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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), 
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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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Cardiovascular disease (CVD) is the leading cause of death world-wide with over 17.3 million 

deaths per year (31% of all deaths) 1. 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.2). Many forms of 

CVD are debilitating and lead to a loss of mobility/productivity 1, 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 3. 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 4. Using the end 

points, MI and CHD, the heritability of CVD is 0.38-0.57 5,6. 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) 1.  

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 7 . However, 

some individuals with high LDL-C cannot tolerate statins, and suffer side effects that are not 

worth the possible benefits of the treatment 8. 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 
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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 9, 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 10,11. They showed that the 

LDLR facilitates the uptake of LDL by the cells 10, and that mutations in the LDLR gene are 

associated with elevated plasma LDL-C levels 12. To this day, over 1,200 LDLR mutations have 

been identified that contribute to high LDL-C levels 13. 

The low density lipoprotein receptor adapter protein 1 (LDLRAP1) plays a critical role in 

the LDLR-mediated endocytosis of LDL by hepatocytes 14. Over 10 mutations in the LDLRAP1 

gene have been shown to cause an autosomal recessive form of hypercholesterolemia 

(ARH) 15.  

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 16. PCSK9 is 

an enzyme encoded by the PCSK9 gene. PCSK9 binds to LDLR and promotes the rapid 

degradation of LDLR 17. 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 18. Loss-of-function mutations in 

PCSK9 increase the number of LDLR on the cell surface; facilitate the uptake of LDL particles; 
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and are associated with low plasma LDL-C levels 18. 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 19. 

Apolipoprotein B (ApoB) is encoded by the APOB gene and is the primary apolipoprotein 

of LDL particles 20. ApoB also functions as a ligand for the LDLR 20. Nonsense mutations in 

APOB leading to the production of truncated forms of ApoB cause familial 

hypobetalipoproteinemia (FHBL) 21. The larger the truncation, the more severe the negative 

effect on the LDL particle formation, and the lower plasma LDL-C levels are 22. 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 23. 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 24. 

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 25. Loss-of-function mutations in the NPC1L1 gene are associated with 

lower plasma LDL-C levels and a reduced risk of having an atherosclerotic CVD event 26.  

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 27,28. The homozygous 

form of FH is rare (1:1,000,000), with a severe manifestation of the disease 29. There are no 

consensus diagnosis criteria for FH. However, the US MedPed Program 30, the Simon Broome 
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Register Group in the United Kingdom 31, and the Dutch Lipid Clinic Network28 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 32. 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 33–36, 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  37,38. The rest of the FH patients 

are often diagnosed with FH only after their first heart attack 27.  

Familial hypobetalipoproteinemia 

Familial hypobetalipoproteinemia (FHBL) is an autosomal dominant disorder 

characterized by reduced levels of plasma TC, LDL-C, and ApoB 39 Heterozygous FHBL affects 

about 1:500-1:1,000 individuals 22. 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 40,41. It is 

important to note that FHBL is associated with a reduced risk of CVD 22, most likely due to the 

beneficial effect of life-long low levels of TC and LDL–C 42. 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 39,43. However, 

FHBL is a genetically heterogeneous disorder that is not always linked to the APOB gene 40. 
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Mutations in PCSK9 and ANGPTL3, and loci on chromosomes 10q25-26 and 3p21 have also 

been implicated in some FHBL families 44–47. 

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 48. However, statins can reduce LDL-C by 50% or more 49. 

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 50. 

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 51. 

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 51,52. 

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 53. 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. 
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Several studies have been carried out using FH families without a known causative mutation, 

either by focusing on the known FH genes 54–56, or by whole exome-sequencing of all protein-

coding genes 57,58. As a result, exome sequencing has helped identify mutations in the APOE, 

LIPA and STAP1 genes as a likely cause for FH 56,58–60. In addition, chromosomal loci on 3q25-

26 and 21q22 and other loci have been identified using linkage analysis 61–63 . 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 <2nd percentile and >98th 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, PNPLA5 that 

significantly correlated with high LDL-C using a gene-level burden test 64. These studies also 

found suggestive evidence of an association between variants in ABCG5 and NPC1L1 and 

plasma LDL-C levels 64. Of note, both of these genes had been previously identified in 

Mendelian forms of high LDL-C 65,66.  

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 67 (Appendix I). 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 68, ANNOVAR 69), population frequencies (Exome 

Aggregation Consortium (ExAC) and the Genome Aggregation Database (gnomAD) 70), gene 

expression data in different tissues (GTEx 71) 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 
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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 48,72 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  51. 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 57. 

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 58.  

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 fulfill the clinical diagnosis of FH 73. 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 74. 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 
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(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 48. A population-specific weighted genetic 

risk score over the 90th percentile has previously been suggested as a potential polygenic cause 

for FH 73. In addition, there are several proposed LDL-C increasing SNP subsets and 

combinations that have been used to distinguish FH patients from healthy individuals 75.  

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 76). 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 77. 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 6q27. 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.  
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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) analysis48. The average of wGRS in the affected individuals was in the ~75th 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 90th percentile. As a validation, we randomly constructed 100 times 

the 10-SNP risk scores and could not find a combination leading to the 90th 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 1. 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 1. 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 1. Subarachnoid hemorrhage is one form of the 

hemorrhagic stroke that can occur at any age, including young adults 78. Strokes cause brain 

damage that potentially leads to physical disability, including paralysis, speech and swallowing 

difficulties, as well as a memory loss 79. 

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 80 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 81,82. A small number of human studies have been conducted as well, and the 

majority of these studies were done in patients undergoing coronary artery bypass graft 

surgery 83,84. 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 I 

and creatine kinase-myocardial band (CK-MB) 85,86, other studies could not document a positive 

effect of RIC on the outcome 84. 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 87. 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 88 , 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 82. Interestingly, other studies have shown an increase in plasma levels of stromal-

derived factor-1α (SDF-1a or CXCL12) in rats undergoing RIC 89. 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 90.  

Studies in humans have identified inflammatory gene expression changes in healthy 

adults undergoing RIC 91,92, as well as changes in the expression of genes involved in innate 

immune responses, TNF-signaling pathway, leukocyte adhesion, chemotaxis, and exocytosis 91. 

More recently, STAT5 signaling has been implicated in the expression changes associated with 

RIC in humans 93. In addition, a recent proteomic study reported multiple potential cardio-

protective targets released into the bloodstream after a limb RIC protocol 94. However, these 

studies are far from being definitive, mostly because human proteomic studies have been 

controversial, mainly due to the lack of reproducible data 95. 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 71. 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%) 96. 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 96. Interestingly, Li et 

al. showed that transcriptome analysis can be a powerful tool to observe changes in molecular 

networks in response to treatments 97. 

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 98, through the complex interplay between tissues and environment 99. 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 100. 

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 87. 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 101. 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 

provide additional evidence of the mechanisms involved 102, we focused our differential 

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 103. The data of the ENCODE and other large scale projects, such as the 

String protein-protein network database 104 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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Chapter 2 

Family-specific aggregation of lipid GWAS variants confers 

the susceptibility to familial hypercholesterolemia in a large 
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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.  
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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 (Illumina 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 Illumina Hiseq2500 platform employing 

75bp paired-end reads, resulting in a mean coverage of 75X, and capturing ~91% of the 

targeted regions with ≥10X 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 

≥1.0; 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 >90th 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 90th 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. 

 

 

33



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, r2 >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 <2.2x10-16), 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 50th 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 75th 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 <2.2x10-16), 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 (50th percentile), whereas the average risk score of the affected 

family members was 0.76 (>0.90th percentile) and of the unaffected family members 0.42 
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(<0.20th 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 7th decile and the average of the unaffected 

family members was in the 4th decile when compared to the percentiles in the Whitehall II 

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 > 90th 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 CELSR2) 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 6q27, 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-IV 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 [T726I], 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 90th 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 90th 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 number 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 90th 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. 

Indivi
dual 
ID TC (mmol/l) 

LDL-C 
(mmol/l) Statins 

Lp(a) 
mg/dl 

KR Allele 
1 

KR Allele 
2 

Known LPA 
variant 

(rs3798220), 
risk allele C, 
MAF=0.02 

Genetic risk 
score * 

Family specific 
genetic risk score 
of 10 SNPs (see 

Table 2) 

HMGCR 
(rs12916), risk 

allele C, 
MAF=0.43 

SLC22A1  
(rs1564348), 
risk allele C, 
MAF=0.15 

APOB and 
LDLR variant 
combinations 

** 

7711 (4.32)† (2.16)† Yes 4 24 (85%)$ 36             

7724 6.8 (5.93)†  5.00 (3.90)†  Yes 6 36 0 T/T 3.83 (86th) 0.89 (>99th) C/C 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 9 36 0 T/T 3.79 (82th) 0.89 (>99th) C/C C/T   

7749 7.60 (4.92) 5.00 (2.87) Yes 4 23 (80%) 36 T/T 3.61 (59th)   0.73 (90th) C/T C/T   

7772 7.57 5.11 No 4 26 (10%) 36 T/T 3.91 (92th) 0.78 (96th) C/C C/T   

7775 8.98 5.72 No 77 20 0 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 0 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 0 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 7.2 3.32 No 11 30 (85%) 36 T/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 2.4 No 5 23 (95%) 26 T/T 3.80 (83th) 0.54 (40th) C/T T/T 
 7789 4.49 2.34 No 66 20 0 T/C 3.32 (20th) 0.35 (6th) T/T 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; † (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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Figures 

 

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 (Mäkinen 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). 
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Supplementary Table 1. The 47 LDL-C GWAS SNPs (or their LD proxies, r2≥0.95) (Willer et al. 2013) 
that were included in the risk score analysis.

