate genome-wide expression and methyla-
tion changes in aSAH patients after RIC, we found evidence
for coordinated expression and methylation changes of a small
set of key genes in mitotic cell cycle, defense, and inflamma-
tory responses. We have limitations in this study, and there-
fore, the results presented here should be further investigated
and verified in future considerably larger genomic studies. In
addition to the small sample size, we recognize that some of
the observed changes in genes expression and methylation are
potentially because of other medical treatments these patients
received in the hospital, and hence, future studies should com-
prise a randomization that includes patients not receiving any
RIC treatment as controls. We also recognize that differences
in blood cell types may contribute to the changes in DNA
methylation and gene expression, and thus future RIC studies
should include analysis of separate fluorescence activated cell
sorting-sorted cells. Nevertheless, longitudinal genome-wide
studies of stroke, and especially SAH, integrating expression
and methylation changes at the genome-wide level are still
sparse, and thus our study provides valuable initial data, start-
ing to elucidate the largely unknown mechanisms underlying
RIC in humans.
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Supplemental Tables

Table I. The 451 differentially expressed genes passing FDR<0.05. The results shown here are from DESeq2 R-package.

Gene Mean log2FC Stat B-H Adjusted p-value
HTRA1 98 -1.28 -6.73 2.47x107
MYB 121 0.96 6.23 3.38x10°
HRH4 123 0.92 5.98 1.09x10°
MAK 621 -0.70 -5.93 1.10x10°
MYO7A 177 -1.00 -5.80 1.61x10°
OLR1 136 1.19 5.82 1.61x10°
CRISP3 394 1.13 5.66 2.93x10°
FBN1 27 0.94 5.65 2.93x10°
CD52 2032 0.63 5.33 1.46x10™
RSAD?2 1025 1.07 5.19 2.68x10™
SERPINB10 108 1.01 5.13 3.24x10™
STAT5B 13869 -0.43 -5.04 4.74x10™
SUFU 566 -0.41 -5.04 4.74x10™
MRVI1 2714 -0.72 -5.00 5.38x10™
BCL2L15 74 0.93 4.95 6.44x10™
SSH1 2477 -0.49 -4.92 7.15x10™
IDO1 98 1.00 4.88 8.44x10™
ANLN 39 0.91 4.85 8.96x10™
DNAH17 1640 -0.56 -4.85 8.96x10™
TGFBI 3328 -0.66 -4.83 9.26x10™
HAUS4 1226 -0.57 -4.80 9.70x10™
RP11-473M20.5 362 -0.79 -4.81 9.70x10™
MANSC1 2500 -0.68 -4.78 1.03x10°°
MS4A3 355 0.97 4.76 1.12x10°
RP5-968J1.1 49 -0.73 -4.75 1.15x10°°
ETS2 2895 -0.65 -4.72 1.20x10°°
P2RY14 230 0.86 4.72 1.20x10°°
ATP2B4 3792 -0.57 -4.69 1.36x10°
BRIP1 26 0.79 4.66 1.52x10°
CD163 2193 -0.78 -4.60 1.97x10°
ACSL1 40710 -0.65 -4.58 2.14x10°
RP11-1D12.2 26 0.93 4.57 2.19x10°
FAM129A 19351 -0.55 -4.54 2.28x10°
NT5DC4 71 -0.77 -4.55 2.28x10°
ADAM19 4928 -0.48 -4.54 2.32x10°
DGKD 4162 -0.38 -4.52 2.40x10°
ABCA2 2913 -0.48 -4.50 2.56x10°
HINT1 540 0.54 4.46 2.91x10°
TRIM7 122 -0.64 -4.45 2.94x10°
PIWIL4 117 0.63 4.45 2.96x10°
ST14 819 -0.67 -4.44 2.96x10°
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CIT
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1991
66
2153
3222
77
111
1533
5694
57
552
38
5812
66
677
98
155
33
476
10987
213
355
8737
317
199
9171
794
52
750
197
2041
72
369
55
917
1090
19125
2094
1235
196
32
2413

-0.31
-0.42
0.72
0.65
-0.46
-0.42
-0.53
-0.36
-0.33
0.54
0.71
0.71
-0.54
-0.62
-0.70
0.62
-0.37
-0.67
0.52
0.52
-0.50
-0.68
0.53
-0.53
0.57
-0.69
-0.36
0.39
0.39
-0.50
0.69
0.57
-0.44
-0.53
0.68
0.64
-0.47
0.67
0.28
-0.37
-0.41
-0.56
-0.48
-0.49
0.64
0.69
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-3.52
-3.51
3.50
3.50
-3.50
-3.50
-3.50
-3.49
-3.49
3.49
3.49
3.49
-3.48
-3.48
-3.47
3.47
-3.47
-3.47
3.46
3.46
-3.46
-3.46
3.43
-3.44
3.43
-3.43
-3.43
3.43
3.43
-3.43
3.43
3.42
-3.43
-3.42
3.42
3.42
-3.42
3.42
341
-341
-341
-341
-341
-341
341
341

2.61x10
2.69x107
2.69x10
2.72x107
2.73x107
2.73x107
2.73x107
2.76x10
2.77x10°
2.77x107°
2.77x10°
2.77x10°
2.78x107
2.81x107
2.90x107
2.90x107
2.90x107
2.90x107
2.91x10
2.94x107
2.94x107
2.94x107
3.14x107?
3.14x107
3.14x107?
3.14x107
3.14x107?
3.14x107
3.14x107?
3.14x107
3.14x107?
3.16x107
3.16x107
3.16x107
3.16x10
3.18x107
3.19x107
3.19x107
3.21x107
3.21x107
3.21x107
3.21x107
3.21x107
3.21x107
3.21x107
3.22x107



VRK1
MRPL39
ABAT
CUX1
MBP
NDCB80
RTDR1
ZSCAN18
SVIL
ZNF503
ENY?2
SLC8A1L
UGGT1
PRIM2
IL5RA
RP11-701P16.5
CASC3
FOXM1
IFIT3
RP11-802E16.3
C5AR1
BICD2
Clorfl15
CEACAM6
CEACAMS
ECHDC3
RP11-298I13.1
RPA3
FKBP3
MLF1IP
DEFA3
DEFA4
DYRK4
SORL1
ALDH9A1
BAIAP2-AS1
EPHB2
BPI
COL8A2
RNASE1
TADA2B
ARV1
NCOAG6
PSAT1
RNF175
CD1D

122
56
965
2758
9465
55
47
211
3671
42
316
955
1942
106
172
90
5745
107
2993
317
19382
3275
79
578
1080
220
96
93
181
37
19589
2976
91
39212
1170
599
91
3539
89
114
1680
73
1513
66
461
738

0.59
0.48
-0.36
-0.41
-0.42
0.57
-0.65
-0.34
-0.45
-0.46
0.45
-0.51
-0.29
0.36
0.59
-0.57
-0.40
0.60
0.67
-0.37
-0.45
-0.36
-0.45
0.69
0.68
-0.65
-0.56
0.49
0.38
0.59
0.64
0.64
0.51
-0.46
-0.26
-0.42
-0.50
0.67
-0.47
-0.67
-0.31
0.36
-0.30
0.49
-0.49
-0.39
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3.40
3.39
-3.39
-3.39
-3.39
3.39
-3.39
-3.39
-3.38
-3.38
3.38
-3.38
-3.38
3.38
3.37
-3.37
-3.36
3.36
3.36
-3.36
-3.36
-3.35
-3.35
3.35
3.36
-3.35
-3.35
3.35
3.34
3.34
3.34
3.34
3.34
-3.34
-3.33
-3.33
-3.33
3.33
-3.33
-3.33
-3.32
3.32
-3.32
3.32
-3.32
-3.32

3.23x107
3.35x107
3.35x107
3.35x107
3.38x107
3.38x107
3.38x107
3.38x107
3.39x107
3.39x107
3.42x107
3.42x107
3.42x107
3.43x107
3.51x10
3.51x10
3.51x10
3.53x10
3.53x10
3.53x10
3.54x107
3.55x107
3.55x107
3.55x107
3.55x107
3.55x107
3.55x107
3.60x10
3.60x10
3.60x10
3.60x10
3.60x10
3.62x107
3.64x107
3.66x10
3.66x10
3.66x10
3.72x107
3.73x107
3.73x107
3.74x107
3.75x107
3.75x107
3.75x107
3.75x107
3.77x107



CDCA7L
RP11-67C2.2
C100rf105
ARHGAP26
AQP9
MDH1
SS18L2
NOTCH2
CTC-246B18.8
RFC3
RP11-181G12.2
CDK1
TUFT1
C5orf56
ESPL1
IL10RB
SLC11A1
FBXO5
IFT57
KAT6A
KDM5B
KIAAQ0391
NOL3
SLC5A9
TCF19
DTL
MIS18A
ZNF608
DHFR
IRF2BPL
STMNL1
CYSLTR1
IL1B
UQCRQ
CTNNA1
DBN1
FAM49A
RETN
UBE4B
ZNF367
SLC29A3
CFLAR
PTGFRN
ACADM
GBGT1
MATN2

287
330
295
7235
27659
490
107
9263
69
69
171
28
132
725
61
3218
22240
75
120
3646
1009
418
87
68
193
44
38
207
212
2936
432
355
1836
182
2898
642
2729
980
1704
77
186
14455
47
201
616
27

0.49
-0.45
-0.60
-0.43
-0.41
0.44
0.44
-0.42
-0.49
0.48
-0.36
0.68
-0.48
0.41
0.63
-0.30
-0.50
051
0.48
-0.43
-0.34
0.24
-0.41
-0.63
0.49
0.67
0.50
-0.64
0.42
-0.49
0.62
0.42
-0.45
0.50
-0.39
-0.51
-0.34
0.67
-0.33
0.52
-0.34
-0.35
-0.54
0.43
-0.43
0.54
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3.32
-3.32
-3.31
-3.31
-3.31

3.30

3.30
-3.30
-3.30

3.30
-3.30

3.29
-3.29

3.29

3.29
-3.29
-3.29

3.28

3.28
-3.28
-3.28

3.28
-3.28
-3.28

3.28

3.27

3.27
-3.27

3.27
-3.27

3.27

3.27
-3.26

3.26
-3.25
-3.26
-3.26

3.26
-3.26

3.26
-3.25
-3.25
-3.25

3.25
-3.25

3.25

3.77x10?
3.78x107
3.79x10
3.84x107
3.86x10
3.89x107
3.89x107
3.90x10
3.94x107
3.94x107
3.94x107
3.96x10
3.96x10
4.00x10
4.00x10
4.00x10
4.02x10
4.04x10
4.04x10
4.04x10
4.04x10
4.04x10
4.04x10
4.04x10
4.04x10
4.04x10
4.04x10
4.04x10
4.04x10
4.05x10
4.07x10°
4.10x10
4.10x10
4.12x107
4.16x10
4.16x10
4.16x10
4.16x10
4.16x10
4.16x10
4.17x10°
4.18x10
4.19x10
4.20x10
4.20x10
4.20x10



MOCS2
SGOL2
FOSL2
FANCL
GPR97
PKNOX1
WASF2
IGF1R
LTF
NCAPG2
ITGAM
TIMM10
ADH5
RPSAP58
AC007278.3
ATP5C1
CRISPLD2
ITSN1
RP13-580F15.2
COPS4
CCNAZ2
ZNF319
CIDEB
MYLIP
ATXN1
DOK3
SHROOM1
TBC1D30
TLE4
ASPM
ZNF823
EEF1E1
RNF144A
SPC24
NCOR2
SLC8A1-AS1
SNX27
MLLT1
MEGF6
ZNF746
BEST1
CBL

GNS
GPX7
MFN2
RAD51

93
40
7657
75
10028
479
8791
2866
14590
149
12705
178
436
124
212
618
4330
199
68
217
68
1121
67
1719
2498
14016
141
82
2706
46
21
26
391
50
2947
26
3312
1133
891
3152
1992
5966
6114
90
4153
56

0.35
0.60
-0.36
0.52
-0.46
-0.26
-0.36
-0.43
0.63
0.48
-0.44
0.62
0.36
0.46
-0.64
0.39
-0.50
-0.36
0.55
0.40
0.61
-0.36
-0.44
-0.36
-0.31
-0.47
-0.52
-0.47
-0.32
0.66
0.59
0.54
0.46
0.66
-0.34
-0.54
-0.33
-0.33
-0.39
-0.43
-0.38
-0.36
-0.37
0.42
-0.37
0.59
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3.25
3.24
-3.24
3.24
-3.24
-3.24
-3.24
-3.23
3.23
3.23
-3.23
3.23
3.23
3.23
-3.22
3.22
-3.22
-3.22
3.22
3.22
3.21
-3.21
-3.21
-3.21
-3.21
-3.21
-3.21
-3.20
-3.20
3.20
3.20
3.20
3.20
3.20
-3.20
-3.20
-3.20
-3.19
-3.19
-3.19
-3.19
-3.19
-3.19
3.19
-3.19
3.19

4.20x10
4.20x10
4.24x10°
4.25x10
4.28x10
4.28x10
4.28x10
4.28x10
4.28x10
4.28x10
4.29x10
4.29x10
4.30x10
4.30x10
4.35x10
4.35x10
4.35x10
4.35x10
4.35x10
4.36x10
4.40x10
4.43x10
4.43x10
4.43x10
4.44x10
4.44x10
4.44x10
4.45x10
4.45x10
4.46x107
4.46x10
4.47x10°
4.47x10°
4.47x10°
4.48x10
4.48x10
4.49x10
4.50x10
4.50x10
4.52x10
4.52x10
4.52x10°
4.52x10°
4.52x10°
4.52x10
4.52x10



RP11-344B5.2 224 -0.46 -3.19 4.52x10°

PYGL 15676 -0.47 -3.18 4.54x10°
CHEK1 43 0.56 3.18 4.55x10”
ZCCHC9 191 0.29 3.18 4.55x10”
CPSF7 3652 -0.37 -3.18 4.56x107
ULK1 4884 -0.39 -3.18 4.57x10°
AC096772.6 114 -0.34 -3.18 4.60x10
IFITS 664 0.55 3.18 4.60x10
RPS27L 136 0.43 3.18 4.60x10
TYMS 163 0.64 3.18 4.60x10
LINC00211 173 -0.39 -3.17 4.62x10°
NDEL1 3893 -0.37 -3.17 4.62x10°
CLSPN 44 0.54 3.17 4.64x10°
EZH2 173 0.46 3.17 4.64x10°
FAMT71F2 105 -0.48 -3.17 4.64x10°
LPCAT3 1538 -0.37 -3.17 4.64x10°
TG 105 -0.52 -3.17 4.64x10°
EXOSC9 265 0.35 3.16 4.69x10°
PSMD10 202 0.36 3.16 4.70x10°
TOMMS5 44 0.41 3.16 4.72x10°
LINC00593 37 -0.54 -3.16 4.74x10°
CXCR1 32208 -0.47 -3.16 4.78x10°
ITPRIP 3718 -0.38 -3.15 4.80x10°
NDUFA4 329 0.53 3.15 4.80x10°
PWP1 314 0.26 3.15 4.80x10°
ZNF480 105 0.38 3.15 4.80x10”
HMGN1 1203 0.35 3.15 4.80x10°
MSN 34989 -0.39 -3.15 4.80x10”
NSMCE4A 260 0.31 3.15 4.80x10°
SEMAGA 35 0.48 3.15 4.80x10”
SSB 304 0.39 3.15 4.80x10°
TRIAP1 87 0.38 3.15 4.83x107
PADI2 8617 -0.45 -3.15 4.84x10°
SLC2A3 16672 -0.43 -3.14 4.88x10”
HAUS2 224 0.28 3.14 4.89x10°
PSMG1 77 0.44 3.14 4.90x10°
DZIP1L 33 0.63 3.14 4.95x10
ARNTL2 30 0.51 3.13 4.96x10”
TIPIN 35 0.47 3.13 4.97x10°
LDLRAD3 118 -0.48 -3.13 4.97x10°
NRG1 159 -0.43 -3.13 4.97x10°
ASPH 963 -0.51 -3.13 4.98x10”

Log2FC indicates Log2 fold change; Stat indicates the results from Wald statistic; and B-H indicates P-value after Benjamini-
Hochberg correction for false discovery rate.