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 rs2737229 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 c 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 rs4253776 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 7776 7772 7775 7749 7792 7724 7727 773 7725 7729 778 7793 7726 7789 776

2 33482586 rs11686962 SPLICE-SITE 0.071 LTBP1 T C/T C/T C/C C/T C/T C/T C/T C/T T/T C/T C/C C/C C/C C/C C/T C/C
4 87770252 rs17694522 NON-SYNON 0.066 SLC10A6 A G/A G/A G/A G/A G/A G/A G/G G/A G/A G/A G/A G/G G/G G/G G/A G/A
8 124658214 rs11779866 NON-SYNON 0.102 KLHL38 T C/T C/C C/T C/T T/T C/T C/T C/T C/T C/T C/C C/C C/C C/C C/C C/T
15 78558584 rs142025971 FRAMESHIFT 0.065 DNAJA4 C CAT/C CAT/C CAT/C CAT/C CAT/CAT CAT/C CAT/C CAT/C CAT/CAT CAT/C CAT/C CAT/CAT CAT/CAT CAT/CAT CAT/CAT CAT/CAT
15 89398553 rs35430524 NON-SYNON 0.083 ACAN A C/A C/A C/A C/A C/C C/A C/A A/A C/C C/A C/A C/C C/C C/C C/A C/A
16 89985844 rs1805005 NON-SYNON 0.104 MC1R T G/T G/T G/T G/T G/G G/G G/T G/T G/T G/T G/T G/G G/G G/G G/G G/T

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 C/C C/C C/C C/C C/C C/C C/T C/C C/T C/C C/C C/T C/C C/C NON-SYN APOB 0.026 FH variant A4481T
2 rs1801701 21228827 C/T C/T C/C C/T C/T C/T C/C C/T C/C C/C C/T C/C C/C C/T C/T C/T NON-SYN APOB 0.077 GWAS LDL-C R3638Q
2 rs61742247 21234902 C/G C/G C/G C/G C/G C/C C/C C/C C/C C/C C/C C/G C/G C/C C/C 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 T/T T/T T/T T/T T/T T/T T/T T/C SPLICE SITE:INTRONIC LDLR 0.0052 FH variant c.1061-8T>C
19 rs72658867 11231203 G/G G/A G/A G/A G/G G/G G/G G/G G/G G/G G/G G/A G/G G/G G/G G/G SPLICE SITE:INTRONIC LDLR 0.0039 FH variant c.2140+5G>A
19 rs45508991 11233886 C/C C/T C/C C/T C/T C/C C/C C/C C/C C/C C/C C/C C/C C/C C/C C/T NON-SYN LDLR 0.0018 FH variant T726I

Common variants:
1 rs6687605 25889632 C/C C/C C/C C/C T/C T/C T/C T/T T/T T/C C/C T/C T/C C/C T/C C/C NON-SYN LDLRAP1 0.51 S202P
1 rs11583680 55505668 C/C C/C 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 NON-SYN PCSK9 0.12 GWAS LDL-C A53V
1 rs2483205 55518316 C/C C/T C/C C/T C/T C/T C/T C/T C/C C/C C/C C/T C/T T/T C/T T/T SPLICE SITE:INTRONIC PCSK9 0.46 FH variant c.658-7C>T
1 rs2495477 55518467 A/A A/G A/A A/G A/G A/A A/A A/G A/A A/A A/A A/G A/G A/G A/A A/G SPLICE SITE:INTRONIC PCSK9 0.41 c.799+3A>G
1 rs562556 55524237 A/A A/A A/A A/A A/A A/A A/A G/A A/A A/A A/A A/A G/A G/A A/A A/A NON-SYN PCSK9 0.82 V474I
1 rs505151 55529187 A/A A/A A/A A/A A/A A/A A/A A/A A/A A/A A/A A/A A/A A/A A/A A/A NON-SYN PCSK9 0.96 GWAS LDL-C c.2009G>A
2 rs1042034 21225281 C/T C/T C/T C/T C/T T/T T/T T/T C/T T/T C/T C/T C/T C/T T/T T/T NON-SYN APOB 0.77 GWAS LDL-C S4338N
2 rs676210 21231524 G/A G/A G/A G/A G/A G/G G/G G/G G/A G/G G/A G/A G/A G/A G/G G/G NON-SYN APOB 0.22 GWAS LDL-C P2739L
2 rs584542 21232803 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 C/C C/C C/C NON-SYN APOB 1 V2313I
2 rs568413 21235475 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 C/C C/C C/C NON-SYN APOB 1 C1422Y
2 rs679899 21250914 G/A G/A G/A G/G G/A G/G G/G G/G G/A G/G G/A G/A G/A G/A G/G G/G NON-SYN APOB 0.48 GWAS LDL-C A618V
2 rs1367117 21263900 G/A G/A G/G G/A G/A G/A G/A A/A G/G G/A G/A G/G G/G G/A G/A A/A NON-SYN APOB 0.29 GWAS LDL-C T98I

19 rs2738442 11221454 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 C/C C/C C/C SPLICE SITE: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.
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Supplementary Figure 1. A summary of the genetic findings contributing to high LDL-C in the Austrian 
family. The pedigree was drawn using CraneFoot (Mäkinen 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 APOB 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 Illumina 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 1. 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 3. 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 4. 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 5. According to previous studies, Mexicans have astoundingly high prevalence of 

different types of dyslipidemias 6,7. However, overall the Mexican population is 

underinvestigated in genomic studies, and particularly in cardiovascular genetic studies 8. 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 9. It is characterized by reduced levels of plasma TC, LDL-

C, and apoB 10. 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 11. It is important to 

note that FHBL is associated with a reduced risk of CVD 12, most likely because of the life-long 

low levels of TC and LDL–C 13. Prevalence of heterozygous FHBL is about 1:500-1:1,000 12. 

FHBL has previously been shown to be caused by mutations in the apolipoprotein B (APOB) 

gene 10,14, but FHBL is a genetically heterogeneous disorder that is not always linked to the 

APOB gene 15. Other genes, including PCSK9 and ANGPTL3 and loci on chromosomes 10 and 

3p21 have also been implicated in some FHBL families 16–19. However, in many FHBL cases the 

definite genetic cause is not known yet 20.  

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 20. 

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 20. The 

genomic DNA was extracted using standard protocols. The exome libraries were prepared using 

Illumina Truseq 2.1 exome capture kit and sequenced using the Illumina 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 21. Briefly, we aligned the reads using the Burrows-Wheeler Aligner (BWA) 

software package 22, performed the QC and variant calling using the Genome Analysis Toolkit 

(GATK) 23 and annotated the variants with the ANNOVAR software 24. 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 25 and SIFT 26. 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 27 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 28. 

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 TSPYL6 (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 TSPLY6 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 15. 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 TSPLY6 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 29. 

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 

TSPLY6 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. 30 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. 

 

 

 

63



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. 

Location 
Amino acid 
change rs # Gene 

Chr2:46711558 W218L new LOC388946 (TMEM247) 
Chr2:136620315 N361S rs141448886 MCM6 
Chr2:136691500 P162S rs149170955 DARS 
Chr8:110631186 C104W new SYBU 
Chr9:5462971 K178E new CD274 
Chr9:117849170 N280K rs200913956 TNC 
Chr13:46935685 N337S rs151242987 C13orf18 
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. 

Location 
Amino acid 
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 2.7E-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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Figures 

 

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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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 2.47x10-7

MYB 121 0.96 6.23 3.38x10-6

HRH4 123 0.92 5.98 1.09x10-5

MAK 621 -0.70 -5.93 1.10x10-5

MYO7A 177 -1.00 -5.80 1.61x10-5

OLR1 136 1.19 5.82 1.61x10-5

CRISP3 394 1.13 5.66 2.93x10-5

FBN1 27 0.94 5.65 2.93x10-5

CD52 2032 0.63 5.33 1.46x10-4

RSAD2 1025 1.07 5.19 2.68x10-4

SERPINB10 108 1.01 5.13 3.24x10-4

STAT5B 13869 -0.43 -5.04 4.74x10-4

SUFU 566 -0.41 -5.04 4.74x10-4

MRVI1 2714 -0.72 -5.00 5.38x10-4

BCL2L15 74 0.93 4.95 6.44x10-4

SSH1 2477 -0.49 -4.92 7.15x10-4

IDO1 98 1.00 4.88 8.44x10-4

ANLN 39 0.91 4.85 8.96x10-4

DNAH17 1640 -0.56 -4.85 8.96x10-4

TGFBI 3328 -0.66 -4.83 9.26x10-4

HAUS4 1226 -0.57 -4.80 9.70x10-4

RP11-473M20.5 362 -0.79 -4.81 9.70x10-4

MANSC1 2500 -0.68 -4.78 1.03x10-3

MS4A3 355 0.97 4.76 1.12x10-3

RP5-968J1.1 49 -0.73 -4.75 1.15x10-3

ETS2 2895 -0.65 -4.72 1.20x10-3

P2RY14 230 0.86 4.72 1.20x10-3

ATP2B4 3792 -0.57 -4.69 1.36x10-3

BRIP1 26 0.79 4.66 1.52x10-3

CD163 2193 -0.78 -4.60 1.97x10-3

ACSL1 40710 -0.65 -4.58 2.14x10-3

RP11-1D12.2 26 0.93 4.57 2.19x10-3

FAM129A 19351 -0.55 -4.54 2.28x10-3

NT5DC4 71 -0.77 -4.55 2.28x10-3

ADAM19 4928 -0.48 -4.54 2.32x10-3

DGKD 4162 -0.38 -4.52 2.40x10-3

ABCA2 2913 -0.48 -4.50 2.56x10-3

HINT1 540 0.54 4.46 2.91x10-3

TRIM7 122 -0.64 -4.45 2.94x10-3

PIWIL4 117 0.63 4.45 2.96x10-3

ST14 819 -0.67 -4.44 2.96x10-3
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IFI44L 357 0.90 4.43 3.00x10-3

C9orf123 134 0.56 4.38 3.66x10-3

CASC5 57 0.78 4.38 3.66x10-3

CYP1B1-AS1 76 -0.73 -4.36 3.93x10-3

AL137145.1 205 -0.70 -4.35 3.98x10-3

FUT4 360 0.45 4.35 3.98x10-3

MKNK1 4681 -0.44 -4.33 4.17x10-3

NUCB2 302 0.58 4.33 4.17x10-3

INHBA 20 0.88 4.32 4.30x10-3

AC061992.1 192 -0.63 -4.31 4.30x10-3

CCNJL 2099 -0.70 -4.30 4.30x10-3

GBP4 1456 0.80 4.30 4.30x10-3

MAD2L1 35 0.75 4.31 4.30x10-3

STAB1 3278 -0.61 -4.30 4.32x10-3

BMF 1012 -0.33 -4.27 4.65x10-3

MRPL32 137 0.50 4.27 4.65x10-3

PLK4 27 0.73 4.27 4.65x10-3

ACAT1 184 0.46 4.26 4.76x10-3

RP11-704M14.1 75 0.87 4.25 4.93x10-3

ACOT11 37 0.63 4.23 4.98x10-3

CLMN 1191 -0.44 -4.23 4.98x10-3

CMPK2 431 0.80 4.23 4.98x10-3

IFI44 544 0.84 4.24 4.98x10-3

SKA2 133 0.52 4.24 4.98x10-3

RFX2 2047 -0.61 -4.23 4.99x10-3

BATF2 224 0.81 4.20 5.27x10-3

RP11-443B7.1 198 -0.57 -4.21 5.27x10-3

RP11-473M20.7 5443 -0.55 -4.21 5.27x10-3

AL353791.1 104 -0.67 -4.19 5.40x10-3

FABP6 74 -0.80 -4.18 5.53x10-3

CES1 755 -0.71 -4.17 5.57x10-3

ETV7 89 0.86 4.18 5.57x10-3

MRPL13 60 0.55 4.18 5.57x10-3

NLRP12 4658 -0.46 -4.17 5.57x10-3

WDHD1 41 0.66 4.17 5.57x10-3

POLE2 25 0.71 4.14 6.04x10-3

COL17A1 101 0.85 4.13 6.17x10-3

KIAA1524 34 0.70 4.14 6.17x10-3

WDR76 98 0.60 4.11 6.65x10-3

RNASE4 146 -0.55 -4.11 6.72x10-3

SMTNL1 207 0.79 4.11 6.72x10-3

GBP5 3964 0.79 4.09 7.18x10-3

ATP8B4 407 0.57 4.08 7.27x10-3

CCDC64B 151 -0.81 -4.08 7.27x10-3

ELMO2 1763 -0.35 -4.07 7.46x10-3

SLFN13 409 0.49 4.06 7.71x10-3
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ABCA13 197 0.83 4.05 8.00x10-3

SNRPG 103 0.65 4.05 8.00x10-3

CCT2 429 0.45 4.04 8.14x10-3

ATP2C2 77 0.78 4.02 8.46x10-3

SLC7A7 3945 -0.52 -4.03 8.46x10-3

TAF9 229 0.45 4.00 9.10x10-3

HMOX1 1708 -0.51 -4.00 9.24x10-3

FANCI 196 0.50 3.99 9.39x10-3

KIF15 24 0.76 3.99 9.39x10-3

RP11-1334A24.6 556 -0.52 -3.99 9.39x10-3

FAM53C 5007 -0.43 -3.98 9.66x10-3

RNASE3 701 0.81 3.97 9.66x10-3

VSIG4 299 -0.79 -3.97 9.66x10-3

GFI1 218 0.65 3.97 9.71x10-3

AREL1 2588 -0.33 -3.96 1.02x10-2

PI4K2B 275 0.54 3.95 1.02x10-2

KIF1B 2186 -0.43 -3.95 1.03x10-2

KIAA0101 37 0.81 3.94 1.06x10-2

HELLS 72 0.66 3.93 1.08x10-2

SIRPA 13345 -0.47 -3.93 1.09x10-2

CLC 1257 0.79 3.92 1.11x10-2

KDM4B 5004 -0.42 -3.92 1.11x10-2

THBS4 49 0.55 3.92 1.11x10-2

TNFSF14 1975 -0.38 -3.92 1.11x10-2

MAML3 738 -0.49 -3.91 1.13x10-2

GBP1 2308 0.76 3.90 1.16x10-2

ERG 63 0.80 3.89 1.19x10-2

FAM136A 221 0.30 3.88 1.19x10-2

RP11-701P16.2 113 -0.65 -3.89 1.19x10-2

SAMD4A 72 0.63 3.88 1.19x10-2

KB-1208A12.3 93 0.38 3.88 1.20x10-2

PFKFB3 6018 -0.58 -3.87 1.20x10-2

PRC1 90 0.62 3.88 1.20x10-2

CR1 6177 -0.52 -3.86 1.25x10-2

FBXO4 60 0.56 3.86 1.25x10-2

DLGAP5 28 0.79 3.86 1.26x10-2

EAF2 48 0.72 3.84 1.32x10-2

HDAC4 2592 -0.37 -3.84 1.32x10-2

NCAPG 41 0.75 3.84 1.32x10-2

PLXDC2 1377 -0.45 -3.84 1.32x10-2

SIRPB2 4171 -0.45 -3.84 1.32x10-2

EPSTI1 599 0.74 3.83 1.33x10-2

HPN 19 -0.74 -3.83 1.33x10-2

IL1R1 1115 -0.52 -3.83 1.33x10-2

LAMC1 134 -0.53 -3.83 1.33x10-2

TGFA 959 -0.51 -3.83 1.33x10-2
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APLP2 13367 -0.41 -3.82 1.33x10-2

CEP55 29 0.78 3.82 1.33x10-2

PPARG 25 -0.73 -3.82 1.35x10-2

CIT 46 0.75 3.81 1.35x10-2

CTSG 1261 0.74 3.81 1.35x10-2

ARHGAP19 870 -0.31 -3.81 1.38x10-2

KIF13A 1756 -0.48 -3.80 1.38x10-2

SSH2 13437 -0.44 -3.80 1.38x10-2

PPT1 7521 -0.38 -3.80 1.38x10-2

NSMCE2 92 0.52 3.79 1.41x10-2

TLR5 1668 -0.50 -3.79 1.43x10-2

CNTNAP3 1973 -0.66 -3.79 1.44x10-2

AC108004.3 27 0.63 3.78 1.45x10-2

CDCA7 59 0.61 3.78 1.45x10-2

MMP14 124 -0.55 -3.77 1.45x10-2

MRPL1 38 0.60 3.77 1.45x10-2

AMPH 63 -0.74 -3.77 1.47x10-2

MGAM 14190 -0.64 -3.77 1.47x10-2

FAM219A 584 -0.30 -3.76 1.51x10-2

IFIT1 1092 0.76 3.76 1.51x10-2

NIF3L1 166 0.35 3.76 1.51x10-2

SLC2A9 176 -0.40 -3.75 1.55x10-2

HIP1 2520 -0.44 -3.74 1.60x10-2

SLC2A5 220 0.75 3.74 1.60x10-2

CENPE 33 0.74 3.73 1.61x10-2

KDM6B 12490 -0.52 -3.73 1.62x10-2

IL4R 10554 -0.49 -3.73 1.64x10-2

ARHGEF11 3609 -0.42 -3.72 1.64x10-2

CENPF 76 0.73 3.72 1.64x10-2

AC004069.2 81 -0.61 -3.72 1.66x10-2

LINC00482 120 -0.61 -3.72 1.66x10-2

LRP1 3913 -0.55 -3.72 1.66x10-2

AATK 4392 -0.47 -3.70 1.75x10-2

ZFP36 10959 -0.41 -3.70 1.76x10-2

DUSP1 9605 -0.62 -3.70 1.77x10-2

NFIL3 2422 -0.47 -3.69 1.77x10-2

RP11-20B24.7 183 -0.49 -3.69 1.79x10-2

SH3PXD2B 114 -0.70 -3.69 1.79x10-2

RP11-76E17.4 36 -0.74 -3.69 1.79x10-2

DKFZP667F0711 113 -0.63 -3.68 1.81x10-2

TNS3 591 -0.47 -3.68 1.84x10-2

YEATS4 84 0.50 3.67 1.87x10-2

PC 87 -0.51 -3.66 1.90x10-2

MTMR3 7364 -0.38 -3.66 1.91x10-2

MERTK 138 -0.59 -3.66 1.91x10-2

AC091878.1 107 -0.56 -3.65 1.95x10-2
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RP11-1137G4.3 34 0.72 3.65 1.95x10-2