89



Table 1. The 164 differentially expressed genes between controls and aneurysmal SAH (aSAH) patients before and after RIC treatment.

DESeq2 aSAH untreated vs. treated untreated controls vs. untreated aSAH untreated controls vs. treated aSAH

GENE Mean Log2FC SE Stat  P-value Mean Log2FC SE Stat  P-value Mean Log2FC SE Stat  P-value
HTRAL 98 -128 019 -6.73 2.47x107 86 225 027 8.26  5.00x107%* 39 063 027 232 8.09x10°
MYOT7A 177 -1.00 0.7 -580 1.61x10° 173 159 0.20 7.88  9.69x107%* 109 034 0.8  1.89 1.69x10™
OLR1 136 119 020 582 1.61x10° 40 0.83 0.34 249  3.59x107 118 244 031  7.89  4.65x107%*
CRISP3 394 113 020 566 2.93x10° 153 0.46 033 1.39  2.72x10* 369 1.85 032 580 7.91x107*
SERPINB10 108 1.00 020 513 3.24x10™ 38 0.89 0.30 3.00 1.01x107 94 223 030 734  1.26x107%*
STAT5B 13869 -0.43 0.08 -504 4.74x10™" 14359 0.76 0.15 527  4.52x10°%* 12921 034 014 233 8.02x107
BCL2L15 74 093 019 495 6.44x10* 45 0.03 0.20 0.16  9.16x10™ 80 141 024 585 6.46x107*
SSH1 2477 049 0.10 -492 7.15x10" 2519 0.86 0.15 5.86  3.48x107* 2221 038 015 246 6.14x107
DNAH17 1640 056 011 -485 8.96x10™" 1412 145 022 6.56  1.27x10°%* 1121 084 021 402 1.21x10°
ANLN 39 091 0.19 485 8.96x10" 21 0.64 0.23 2,73 2.00x102 37 179 022 822 5.85x107%
RP11-473M20.5 | 362 -0.79 016 -481 9.70x10* 394 0.99 0.20 495  1.56x10°* 298 007 020 035 843x10"
HAUS4 1226 057 0.2 -480 9.70x10™ 1319 0.80 0.18 449  9.42x10°* 1119 019 0.17 112 459x10™
MANSC1 2500 068 014 -478 1.03x10° 2417 114 0.8 6.23  7.17x10°%* 1959 047 020 232 8.12x10°
MS4A3 355 097 020 476 1.12x10° 166 0.13 0.28 0.46  7.47x10" 362 170 028  6.02 2.63x107*
RP5-968J1.1 49 -0.73 015 -475 1.15x10° 49 115 0.21 551  1.72x10°%* 37 033 021 161 2.53x10*
ETS2 2895 065 014 -472 1.20x10° 2937 1.07 0.8 5.86  3.48x107* 2334 032 0.17 191 1.65x10™
RP11-1D12.2 26 093 020 457 2.19x10° 7 054 035 154  2.19x10* 23 224 032 693  1.45x10°*
DGKD 4162 -0.38 008 -452 2.40x10° 4483 0.62 0.10 6.34  4.20x10°%* 4143 025 011 234 7.78x10%
TRIM7 122 064 014 -445 294x10° 126 092 015 6.32  4.48x10°%* 105 028 0.17 162 2.52x10*
ST14 819 067 015 -444 2.96x10° 886 0.88 0.17 5.06  1.03x10°* 719 014 0.18 078 6.26x10"
PIWIL4 117 063 0.14  4.45 2.96x10° 86 042 013 331  4.26x10° 118 121 016 736  1.06x10™%*
CASC5 57 078 018 438 3.66x10° 40 029 0.20 1.45  2.47x10* 59 127 019 687 2.14x10°*
CYP1B1-AS1 76 073 017 -436 3.93x10° 75 123 025 501  1.27x10°* 54 034 023 147 3.05x10"
AL137145.1 205 070 016 -435 3.98x10° 208 112 0.19 5.82  4.24x107* 160 030 0.19 157 2.68x10™
FUT4 360 045 010 435 3.98x10° 328 025 0.07 357  1.98x10° 397 075 009 822 585x10%%*
MKNKZ1 4681 044 010 -433 4.17x10° 4460 1.01  0.19 520  5.95x10°%* 3895 054 019 291 2.42x10°
INHBA 20 0.88 020 432 4.30x10° 8 075 035 2.14  7.43x10° 17 1.84 032 570 1.28x10°*
AC061992.1 192 063 015 -431 4.30x10° 158 175 0.24 7.30  2.81x107% 114 1.01 022 455 1.97x10*
GBP4 1456 080 019 430 4.30x10° 1927 -1.07 020 -536  3.14x10°* 2517 007 022 034 851x10*
STAB1 3278 061 014 -430 4.32x10° 3351 1.04 0.14 7.20  5.63x107% 2712 032 013 250 5.70x10%
BMF 1012 -0.33 008 -427 4.65x10° 1148 0.46  0.08 5.83  4.03x107* 1081 013 009 152 2.88x10"
CLMN 1191 044 010 -423 4.98x10° 1292 0.68 0.13 541  2.60x10°* 1155 021 012 175 2.09x10*
IF144 544 0.84 020 424 4.98x10° 698 2145 032  -449  9.23x10°* 804 073 030 -242 6.70x10°
RFX2 2047 061 014 -423 4.99x10° 1849 130 022 6.00 1.91x107* 1489 067 022 304 1.80x107
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RP11-473M20.7
NLRP12
COL17A1
RNASE4

GBP5

ATP8B4
ABCA13
SLC7A7

RP11-1334A24.6

KIF15
VSIG4
RNASE3
KIAA0101
SIRPA
ERG
PFKFB3
PRC1
FBXO4
DLGAPS
HDAC4
NCAPG
HPN
IL1IR1
LAMC1
CEP55
PPARG
CTSG
CIT

TLRS
CNTNAP3
MMP14
AMPH
FAM219A
SLC2A5
IL4R
CENPF
LINCO00482
AATK
ZFP36

5443
4658
101
146
3964
407
197
3945
556
24
299
701
37
13345
63
6018
90
60
28
2592
41
19
1115
134
29
25
1261
46
1668
1973
124
63
584
220
10554
76
120
4392
10959

-0.55
-0.46
0.85
-0.55
0.79
0.57
0.83
-0.52
-0.52
0.76
-0.79
0.81
0.81
-0.47
0.80
-0.58
0.62
0.56
0.79
-0.37
0.75
-0.74
-0.52
-0.53
0.78
-0.73
0.74
0.75
-0.50
-0.66
-0.55
-0.74
-0.30
0.75
-0.49
0.73
-0.61
-0.47
-0.41

0.13
0.11
0.21
0.13
0.19
0.14
0.21
0.13
0.13
0.19
0.20
0.20
0.21
0.12
0.21
0.15
0.16
0.14
0.20
0.10
0.20
0.19
0.14
0.14
0.20
0.19
0.19
0.20
0.13
0.17
0.14
0.20
0.08
0.20
0.13
0.20
0.16
0.13
0.11

-4.21
-4.17
4.13
-4.11
4.09
4.08
4.05
-4.03
-3.99
3.99
-3.97
3.97
3.94
-3.93
3.89
-3.87
3.88
3.86
3.86
-3.84
3.84
-3.83
-3.83
-3.83
3.82
-3.82
3.81
3.81
-3.79
-3.79
-3.77
-3.77
-3.76
3.74
-3.73
3.72
-3.72
-3.70
-3.70

5.27x107
5.57x107
6.17x107
6.72x107
7.18x107
7.27x10°
8.00x107
8.46x107
9.39x107
9.39x10°°
9.66x107
9.66x10°
1.06x107
1.09x107
1.19x1072
1.20x107
1.20x1072
1.25x107
1.26x1072
1.32x107
1.32x1072
1.33x107
1.33x1072
1.33x107
1.33x1072
1.35x107
1.35x1072
1.35x107
1.43x107
1.44x107
1.45x1072
1.47x107
1.51x107
1.60x107
1.64x1072
1.64x107
1.66x1072
1.75x107
1.76x1072

5398
4797
30
146
4980
360
78
4283
577
17
240
88
15
13087
24
4986
80
81
15
2644
26
17
1038
144
16
19
74
35
1515
1586
115
53
647
97
9961
57
108
4274
11298

0.97
0.78
091
1.00
-1.09
0.17
0.81
0.77
0.81
0.13
1.94
0.64
0.52
0.94
0.83
1.55
-0.01
-0.65
0.56
0.81
0.41
1.68
1.13
0.76
0.41
2.13
1.02
-0.01
1.16
1.48
1.25
1.99
0.49
0.54
1.10
0.06
1.35
0.94
0.77

0.18
0.16
0.26
0.19
0.23
0.14
0.34
0.13
0.18
0.24
0.29
0.33
0.25
0.18
0.27
0.26
0.12
0.14
0.27
0.16
0.23
0.25
0.21
0.15
0.25
0.27
0.34
0.20
0.23
0.30
0.18
0.27
0.09
0.22
0.19
0.20
0.22
0.15
0.15

91

5.34
4.86
3.48
5.33
-4.77
1.19
2.38
5.87
4.55
0.57
6.78
1.97
2.04
5.30
3.09
5.87
-0.11
-4.52
2.08
5.02
1.81
6.64
5.27
5.18
1.63
7.85
3.01
-0.05
5.16
5.00
6.91
7.46
5.35
2.42
5.74
0.31
6.11
6.19
5.13

3.35x10°%*
2.29x107°*
2.63x107
3.57x10°%*
3.13x10°%*
3.57x10™
4.53x107
3.43x107*
7.27x10°%
6.81x10"
4.08x10°%*
1.04x10*"
9.14x107
3.99x10°%*
7.94x107
3.33x107*
9.41x10™
8.22x107°*
8.39x1072
1.21x10°*
1.41x10™
8.73x10°%*
4.47x10°%*
6.56x10°*
1.88x10™
9.69x101%*
9.92x10°
9.76x10™
7.00x10°°*
1.30x10°*
2.16x10°*
1.16x107%
3.24x10°%*
4.19x107
6.00x107*
8.30x10™
1.17x107*
8.69x10°8*
8.11x10°%*

4601
4292
89
121
6743
455
171
3684
505
26
109
163
35
11456
55
3844
105
96
27
2366
41
11
869
126
29
12
162
52
1281
1265
93
31
612
208
8434
85
85
3805
10170

0.41
0.34
2.46
0.39
0.16
0.81
1.96
0.18
0.30
1.19
0.20
1.60
1.97
0.46
2.20
0.91
0.79
-0.04
1.79
0.38
1.43
0.71
0.58
0.21
1.59
1.20
2.03
1.07
0.65
0.90
0.62
0.91
0.19
1.94
0.57
1.10
0.67
0.50
0.35

0.19
0.17
0.30
0.18
0.26
0.14
0.32
0.12
0.19
0.24
0.23
0.32
0.28
0.18
0.28
0.26
0.16
0.13
0.23
0.14
0.21
0.26
0.21
0.16
0.24
0.28
0.33
0.19
0.22
0.30
0.17
0.25
0.09
0.27
0.19
0.19
0.22
0.17
0.15

2.16
1.98
8.14
2.23
0.63
5.84
6.16
1.47
1.61
4.98
0.87
5.03
7.06
2.56
7.88
3.55
4.99
-0.31
7.83
2.73
6.75
2.74
2.73
1.28
6.72
4.36
6.21
5.74
2.90
2.98
3.74
3.68
2.18
7.18
3.03
5.87
2.99
2.87
2.35

1.08x10™
1.47x10"
8.38x10™%*
9.61x1072
7.02x10™
6.47x107*
1.22x107*
3.05x10™
2.56x10™
3.62x107°*
5.80x10™
3.01x107°*
6.74x100%
5.05x10
4.65x10™%*
4.91x107
3.36x10°%*
8.65x10™
6.29x10%*
3.59x10
4.43x10°*
3.46x107
3.59x1072
3.85x10™
5.24x10%*
3.92x10™
9.61x10°%*
1.03x10°%*
2.42x107
2.04x107
2.82x107
3.35x10°
1.04x10™
3.16x10*
1.85x1072
5.89x107*
2.01x107
2.62x107
7.61x1072




DUSP1
NFIL3
RP11-20B24.7
SH3PXD2B

DKFZP667F0711

MTMR3
MERTK
AC091878.1
KIF11
NFKBIA
TECPR2
GPER
AZU1
PEX3
TMEM150B
TARM1
MARVELD1
S1PR3
RHAG
LAMP3
PROK2
LINCO00963
CDC45
SUCNR1
RP11-373D23.3
GAS7
RASSF2
TCN1
ZCCHC24
KIF14
TOP2A
MMP8
ARHGEF40
ADAMTS2
PHF21A
PNPLAL
CEBPB
FLT3
HERC5

9605
2422
183
114
113
7364
138
107
107
4244
4937
153
2651
68
307
63
480
391
22
46
9621
1937
36
20
149
7416
23485
688
200
19
111
1533
5694
552
5812
155
10987
355
794

-0.62
-0.47
-0.49
-0.70
-0.63
-0.38
-0.59
-0.56
0.55
-0.48
-0.40
-0.74
0.72
0.51
-0.51
0.74
-0.61
-0.54
0.73
0.72
-0.54
-0.49
0.73
0.68
-0.56
-0.52
-0.39
0.73
-0.38
0.65
0.71
0.71
-0.54
-0.70
-0.37
-0.50
-0.53
-0.69
0.69

0.17
0.13
0.13
0.19
0.17
0.10
0.16
0.15
0.15
0.13
0.11
0.20
0.20
0.14
0.14
0.21
0.17
0.15
0.21
0.20
0.15
0.14
0.21
0.19
0.16
0.15
0.11
0.21
0.11
0.19
0.20
0.20
0.16
0.20
0.11
0.15
0.16
0.20
0.20

-3.70
-3.69
-3.69
-3.69
-3.68
-3.66
-3.66
-3.65
3.63
-3.62
-3.61
-3.61
3.60
3.60
-3.59
3.58
-3.57
-3.57
3.57
3.56
-3.56
-3.55
3.55
3.55
-3.54
-3.53
-3.53
3.53
-3.52
3.50
3.49
3.49
-3.48
-3.47
-3.47
-3.46
-3.44
-3.43
3.43

1.77x107
1.77x107
1.79x1072
1.79x107
1.81x107
1.91x107
1.91x1072
1.95x107
2.09x1072
2.12x107
2.15x1072
2.18x107
2.20x1072
2.22x107
2.22x107
2.26x107
2.32x107
2.32x107
2.32x1072
2.37x107
2.37x107
2.38x107
2.38x107
2.38x107
2.45x1072
2.51x107
2.54x107
2.54x107
2.60x1072
2.72x107
2.77x107
2.77x107
2.78x1072
2.90x107
2.90x1072
2.94x107
3.14x107
3.14x107
3.14x107

9807
2530
168
101
114
7804
141
86
86
4186
4872
128
183
102
294
14
473
436
12
68
8807
1822
13
12
137
6704
25670
232
204
12
72
425
5390
379
5832
160
10791
323
1023

1.02
0.77
1.16
1.75
1.09
0.67
1.00
1.58
0.35
0.97
0.85
1.99
0.96
-0.82
1.07
1.16
111
0.66
0.73
-1.56
1.20
1.13
0.70
0.53
1.32
1.27
0.59
0.55
0.77
0.64
0.38
1.05
1.09
2.49
0.81
0.86
1.04
151
-1.33

0.19
0.17
0.18
0.29
0.23
0.14
0.21
0.28
0.15
0.14
0.17
0.29
0.33
0.13
0.15
0.30
0.16
0.14
0.33
0.28
0.25
0.17
0.26
0.23
0.24
0.18
0.13
0.24
0.13
0.27
0.25
0.36
0.20
0.38
0.17
0.16
0.18
0.28
0.29
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5.49
4.68
6.40
5.95
4.77
4.74
4.63
571
2.28
7.12
5.10
6.93
2.96
-6.11
7.01
3.86
6.82
4.72
221
-5.51
471
6.79
2.65
2.27
5.43
7.19
4.55
2.27
5.83
2.37
1.50
2.93
5.35
6.57
4.77
531
5.67
5.40
-4.62

1.83x10°*
4.59x107°*
2.91x10°%*
2.39x107*
3.13x10°%*
3.61x107°*
5.47x10°%*
6.72x107*
5.69x1072
7.27x107%
8.89x10°%*
1.96x10°*
1.11x107
1.18x107*
1.26x10°*
8.05x10™
3.59x10°%*
3.80x107°*
6.52x1072
1.67x10°%*
3.99x10°%*
3.97x10°*
2.42x107
5.71x1072
2.37x10°*
5.63x1070%
7.41x10°*
5.72x1072
4.13x107*
4.61x107
2.31x10™
1.20x1072
3.33x10°%*
1.25x10%*
3.21x10°°%*
3.83x10°%*
7.96x107*
2.65x10°°*
5.69x10°%*

7874
2240
144
61
88
7138
113
67
112
3635
4416
74
322
117
251
26
382
382
20
79
7119
1544
33
19
105
5545
23572
372
187
17
111
1275
4535
95
5288
138
9016
216
1205

0.30
0.30
0.65
0.70
0.33
0.28
0.30
0.98
1.01
0.46
0.46
0.86
1.72
-0.26
0.53
2.00
0.41
0.11
1.70
-0.66
0.60
0.59
2.14
1.50
0.60
0.70
0.20
1.49
0.40
1.45
1.42
231
0.53
1.03
0.42
0.33
0.44
0.54
-0.51

0.19
0.17
0.19
0.26
0.22
0.14
0.21
0.27
0.16
0.14
0.17
0.28
0.32
0.13
0.17
0.30
0.18
0.17
0.28
0.28
0.25
0.16
0.29
0.24
0.22
0.18
0.13
0.26
0.14
0.24
0.20
0.34
0.21
0.35
0.17
0.17
0.19
0.28
0.29

1.56
171
3.45
2.69
1.48
1.97
1.44
3.61
6.16
3.24
2.69
3.06
5.36
-1.94
3.20
6.67
2.30
0.67
5.99
-2.34
2.45
3.57
7.46
6.28
2.76
3.96
1.50
5.77
2.82
5.93
7.21
6.84
2.50
2.96
2.53
1.89
2.37
1.94
-1.79

2.71x10™
2.21x10"
6.37x107
3.87x107
3.03x10™
1.49x10*"
3.18x10™
4.10x107
1.24x107*
1.11x107
3.91x107
1.71x107
6.56x10°*
1.55x10"
1.20x1072
6.89x10°*
8.40x1072
6.80x10™
3.04x107*
7.82x107
6.30x1072
4.58x107
6.10x10™*
6.80x10%*
3.32x107
1.48x107
2.93x10™
9.20x107*
2.96x1072
4.12x107*
2.86x1070%
2.47x10°%*
5.74x107
2.16x107
5.41x1072
1.70x10"
7.38x1072
1.57x10"
1.97x10™




PTX3
BAIAP2
ZWINT
BUB3
ILI7RA
SRXN1
MPO
CuX1
RTDR1
UGGT1
FOXM1
BICD2
CEACAM6
CEACAMS
DEFA4
BPI
RNASE1
RP11-67C2.2
CTC-246B18.8
CDK1
IL10RB
ESPL1
NOL3
ZNF608
DTL
DHFR
IRF2BPL
CYSLTR1
GBGT1
MOCS2
LTF
ITGAM
ITSN1
CCNA2
ATXN1
DOK3
ASPM
RNF144A
SPC24

72
369
55
917
19125
196
2413
2758
47
1942
107
3275
578
1080
2976
3539
114
330
69
28
3218
61
87
207
44
212
2936
355
616
93
14590
12705
199
68
2498
14016
46
391
50

0.64
-0.47
0.67
0.28
-0.41
-0.49
0.69
-0.41
-0.65
-0.29
0.60
-0.36
0.69
0.68
0.64
0.67
-0.67
-0.45
-0.49
0.68
-0.30
0.63
-0.41
-0.64
0.67
0.42
-0.49
0.42
-0.43
0.35
0.63
-0.44
-0.36
0.61
-0.31
-0.47
0.66
0.46
0.66

0.19
0.14
0.20
0.08
0.12
0.14
0.20
0.12
0.19
0.08
0.18
0.11
0.21
0.20
0.19
0.20
0.20
0.14
0.15
0.21
0.09
0.19
0.12
0.19
0.20
0.13
0.15
0.13
0.13
0.11
0.20
0.14
0.11
0.19
0.10
0.15
0.21
0.14
0.21

3.42
-3.42
3.42
341
-3.41
-3.41
341
-3.39
-3.39
-3.38
3.36
-3.35
3.35
3.36
3.34
3.33
-3.33
-3.32
-3.30
3.29
-3.29
3.29
-3.28
-3.27
3.27
3.27
-3.27
3.27
-3.25
3.25
3.23
-3.23
-3.22
3.21
-3.21
-3.21
3.20
3.20
3.20

3.18x1072
3.19x1072
3.19x1072
3.21x107
3.21x107
3.21x107
3.22x1072
3.35x10
3.38x1072
3.42x107
3.53x1072
3.55x10
3.55x1072
3.55x10
3.60x1072
3.72x107
3.73x107
3.78x107
3.94x107
3.96x10
4.00x1072
4.00x1072
4.04x107
4.04x107
4.04x107
4.04x107
4.05x1072
4.10x107
4.20x107
4.20x107
4.28x107
4.29x107
4.35x107
4.40x107
4.44x107
4.44x107
4.46x107
4.47x107
4.47x107

44
385
35
1251
19771
192
368
3088
42
2746
78
3504
184
306
249
625
87
317
74
14
3382
36
89
182
25
195
2859
521
602
131
2436
12835
210
53
2566
13951
29
596
19

0.41
0.79
0.32
-0.42
0.75
0.95
1.05
0.59
1.46
-0.07
0.30
0.62
0.96
0.80
1.26
1.09
2.40
1.00
0.74
0.50
0.63
0.60
0.81
1.38
0.59
0.26
1.01
-0.71
091
-0.54
0.71
0.86
0.66
0.26
0.70
0.87
0.43
-0.85
0.42

0.14
0.13
0.17
0.08
0.16
0.20
0.27
0.12
0.25
0.08
0.14
0.11
0.34
0.35
0.35
0.32
0.34
0.20
0.15
0.28
0.14
0.18
0.15
0.29
0.23
0.12
0.20
0.14
0.15
0.10
0.35
0.18
0.13
0.19
0.13
0.18
0.27
0.13
0.23
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2.85
5.96
1.86
-5.46
4.80
4.79
3.87
4.72
5.87
-0.91
2.07
5.64
2.87
2.30
3.57
3.45
7.06
5.06
4.82
177
4.54
3.38
5.30
481
2.60
2.13
5.12
-4.95
6.18
-5.21
2.04
4.88
5.04
1.38
521
4.80
1.57
-6.34
1.84

1.47x107
2.29x107*
1.28x10™
2.07x10°%*
2.87x10°*
2.95x10°*
7.73x10™
3.87x107°*
3.33x107*
4.93x10™
8.56x1072
9.34x107"*
1.43x107
5.42x1072
1.97x10°
2.89x107
1.03x10°%*
1.05x10°*
2.64x10°%*
1.50x10*"
7.81x107°*
3.53x10°
4.02x10°%*
2.78x10°*
2.75x1072
7.61x107
8.25x10°%*
1.58x10°*
8.92x10°%*
5.78x10°%*
9.25x1072
2.09x10°*
1.11x10°*
2.75x10™
5.78x10°%*
2.86x10°*
2.08x10™
4.29x10°%*
1.32x10™

72
340
56
1372
17857
166
636
2787
31
2650
112
3257
493
944
499
1122
42
274
64
27
3166
58
79
137
42
233
2433
592
541
146
4541
11307
193
73
2392
12377
45
686
28

1.47
0.31
1.39
-0.14
0.34
0.46
1.88
0.13
0.65
-0.37
1.17
0.27
2.19
2.20
2.07
1.85
1.38
0.51
0.22
1.76
0.32
1.59
0.35
0.65
1.69
0.73
0.47
-0.22
0.49
-0.17
1.58
0.39
0.29
1.07
0.38
0.42
1.49
-0.28
1.28

0.22
0.15
0.21
0.07
0.16
0.21
0.29
0.12
0.25
0.07
0.19
0.12
0.33
0.34
0.33
0.32
0.30
0.20
0.16
0.25
0.13
0.22
0.14
0.29
0.23
0.12
0.20
0.15
0.17
0.10
0.33
0.18
0.13
0.17
0.13
0.20
0.22
0.15
0.21

6.60
2.07
6.48
-1.96
211
2.20
6.56
112
2.55
-5.38
6.16
2.14
6.66
6.55
6.23
5.83
461
2.62
1.33
7.04
2.43
7.20
2.56
2.23
7.40
6.10
2.37
-1.46
2.97
-1.69
4.77
221
221
6.35
2.86
2.12
6.86
-1.85
6.12

1.03x10°8*
1.26x10"
2.11x10%*
1.52x10"
1.17x10™
1.00x10"
1.32x10°%*
457x10™
5.08x1072
5.84x10-6*
1.20x107*
1.12x10"
7.37x10°%*
1.36x10%*
8.67x10°%*
6.73x107*
1.57x10™
4.50x107
3.62x10™
7.65x1070%
6.61x1072
2.91x107*
5.05x1072
9.49x107
8.58x10™1*
1.67x107*
7.43x107
3.09x10™
2.11x107
2.26x10"
8.36x10°%*
9.97x107
9.82x1072
4.61x10°%*
2.65x1072
1.16x10"
2.22x10°%*
1.79x10*"
1.55x107*




RAD51 56 059 018  3.19 4.52x102 41 023 015 154  2.16x10™ 60 115 020 575 1.01x10°*
PYGL 15676 -047 015 -3.18 4.54x10° 14316 111 021 533  3.50x10°* 12455 0.65 022 297 2.10x1072
CHEK1 43 056 018  3.18 4.55x107 36 010 0.14 068 6.21x10" 48 090 0.18 496 3.96x10°*
TYMS 163 0.64 020 318 4.60x10° 90 067 022  3.04 9.14x10° 151 171 023 745 6.25x10™M*
TG 105 052 016 -3.17 4.64x107 93 132 0.19 6.97  1.64x10°* 76 073 020 369 3.29x10°
CLSPN 44 054 017  3.17 4.64x10° 34 046 018 261 2.72x1072 45 114 019 615 1.26x107*
ZNF480 105 038 012  3.15 4.80x10? 153 -0.63 0.13 -495 1.58x10°* 171 022 012 -1.80 1.94x10"
NSMCE4A 260 031 010 3.15 4.80x10° 386 062 012 -510 8.94x10°* 425 029 012 -2.38  7.18x107
SSB 304 039 012  3.15 4.80x10? 428 060 0.13 -462 5.67x10°* 484 016 013 -1.19 4.21x10"
SLC2A3 16672 -043 014 -3.14 4.88x10° 15577 1.00 021  4.84  2.40x10°* 13863 059 022 273 3.53x102
DZIP1L 33 063 020 3.14 4.95x102 15 094 023 413  3.31x10™ 29 1.96 027  7.39 8.91x10M*
ARNTL2 30 051 016  3.13 4.96x10° 25 033 0.8 1.77  1.49x10" 32 093 017 546 4.11x10%*
ASPH 963 051 016 -3.13 4.98x107 923 1.09 0.20 5.44  2.28x10°%* 768 050 020 249 5.78x107

Log2FC indicates Log2 fold change; SE indicates standard error; Stat indicates the results from Wald statistic; and * indicates Bonferroni corrected significant P<1.1X10-4 (P<0.05/451 DE genes).
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Table I11. Overlap between the differentially expressed genes and differentially methylated CpG sites.