SVIP 235 0.59 3.65 1.95x10-2

KIF11 107 0.55 3.63 2.09x10-2

CHST15 9082 -0.46 -3.63 2.11x10-2

UGT2B11 22 0.75 3.62 2.11x10-2

NFKBIA 4244 -0.48 -3.62 2.12x10-2

DAB2 322 -0.47 -3.61 2.15x10-2

HRH2 2346 -0.53 -3.61 2.15x10-2

PPP1R3B 4579 -0.50 -3.62 2.15x10-2

RAB44 280 0.52 3.61 2.15x10-2

TECPR2 4937 -0.40 -3.61 2.15x10-2

ALOX15B 51 -0.75 -3.61 2.15x10-2

CXCR2 47021 -0.57 -3.61 2.15x10-2

GPER 153 -0.74 -3.61 2.18x10-2

AZU1 2651 0.72 3.60 2.20x10-2

PEX3 68 0.51 3.60 2.22x10-2

C2orf82 31 -0.60 -3.59 2.22x10-2

DCAF13 170 0.39 3.59 2.22x10-2

EMILIN2 3082 -0.44 -3.59 2.22x10-2

TBL1X 3560 -0.47 -3.59 2.22x10-2

TMEM150B 307 -0.51 -3.59 2.22x10-2

LSM5 77 0.48 3.58 2.26x10-2

TARM1 63 0.74 3.58 2.26x10-2

IL6R 14094 -0.41 -3.57 2.32x10-2

MARVELD1 480 -0.61 -3.57 2.32x10-2

PSMA4 642 0.51 3.57 2.32x10-2

RHAG 22 0.73 3.57 2.32x10-2

S1PR3 391 -0.54 -3.57 2.32x10-2

WDFY4 2382 -0.35 -3.57 2.32x10-2

WDR61 267 0.36 3.57 2.32x10-2

LAMP3 46 0.72 3.56 2.37x10-2

PROK2 9621 -0.54 -3.56 2.37x10-2

TIRAP 401 -0.28 -3.56 2.37x10-2

TPRKB 74 0.43 3.56 2.37x10-2

CDC45 36 0.73 3.55 2.38x10-2

CDH26 65 -0.51 -3.55 2.38x10-2

LINC00963 1937 -0.49 -3.55 2.38x10-2

SUCNR1 20 0.68 3.55 2.38x10-2

RP11-4F5.2 888 -0.40 -3.54 2.44x10-2

RP11-373D23.3 149 -0.56 -3.54 2.45x10-2

ISG15 1380 0.73 3.54 2.46x10-2

GAS7 7416 -0.52 -3.53 2.51x10-2

ATP6V1C2 30 0.60 3.53 2.51x10-2

RASSF2 23485 -0.39 -3.53 2.54x10-2

TCN1 688 0.73 3.53 2.54x10-2

ZCCHC24 200 -0.38 -3.52 2.60x10-2
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DOCK2 7416 -0.31 -3.52 2.61x10-2

RP11-326C3.11 170 -0.42 -3.51 2.69x10-2

HES4 51 0.72 3.50 2.69x10-2

KIF14 19 0.65 3.50 2.72x10-2

CPAMD8 209 -0.46 -3.50 2.73x10-2

PLXND1 1991 -0.42 -3.50 2.73x10-2

VWA7 66 -0.53 -3.50 2.73x10-2

WIPF2 2153 -0.36 -3.49 2.76x10-2

CERS2 3222 -0.33 -3.49 2.77x10-2

HAUS1 77 0.54 3.49 2.77x10-2

TOP2A 111 0.71 3.49 2.77x10-2

MMP8 1533 0.71 3.49 2.77x10-2

ARHGEF40 5694 -0.54 -3.48 2.78x10-2

ITGAD 57 -0.62 -3.48 2.81x10-2

ADAMTS2 552 -0.70 -3.47 2.90x10-2

CENPH 38 0.62 3.47 2.90x10-2

PHF21A 5812 -0.37 -3.47 2.90x10-2

RP11-76E17.3 66 -0.67 -3.47 2.90x10-2

SUB1 677 0.52 3.46 2.91x10-2

HSPE1 98 0.52 3.46 2.94x10-2

PNPLA1 155 -0.50 -3.46 2.94x10-2

RP3-525N10.2 33 -0.68 -3.46 2.94x10-2

CD3D 476 0.53 3.43 3.14x10-2

CEBPB 10987 -0.53 -3.44 3.14x10-2

FAM26F 213 0.57 3.43 3.14x10-2

FLT3 355 -0.69 -3.43 3.14x10-2

IQSEC1 8737 -0.36 -3.43 3.14x10-2

RNASEH2B 317 0.39 3.43 3.14x10-2

NIPSNAP3A 199 0.39 3.43 3.14x10-2

SLA 9171 -0.50 -3.43 3.14x10-2

HERC5 794 0.69 3.43 3.14x10-2

GCSAML 52 0.57 3.42 3.16x10-2

PRMT5 750 -0.44 -3.43 3.16x10-2

FBN2 197 -0.53 -3.42 3.16x10-2

OAS3 2041 0.68 3.42 3.16x10-2

PTX3 72 0.64 3.42 3.18x10-2

BAIAP2 369 -0.47 -3.42 3.19x10-2

ZWINT 55 0.67 3.42 3.19x10-2

BUB3 917 0.28 3.41 3.21x10-2

CYFIP1 1090 -0.37 -3.41 3.21x10-2

IL17RA 19125 -0.41 -3.41 3.21x10-2

IL18RAP 2094 -0.56 -3.41 3.21x10-2

NLRP3 1235 -0.48 -3.41 3.21x10-2

SRXN1 196 -0.49 -3.41 3.21x10-2

STIL 32 0.64 3.41 3.21x10-2

MPO 2413 0.69 3.41 3.22x10-2
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VRK1 122 0.59 3.40 3.23x10-2

MRPL39 56 0.48 3.39 3.35x10-2

ABAT 965 -0.36 -3.39 3.35x10-2

CUX1 2758 -0.41 -3.39 3.35x10-2

MBP 9465 -0.42 -3.39 3.38x10-2

NDC80 55 0.57 3.39 3.38x10-2

RTDR1 47 -0.65 -3.39 3.38x10-2

ZSCAN18 211 -0.34 -3.39 3.38x10-2

SVIL 3671 -0.45 -3.38 3.39x10-2

ZNF503 42 -0.46 -3.38 3.39x10-2

ENY2 316 0.45 3.38 3.42x10-2

SLC8A1 955 -0.51 -3.38 3.42x10-2

UGGT1 1942 -0.29 -3.38 3.42x10-2

PRIM2 106 0.36 3.38 3.43x10-2

IL5RA 172 0.59 3.37 3.51x10-2

RP11-701P16.5 90 -0.57 -3.37 3.51x10-2

CASC3 5745 -0.40 -3.36 3.51x10-2

FOXM1 107 0.60 3.36 3.53x10-2

IFIT3 2993 0.67 3.36 3.53x10-2

RP11-802E16.3 317 -0.37 -3.36 3.53x10-2

C5AR1 19382 -0.45 -3.36 3.54x10-2

BICD2 3275 -0.36 -3.35 3.55x10-2

C1orf115 79 -0.45 -3.35 3.55x10-2

CEACAM6 578 0.69 3.35 3.55x10-2

CEACAM8 1080 0.68 3.36 3.55x10-2

ECHDC3 220 -0.65 -3.35 3.55x10-2

RP11-298I3.1 96 -0.56 -3.35 3.55x10-2

RPA3 93 0.49 3.35 3.60x10-2

FKBP3 181 0.38 3.34 3.60x10-2

MLF1IP 37 0.59 3.34 3.60x10-2

DEFA3 19589 0.64 3.34 3.60x10-2

DEFA4 2976 0.64 3.34 3.60x10-2

DYRK4 91 0.51 3.34 3.62x10-2

SORL1 39212 -0.46 -3.34 3.64x10-2

ALDH9A1 1170 -0.26 -3.33 3.66x10-2

BAIAP2-AS1 599 -0.42 -3.33 3.66x10-2

EPHB2 91 -0.50 -3.33 3.66x10-2

BPI 3539 0.67 3.33 3.72x10-2

COL8A2 89 -0.47 -3.33 3.73x10-2

RNASE1 114 -0.67 -3.33 3.73x10-2

TADA2B 1680 -0.31 -3.32 3.74x10-2

ARV1 73 0.36 3.32 3.75x10-2

NCOA6 1513 -0.30 -3.32 3.75x10-2

PSAT1 66 0.49 3.32 3.75x10-2

RNF175 461 -0.49 -3.32 3.75x10-2

CD1D 738 -0.39 -3.32 3.77x10-2
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CDCA7L 287 0.49 3.32 3.77x10-2

RP11-67C2.2 330 -0.45 -3.32 3.78x10-2

C10orf105 295 -0.60 -3.31 3.79x10-2

ARHGAP26 7235 -0.43 -3.31 3.84x10-2

AQP9 27659 -0.41 -3.31 3.86x10-2

MDH1 490 0.44 3.30 3.89x10-2

SS18L2 107 0.44 3.30 3.89x10-2

NOTCH2 9263 -0.42 -3.30 3.90x10-2

CTC-246B18.8 69 -0.49 -3.30 3.94x10-2

RFC3 69 0.48 3.30 3.94x10-2

RP11-181G12.2 171 -0.36 -3.30 3.94x10-2

CDK1 28 0.68 3.29 3.96x10-2

TUFT1 132 -0.48 -3.29 3.96x10-2

C5orf56 725 0.41 3.29 4.00x10-2

ESPL1 61 0.63 3.29 4.00x10-2

IL10RB 3218 -0.30 -3.29 4.00x10-2

SLC11A1 22240 -0.50 -3.29 4.02x10-2

FBXO5 75 0.51 3.28 4.04x10-2

IFT57 120 0.48 3.28 4.04x10-2

KAT6A 3646 -0.43 -3.28 4.04x10-2

KDM5B 1009 -0.34 -3.28 4.04x10-2

KIAA0391 418 0.24 3.28 4.04x10-2

NOL3 87 -0.41 -3.28 4.04x10-2

SLC5A9 68 -0.63 -3.28 4.04x10-2

TCF19 193 0.49 3.28 4.04x10-2

DTL 44 0.67 3.27 4.04x10-2

MIS18A 38 0.50 3.27 4.04x10-2

ZNF608 207 -0.64 -3.27 4.04x10-2

DHFR 212 0.42 3.27 4.04x10-2

IRF2BPL 2936 -0.49 -3.27 4.05x10-2

STMN1 432 0.62 3.27 4.07x10-2

CYSLTR1 355 0.42 3.27 4.10x10-2

IL1B 1836 -0.45 -3.26 4.10x10-2

UQCRQ 182 0.50 3.26 4.12x10-2

CTNNA1 2898 -0.39 -3.25 4.16x10-2

DBN1 642 -0.51 -3.26 4.16x10-2

FAM49A 2729 -0.34 -3.26 4.16x10-2

RETN 980 0.67 3.26 4.16x10-2

UBE4B 1704 -0.33 -3.26 4.16x10-2

ZNF367 77 0.52 3.26 4.16x10-2

SLC29A3 186 -0.34 -3.25 4.17x10-2

CFLAR 14455 -0.35 -3.25 4.18x10-2

PTGFRN 47 -0.54 -3.25 4.19x10-2

ACADM 201 0.43 3.25 4.20x10-2

GBGT1 616 -0.43 -3.25 4.20x10-2

MATN2 27 0.54 3.25 4.20x10-2
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MOCS2 93 0.35 3.25 4.20x10-2

SGOL2 40 0.60 3.24 4.20x10-2

FOSL2 7657 -0.36 -3.24 4.24x10-2

FANCL 75 0.52 3.24 4.25x10-2

GPR97 10028 -0.46 -3.24 4.28x10-2

PKNOX1 479 -0.26 -3.24 4.28x10-2

WASF2 8791 -0.36 -3.24 4.28x10-2

IGF1R 2866 -0.43 -3.23 4.28x10-2

LTF 14590 0.63 3.23 4.28x10-2

NCAPG2 149 0.48 3.23 4.28x10-2

ITGAM 12705 -0.44 -3.23 4.29x10-2

TIMM10 178 0.62 3.23 4.29x10-2

ADH5 436 0.36 3.23 4.30x10-2

RPSAP58 124 0.46 3.23 4.30x10-2

AC007278.3 212 -0.64 -3.22 4.35x10-2

ATP5C1 618 0.39 3.22 4.35x10-2

CRISPLD2 4330 -0.50 -3.22 4.35x10-2

ITSN1 199 -0.36 -3.22 4.35x10-2

RP13-580F15.2 68 0.55 3.22 4.35x10-2

COPS4 217 0.40 3.22 4.36x10-2

CCNA2 68 0.61 3.21 4.40x10-2

ZNF319 1121 -0.36 -3.21 4.43x10-2

CIDEB 67 -0.44 -3.21 4.43x10-2

MYLIP 1719 -0.36 -3.21 4.43x10-2

ATXN1 2498 -0.31 -3.21 4.44x10-2

DOK3 14016 -0.47 -3.21 4.44x10-2

SHROOM1 141 -0.52 -3.21 4.44x10-2

TBC1D30 82 -0.47 -3.20 4.45x10-2

TLE4 2706 -0.32 -3.20 4.45x10-2

ASPM 46 0.66 3.20 4.46x10-2

ZNF823 21 0.59 3.20 4.46x10-2

EEF1E1 26 0.54 3.20 4.47x10-2

RNF144A 391 0.46 3.20 4.47x10-2

SPC24 50 0.66 3.20 4.47x10-2

NCOR2 2947 -0.34 -3.20 4.48x10-2

SLC8A1-AS1 26 -0.54 -3.20 4.48x10-2

SNX27 3312 -0.33 -3.20 4.49x10-2

MLLT1 1133 -0.33 -3.19 4.50x10-2

MEGF6 891 -0.39 -3.19 4.50x10-2

ZNF746 3152 -0.43 -3.19 4.52x10-2

BEST1 1992 -0.38 -3.19 4.52x10-2

CBL 5966 -0.36 -3.19 4.52x10-2

GNS 6114 -0.37 -3.19 4.52x10-2

GPX7 90 0.42 3.19 4.52x10-2

MFN2 4153 -0.37 -3.19 4.52x10-2

RAD51 56 0.59 3.19 4.52x10-2
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RP11-344B5.2 224 -0.46 -3.19 4.52x10-2

PYGL 15676 -0.47 -3.18 4.54x10-2

CHEK1 43 0.56 3.18 4.55x10-2

ZCCHC9 191 0.29 3.18 4.55x10-2

CPSF7 3652 -0.37 -3.18 4.56x10-2

ULK1 4884 -0.39 -3.18 4.57x10-2

AC096772.6 114 -0.34 -3.18 4.60x10-2

IFIT5 664 0.55 3.18 4.60x10-2

RPS27L 136 0.43 3.18 4.60x10-2

TYMS 163 0.64 3.18 4.60x10-2

LINC00211 173 -0.39 -3.17 4.62x10-2

NDEL1 3893 -0.37 -3.17 4.62x10-2

CLSPN 44 0.54 3.17 4.64x10-2

EZH2 173 0.46 3.17 4.64x10-2

FAM71F2 105 -0.48 -3.17 4.64x10-2

LPCAT3 1538 -0.37 -3.17 4.64x10-2

TG 105 -0.52 -3.17 4.64x10-2

EXOSC9 265 0.35 3.16 4.69x10-2

PSMD10 202 0.36 3.16 4.70x10-2

TOMM5 44 0.41 3.16 4.72x10-2

LINC00593 37 -0.54 -3.16 4.74x10-2

CXCR1 32208 -0.47 -3.16 4.78x10-2

ITPRIP 3718 -0.38 -3.15 4.80x10-2

NDUFA4 329 0.53 3.15 4.80x10-2

PWP1 314 0.26 3.15 4.80x10-2

ZNF480 105 0.38 3.15 4.80x10-2

HMGN1 1203 0.35 3.15 4.80x10-2

MSN 34989 -0.39 -3.15 4.80x10-2

NSMCE4A 260 0.31 3.15 4.80x10-2

SEMA6A 35 0.48 3.15 4.80x10-2

SSB 304 0.39 3.15 4.80x10-2

TRIAP1 87 0.38 3.15 4.83x10-2

PADI2 8617 -0.45 -3.15 4.84x10-2

SLC2A3 16672 -0.43 -3.14 4.88x10-2

HAUS2 224 0.28 3.14 4.89x10-2

PSMG1 77 0.44 3.14 4.90x10-2

DZIP1L 33 0.63 3.14 4.95x10-2

ARNTL2 30 0.51 3.13 4.96x10-2

TIPIN 35 0.47 3.13 4.97x10-2

LDLRAD3 118 -0.48 -3.13 4.97x10-2

NRG1 159 -0.43 -3.13 4.97x10-2

ASPH 963 -0.51 -3.13 4.98x10-2

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.
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Table II. 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
HTRA1 98 -1.28 0.19 -6.73 2.47x10-7 86 2.25 0.27 8.26 5.00x10-13* 39 0.63 0.27 2.32 8.09x10-2

MYO7A 177 -1.00 0.17 -5.80 1.61x10-5 173 1.59 0.20 7.88 9.69x10-12* 109 0.34 0.18 1.89 1.69x10-1

OLR1 136 1.19 0.20 5.82 1.61x10-5 40 0.83 0.34 2.49 3.59x10-2 118 2.44 0.31 7.89 4.65x10-12*
CRISP3 394 1.13 0.20 5.66 2.93x10-5 153 0.46 0.33 1.39 2.72x10-1 369 1.85 0.32 5.80 7.91x10-7*
SERPINB10 108 1.01 0.20 5.13 3.24x10-4 38 0.89 0.30 3.00 1.01x10-2 94 2.23 0.30 7.34 1.26x10-10*
STAT5B 13869 -0.43 0.08 -5.04 4.74x10-4 14359 0.76 0.15 5.27 4.52x10-6* 12921 0.34 0.14 2.33 8.02x10-2

BCL2L15 74 0.93 0.19 4.95 6.44x10-4 45 0.03 0.20 0.16 9.16x10-1 80 1.41 0.24 5.85 6.46x10-7*
SSH1 2477 -0.49 0.10 -4.92 7.15x10-4 2519 0.86 0.15 5.86 3.48x10-7* 2221 0.38 0.15 2.46 6.14x10-2

DNAH17 1640 -0.56 0.11 -4.85 8.96x10-4 1412 1.45 0.22 6.56 1.27x10-8* 1121 0.84 0.21 4.02 1.21x10-3

ANLN 39 0.91 0.19 4.85 8.96x10-4 21 0.64 0.23 2.73 2.00x10-2 37 1.79 0.22 8.22 5.85x10-13*
RP11-473M20.5 362 -0.79 0.16 -4.81 9.70x10-4 394 0.99 0.20 4.95 1.56x10-5* 298 0.07 0.20 0.35 8.43x10-1

HAUS4 1226 -0.57 0.12 -4.80 9.70x10-4 1319 0.80 0.18 4.49 9.42x10-5* 1119 0.19 0.17 1.12 4.59x10-1

MANSC1 2500 -0.68 0.14 -4.78 1.03x10-3 2417 1.14 0.18 6.23 7.17x10-8* 1959 0.47 0.20 2.32 8.12x10-2

MS4A3 355 0.97 0.20 4.76 1.12x10-3 166 0.13 0.28 0.46 7.47x10-1 362 1.70 0.28 6.02 2.63x10-7*
RP5-968J1.1 49 -0.73 0.15 -4.75 1.15x10-3 49 1.15 0.21 5.51 1.72x10-6* 37 0.33 0.21 1.61 2.53x10-1

ETS2 2895 -0.65 0.14 -4.72 1.20x10-3 2937 1.07 0.18 5.86 3.48x10-7* 2334 0.32 0.17 1.91 1.65x10-1

RP11-1D12.2 26 0.93 0.20 4.57 2.19x10-3 7 0.54 0.35 1.54 2.19x10-1 23 2.24 0.32 6.93 1.45x10-9*
DGKD 4162 -0.38 0.08 -4.52 2.40x10-3 4483 0.62 0.10 6.34 4.20x10-8* 4143 0.25 0.11 2.34 7.78x10-2

TRIM7 122 -0.64 0.14 -4.45 2.94x10-3 126 0.92 0.15 6.32 4.48x10-8* 105 0.28 0.17 1.62 2.52x10-1

ST14 819 -0.67 0.15 -4.44 2.96x10-3 886 0.88 0.17 5.06 1.03x10-5* 719 0.14 0.18 0.78 6.26x10-1

PIWIL4 117 0.63 0.14 4.45 2.96x10-3 86 0.42 0.13 3.31 4.26x10-3 118 1.21 0.16 7.36 1.06x10-10*
CASC5 57 0.78 0.18 4.38 3.66x10-3 40 0.29 0.20 1.45 2.47x10-1 59 1.27 0.19 6.87 2.14x10-9*
CYP1B1-AS1 76 -0.73 0.17 -4.36 3.93x10-3 75 1.23 0.25 5.01 1.27x10-5* 54 0.34 0.23 1.47 3.05x10-1