Chr Gene start position ~ Gene end position Gene CpG site position CpG site p-value
1 9101426 9129887 SLC2A5 9100067 3.29x10°
1 9101426 9129887 SLC2A5 9147808 9.31x10°
1 9101426 9129887 SLC2A5 9243783 8.36x10™
1 9101426 9129887 SLC2A5 9368498 6.38x10°
1 36197712 36235551 CLSPN 36029011 2.27x10°
1 47023078 47069966 MKNK1 46956771 7.41x10°
1 200520624 200589862 KIF14 200512245 5.72x10°
1 212208894 212278348 DTL 212266836 3.94x10°
1 214776531 214837914 CENPF 214846563 4.10x10°
1 223282747 223316624 TLR5 223487288 5.21x10°
2 7057522 7184309 RNF144A 6922444 8.81x10°
2 7057522 7184309 RNF144A 7148323 1.56x10™
2 7057522 7184309 RNF144A 7148362 5.43x10°
2 7057522 7184309 RNF144A 7213398 2.32x10°
2 102759235 102796334 IL1IR1 102647671 2.18x10°
2 102759235 102796334 IL1R1 102647718 9.45x10°
2 128848753 128953249 UGGT1 128973012 7.59x10°
2 128848753 128953249 UGGT1 129033961 2.77x10°
2 128848753 128953249 UGGT1 129037628 7.08x10°
2 234296799 234380743 DGKD 234093536 5.06x107
2 234296799 234380743 DGKD 234394437 6.31x10°
2 239969863 240322643 HDAC4 239756133 7.05x10°
2 239969863 240322643 HDAC4 239763625 9.61x10°
2 239969863 240322643 HDAC4 240199099 9.29x10°®
2 239969863 240322643 HDAC4 240302529 2.14x10°
3 12329348 12475855 PPARG 12110937 7.86x10°
3 12329348 12475855 PPARG 12482963 1.52x10°
3 44803208 44894748 KIF15 44902961 6.07x10°
3 44803208 44894748 KIF15 45106462 5.07x10°
3 46477495 46505161 LTF 46750030 9.61x10°
3 52529355 52558511 STAB1 52389151 7.61x10™
3 52529355 52558511 STAB1 52566526 7.08x10°
3 71820805 71834357 PROK?2 71721378 2.46x10°
3 71820805 71834357 PROK?2 71932814 8.91x10™
4 89378267 89427319 HERC5 89132710 5.77x10°
5 17130137 17217156 AC091878.1 16950494 1.59x10™
5 17130137 17217156 AC091878.1 17147134 7.32x10°
5 171760502 171881527 SH3PXD2B 172131183 3.02x10°
5 172195092 172198203 DUSP1 172131183 3.02x10°
5 172195092 172198203 DUSP1 172385451 5.69x10°
5 176921996 176930648 RP11-1334A24.6 176759081 9.88x10°
5 176921996 176930648 RP11-1334A24.6 176759115 9.71x10°
5 176921996 176930648 RP11-1334A24.6 176789620 5.54x10°
5 176928905 176937427 DOK3 176832034 9.25x10°
5 176928905 176937427 DOK3 176846745 5.16x10°
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Table IV. Results of the detailed reactome pathway analysis of 14 cell cycle genes. Pathways are sorted by the P-value.

Pathway name Entities Entities Entities Entities P- Entities Reactions Reactions Reactions Submitted entities found
y found total ratio value FDR found total ratio
SPC24; ESPL1; CLSPN;
Cell Cycle 9 574 0.059 3.25x10°  9.88x10° 89 345 0.046 CDC45; CENPF; FOXM1;
CDK1; CENPF; RAD51
SPC24; ESPL1; CDCA45;
Cell Cycle, Mitotic 7 496 0.051 4.12x10°  6.02x10" 84 272 0.036 CENPF; FOXM1; CDK1;
CENPF
Polo-like kinase mediated events 3 23 0.002 5.97x10°  6.02x10* 12 15 0.002 CENPF; FOXM1; CENPF
G2/M Transition 4 133 0.014 4.30x10°  0.002 47 62 0.008 CENPF; Egﬁg":; CDKL
Mitotic G2-G2/M phases 4 135 0.014 4.56x10°  0.002 47 64 0.009 CENPF; (F:(;E'F\,/'Fl; CDKL;
G2/M Checkpoints 3 46 0.005 4.67x10° 0.002 4 16 0.002 CLSPN; CDC45; CDK1
G1/S-Specific Transcription 2 17 0.002 3.19x10* 0.014 1 1 1.33x10™ CDC45; CDK1
Cyclin A/B1 associated events during 4 )
G2/M transition 2 26 0.003 7.39x10 0.024 21 24 0.003 FOXM1; CDK1
Cell Cycle Checkpoints 3 121 0.012 7.93x10*  0.024 4 38 0.005 CLSPN; CDC45; CDK1
Resolution of Sister Chromatid 3 122 0013 gix10¢ 0024 5 : 0.001 SPC24; CENPF; CDK1
Cohesion
Mitotic Prometaphase 3 130 0.013 9.75x10"  0.026 7 13 0.002 SPC24;CENPF;CDK1
M Phase 4 306 0.032 0.001 0.026 19 63 0.008 SPC24; ESE';& CENPF;
E2F mediated regulation of DNA 33 0.003 0.001 0.027 3 6 7.99x10™ CDC45; CDK1
replication
Activation of ATR in response to 39 0.004 0002 0032 2 9 0.001 CLSPN: CDC45
replication stress
Kinesins 2 44 0.005 0.002 0.032 4 14 0.002 KIF15; KIF11
Separation of Sister Chromatids 3 179 0.018 0.002 0.032 4 8 0.001 SPC24; ESPL1; CENPF
Mitotic Anaphase 3 193 0.020 0.003 0.032 4 11 0.001 SPC24; ESPL1; CENPF
Mitotic Metaphase and Anaphase 3 194 0.020 0.003 0.032 4 12 0.002 SPC24; ESPL1; CENPF
Assembly of the RAD51-ssDNA 4 4
nucleoprotein complex 1 5 516x10%  0.008 0.032 3 3 3.99x10 RAD51
Phosphorylation of proteins involved
in the G2/M transition by Cyclin 1 5 5.16x10"  0.008 0.032 2 2 2.66x10™ CDK1

A:Cdc2 complexes
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1 2

aSAH baseline aSAH after treatment
vs. controls vs. controls

Differentially Differentially
expressed genes expressed genes

Non-differentially Non-differentially
expressed genes expressed genes

Figure I. Schematic overview of the analysis of the 451 differentially expressed (DE) genes using the controls who did not receive the
treatment. We subsequently focused on the 164 genes that changed the DE status between the two analyses.
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@
Figure II. The correlation of 676,543 CpG sites assayed in all individuals between the samples. BL indicates baseline and T indicates
treatment. The overall methylation status changed very little within an individual (~98%) and between the individuals (~97.5%).
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Chapter 5
Conclusions and future directions

My graduate work focused on two main themes: 1) identifying variants and genes underlying
low and high plasma LDL-C levels, and 2) identifying dynamic genomic signatures associated
with RIC, a putative treatment for preventing ischemic reperfusion injury in the heart and the
brain. We have used a variety of state-of-the-art massive parallel sequencing methods and
study designs in which we employed pedigree information to identify novel genes or variants
associated with dyslipidemia. We also generated intra-individual longitudinal genomic data to
study effects of RIC on gene expression and DNA methylation. Our studies illustrate the
possibilities of the latest genomic techniques that ultimately should help move towards family-

centered, personalized medicine.

When | started working on these projects, the field of genetics and genomics was
transitioning. GWAS had identified several loci for different complex diseases, but most of the
variants in these loci had only small effect sizes. For example, even though Teslovitz et al.
extended the lipid-associated GWAS loci to a total of 95 ' researches had difficulties to identify
clear candidate genes or functional variants within these mapped regions. The reasons for this
lack of success include large linkage disequilibrium blocks, lack of fine mapping (i.e. the
researchers often reported only the closest “bookmark” gene), and the difficulty and high-cost of
re-sequencing. Massive parallel whole exome-sequencing and targeted re-sequencing of these
previously identified loci were meant to overcome some of these limitations. Indeed, exome-
sequencing of families resulted in promising results for monogenic diseases 2. Also, we were
one of the first laboratories to identify rare variants for a complex disease by exome
sequencing ® (Appendix I). This initial success gave us the confidence to take on exome-

sequencing projects in dyslipidemic families with the goal of identifying novel genes and variants
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for lipid traits. We hypothesized that the affected family members would share the same

functional variant, contributing to the dyslipidemia.

We first analyzed two Mexican families exhibiting familial hypobetalipoproteinemia
(FHBL). FHBL is characterized by low plasma levels of Apo B and LDL-C. As identification of
novel genes for low LDL-C could lead to the identification of new therapeutic drug targets, we
decided to exome sequence these two families (Chapter 3). We identified a region on chr2p16
shared by all affected individuals, but could not identify the actual causal variants that could
account, with confidence, for the low LDL-C and Apo B levels. Because it is still possible that we
missed the functional variant, we periodically re-analyze the data, especially since sequence
analysis and genome annotation tools improve all the time. Since it is difficult to publish
negative data, we suspect that, as was the case with our study, a lot of variants of unknown
function are not referenced. It is unfortunate because the identification of the variants and genes
would gain further support if they were repeatedly seen in multiple independent dyslipidemic

families.

We suspect that the fairly small pedigree sizes of the two Mexican families we studied
might have been the major reason for our lack of success since it complicated our analysis and
decreased our statistical power. As the families share a large proportion of the genome, there
are too many variants to evaluate and filter using the annotation databases. Filtering out the
“non-functional” variants might be cumbersome considering the overwhelming number of
variants, and these filtering techniques can be rather arbitrary. For example, filters like “minor
allele frequency” or “novelty” have shortcomings when searching public databases, because
most of these databases only retain genotypic data, but do not provide any phenotypic data.
Furthermore, no individual level data is available in these public data bases. The recently
launched Genome Aggregation Database (gnomAD) offers aggregate data on 60,706 exomes

from unrelated individuals °, and most likely includes people with dyslipidemia as well. In the
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case of FHBL, with a prevalence estimate of 1 in 1,000 6 one should expect about 60
individuals in this database to have FHBL. This is probably an underestimation, as the
prevalence of FHBL might be even higher since many individuals are asymptomatic. If individual
level genotype and phenotypic data were available, it would greatly facilitate the identification of

novel rare variants.

In the second project (Chapter 2), we studied a large Austrian family with familial
hypercholesterolemia (FH). This family was particularly interesting because the proband did not
carry any mutation known to cause FH, and because several individuals in this family had both
high LDL-C levels and premature CHD. We took this challenge as it provided us an opportunity
to find novel genes for hypercholesterolemia utilizing a large multigenerational family. The use
of large families offers the power to detect significant linkage regions (lod>3.0), which can be
very useful prior to exome sequencing . Employing the mapping data together with exome
sequencing analysis, we could focus on portions of the genome that segregated with the
disease. Our analysis did not, however, result in the identification of one single significant locus
for LDL-C (lod>3.0). Even when we focused on regions with a lod score of >1.0, we could not
identify potentially functional variants in these regions. However, when we characterized the
genomic differences between the affected and unaffected family members in more detail, we
identified rare and putative variant combinations in the known FH genes in three affected family
members. We also uncovered a family-specific polygenic risk score, distinguishing the affected
family members from the unaffected family members. Specifically, we identified a 10-SNP
combination of LDL-C increasing GWAS variants that separated the affected from the
unaffected family members. This family illustrates the fact that different disease etiologies might
contribute to clinical FH. It also highlights the necessity to consider each variant not just
separately, but within the genetic background and familial environment of the carrier. A given

variant might be pathogenic in certain genetic and environmental background, but the negative
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effects of that single variant could be out-weighted by protective variants or lifestyle choices in

other individuals °.

In line with this idea of different disease etiologies that are family-specific, a recent study
by Ripatti et al. aimed to find high-impact Mendelian variants followed by a search for polygenic
cause in dyslipidemic families. They found a known Mendelian variant in 3% of the affected
individuals and 35 % had an aggregate of either known LDL-C or TG elevating variants
(polygenic score > 90th percentile in the population). However, the genetic etiology could not be
identified in 62% families using this approach °. To continue the search of the genetic cause for
dyslipidemia in these families, one approach could be to try to find family-specific combinations
of GWAS variants similarly as we did in the study described in chapter 2. Another approach
would be to whole genome sequence these families to rule out the possibility that the disease is
caused by intronic or intergenic copy number variations (CNV), small indels, or rare variants
outside of coding regions. However, whole genome sequencing still presents some significant
challenges. One of the challenges is our incomplete knowledge on annotations of non-coding
rare and low-frequency variants. Another one is the fact that GC rich regions are still
unreachable with the current methods (using short sequences). Finally, it is still very costly to
sequence the whole genome. Despite these challenges, for example, the proband of the
Austrian FH family would be interesting to sequence through the whole genome. Since we only
found subtle changes in this patient’'s genome by SNP array and exome-sequencing, it is
tempting to hypothesize that he might have some structural variation(s) (indel, CNV) that could

only be discovered by whole genome sequencing.

Regardless of the genomic location of the susceptibility variants, it remains challenging
to functionally test the variants and provide evidence of their pathogenicity. There is a need for
more systematic large scale testing of the pathogenic potential of multiple variants. A promising

example of systematic testing of variants is the recent study by Majithia et al. on PPARG
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variants. The authors developed a high-throughput screen to test the biological activity of all
possible missense variants in PPARG (Nature Genetics ref 2016). Using that screen and prior
knowledge from previously reported variants known to diminish PPARYy activity, Majithia et al.
were able to establish a variant classifier that evaluates the likelihood of a functional defect of
PPARG missense mutations. The authors went on to use this classifier as a molecular
diagnosis tool to predict the pathogenicity of 55 PPARG missense variants recently identified in
population-based and clinical sequencing. Among these 55 variants, six were predicted to be

pathogenic, and were indeed shown to be defective in subsequent biological assays "

Through efforts from the ENCODE '? and the Roadmap epigenomics projects'?,
evidence from recently developed massively parallel reporter assays ' and eQTL analyses '°
have shown that variants outside of coding regions are functional, and can be potentially
pathogenic as well. The CRISPR/Cas9 system is rapidly changing the way we approach
functionality of the identified variants '°. The impact of a single variant can readily be evaluated
after CRISPR/Cas9-based DNA editing of cells. One can introduce a variant using this
technique, and then, for example, measure enhancer activity or target gene expression in the
modified cells '. Ideally, in the future we will be able to screen all of the variants identified by
exome or whole genome sequencing in a clinical or research setting using this technique.
However, even if the molecular effect of genetic variation can be established in the laboratory, it
will not necessarily translate into a clinical impact. Human diseases are complex and variation
that augments a disease in one individual and/or family background may be benign in another

individual and/or family **".

It is well established that introducing lifestyle changes, such as following a healthy diet,
exercising regularly, and quitting smoking, can significantly reduce CVD events by 13.7% for
smoking; 13.2% for poor diet; 11.9% for insufficient physical activity '®, respectively. Thus the

importance of improving lifestyle should never be underestimated when considering the
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treatments to prevent CVD. One recent study concluded that a favorable lifestyle can
substantially attenuate the high genetic risk of incidence for coronary events and the prevalence
of subclinical atherosclerosis burden . On the other hand, this study also showed that a high
genetic risk, measured by weighted genetic risk scores for CVD events, cannot be completely

overcome by a healthy lifestyle ®.

In theory, clinicians could use weighted polygenic risk scores to predict the risk for a
given disease. For example, Ripatti et al. showed that a polygenic CAD risk score can predict
the probability of a CAD event as accurately as LDL-C plasma levels '°. However, one of the
limitations of using genetic risk scores is that these scores serve mainly populations of
European decent, because the majority of the GWAS studies have been conducted in
Caucasians. Ideally, GWAS studies should be conducted in different ethnicities, so that each
population would have its own genetic score for a given phenotype as a reference. With our
Austrian FH family, we were able to use a Finnish cohort as a reference only because they
shared the same allele frequencies for the common variants that we used in the weighted
genetic risk score analysis. If the weighted genetic risk scores are planned to be used for
predicting disease, it will be critical to obtain accurate effect size estimates with the correct set

of replicated and well-validated disease susceptibility variants in each population.

The study of genetic variants can be very useful to evaluate disease risk. However,
understanding gene expression regulation and epigenetic effects during disease progression or
treatment can also yield insight into molecular mechanisms of disease and related quantitative
traits. As an example, the chapter 4 describes our findings on gene expression and DNA
methylation changes in aneurysmal subarachnoid hemorrhage (aSAH) patients undergoing RIC.
We identified coordinated cell cycle and inflammatory responses in these patients’ blood %°.
These changes had been previously implicated in other models of RIC, stroke, or ischemic

neuronal death. Even though it is difficult to determine whether these findings can be accounted
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for the medications or disease progression of aSAH, it is possible that some are directly related
to RIC. There are several ways we could improve on our initial study. One obvious way would
be to use larger cohorts and include control patients who do not receive the RIC treatment in
follow up studies. Another way to improve our study would be to take advantage of the recent
developments in methods to correct for cell type heterogeneity in the blood. Blood transcriptome
has advantages over other tissues because it is an easily accessible diagnostic specimen.
However, one of the limitations using blood, as was the case in of our study, is that blood is a
mixture of many different cell types and the fluctuation in cell populations alone may cause large
variations in transcriptomics and DNA methylation 2*. This problem has become more
manageable with the progress in flow cytometry methods. It is now possible to study
transcriptomics of isolated cell populations from the blood. Computational approaches and cell
counting can also help correct for cell composition. Unfortunately, at the time of our analysis, we
did not have these methods readily available. It is also noteworthy, that fluctuations in cell
populations might be relevant for the treatment. For example, the RIC can potentially lead to the
release of substances from the ischemic limb into the bloodstream, and this substance could in
turn stimulate white blood cells, such as macrophages, and result in the increase of expression

of genes involved in cell cycle and cell proliferation.

As the technology to study transcriptomes (RNAseq analysis) becomes cheaper, faster
and more detailed (i.e. detection of splicing patterns), it has emerged as the standard method
for researchers to evaluate when and where genes are turned on or off in cells and tissues.

20,22 and

Transcriptome analysis can also provide information on gene co-expression networks
thus provide information on which pathways are turned on or off in different cellular and
environmental contexts. However, there are still many technical and analytical limitations in

RNAseq analyses. For example, RNA degradation is still an issue when handling RNA samples,

and this greatly influences the overall data quality. In addition, we have noticed that batch
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effects can cause spurious results, and thus, these types of hidden and known technical factors
should be accounted for in the RNAseq data analysis. Many of the analytical choices, such as
methods for mapping and counting the RNA reads as well as normalization methods, will
influence the downstream analyses. Thus, any RNAseq analysis may be shaped by a series of
subjective decisions that may or may not capture the biological relevance of the transcriptome
data. For that reason, replicating the transcriptome findings in an independent study sample is
essential. One of our future goals is to collect a larger cohort of patients undergoing RIC to

validate our transcriptome findings.

Another limitation of our study was that we were not able to cover the whole genome
when we performed our methylation analysis. For cost reasons, we chose to use the reduced
representation bisulfate sequencing (RRBS) method. The RRBS method was attractive to us
because it offers enriched coverage of CpGs representing approximately 10% of all CpG
dinucleotides in the human genome. This allowed us to capture many of the promotor regions
known to be relevant for gene expression. On the other hand, we might have lost some of the
GpC sites because we required a conservative coverage (10X) in both of the time points for
every sample. We wanted to be rather conservative since, at the time of our analysis, the RRBS

had not yet been very widely used in humans.

Ideally, our studies on transcriptome and DNA methylation during RIC should have been
conducted on brain tissue. For obvious practical and ethical reasons that was simply not
possible. As a substitute though, blood should have served us well, since the presence of
humoral factors had previously been shown in RIC . In respect to different disease etiologies,
it is important that the tissue in which the transcriptome and DNA methylation analyses are
performed is relevant to the particular disease. For example, studies have shown that many of

the GWAS variants reside in the long noncoding RNAs, and those are very tissue-specific 2.
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This further reinforces the idea that GWAS variants should always be examined in a relevant

tissue for a given disease.

We have currently on-going transcriptome studies in the human liver and adipose
tissues of patients undergoing bariatric surgery to treat obesity. For the adipose tissue, we also
have follow-up samples, and therefore we should be able to use a longitudinal statistical
analysis, similar to the one we used in our study described in chapter 4. Our goal is to identify
weight loss-related networks and pathways, with the hope of uncovering molecular mechanisms
underlying changes in body weight. This should help better understand genomic factors that

influence biological parameters such as insulin sensitivity and lipid levels during weight loss.

In summary, even though the findings in the dyslipidemic families presented in this
dissertation may have been modest, they highlight the genetic complexity of lipid traits in
humans. Massive efforts are currently made to standardize the exome-sequencing workflow in
clinical setting so that variants with unknown function could be better interrogated and
integrated into the diagnosis and prevention >%. Our approach, consisting of looking for
combinations of GWAS variants that contribute to a given disease in a pedigree, may help the
particular family under study. We recognize that these combinations are likely family-specific,
and that they may be less relevant to the general population. Nevertheless, approaches utilizing
both family structure and genome-wide sequence data, as well as phenotype data in all family
members, will likely become more common as a diagnostic tool in the future, and may even
potentially become the basis for personalized medicine. In addition, it is noteworthy that the
projects presented here were completed through worldwide collaborations. | believe that
continuation of collaborative efforts and overall data sharing will be crucial to better understand
human health and disease. Open data sharing will allow the scientific community to tackle
disease etiologies together, which will eventually lead to major advances in the genomic

medicine via careful analysis of the aggregated data. Ideally, technological advances in every
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field (genomics, electronics, health devices, proteomics, etc.) will converge towards better
medicine. For example, in the future, smart phones could be used to track health parameters,
such as blood pressure, glucose levels, and food intake. This information could then be
integrated into an individual’'s medical file to help improve diagnosis and refine therapeutic

treatments. We are living in exciting times!
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Exome Sequencing Identifies 2 Rare Variants for Low
High-Density Lipoprotein Cholesterol in an Extended Family

M.V. Prasad Linga Reddy, PhD#; Tulia Iatan, MSc*; Daphna Weissglas-Volkov, PhD;
Elina Nikkola, BSc; Blake E. Haas, PhD; Miina Juvonen; Isabelle Ruel, PhD;
Janet S. Sinsheimer, PhD; Jacques Genest, MD, PhD; Piivi Pajukanta, MD, PhD

Background—Exome sequencing is a recently implemented method to discover rare mutations for Mendelian disorders.
Less is known about its feasibility to identify genes for complex traits. We used exome sequencing to search for rare
variants responsible for a complex trait, low levels of serum high-density lipoprotein cholesterol (HDL-C).

Methods and Results—We conducted exome sequencing in a large French-Canadian family with 75 subjects available
for study, of which 27 had HDL-C values less than the fifth age-sex-specific population percentile. We captured =50
Mb of exonic and transcribed sequences of 3 closely related family members with HDL-C levels less than the fifth age-
sex percentile and sequenced the captured DNA. Approximately 82000 variants were detected in each individual, of
which 41 rare nonsynonymous variants were shared by the sequenced affected individuals after filtering steps. Two rare
nonsynonymous variants in the ATP-binding cassette, subfamily A (ABC1), member 1 (ABCAT1), and lipoprotein lipase
genes predicted to be damaging were investigated for cosegregation with the low HDL-C trait in the entire extended
family. The carriers of either variant had low HDL-C levels. and the individuals carrying both variants had the lowest
HDL-C values. Interestingly, the ABCA1 variant exhibited a sex effect which was first functionally identified, and,
subsequently, statistically demonstrated using additional French-Canadian families with ABCA1 mutations,

Conclusions—This complex combination of 2 rare variants causing low HDL-C in the extended family would not have
been identified using traditional linkage analysis, emphasizing the need for exome sequencing of complex lipid traits in
unexplained familial cases. (Cire Cardiovasc Genet, 2012;5:538-546.)

Key Words: genetics m HDL cholesterol m exome sequencing m rare variants

L()W high-density lipoprotein cholesterol (HDL-C) is the low-frequency variants underlying low HDL-C, massive par-

most common lipoprotein abnormality and established risk allel sequencing technologies can be used. The whole-genome
factor of coronary heart disease (CHD). Low HDL-C is caused sequencing is the most complete approach, but it remains sig-
by multiple genetic factors, common and rare, interacting with nificantly more expensive than exome sequencing that only
one another and with the environment and behavior. In the last 2 analyzes coding and transcribed regions, which constitutes
decades, significant effort has been devoted to the identification <5% of the whole genome sequence.* It is estimated that the
of low HDL-C susceptibility genes. This was initially done using protein-coding regions of the human genome constitute about
the genome-wide linkage analysis."* However, progress in iden- 859 of the disease-causing mutations.*
tification of the actual disease genes was very slow despite the We used whole-exome sequencing to search for rare vari-
discovery of many linked intervals. More recently, genome-wide ants conferring susceptibility to low HDL-C. We sequenced the
association studies (GWAS) have successfully identified multiple exomes of closely related family members with low HDL-C from
common variants associated with decreased levels of HDL-C* a large multigenerational French-Canadian family with 75 sub-

jects available for study and followed up the candidate variants by

Clinical Perspective on p 546 examining the cooccurrence patterns in the entire extended family.

However, the sum of common variants identified so far
through GWAS explains only a small fraction (10%-15%) Methods
of .lhu variance in the HDL-C Ia,vcllzs. Hence, it ha:s become Study Samples
evident that other types of DNA variants must contribute sub- The s 3 e . I .
. . . e study sample consists of a large multigenerational French-
stantially to HDL-C levels as well. To identify new rare and Canadian family collected in the Cardiovascular Genetics Laboratory,
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Figure 1. ABCA1 and LPL variants cosegregate with low HDL-C in the multigenerational, French-Canadian, low HDL-C family with 75
(35 males and 40 females) genotyped family members. All of the affected subjects who have HDL-C less than the fifth age-sex spe-
cific population percentile comprise risk alleles for either 1 of the 2 variants or both, except, in 1 separate branch, the low HDL-C traits
appears to be inherited from the affected spouse’s side (indicated in yellow). The subjects with both variants have a lower HDL-C than
the subjects with only 1 variant. The subjects whose samples were exome sequenced are indicated by an arrow. HDL-C indicates high-
density lipoprotein cholesterol; LPL, lipoprotein lipase; and ABCA1, ATP-binding cassette, subfamily A (ABC1), member 1.

McGill University Health Centre, Royal Victoria Hospital, Montreal,
Canada, as described previously.” There are 75 family members
(35 males and 40 females) with both DNA and extensive demogra-
phic and clinical phenotype information available for study in this
family. We selected 3 closely related family members with HDL-C
levels less than the fifth age-sex percentile from the uppermost gen-
erations (Figure 1) for exome sequencing to focus on most severe
cases and avoid genetic heterogeneity typical for complex lipid traits.

For a gene—sex interaction analysis, 10 additional French-Canadian
families with previously identified mutations in ABCA1°-* comprising
125 individuals were also included in the study. The affection status in
all families was determined using the fifth age-sex specific population
percentile of HDL-C.* Family members were sampled (blood collec-
tion for lipoprotein analyses, DNA isolation for genetic studies, and skin
biopsy for culture of skin fibroblasts used in cellular cholesterol efflux
assays) after a 12-hour fast and discontinuation of lipid modifying medi-
cations for >4 weeks. Lipids and lipoproteins were measured using stan-
dardized techniques as described previously.*® The research protocol
was approved by the Research Ethics Board of the McGill University
Health Center, and all subjects gave informed consent.

Library Construction and Sequencing

Library construction was performed using 3 pg of genomic DNA
and Agilent SureSelect All Exon Kit (50-Mb design) according to
the manufacturer’s instructions. Further details of library construc-
tion and sequencing are given in the online-only Data Supplement
Methods.

Data Analysis

Exome Sequencing
‘We converted the gseq files into a Sanger-formatted FASTQ
files that were aligned to a reference sequence (hgl9) using
the default options of the Burroughs-Wheeler Aligner."”
Duplicates were removed and a pileup file was generated
using SAM tools." The pileup file was used to run the quality
control metrics including: a minimum read depth of 4, a maxi-
mum read depth of 600, a maximum of 2 single nucleotide
polymorphisms (SNPs) per a window size of 10 bases, and
a minimum indel score of 25 for filtering nearby SNPs and
Phred quality >40. The BED file supplied by Agilent was used
to filter only those reads corresponding to the 50 Mb targets.
Annovar was used for functional annotation, dividing the
variants into coding and noncoding variants.'? The coding vari-
ants were further divided into synonymous, nonsynonymous
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(missense), and stop gain or stop loss variants. The synonymous
variants were subsequently discarded because they are less
likely to be causal. The variants were filtered against the vari-
ants present in the HapMap," The 1000 Genomes Project," and
dbSNP132" databases. Along with novel variants, we selected
known rare variants with a minor allele frequency <5%. These
variants were classified into damaging and benign based on
their predicted protein effect using PolyPhen" and SIFT.'

Parametric Linkage and Association Analysis

Two-point parametric linkage analysis was performed in the
extended family using the Location-Score option of the Men-
del software'” as described in detail in the online-only Data
Supplement Methods. Association analysis was performed
using a measured genotype approach utilizing the Polygenic-
QTL option of Mendel,"® using continuous HDL-C levels
with age and sex as covariates and allele counts of either the
ABCAT1 variant, lipoprotein lipase (LPL) variant, both vari-
ants or none (ie, null model). The heritability and variance
explained were calculated as the percent change in total and
genetic variance between the null model and the models,
including the genotypes as covariates. The LPL variant was
further tested for association with log transformed triglyceride
(TG) values in a similar fashion.

Genotype by Sex Interaction

‘We included the extended family together with 10 additional
families with previously identified mutations in ABCA1°-* in
a gene—sex interaction analysis, comprising 200 individuals
and 9 different mutations in ABCA1 (DelED1893, G616V,
K776N, N1800H, Q2210H, R1851X, R2084X, R909X, and
S1731C). Genotype by sex interaction was tested by the
SOLAR program' using variance-component analysis for dis-
crete traits. We compared models with and without the gene—
sex interaction term while keeping the ABCA1 genotypes in
both the null and interaction model. We assumed a dominant
genetic inheritance, classifying carriers of a mutation as 1
and 0 otherwise, and a multiplicative interaction term, mul-
tiplying the genotype score by sex (men=1 and women=0).
‘We also coded a sex-interaction term in which men and post-
menopausal women (250 years of age) were coded as 1 and
premenopausal women (<50 years of age) were coded as 0.
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Table 1. Summary of Reads Mapped to the Human Reference Genome (hg19)

Samples L Range* H Range+ Average
Total reads 87816621 103315979 95566300

Mapped reads 80911740(82.45%) 85185325(92.14%) 83048533(87.29%)
Duplicate reads 24513472(27.91%) 34633913(33.52%) 29573693(30.72%)
Unmapped reads 6904881(7.86%) 18130654(17.55%) 12517768(12.70%)
Uniquely mapped reads 50551412(48.93%) 56398268(64.22%) 53474840(56.58%)

*The lowest range limit of the total reads.
FThe highest range limit of the total reads.