AL137145.1 205 -0.70 0.16 -4.35 3.98x10-3 208 1.12 0.19 5.82 4.24x10-7* 160 0.30 0.19 1.57 2.68x10-1

FUT4 360 0.45 0.10 4.35 3.98x10-3 328 0.25 0.07 3.57 1.98x10-3 397 0.75 0.09 8.22 5.85x10-13*
MKNK1 4681 -0.44 0.10 -4.33 4.17x10-3 4460 1.01 0.19 5.20 5.95x10-6* 3895 0.54 0.19 2.91 2.42x10-2

INHBA 20 0.88 0.20 4.32 4.30x10-3 8 0.75 0.35 2.14 7.43x10-2 17 1.84 0.32 5.70 1.28x10-6*
AC061992.1 192 -0.63 0.15 -4.31 4.30x10-3 158 1.75 0.24 7.30 2.81x10-10* 114 1.01 0.22 4.55 1.97x10-4

GBP4 1456 0.80 0.19 4.30 4.30x10-3 1927 -1.07 0.20 -5.36 3.14x10-6* 2517 0.07 0.22 0.34 8.51x10-1

STAB1 3278 -0.61 0.14 -4.30 4.32x10-3 3351 1.04 0.14 7.20 5.63x10-10* 2712 0.32 0.13 2.50 5.70x10-2

BMF 1012 -0.33 0.08 -4.27 4.65x10-3 1148 0.46 0.08 5.83 4.03x10-7* 1081 0.13 0.09 1.52 2.88x10-1

CLMN 1191 -0.44 0.10 -4.23 4.98x10-3 1292 0.68 0.13 5.41 2.60x10-6* 1155 0.21 0.12 1.75 2.09x10-1

IFI44 544 0.84 0.20 4.24 4.98x10-3 698 -1.45 0.32 -4.49 9.23x10-5* 804 -0.73 0.30 -2.42 6.70x10-2

RFX2 2047 -0.61 0.14 -4.23 4.99x10-3 1849 1.30 0.22 6.00 1.91x10-7* 1489 0.67 0.22 3.04 1.80x10-2
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RP11-473M20.7 5443 -0.55 0.13 -4.21 5.27x10-3 5398 0.97 0.18 5.34 3.35x10-6* 4601 0.41 0.19 2.16 1.08x10-1

NLRP12 4658 -0.46 0.11 -4.17 5.57x10-3 4797 0.78 0.16 4.86 2.29x10-5* 4292 0.34 0.17 1.98 1.47x10-1

COL17A1 101 0.85 0.21 4.13 6.17x10-3 30 0.91 0.26 3.48 2.63x10-3 89 2.46 0.30 8.14 8.38x10-13*
RNASE4 146 -0.55 0.13 -4.11 6.72x10-3 146 1.00 0.19 5.33 3.57x10-6* 121 0.39 0.18 2.23 9.61x10-2

GBP5 3964 0.79 0.19 4.09 7.18x10-3 4980 -1.09 0.23 -4.77 3.13x10-5* 6743 0.16 0.26 0.63 7.02x10-1

ATP8B4 407 0.57 0.14 4.08 7.27x10-3 360 0.17 0.14 1.19 3.57x10-1 455 0.81 0.14 5.84 6.47x10-7*
ABCA13 197 0.83 0.21 4.05 8.00x10-3 78 0.81 0.34 2.38 4.53x10-2 171 1.96 0.32 6.16 1.22x10-7*
SLC7A7 3945 -0.52 0.13 -4.03 8.46x10-3 4283 0.77 0.13 5.87 3.43x10-7* 3684 0.18 0.12 1.47 3.05x10-1

RP11-1334A24.6 556 -0.52 0.13 -3.99 9.39x10-3 577 0.81 0.18 4.55 7.27x10-5* 505 0.30 0.19 1.61 2.56x10-1

KIF15 24 0.76 0.19 3.99 9.39x10-3 17 0.13 0.24 0.57 6.81x10-1 26 1.19 0.24 4.98 3.62x10-5*
VSIG4 299 -0.79 0.20 -3.97 9.66x10-3 240 1.94 0.29 6.78 4.08x10-9* 109 0.20 0.23 0.87 5.80x10-1

RNASE3 701 0.81 0.20 3.97 9.66x10-3 88 0.64 0.33 1.97 1.04x10-1 163 1.60 0.32 5.03 3.01x10-5*
KIAA0101 37 0.81 0.21 3.94 1.06x10-3 15 0.52 0.25 2.04 9.14x10-2 35 1.97 0.28 7.06 6.74x10-10*
SIRPA 13345 -0.47 0.12 -3.93 1.09x10-3 13087 0.94 0.18 5.30 3.99x10-6* 11456 0.46 0.18 2.56 5.05x10-2

ERG 63 0.80 0.21 3.89 1.19x10-2 24 0.83 0.27 3.09 7.94x10-3 55 2.20 0.28 7.88 4.65x10-12*
PFKFB3 6018 -0.58 0.15 -3.87 1.20x10-2 4986 1.55 0.26 5.87 3.33x10-7* 3844 0.91 0.26 3.55 4.91x10-3

PRC1 90 0.62 0.16 3.88 1.20x10-2 80 -0.01 0.12 -0.11 9.41x10-1 105 0.79 0.16 4.99 3.36x10-5*
FBXO4 60 0.56 0.14 3.86 1.25x10-2 81 -0.65 0.14 -4.52 8.22x10-5* 96 -0.04 0.13 -0.31 8.65x10-1

DLGAP5 28 0.79 0.20 3.86 1.26x10-2 15 0.56 0.27 2.08 8.39x10-2 27 1.79 0.23 7.83 6.29x10-12*
HDAC4 2592 -0.37 0.10 -3.84 1.32x10-2 2644 0.81 0.16 5.02 1.21x10-5* 2366 0.38 0.14 2.73 3.59x10-2

NCAPG 41 0.75 0.20 3.84 1.32x10-2 26 0.41 0.23 1.81 1.41x10-1 41 1.43 0.21 6.75 4.43x10-9*
HPN 19 -0.74 0.19 -3.83 1.33x10-2 17 1.68 0.25 6.64 8.73x10-9* 11 0.71 0.26 2.74 3.46x10-2

IL1R1 1115 -0.52 0.14 -3.83 1.33x10-2 1038 1.13 0.21 5.27 4.47x10-6* 869 0.58 0.21 2.73 3.59x10-2

LAMC1 134 -0.53 0.14 -3.83 1.33x10-2 144 0.76 0.15 5.18 6.56x10-6* 126 0.21 0.16 1.28 3.85x10-1

CEP55 29 0.78 0.20 3.82 1.33x10-2 16 0.41 0.25 1.63 1.88x10-1 29 1.59 0.24 6.72 5.24x10-9*
PPARG 25 -0.73 0.19 -3.82 1.35x10-2 19 2.13 0.27 7.85 9.69x10-12* 12 1.20 0.28 4.36 3.92x10-4

CTSG 1261 0.74 0.19 3.81 1.35x10-2 74 1.02 0.34 3.01 9.92x10-3 162 2.03 0.33 6.21 9.61x10-8*
CIT 46 0.75 0.20 3.81 1.35x10-2 35 -0.01 0.20 -0.05 9.76x10-1 52 1.07 0.19 5.74 1.03x10-6*
TLR5 1668 -0.50 0.13 -3.79 1.43x10-2 1515 1.16 0.23 5.16 7.00x10-6* 1281 0.65 0.22 2.90 2.42x10-2

CNTNAP3 1973 -0.66 0.17 -3.79 1.44x10-2 1586 1.48 0.30 5.00 1.30x10-5* 1265 0.90 0.30 2.98 2.04x10-2

MMP14 124 -0.55 0.14 -3.77 1.45x10-2 115 1.25 0.18 6.91 2.16x10-9* 93 0.62 0.17 3.74 2.82x10-3

AMPH 63 -0.74 0.20 -3.77 1.47x10-2 53 1.99 0.27 7.46 1.16x10-10* 31 0.91 0.25 3.68 3.35x10-3

FAM219A 584 -0.30 0.08 -3.76 1.51x10-2 647 0.49 0.09 5.35 3.24x10-6* 612 0.19 0.09 2.18 1.04x10-1

SLC2A5 220 0.75 0.20 3.74 1.60x10-2 97 0.54 0.22 2.42 4.19x10-2 208 1.94 0.27 7.18 3.16x10-10*
IL4R 10554 -0.49 0.13 -3.73 1.64x10-2 9961 1.10 0.19 5.74 6.00x10-7* 8434 0.57 0.19 3.03 1.85x10-2

CENPF 76 0.73 0.20 3.72 1.64x10-2 57 0.06 0.20 0.31 8.30x10-1 85 1.10 0.19 5.87 5.89x10-7*
LINC00482 120 -0.61 0.16 -3.72 1.66x10-2 108 1.35 0.22 6.11 1.17x10-7* 85 0.67 0.22 2.99 2.01x10-2

AATK 4392 -0.47 0.13 -3.70 1.75x10-2 4274 0.94 0.15 6.19 8.69x10-8* 3805 0.50 0.17 2.87 2.62x10-2

ZFP36 10959 -0.41 0.11 -3.70 1.76x10-2 11298 0.77 0.15 5.13 8.11x10-6* 10170 0.35 0.15 2.35 7.61x10-2
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DUSP1 9605 -0.62 0.17 -3.70 1.77x10-2 9807 1.02 0.19 5.49 1.83x10-6* 7874 0.30 0.19 1.56 2.71x10-1

NFIL3 2422 -0.47 0.13 -3.69 1.77x10-2 2530 0.77 0.17 4.68 4.59x10-5* 2240 0.30 0.17 1.71 2.21x10-1