Subjects with HDL-C levels less than the age-sex specific
10th percentiles were classified as affected and subjects with
HDL-C levels more than the age-sex specific 20th percen-
tiles as unaffected. P values were generated by comparing the
2 models using a likelihood ratio statistic with 1 degree of
freedom. Because the affection status is adjusted for sex, the
inclusion of the main effect of sex in the model was no longer
necessary. The binary HDL-C affection was tested because
the variance of HDL-C levels in these ascertained families is
reduced and thus limited for effective quantitative analysis.'

Cell Culture

Human skin fibroblasts were obtained from 3.0-mm punch
biopsies of the forearm of a healthy control subject and the
affected proband homozygous for the ABCA1 S1731C vari-
ant. The fibroblasts were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 0.1% nones-
sential amino acids, penicillin (100 U/mL), streptomycin
(100 pg/mL), and 10% fetal bovine serum.

Cellular Cholesterol Efflux Assays

Cholesterol efflux was performed as described previously
with minor modifications. Further details of cellular choles-
terol efflux assay are given in the online-only Data Supple-
ment Methods.

20,21

Results

Exome Sequencing

To identify rare genetic variants underlying low HDL-C, we
sequenced the entire exomes (=50 Mb) of 3 family members
with HDL-C less than the fifth age-sex specific population
percentile from a large multigenerational French-Canadian
family. The 3 sequenced family members were closely related:
1 affected, his sibling, and his child were sequenced. Exome
capture and sequencing were performed using the Agilent
Sure Select in-solution method and MNumina Hiseq2000 plat-
form as described in the Methods. We obtained an average of
90 million reads per person and successfully mapped =90% of
these reads to the reference sequence (Table 1). After quality
control the mean coverage was 50X,

Filtering of Identified Variants

On average, 82000 single-nucleotide variants were detected
in each individual. We focused on variants shared by all 3
exome sequenced subjects and filtered the variants based on
their type, frequency, and functional predictions. Filtering for
missense and stop gain or stop loss variants that were shared
by all 3 affected individuals resulted in 3428 nonsynonymous

123

variants and 31 stop gain or loss variants (Table 2). The transi-
tion/transversion (Ti/Tv) ratio of the coding variants was 3.4,
whereas the Ti/Tv ratio of the noncoding was 2.5, in good
agreement with the expected ratios.”

The identified variants were further filtered against vari-
ants present in the HapMap,"” 1000 Genomes Project,' and
dbSNP132" databases, resulting in 332 novel variants and
known variants with minor allele frequency <5%. These
variants were further filtered by selecting variants predicted
to affect protein function using PolyPhen' and SIFT'® and
expressed in a relevant tissue including liver, adipose, and
heart, resulting in 41 shared potentially functional variants
that were either novel or known but relatively rare (Table 2).
Among the shared variants there were 2 rare functional vari-
ants in the ABCA1 and LPL genes that are excellent suscep-
tibility candidates as their key role in HDL-C metabolism
is well established.” We confirmed their presence by both
Sanger sequencing and genotyping.

Table 2. Number of Variants Shared by the 3 Sequenced
Affected Family Members After a Series of Filtering Steps

Variant Filter Variants  Nonsynonymous  Stop Gain or Loss  Total
Shared by all 3* Known 3389 30 3419
Novel 39 1 40
Total 3428 31 3459
MAF<5% and new:  Known 293 3 296
Novel 39 1 40
Total 332 4 335
Damaging§ Known 52 3 55
Novel 24 1 25
Total 76 4 80
Functional# Known 18 3 21
Novel 19 1 20
Total 37 4 41

MAF indicates minor allele frequency; GWAS, genome-wide association studies,

*Nonsynonymous and stop gain or loss variants shared by all 3 sequenced
individuals.

TPresent in the HapMap, The 1000 Genomes Project and/or dbSNP132
databases.

Novel variants (not present in the HapMap, The 1000 Genomes Project and/
or dbSNP132 databases) and known rare variants with a MAF<5%.

§Novel and known rare (MAF<5%) variants predicted to be damaging either
by PolyPhen and/or SIFT.

#The novel and known rare (MAF<5%) variants located in genes functionally
relevant to lipids; or in genes expressed in relevant tissue; or present within 500
kb of the 95 known lipid GWAS loci.?
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Table 3. The Lipid Levels and Other Clinical Characteristics of the 3 Individuals That Were Exome

Sequenced

IND ID ABCAT1 LPL T 16 HDL-C HOL % BMI LOL-C AGE  SEX
Ind5 cic T 461 13 0.67 <5 22.02 3.36 66  Male
Ind14 G/C T 4B 6.1 0.62 <5 25.81 NA 55  Male
Ind19 G/C CT 243 24 0.62 <5 27.22 0.7 21 Male

LPL indicates lipoprotein lipase; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; BMI, body mass index; LDL, low-
density lipoprotein; and ABCA1, ATP-binding cassette, subfamily A (ABC1), member 1 and TC, total cholesterol.

The lipid levels are shown in millimoles per liter.

Rare Missense Variant in ABCA1

The ABCAI1 (S1731C) variant is not present in dbSNP132" or
The 1000 Genomes Project'* data, and is located in exon 38.
This previously reported rare variant is changing a conserved
amino acid from serine to cysteine, and is known to result in
decreased cholesterol efflux.”*-*

To further determine the effect of the S1731C variant
on cholesterol efflux, we used human fibroblasts from the
affected proband homozygous for the 51731C variant, and
compared these cells to a normal control. Assays were per-
formed in 220H/9CRA stimulated fibroblasts (1o induce
ABCA1 expression), and unstimulated cells, in the presence
or absence of lipid free ApoA-I (Figure 2A). We observed
a significant decrease (=40%) in apoA-I-mediated cellular

cholesterol efflux in the proband, compared with the control
without the ABCA 1 variant (P=1.23x10-" using Student r-test
and P=0.0495 using a nonparametric 2-sample Wilcoxon rank
sum test). These results are in agreement with previously doc-
umented findings.*** Low efflux levels were also observed in
unstimulated cells, presumably due to basal levels of ABCAI
expression and the presence of other apoA-I binding sites at
the cell surface. Also, as expected, background basal con-
ditions of passive diffusion of cellular cholesterol were not
affected by mutations at the ABCA1 gene locus.

Because the lipid levels of the ABCA1 S1731C variant car-
riers suggested a possible gene-sex effect (Tables 3 and 4),
we further investigated whether exposure to 17f-estradiol
steroid hormone endogenously expressed in females, possibly

Table 4. The Mean Lipid Levels and Other Clinical Characteristics of Individuals With Different ABCA1 (S1731C) and

LPL (P234L) Genotypes

Al Individuals c 3¢ HOL-C AGE BMI LDL-C
ABCA1/LPL
ce/ce 2 3.76(1.29) 0.72(0.01) 0.94(0.30) 35(33.94) 19.45(7.35) 1.67(0.71)
co/eT 2 3.60(1.44) 381(3.61) 0.52(0.22) 61(7.07) 23.17(1.63) 2.19(1.65)
GC/CC 22 5.11(1.84) 1.22(0.69) 0.95(0.21) 37(20.04) 20.65(3.27) 3.53(1.92)
GC/CT 6 4.13(1.25) 2.97(1.99) 0.68(0.07) 34.3(11.36) 24.36(3.18) 2.03(1.90)
GG/CC 37 4.88(1.24) 1,60(0.90) 1.16(0.35) 34.6(17.03) 22.64(5.67) 2.94(1.13)
GG/CT 6 3.91(1.21) 2.18(1.37) 0.78(0.12) 35(17.37) 22.07(3.38) 2.06(0.87)
Total 75 4.74(1.47) 1.68(1.21) 1.01(0.33) 36(17.86) 22.12(4.75) 2.95(1.51)
ABGA1/LPL AlMales  TC 6 HDL-C AGE BMI LDL-C
Co/ce 0
Co/eT 2 3.50(1.44) 3.81(3.61) 0.52(0.22) 61(7.07) 23.17(1.63) 2.19(1.65)
GC/CC 3 4.59(1.59) 0.94(0.45) 0.89(0.21) 30(17.44) 22.08(3.03) 3.28(1.56)
GC/CT 3 3.50(1.09) 4.43(1.84) 0.65(0.06) 35(17.78) 25.28(2.25) 0.35(0.49)
GG/CC 22 4.73(1.35) 1.45(0.89) 1.06(0.26) 34.3(17.44) 22.88(3.62) 2.97(1.31)
GG/CT 4 4.02(1.54) 262(1.51) 0.73(0.08) 26.2(11.67) 23.39(3.30) 2.04(1.08)
Total 34 4.47(1.36) 1.94(1.55) 0.94(0.29) 34.6(17.25) 23.12(3.30) 2.68(1.41)
ABCAT/LPL AllFemales  TC G HDL-C AGE BMI LDL-C
ceice 2 3.76(1.29) 0.72(0.01) 0.94(0.30) 35(33.94) 19.46(7.36) 1,67(0.00)
Co/CT 0
GC/CC 19 5.19(1.91) 1.27(0.72 0.96(0.22) 38.1(20.63) 20.49(3.33) 3.57(2.01)
GC/CT 3 4.67(1.36) 1,51(0.33) 0.71(0.09) 33.7(2.31) 23.46(4.22) 3.15(1.54)
GG/CC 15 5.09(1.06) 1.83(0.89) 1.30{0.43) 35.1(17.00) 22.27(7.92) 2.89(0.85)
GG/CT 2 3.69(0.23) 1.32(0.52) 0.88(0.16) 52.5(13.44) 19.46(1.92) 2.09(0.49)
Total Iy 4.97(1.53) 1.47(0.78) 1.06{0.36) 37.2(18.47) 21.29(5.58) 3.17(1.57)

LPL indicates lipoprotein lipase; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; BMI, body mass index; LDL, low-density lipoprotein; and
ABCA1, ATP-binding cassette, subfamily A (ABC1), member 1 and TC, total cholesterol.

*The value in the parenthesis indicates standard deviation.
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corrects the cholesterol efflux defect in fibroblasts from the
S1731C male ABCA1 carrier during the 220H/9CRA ABCA1
stimulation phase of 17 hours (Figure 2B). Interestingly,
after adjusting for basal cholesterol diffusion, we observed
that upon treatment with elevated doses of estradiol (=20
nM), efflux in the S1731C proband significantly increased
(P=7.2x10-", r=().78 using a nonparametric Spearman trend
test), whereas that in the wild-type control remained constant
(P=0.2, =0.25) (Figure 2B). Taken together, these results sup-
port a genotype—sex interaction effect, as hormonal regulation
with 17f-estradiol partially restored the low efflux observed
in the S1731C male proband but had no significant effect on
the efflux of a wild-type control.

Rare Missense Variant in LPL

The identified LPL variant rs118204060 is present in the
dbSNP132" and The 1000 Genomes Project'* data with an
unknown frequency. The rs118204060 located in exon 35
changes a conserved amino acid from proline to leucine
(P234L). This variant was initially identified in familial chy-
lomicronemia and was reported as P207L7—* because of the
differences in genome builds. Upon sequence comparisons,
we confirmed that they are indeed the same variant.

Investigation of the ABCA1 and LPL Variants in the
Entire Family

We examined the pedigree members for cooccurrence of
nonsynonymous ABCA1 and LPL variants with low HDL-
C. By stratifying individuals by their HDL percentiles, we
can see that all the affected family members with HDL-C
less than the fifth percentile carry a risk allele for either 1
or both of the variants (3 P234L, 11 S1731C, and 8 P234L/
S1731C), except in 1 separate branch of the extended fam-
ily in which the low HDL-C traits appears to be inherited
from the affected spouse’s side (Figure 1). No family mem-
ber with an HDL-C value greater than the fifth percentile had
both LPL and ABCA1 variants. Furthermore, no family mem-
ber with HDL-C values greater than the 15th percentile had
the LPL variant. Seven subjects (1 male and 6 females) had
the ABCA]1 variant with the HDL-C percentile of 22% for the
male and with an average HDL-percentile of 35% for the 6
females (Figure 1). Two of the 3 exome sequenced subjects
were heterozygous for both variants and 1 was homozygous
for the ABCA1 variant and heterozygous for the LPL variant.
There were 4 homozygous subjects for the ABCA1 variant, 2
of which were also heterozygous for the LPL variant, whereas
the LPL variant was heterozygous in all 14 family members it
was observed (Figure 1). Thus, a heterozygous, milder form
of LPL deficiency exists in this family. Accordingly, the LPL
variant P234L is also associated with elevated levels of TGs
(1.65+0.27 mmol/L, P=6.14x10-"). In addition, we observed
that the subjects with both variants have a lower HDL-C than
the subjects with only | variant, and that the subjects hetero-
zygous or homozygous for the ABCA1 variant do not differ in
the HDL-C levels (Table 4).

Explained Variance and Heritability
‘We estimated that the effect of the ABCA1 and LPL variants
on continuous HDL-C measurements in the extended family
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is =0.17x0.08 mmol/L (P=0.025) and =0.270.09 mmol/L
(P=0.006), respectively. Together, these 2 variants explain
60% of the genetic variance in this family and 26% of the
total (genetic + environment) variance in this family, which
amounts to 46% of the heritability explained as assessed in
a measured genotype analysis."* We also repeated the analy-
sis while excluding the 3 affected subjects that were exome
sequenced to reduce the potential for ascertainment bias. In
this analysis, the effect sizes of ABCA1 and LPL remained the
same (=0.18+0.08 and =0.27+0.10 mmol/L, respectively), and
the additive and total variance explained were 50% and 24%,
respectively, with 34% of the heritably explained. Impor-
tantly, if the subfamily with the bilineal introduction of the
low HDL-C trait through the affected spouse is excluded from
these analyses, virtually all of the additive variance of HDL-C
and virtually all of the heritability of HDL-C is explained by
the ABCA1 and LPL variants, suggesting that the ABCA1 and
LPL variants can explain the low HDL-C in the non-bilineal
part of the extended family.