RP11-20B24.7 183 -0.49 0.13 -3.69 1.79x10-2 168 1.16 0.18 6.40 2.91x10-8* 144 0.65 0.19 3.45 6.37x10-3

SH3PXD2B 114 -0.70 0.19 -3.69 1.79x10-2 101 1.75 0.29 5.95 2.39x10-7* 61 0.70 0.26 2.69 3.87x10-2

DKFZP667F0711 113 -0.63 0.17 -3.68 1.81x10-2 114 1.09 0.23 4.77 3.13x10-5* 88 0.33 0.22 1.48 3.03x10-1

MTMR3 7364 -0.38 0.10 -3.66 1.91x10-2 7804 0.67 0.14 4.74 3.61x10-5* 7138 0.28 0.14 1.97 1.49x10-1

MERTK 138 -0.59 0.16 -3.66 1.91x10-2 141 1.00 0.21 4.63 5.47x10-5* 113 0.30 0.21 1.44 3.18x10-1

AC091878.1 107 -0.56 0.15 -3.65 1.95x10-2 86 1.58 0.28 5.71 6.72x10-7* 67 0.98 0.27 3.61 4.10x10-3

KIF11 107 0.55 0.15 3.63 2.09x10-2 86 0.35 0.15 2.28 5.69x10-2 112 1.01 0.16 6.16 1.24x10-7*
NFKBIA 4244 -0.48 0.13 -3.62 2.12x10-2 4186 0.97 0.14 7.12 7.27x10-10* 3635 0.46 0.14 3.24 1.11x10-2

TECPR2 4937 -0.40 0.11 -3.61 2.15x10-2 4872 0.85 0.17 5.10 8.89x10-6* 4416 0.46 0.17 2.69 3.91x10-2

GPER 153 -0.74 0.20 -3.61 2.18x10-2 128 1.99 0.29 6.93 1.96x10-9* 74 0.86 0.28 3.06 1.71x10-2

AZU1 2651 0.72 0.20 3.60 2.20x10-2 183 0.96 0.33 2.96 1.11x10-2 322 1.72 0.32 5.36 6.56x10-6*
PEX3 68 0.51 0.14 3.60 2.22x10-2 102 -0.82 0.13 -6.11 1.18x10-7* 117 -0.26 0.13 -1.94 1.55x10-1

TMEM150B 307 -0.51 0.14 -3.59 2.22x10-2 294 1.07 0.15 7.01 1.26x10-9* 251 0.53 0.17 3.20 1.20x10-2

TARM1 63 0.74 0.21 3.58 2.26x10-2 14 1.16 0.30 3.86 8.05x10-4 26 2.00 0.30 6.67 6.89x10-9*
MARVELD1 480 -0.61 0.17 -3.57 2.32x10-2 473 1.11 0.16 6.82 3.59x10-9* 382 0.41 0.18 2.30 8.40x10-2

S1PR3 391 -0.54 0.15 -3.57 2.32x10-2 436 0.66 0.14 4.72 3.80x10-5* 382 0.11 0.17 0.67 6.80x10-1

RHAG 22 0.73 0.21 3.57 2.32x10-2 12 0.73 0.33 2.21 6.52x10-2 20 1.70 0.28 5.99 3.04x10-7*
LAMP3 46 0.72 0.20 3.56 2.37x10-2 68 -1.56 0.28 -5.51 1.67x10-6* 79 -0.66 0.28 -2.34 7.82x10-2

PROK2 9621 -0.54 0.15 -3.56 2.37x10-2 8807 1.20 0.25 4.71 3.99x10-5* 7119 0.60 0.25 2.45 6.30x10-2

LINC00963 1937 -0.49 0.14 -3.55 2.38x10-2 1822 1.13 0.17 6.79 3.97x10-9* 1544 0.59 0.16 3.57 4.58x10-3

CDC45 36 0.73 0.21 3.55 2.38x10-2 13 0.70 0.26 2.65 2.42x10-2 33 2.14 0.29 7.46 6.10x10-11*
SUCNR1 20 0.68 0.19 3.55 2.38x10-2 12 0.53 0.23 2.27 5.71x10-2 19 1.50 0.24 6.28 6.80x10-8*
RP11-373D23.3 149 -0.56 0.16 -3.54 2.45x10-2 137 1.32 0.24 5.43 2.37x10-6* 105 0.60 0.22 2.76 3.32x10-2

GAS7 7416 -0.52 0.15 -3.53 2.51x10-2 6704 1.27 0.18 7.19 5.63x10-10* 5545 0.70 0.18 3.96 1.48x10-3

RASSF2 23485 -0.39 0.11 -3.53 2.54x10-2 25670 0.59 0.13 4.55 7.41x10-5* 23572 0.20 0.13 1.50 2.93x10-1

TCN1 688 0.73 0.21 3.53 2.54x10-2 232 0.55 0.24 2.27 5.72x10-2 372 1.49 0.26 5.77 9.20x10-7*
ZCCHC24 200 -0.38 0.11 -3.52 2.60x10-2 204 0.77 0.13 5.83 4.13x10-7* 187 0.40 0.14 2.82 2.96x10-2

KIF14 19 0.65 0.19 3.50 2.72x10-2 12 0.64 0.27 2.37 4.61x10-2 17 1.45 0.24 5.93 4.12x10-7*
TOP2A 111 0.71 0.20 3.49 2.77x10-2 72 0.38 0.25 1.50 2.31x10-1 111 1.42 0.20 7.21 2.86x10-10*
MMP8 1533 0.71 0.20 3.49 2.77x10-2 425 1.05 0.36 2.93 1.20x10-2 1275 2.31 0.34 6.84 2.47x10-9*
ARHGEF40 5694 -0.54 0.16 -3.48 2.78x10-2 5390 1.09 0.20 5.35 3.33x10-6* 4535 0.53 0.21 2.50 5.74x10-2

ADAMTS2 552 -0.70 0.20 -3.47 2.90x10-2 379 2.49 0.38 6.57 1.25x10-8* 95 1.03 0.35 2.96 2.16x10-2

PHF21A 5812 -0.37 0.11 -3.47 2.90x10-2 5832 0.81 0.17 4.77 3.21x10-5* 5288 0.42 0.17 2.53 5.41x10-2

PNPLA1 155 -0.50 0.15 -3.46 2.94x10-2 160 0.86 0.16 5.31 3.83x10-6* 138 0.33 0.17 1.89 1.70x10-1

CEBPB 10987 -0.53 0.16 -3.44 3.14x10-2 10791 1.04 0.18 5.67 7.96x10-7* 9016 0.44 0.19 2.37 7.38x10-2

FLT3 355 -0.69 0.20 -3.43 3.14x10-2 323 1.51 0.28 5.40 2.65x10-6* 216 0.54 0.28 1.94 1.57x10-1

HERC5 794 0.69 0.20 3.43 3.14x10-2 1023 -1.33 0.29 -4.62 5.69x10-5* 1205 -0.51 0.29 -1.79 1.97x10-1

92



PTX3 72 0.64 0.19 3.42 3.18x10-2 44 0.41 0.14 2.85 1.47x10-2 72 1.47 0.22 6.60 1.03x10-8*
BAIAP2 369 -0.47 0.14 -3.42 3.19x10-2 385 0.79 0.13 5.96 2.29x10-7* 340 0.31 0.15 2.07 1.26x10-1

ZWINT 55 0.67 0.20 3.42 3.19x10-2 35 0.32 0.17 1.86 1.28x10-1 56 1.39 0.21 6.48 2.11x10-8*
BUB3 917 0.28 0.08 3.41 3.21x10-2 1251 -0.42 0.08 -5.46 2.07x10-6* 1372 -0.14 0.07 -1.96 1.52x10-1

IL17RA 19125 -0.41 0.12 -3.41 3.21x10-2 19771 0.75 0.16 4.80 2.87x10-5* 17857 0.34 0.16 2.11 1.17x10-1

SRXN1 196 -0.49 0.14 -3.41 3.21x10-2 192 0.95 0.20 4.79 2.95x10-5* 166 0.46 0.21 2.20 1.00x10-1

MPO 2413 0.69 0.20 3.41 3.22x10-2 368 1.05 0.27 3.87 7.73x10-4 636 1.88 0.29 6.56 1.32x10-8*
CUX1 2758 -0.41 0.12 -3.39 3.35x10-2 3088 0.59 0.12 4.72 3.87x10-5* 2787 0.13 0.12 1.12 4.57x10-1

RTDR1 47 -0.65 0.19 -3.39 3.38x10-2 42 1.46 0.25 5.87 3.33x10-7* 31 0.65 0.25 2.55 5.08x10-2

UGGT1 1942 -0.29 0.08 -3.38 3.42x10-2 2746 -0.07 0.08 -0.91 4.93x10-1 2650 -0.37 0.07 -5.38 5.84x10-6*
FOXM1 107 0.60 0.18 3.36 3.53x10-2 78 0.30 0.14 2.07 8.56x10-2 112 1.17 0.19 6.16 1.20x10-7*
BICD2 3275 -0.36 0.11 -3.35 3.55x10-2 3504 0.62 0.11 5.64 9.34x10-7* 3257 0.27 0.12 2.14 1.12x10-1

CEACAM6 578 0.69 0.21 3.35 3.55x10-2 184 0.96 0.34 2.87 1.43x10-2 493 2.19 0.33 6.66 7.37x10-9*
CEACAM8 1080 0.68 0.20 3.36 3.55x10-2 306 0.80 0.35 2.30 5.42x10-2 944 2.20 0.34 6.55 1.36x10-8*
DEFA4 2976 0.64 0.19 3.34 3.60x10-2 249 1.26 0.35 3.57 1.97x10-3 499 2.07 0.33 6.23 8.67x10-8*
BPI 3539 0.67 0.20 3.33 3.72x10-2 625 1.09 0.32 3.45 2.89x10-3 1122 1.85 0.32 5.83 6.73x10-7*
RNASE1 114 -0.67 0.20 -3.33 3.73x10-2 87 2.40 0.34 7.06 1.03x10-9* 42 1.38 0.30 4.61 1.57x10-4