Genome-Wide Linkage Analyses

To further investigate that we did not miss a major suscepti-
bility variant, we performed a whole-genome 2-point linkage
analysis for low HDL-C using a dominant mode of inheritance.
We first estimated using the SLINK simulation program™
that under the assumption of homogeneity, the maximum lod
score this family can provide is 4.34. However, none of the
actual 553 microsatellite markers reached this lod score, most
probably due to the existence of multiple low HDL-C vari-
ants in the family (ie, heterogeneity). In more detail, no lod
scores >3 were observed anywhere in the genome. The only
lod score >2.0 was observed on chromosome 21 for marker
D2151255. However, we noticed that this signal on chr 21
seems to arise from the bilineal branch (Figure 1), as the signal
diminishes to lod score of 0.6 when we excluded this subfam-
ily from the analysis and increases to 2.5 when we analyzed
this bilineal branch of the family alone. Hence the genome-
wide linkage data suggest that there might be another suscep-
tibility variant on chr 21 that accounts for the low HDL-C in
the bilineal subfamily branch of the extended family. How-
ever, because we did not sequence any family members from
this branch, none of the 3459 filtered-out variants would be
good candidates. Importantly, we observed lod scores >1 near
the LPL and ABCA1 genes (lod scores of 1.62 and 1.28 10.3
Mb and 5.8 Mb from LPL and ABCA 1, respectively). Without
the bilineal branch these lod scores increased to 2.14 and 1.45,
respectively.

Genotype by Sex Interaction

The effect of the ABCA1 S1731C variant on low HDL-C
levels appears more profound in the males than in females in
the extended family (Table 4). Furthermore, our efflux study
also suggested a gene x sex interaction (Figure 2B). Although
the frequency of the S1731C variant may be individually too
rare for testing genetic interactions (as large sample sizes are
necessary), rare variants with large phenotypic effects are
collectively common in low HDL-C families.” We hypoth-
esized that the apparent sex effect may not be restricted to the
S1731C allele, but rather it may generally extend to ABCA1
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Figure 2. A, Effect of the ABCA1 variant on cholesterol efflux in fibroblasts from a proband homozygous for S1731C and a healthy con-
trol. Fibroblasts were isolated by taking a biopsy from the forearm of the proband and a healthy individual, plated in 12-well plates and
radiolabeled with [*H]-cholestercl for 48 hours. Cholesterol efflux was performed as described in Methods under background diffusion
conditions (-220H -ApoA-I), unstimulated (-220H +ApoA-I) and stimulated (+220H -ApoA-|, +220H +ApoA-I) conditions, with or without
ApoA-l. The proband had a significantly reduced ApoA-l-mediated efflux compared with the control without the variant. Values represent
the mean=SD. from triplicate wells. Results shown are a representative of 3 independent experiments. ***P=1.23x10-* by Student t test;
and “P=0.0495 using a nonparametric 2-sample Wilcoxon rank sum test. 220H indicates 22(R)-hydroxycholesterol; 8CRA, 9-cis-retinoic
acid; and ApoA-1, apolipoprotein A-I. B, Elevated concentrations of 17[i-estradiol improve cholesterol efflux in the male proband with the
ABCA1 51731C variant. Fibroblasts from a male proband with the ABCA1 $1731C variant and a healthy male control were

isolated by taking a biopsy from the forearm of plated in 24-well plates and radiolabeled with [3H]-cholesterol for 24 hours. Cholesterol
efflux was performed as described in Methods, with addition of increasing concentrations (2 nM, 20 nM, 50 nM, 0.1 pM, 1 pM, 10 pM,
and 50 uM) of 17f-estradiol while stimulating ABCA1 expression with 220H/9CR for 17 hours. As in “A”, experiments were done under
4 conditions (<220H -ApoA-l, -220H +ApoA, +220H -ApoA-|, +220H +ApoA-Il). Efflux results were subsequently adjusted for background
basal conditions of passive diffusion. The final stimulated ApoA-1 mediated efflux condition is shown. Upon exposure to increasing estra-
diol concentrations (>20 nM), cholesterol efflux in the S1731C proband significantly increases. Of note, the overall [3H]-cholesterol efflux
counts were lesser in magnitude than those cbserved in “A" given the shorter labeling time period (24 hours). In addition, the difference
in efflux between the control and proband was greater than in “A”, given the different basal diffusion of the selected conditions (data

not shown), which was now removed from the net ApoAl-mediated efflux. Values represent the mean +SD. from triplicate wells. Results
shown are representative of 3 independent experiments. 220H indicates 22(R)-hydroxycholesterol; 9CRA, 9-cis-retinoic acid; and ApoA-|,
apolipoprotein A-1. ***P=7.2x10-° (r=0.78) using a nonparametric Spearman trend test for the dose effect on efflux in the S1731C pro-
band; and nsP=0.2 (r=0.25) using a nonparametric Spearman trend test for the dose effect on effiux in the wild-type control.

alleles with major phenotypic effects. Thus, to further inves-
tigate this intriguing relationship between ABCAI and sex,
we examined the collective effect of multiple rare variants in
ABCAI by sex on HDL-C affection. All in all, 10 additional
low HDL-C French-Canadian families with known mutations
in ABCA1°-* were included in the sex-interaction analysis
using the SOLAR program,'” comprising to a total of 93 males
and 107 females. The percentage of mutation carriers was
42% and 53% in males and females, respectively (Figure 3).
The S1731C variant was present in 3 of these additional low
HDL-C pedigrees,” and together with the exome sequenced
family, the association signal for the main effect of S1731C
on low HDL-C status resulted in a P value of 0.008. In all
11 families we observed, as expected, a highly significant
main effect for ABCA1 genotypes (P=1x10-"), as well as a
significant ABCA1 genotype x sex interaction on the qualita-
tive HDL-C affection (P=0.03) (Figure 3). Furthermore, the
interaction effect appeared to be more pronounced when com-
paring premenopausal women (aged <50 years) to men and
postmenopausal women (P=0.003).

Discussion
By using exome sequencing we identified 2 functional rare
variants in the ABCA1 and LPL genes, cosegregating with low
HDL-C and explaining a major proportion of the HDL-C vari-
ance and heritability in an extended family. We also observed
a sex effect for ABCA variants, male carriers exhibiting sig-
nificantly lower HDL-C levels than females. Furthermore,

none of the unaffected family members had the LPL variant
or both variants. Our study exemplifies how use of exome
sequencing was critical to reveal the complex combination
of 2 variants of which 1 is less severe in females. Traditional
linkage analysis was unable to elucidate this type of complex
pattern of variants in this extended family,” suggesting that
many such combinations have been missed in previous link-
age analyses of complex traits.

ABCAL and LPL are major players of lipid metabolism.
The ABCAL is a key protein involved in reverse cholesterol
transport that transports cellular cholesterol to lipid-poor
acceptor apolipoproteins, such as apolipoproteinA-1°"* As a
result, the apolipoprotein is released with the extracted phos-
pholipid and cholesterol, forming nascent HDL particles.
Mutations disrupting the normal function of ABCAI result in
little or no circulating HDL.* Previous studies have shown that
cell lines with the identified ABCA1 variant $1731C exhibit
low levels of protein expression,” and that cells transfected
with the S1731C allele express abundant ABCA1 mRNA
but fail to generate significant amounts of ABCAI protein.”
Furthermore, the cholesterol efflux of S1731C has been shown
to be reduced to 12.3% to 68.0% of the wild-type.*** Here,
we observed a =40% cholesterol efflux reduction in the pro-
band homozygous for the S1731C variant as compared with
a normal control, in line with the earlier findings.”*** In our
previous article,” we showed that 3 heterozygous subjects with
the S1731C variant have cholesterol efflux values of 63%,
66%, and 68% of the wild type. Thus, about the same 40%
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Figure 3. Sex-dependent effect of ABCA1
variants. Figure 3 shows the age-sex
specific population HDL-C percentiles by
ABCA1 genotypes and sex in 200 French-
Canadian family members from 11 French-
Canadian families with different ABCA1
mutations (DelED1893, G616V, K776N,
N1800H, Q2210H, R1851X, R2084X,
R909X, and §1731C). MUT indicates carri-
ers of a mutation in the ABCA1 gene,

and WT stands for wild-type genotype

(ie, noncarriers). Q2 stands for the median
quartile and IQR for interquartile range
(Q3-Q1) of HDL-C percentiles. The dis-
tributions of the age-sex percentiles are
similar between genders in the WT geno-
type group, whereas in the MUT genotype
group, the distribution is more restricted to
the lower tail in males than in females. This
difference describes the significant result
of the genotype-sex interaction analysis. It
should be noted that the displayed age—sex
percentiles are not adjusted for related-
ness, whereas the family relation was taken
into account in the genotype-sex interac-
tion analysis performed using SOLAR.
HDL-C indicates high-density lipoprotein

LL L]

MUT (n=38)
Q2=5, IQR=0

MUT (n=57)
Q2=5, IOR=9.5

WT (n=50)
Q2=32, IQR=41
ABCA1

decrease is observed in the heterozygous subjects as in the
homozygous subject with the S173C variant, in line with their
similar HDL-C values (Table 4). Although the phenotype data
suggest that the $1731C variant does not have a gene dose
effect, this conclusion warrants additional functional studies
in future, because there are only 4 homozygotes in the fam-
ily 2 of which are also heterozygous for the LPL variant, and
furthermore the variant has a large range (12.3%—68.0% of the
wild-type) in its effect on the cholesterol efflux.”***

The main function of LPL is to hydrolyze TGs to deliver
fatty acids to the tissue. LPL also hydrolyzes very-low-density
lipoproteins. Sequence variation in LPL has been reported to
be associated with the risk of coronary heart disease, TGs, and
HDL-C." Anefficient LPL function is associated with lower TG
and low-density lipoproteins and higher HDL. Regarding the
identified P207L variant, individuals with this mutation have
reduced HDL particles compared with the control subjects.™
Previous studies have also shown that missense mutations in
exon 5 of the LPL gene where the P207L variant resides are the
most common cause of LPL deficiency.™* Importantly, Ma
et al reported that upon site-directed in vitro mutagenesis this
variant produces a catalytically inactive LPL protein, which
is the cause of the LPL deficiency in the patients.™ Taken
together, these previous data, along with our PolyPhen' and
SIFT' predictions, show that it is highly likely that both identi-
fied variants S1731C and P207L affect protein function.

The 2 identified variants, S1731C and P207L, have been
reported previously in French-Canadian dyslipidemic indi-
viduals but not in normal controls.™~* The S1731C ABCAI
variant was present in 3 French-Canadian dyslipidemic

WT (n=54) cholesterol.

Q2=30, IQR=36
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families with low HDL-C levels,” but not in 528 chromo-
somes from French-Canadian subjects with normal HDL-C
levels,™ It was also absent in 108 French-Canadian subjects
with high HDL-C.*® The P207L LPL variant was previously
observed in 37 unrelated French-Canadian patients with LPL
deficiency with 54 mutant alleles present in that study sam-
ple.” In the same study, the variant was also genotyped in 34
unrelated patients with LPL deficiency from ancestries other
than French-Canadian. Only 1 German patient was found to
be heterozygous for the risk allele. Furthermore, 11 out of 180
French-Canadian hyperlipidemic cases were heterozygous for
the P207L variant, whereas none of the 170 normolipidemic
controls had the P207L variant.*

It is important to study the effect of sex on lipid traits to
better understand the sex-specific differences in incidence of
dyslipidemia and cardiovascular disease. The results of an
earlier study demonstrated that ABCA1 has a sex-specific
effect, because elevated levels of ABCAl were observed
in females.”” which is in line with the higher HDL-C levels
and the lower risk of females for coronary artery disease. In
this study, we observed that functional mutations in ABCAI1
affecting the cholesterol efflux™*** have a larger effect on
HDL-C levels in male than female carriers of these variants. It
is possible that the observed genotype-sex interaction results
from the previously observed sex differences in ABCAI1
expression levels,” because if males have lower baseline lev-
els of ABCA, the effect of the mutations could be even more
profound in males. These interesting sex-specific mechanisms
of ABCA1 may involve hormonal regulation of ABCAL, a
hypothesis supported by our efflux experiment (Figure 2B},
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demonstrating that exposure of fibroblasts of a male proband
with the ABCAT S1731C variant to increasing concentrations
of 17f-estradiol led to a significantly increased efflux in the
male proband with the ABCA1 variant. These intriguing find-
ings warrant further investigation in future studies.

Our results demonstrate that 2 relatively rare functional
ABCAT and LPL variants contribute to the risk of low HDL-C
in a unique combination involving a sex-effect in an extended
family. We first identified a set of variants by filtering the vari-
ants shared by the exome-sequenced affected family mem-
bers for variant type, frequency, and functional predictions.
Because filtering has limitations caused by heterogeneity of
complex traits,” we then used the extended family structure for
statistical analysis exploring how much of the trait variance
and heritability the 2 key ABCA1 and LPL variants explain.
Thus, our study highlights the fact that the filtering strategy
used in exome studies of Mendelian disorders® is not directly
applicable for complex disorders, and that new methodologies
that incorporate multiple susceptibility variants within a family
are warranted. Because the 2 variants explain a major part of
the variance in HDL-C and are shown to be functional, ™%
they represent the key underlying HDL-C variants in this
family, though other rare and common variants are likely to
explain the remaining portion of the variance. Because both
ABCA1 and LPL are known to affect HDL-C, our study did
not reveal a novel HDL gene. However, our study does high-
light the importance of exome sequencing of dyslipidemic
families, because traditional linkage or haplotype analysis
cannot detect complex segregation of several functional rare
variants due to the inherent parametric restrictions of linkage
analysis. This type of underlying biological complexity must
have contributed to the low lod scores and weak success of
linkage analysis in gene identification of complex lipid traits.
In this study, we demonstrate for how family-based exome
sequencing can successfully identify multiple rare variants to
be followed up utilizing the effective cosegregation informa-
tion available in extended dyslipidemic families. To the best
of our knowledge, our study is the first described example of
2 functional rare variants conferring the susceptibility to low
HDL-C in an extended family.
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CLINICAL PERSPECTIVE

It is important to elucidate the genetic background of low levels of high-density lipoprotein cholesterol (HDL-C), because
low serum HDL-C predisposes to coronary artery disease, the major cause of mortality. Recent genome-wide association
studies have successfully identified common DNA sequence variants for HDL-C. However, these common variants explain
only a small proportion of variation in the HDL-C levels, indicating that currently still undiscovered rare variants contribute
to HDL-C levels as well. Although exome sequencing has been successfully applied to discover rare mutations for Men-
delian disorders. not much is known about its feasibility to identify genes for complex traits. We hypothesized that exome
sequencing can be used to identify rare variants in unexplained familial cases with low HDL-C because the family-based
approach allows the examination of the co-occurrence patterns in the entire family. We sequenced the exomes of subjects
with low HDL-C from a large multigenerational family and identified 2 rare nonsynonymous variants in ABCAT and lipo-
protein lipase. The family members carrying either variant had low HDL-C levels, and the individuals carrying both variants
had the lowest HDL-C values. Our data also demonstrated a sex effect for the ABCA1 variant. This type of complex combi-
nation of 2 rare variants causing low HDL-C in an extended family would not have been identified using traditional linkage
analysis, emphasizing the conclusion that exome sequencing can effectively discover rare variants in familial unexplained
forms of complex lipid traits.
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SUPPLEMENTAL MATERIAL

Supplemental Methods

Library construction and sequencing

The genomic DNA was sheared (sonication) with Covaris S2 to achieve a uniform distribution of
fragments with a mean size of 200 bp. The sheared DNA was purified using Agencourt AMPure XP
Solid Phase Reversible Immobilization paramagnetic bead (SPRI) and the quality of DNA was tested
with the Agilent 2100 Bioanalyzer. The end repair was done by removing the 3" overhangs followed
by the addition of a single “A” base to the 3’ end of the DNA fragments using Klenow fragment (3’
to 5" exo minus). Specialized adaptors that have a T-base overhang at their 3’ ends were ligated.
Following ligation, the samples were purified (using SPRI beads), PCR amplified and the quality

was checked by the Agilent 2100 Bioanalyzer.

After hybridization the captured DNA was purified and amplified. The quality of the library was
evaluated using the Agilent Bioanalyzer. Finally the 100-bp single end sequencing was performed on
the Illumina Hiseq2000 platform with one sample per lane.

Mutation validation

Sanger sequencing was used to confirm the presence and genotype of variants in the candidate genes

identified via exome sequencing and to screen the variants in additional family members.
Cellular cholesterol efflux assays

Human skin fibroblasts were seeded in 12-well plates and at mid-confluence labelled with 2 uCi/ml
[3H]-cholesterol (Perkin-Elmer Life Sciences) for 48 hours. Cells were subsequently stimulated, or
not, with 2.5 pg/ml 22(R)-hydroxycholesterol (220H) and 10uM 9-cis-retinoic acid (9CRA) for 17
hours and then incubated, or not, with 15 pg/ml lipid-free apolipoproteinA-1 (ApoA-I) (Meridian
Life Sciences) for 5 hours. Radioactivity was counted in both the medium and the cells. Cellular
cholesterol efflux was determined as follows: *H ¢cpm in medium / (*H cpm in medium + *H cpm in

cells); the results were expressed as percentage of total radiolabeled cholesterol. For the cholesterol
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efflux assays in the presence of 17p-estradiol (Sigma-Aldrich), fibroblasts were labeled with 2
pCi/ml [SH]-cholesteml (Perkin-Elmer Life Sciences) for 24 hours, stimulated, or not, with 2.5
pg/ml 220H and 10uM 9CRA for 17 hours and subsequently incubated, or not, with 15 pg/ml lipid-
free apolipoproteinA-I (ApoA-I) (Meridian Life Sciences) for 4 hours. During the 17 hours
incubation with 220H/9CRA, cells were simultaneously treated with increasing concentrations of
17B-estradiol. As above, assays were performed in 220H/9CRA stimulated fibroblasts (to induce
ABCAL expression), as well as in unstimulated cells, in the presence or absence of lipid free ApoA-
L. Cellular cholesterol efflux was determined as described above, but in order to specifically assess
the effect of estradiol on the ABCAT1 variant, we adjusted for background basal conditions of passive
diffusion of cellular cholesterol. Student t-test and non-parametric two sample Wilcoxon rank sum
test were used to assess differences between cholesterol efflux of a S1731C male proband and a
healthy male control. A non-parametric Spearman trend test in R was used in-order to test whether
increasing concentrations of 17p-estradiol has a significant influence on the cholesterol efflux of the
carrier proband and wild-type control. The triplicate data for each concentration was utilized by
setting the number of observations per unit equal to 3. All functional experiments were performed
three times independently, involving triplicate sample measurements from individual wells for each
experiment. Figure 2A-B presents one such replicate, representative of all three experiments
performed where values represent the mean + S.D. from triplicate wells.

Parametric linkage analysis

Two-point parametric linkage analysis of the low HDL-C status was performed in the extended
family using the *Location-Score' option of the Mendel software." We utilized an affecteds-only
strategy, coding the family members as either “affected” or “unknown” based on the age- and sex-
specific population 10th percentiles for HDL-C* to avoid problems of incomplete penetrance and
ambiguity of the “unaffected” disease status. We used a dominant mode of inheritance, with gene
frequencies set to 0.4% as described previously.” The genome scan was executed using 553 genome-

wide microsatellite markers with an average density of 6 cM.* Genotyping and quality control
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procedures of the microsatellite markers were explained in detailed previously.3 The SLINK
program4 was utilized to approximate the maximum possible lod score of the extended family under
the assumption of homogeneity within the pedigree. We used linkage parameters as given above and
a marker with 4 alleles with equal frequencies. Based on 100 replicates the maximum lod score at
0=0.05 was 4.34.

Genotype by sex interaction

We included the extended family together with 10 additional families with previously identified
mutations in ABCA1°” in a gene-sex interaction analysis, comprising 200 individuals and 9 different
mutations in ABCA1 (DelED1893, G616V, K776N, N1800H, Q2210H, R1851X, R2084X, R909X
and S$1731C). Genotype by sex interaction was tested by the SOLAR program® using variance-
component analysis for discrete traits. We compared models with and without the gene-sex
interaction term while keeping the ABCA1 genotypes in both the null and interaction model. We
assumed a dominant genetic inheritance, classifying carriers of a mutation as 1 and 0 otherwise, and
a multiplicative interaction term, multiplying the genotype score by sex (men=1 and women=0). We
also coded a sex-interaction term in which men and post-menopausal women (=50 years) were coded
as 1 and pre-menopausal women (<50 years) were coded as 0. Subjects with HDL-C levels < the
age-sex specific 10th percentiles were classified as affected and subjects with HDL-C levels > the
age-sex specific 20th percentiles as unaffected. P-values were generated by comparing the two
models using a likelihood ratio statistic with one degree of freedom. Since the affection status is
adjusted for gender, the inclusion of the main effect of sex in the model was no longer necessary.
The binary HDL-C affection was tested because the variance of HDL-C levels in these ascertained
families is reduced and thus limited for effective quantitative analysis.9 SOLAR uses a liability
threshold model in the variance-component analysis to handle discrete traits, assuming that the
logarithm of the odds of being affected is a function of the effects of a major gene, polygenetic

background, covariates, and residual environmental components.
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Supplementary table 1. Lipid levels and other clinical characteristics of the 75 genotyped family

members.
INDID ABCAl1 LPL TC TG HDL-C %HDL BMI LDL-C AGE SEX
1 G/C C/C 368 1.06 0.95 9 NA 2.24 88 F
3 Cc/C C/T 238 636 0.36 <5 243 103 56 M
4 G/G C/C 544 1.6 1.75 66 30.5 295 59 F
5 C/C C/T 4.6l 1.26 0.67 <5 22 3.36 66 M
6 G/G C/C 604 1.04 2.04 84 30.7 3.53 68 F
7 G/C c/C 3.57 1.8 0.85 <5 24.1 1.9 66 F
9 G/G C/T 386 095 0.99 5 18.1 244 62 F
10 G/G c/C  6.17 261 1.06 30 26.6 392 69 M
11 G/C c/C 471 378 0.9 <5 23 1.92 64 F
12 G/G c/C 365 211 0.87 11 234 1.82 75 M
13 Cc/C C/C 468 073 1.16 15 247 NA 59 F
14 G/C C/T 4.6 6.05 0.62 <5 258 NA 55 M
15 G/G C/C 684 327 1.45 40 23.1 39 55 F
16 G/C C/C 556 1.32 1.26 23 23 3.7 57 F
17 G/C C/T 3.6 1.89 0.79 <5 21.9 1.94 31 F
18 G/C C/T 374 4.8 0.72 <5 228 0 29 M
19 G/C C/T 243 243 0.62 <5 272 0.7 21 M
20 G/C c/Cc 8.7 1.62 0.77 <5 239 17.19 43 F
23 G/C Cc/C  4.01 1.4 1.04 11 18.1 2.33 42 F
24 G/G c/C 513 0.61 1.03 31 229 3.82 45 M
25 G/C C/C 335 0.88 1.06 17 17.6 1.89 38 F
27 G/C C/T 6.2 1.29 0.73 <5 20.2 4.88 35 F
29 G/C C/C 4095 1.16 0.8 <5 20.1 3.4 39 F
31 G/C c/C 758 1.31 0.59 <5 21.1 5.97 45 F
32 G/G C/C 4.68 1.94 1.22 59 2277 2.58 48 M
34 G/G c/C 6.6l 0.84 1.6 92 269 4.62 45 M
35 G/G C/C 445 3.29 0.54 <5 29.7  2.04 47 M
36 G/G C/C 526 1.41 1.62 63 237 3 48 F
37 G/C C/C 64 0.98 0.91 22 19.9 5.06 38 M
38 G/C C/C  4.56 1.69 0.79 <5 264  2.83 45 F
40 G/G C/C 454 1.9 0.64 <5 20.2 2.86 33 F
41 G/C C/C  9.66 0.79 0.88 5 239 842 39 F
43 G/C c/C 6.67 0.57 1.19 31 21.1 5.22 36 F
44 G/G C/C 506 252 0.91 22 26.1 3 37 M
45 G/G C/T 626 445 0.72 5 246 3.5 43 M
46 G/G C/C 463 2.64 0.98 8 329 245 44 F
47 G/G c/C 5l 2.68 0.79 9 21.5  3.09 44 M
48 G/G C/C 585 204 1.08 13 29.8 3.84 40 F
49 G/G C/T 353 1.69 0.76 <5 20.8 1.75 43 F
50 G/G C/C 558 1.41 1.19 61 28.1 3.75 43 M
51 G/G c/C 537 231 0.82 13 242  3.49 37 M
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52
55
56
57
58
59
60
61
62
63
64
65
66
67
69
70
71
73
74
75
76
77
78
79
80
81
82
87
89
90
91
92
93
94

G/G
G/G
G/G
G/G
G/C
G/G
G/C
G/G
G/G
G/C
G/C
G/C
G/G
Cc/C
G/G
G/C
G/G
G/C
G/G
G/G
G/G
G/G
G/G
G/C
G/G
G/C
G/C
G/G
G/G
G/G
G/G
G/G
G/G
G/G

Cc/C
c/C
C/T
c/C
C/C
c/C
C/T
c/C
c/C
c/C
c/C
c/C
c/C
c/C
c/C
c/C
c/C
c/C
c/C
C/C
Cc/C
C/C
c/C
C/C
C/C
Cc/C
c/C
c/C
C/T
c/C
C/T
C/C
c/C
c/C

4.79
3.24
2.84
2.72
3.92
4.83
4.22
4.56
6.11
6.51
4.57
5.16
3.22
2.85
3.63
3.44
3.51
2.71
9.08
6.18
4.23
5.57
3.8

3.18
4.87
3.77
5.77
3.86
3.81
3.59
3.18
4.04
3.98
4.21

0.8
2.46
0.83
1.03
1.37
1.2
1.36
3.44
3.02
0.7
1.66
1
0.74
0.71
0.58
0.47
1.23
1.01
1.69
1.59
0.77
1.66
1.03
0.72
0.51
0.63
0.98
0.91
2.19
0.51
2.99
0.55
0.87
0.42

1.82
1.07
0.85
1.1

0.67
1.23
0.62
1.35
1.46
0.98
1.24
1.41
1.26
0.73
1.15
1.08
1.31
0.75
0.61
1.4

1.36
0.68
0.61
0.83
0.9

1.24
0.8

1.07
0.7

1.11
0.66
1.39
0.93
1.43

85
39
12
49
<5
69
<5
52
64

39
59
43
<5
20

48
<5
<5
58
80
<5
<5
<5
12
41
<5
36
<5
42
<5
79
15
53

18.8
19.3
18.8
24.4
242
23
28.2
20.4
25.2
17
19.5
17.6
17.1
14.3
17.8
NA
18.4
17.4
28.1
21.5
20.3

22

23.9
18.2
14.8
16.5
23.1
26.6
212
235
18.4
19.7
17.6

2.61
1.04
1.61
1.15
2.63
3.05
2.62
1.65
3.28
5.21
2.58
33

1.62
1.67
222
2.15
1.64
1.16
7.29
4.06
2.52
3.82
228
1.83
3.74
224
4.52
2.38
2.11
225
0.94
24

2.65
2.59

The lipid levels are shown in millimoles per liter.
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Supplementary table 2. List of 41 variants shared by the three exome sequenced individuals after
filtering.

Chrno Positionno  rs number Gene name  PolyPhen* SIFT¥
2 42990225 New OXERI Probably = Damaging
2 160993949  New ITGB6 Stop Stop
3 15477933 New EAFI Probably =~ Damaging
3 47047500 New NBEAL2 Probably =~ Damaging
3 196529902  New PAK2 Probably =~ Damaging
4 1388675 New CRIPAK Probably =~ Damaging
5 140784743  New PCDHGA9 Probably  Tolerated
8 145094836  New SPATCI Possibly Tolerated
8 145112971  New OPLAH Probably  Tolerated
i 107558635  New ABCAl Probably Damaging
10 34606158 New PARD3 Possibly Tolerated
11 57076419 New TNKSI1BP1 Probably  Tolerated
12 124362332  New DNAH10 Probably = Damaging
15 59139625 New FAM63B Benign Damaging
16 2003016 New RPL3L Benign Damaging
17 45234303 New CDC27 Possibly Tolerated
17 44144993 New KIAA1267 Benign Damaging
19 14675764 New TECR Probably = Damaging
22 45821982 New RIBC2 Probably = Damaging
22 39069227 New CBY1 Benign Damaging
1 115537367  rs61730058 SYCPI Probably  Tolerated
1 144852390  rs61804988 PDE4DIP  Stop Stop
2 11943082 rs4669781 LPIN1 Possibly Tolerated
3 49162583 1s35713889 LAMB2 Probably = Tolerated
5 35753763 rs79487218 SPEF2 Benign Damaging
5 140255119  rs114654172 PCDHAI2 Possibly  Tolerated
8% 19811790 rs118204060 LPL Probably Damaging
144995494  rs76803079 PLEC Probably = Damaging
10 43871158 rs41307500 FXYD4 Probably  Tolerated
10 127697954  rs1666 FANKI Possibly Damaging
11 68174189 rs4988321 LRPS Probably  Tolerated
11 56310356 rs17547284  OR5MI1 Stop Stop
11 36458997 1$62621409 PRR5L Probably =~ Damaging
15 45491082 rs80131405 SHF Benign Damaging
16 28488943 1s77595156 CLN3 Probably  Tolerated
16 1537693 rs61734779 PTX4 Possibly Tolerated
17 37224211 rs75117355 PLXDCI Probably  Tolerated
19 42341407 rs35476281 LYPD4 Probably  Tolerated
19 23545516 rs112713994  ZNF91 Probably  Tolerated
19 49445774 rs10423255 DHDH Stop Stop
19 41235167 rs112628847 1TPKC Benign Damaging
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* PolyPhen-2 was used to predict the possible impact of an amino acid substitution on the structure
and function of the protein. A score larger than 0.85 is considered as probably damaging, a score
smaller than 0.15 as benign, and a score between 0.85 and 0.15 as possibly damaging, respectively.
T SIFT predicts the amino acid substitution to be damaging if the score is less than 0.05, and
tolerated if the score is greater than 0.05.

I The ABCA1 (S1731C) and LPL (P234L) variants are highlighted in bold.
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