RP11-67C2.2 330 -0.45 0.14 -3.32 3.78x10-2 317 1.00 0.20 5.06 1.05x10-5* 274 0.51 0.20 2.62 4.50x10-2

CTC-246B18.8 69 -0.49 0.15 -3.30 3.94x10-2 74 0.74 0.15 4.82 2.64x10-5* 64 0.22 0.16 1.33 3.62x10-1

CDK1 28 0.68 0.21 3.29 3.96x10-2 14 0.50 0.28 1.77 1.50x10-1 27 1.76 0.25 7.04 7.65x10-10*
IL10RB 3218 -0.30 0.09 -3.29 4.00x10-2 3382 0.63 0.14 4.54 7.81x10-5* 3166 0.32 0.13 2.43 6.61x10-2

ESPL1 61 0.63 0.19 3.29 4.00x10-2 36 0.60 0.18 3.38 3.53x10-3 58 1.59 0.22 7.20 2.91x10-10*
NOL3 87 -0.41 0.12 -3.28 4.04x10-2 89 0.81 0.15 5.30 4.02x10-6* 79 0.35 0.14 2.56 5.05x10-2

ZNF608 207 -0.64 0.19 -3.27 4.04x10-2 182 1.38 0.29 4.81 2.78x10-5* 137 0.65 0.29 2.23 9.49x10-2

DTL 44 0.67 0.20 3.27 4.04x10-2 25 0.59 0.23 2.60 2.75x10-2 42 1.69 0.23 7.40 8.58x10-11*
DHFR 212 0.42 0.13 3.27 4.04x10-2 195 0.26 0.12 2.13 7.61x10-2 233 0.73 0.12 6.10 1.67x10-7*
IRF2BPL 2936 -0.49 0.15 -3.27 4.05x10-2 2859 1.01 0.20 5.12 8.25x10-6* 2433 0.47 0.20 2.37 7.43x10-2

CYSLTR1 355 0.42 0.13 3.27 4.10x10-2 521 -0.71 0.14 -4.95 1.58x10-5* 592 -0.22 0.15 -1.46 3.09x10-1

GBGT1 616 -0.43 0.13 -3.25 4.20x10-2 602 0.91 0.15 6.18 8.92x10-8* 541 0.49 0.17 2.97 2.11x10-2

MOCS2 93 0.35 0.11 3.25 4.20x10-2 131 -0.54 0.10 -5.21 5.78x10-6* 146 -0.17 0.10 -1.69 2.26x10-1

LTF 14590 0.63 0.20 3.23 4.28x10-2 2436 0.71 0.35 2.04 9.25x10-2 4541 1.58 0.33 4.77 8.36x10-5*
ITGAM 12705 -0.44 0.14 -3.23 4.29x10-2 12835 0.86 0.18 4.88 2.09x10-5* 11307 0.39 0.18 2.21 9.97x10-2

ITSN1 199 -0.36 0.11 -3.22 4.35x10-2 210 0.66 0.13 5.04 1.11x10-5* 193 0.29 0.13 2.21 9.82x10-2

CCNA2 68 0.61 0.19 3.21 4.40x10-2 53 0.26 0.19 1.38 2.75x10-1 73 1.07 0.17 6.35 4.61x10-8*
ATXN1 2498 -0.31 0.10 -3.21 4.44x10-2 2566 0.70 0.13 5.21 5.78x10-6* 2392 0.38 0.13 2.86 2.65x10-2

DOK3 14016 -0.47 0.15 -3.21 4.44x10-2 13951 0.87 0.18 4.80 2.86x10-5* 12377 0.42 0.20 2.12 1.16x10-1

ASPM 46 0.66 0.21 3.20 4.46x10-2 29 0.43 0.27 1.57 2.08x10-1 45 1.49 0.22 6.86 2.22x10-9*
RNF144A 391 0.46 0.14 3.20 4.47x10-2 596 -0.85 0.13 -6.34 4.29x10-8* 686 -0.28 0.15 -1.85 1.79x10-1

SPC24 50 0.66 0.21 3.20 4.47x10-2 19 0.42 0.23 1.84 1.32x10-1 28 1.28 0.21 6.12 1.55x10-7*
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RAD51 56 0.59 0.18 3.19 4.52x10-2 41 0.23 0.15 1.54 2.16x10-1 60 1.15 0.20 5.75 1.01x10-6*
PYGL 15676 -0.47 0.15 -3.18 4.54x10-2 14316 1.11 0.21 5.33 3.50x10-6* 12455 0.65 0.22 2.97 2.10x10-2

CHEK1 43 0.56 0.18 3.18 4.55x10-2 36 0.10 0.14 0.68 6.21x10-1 48 0.90 0.18 4.96 3.96x10-5*
TYMS 163 0.64 0.20 3.18 4.60x10-2 90 0.67 0.22 3.04 9.14x10-3 151 1.71 0.23 7.45 6.25x10-11*
TG 105 -0.52 0.16 -3.17 4.64x10-2 93 1.32 0.19 6.97 1.64x10-9* 76 0.73 0.20 3.69 3.29x10-3

CLSPN 44 0.54 0.17 3.17 4.64x10-2 34 0.46 0.18 2.61 2.72x10-2 45 1.14 0.19 6.15 1.26x10-7*
ZNF480 105 0.38 0.12 3.15 4.80x10-2 153 -0.63 0.13 -4.95 1.58x10-5* 171 -0.22 0.12 -1.80 1.94x10-1

NSMCE4A 260 0.31 0.10 3.15 4.80x10-2 386 -0.62 0.12 -5.10 8.94x10-6* 425 -0.29 0.12 -2.38 7.18x10-2

SSB 304 0.39 0.12 3.15 4.80x10-2 428 -0.60 0.13 -4.62 5.67x10-5* 484 -0.16 0.13 -1.19 4.21x10-1

SLC2A3 16672 -0.43 0.14 -3.14 4.88x10-2 15577 1.00 0.21 4.84 2.40x10-5* 13863 0.59 0.22 2.73 3.53x10-2

DZIP1L 33 0.63 0.20 3.14 4.95x10-2 15 0.94 0.23 4.13 3.31x10-4 29 1.96 0.27 7.39 8.91x10-11*
ARNTL2 30 0.51 0.16 3.13 4.96x10-2 25 0.33 0.18 1.77 1.49x10-1 32 0.93 0.17 5.46 4.11x10-6*
ASPH 963 -0.51 0.16 -3.13 4.98x10-2 923 1.09 0.20 5.44 2.28x10-6* 768 0.50 0.20 2.49 5.78x10-2

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 III. 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 3.29x10-3

1 9101426 9129887 SLC2A5 9147808 9.31x10-3

1 9101426 9129887 SLC2A5 9243783 8.36x10-4

1 9101426 9129887 SLC2A5 9368498 6.38x10-3

1 36197712 36235551 CLSPN 36029011 2.27x10-3

1 47023078 47069966 MKNK1 46956771 7.41x10-3

1 200520624 200589862 KIF14 200512245 5.72x10-3

1 212208894 212278348 DTL 212266836 3.94x10-3

1 214776531 214837914 CENPF 214846563 4.10x10-3

1 223282747 223316624 TLR5 223487288 5.21x10-3

2 7057522 7184309 RNF144A 6922444 8.81x10-3

2 7057522 7184309 RNF144A 7148323 1.56x10-4

2 7057522 7184309 RNF144A 7148362 5.43x10-3

2 7057522 7184309 RNF144A 7213398 2.32x10-3

2 102759235 102796334 IL1R1 102647671 2.18x10-3

2 102759235 102796334 IL1R1 102647718 9.45x10-3

2 128848753 128953249 UGGT1 128973012 7.59x10-3

2 128848753 128953249 UGGT1 129033961 2.77x10-3

2 128848753 128953249 UGGT1 129037628 7.08x10-3

2 234296799 234380743 DGKD 234093536 5.06x10-3

2 234296799 234380743 DGKD 234394437 6.31x10-3

2 239969863 240322643 HDAC4 239756133 7.05x10-3

2 239969863 240322643 HDAC4 239763625 9.61x10-3

2 239969863 240322643 HDAC4 240199099 9.29x10-3

2 239969863 240322643 HDAC4 240302529 2.14x10-3

3 12329348 12475855 PPARG 12110937 7.86x10-3

3 12329348 12475855 PPARG 12482963 1.52x10-3

3 44803208 44894748 KIF15 44902961 6.07x10-3

3 44803208 44894748 KIF15 45106462 5.07x10-3

3 46477495 46505161 LTF 46750030 9.61x10-3

3 52529355 52558511 STAB1 52389151 7.61x10-4

3 52529355 52558511 STAB1 52566526 7.08x10-3

3 71820805 71834357 PROK2 71721378 2.46x10-3

3 71820805 71834357 PROK2 71932814 8.91x10-4

4 89378267 89427319 HERC5 89132710 5.77x10-3

5 17130137 17217156 AC091878.1 16950494 1.59x10-4

5 17130137 17217156 AC091878.1 17147134 7.32x10-3

5 171760502 171881527 SH3PXD2B 172131183 3.02x10-3

5 172195092 172198203 DUSP1 172131183 3.02x10-3

5 172195092 172198203 DUSP1 172385451 5.69x10-3

5 176921996 176930648 RP11-1334A24.6 176759081 9.88x10-3

5 176921996 176930648 RP11-1334A24.6 176759115 9.71x10-3

5 176921996 176930648 RP11-1334A24.6 176789620 5.54x10-3

5 176928905 176937427 DOK3 176832034 9.25x10-3

5 176928905 176937427 DOK3 176846745 5.16x10-3
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5 176928905 176937427 DOK3 176859147 9.23x10-3

5 178537851 178772431 ADAMTS2 178913356 9.18x10-3

6 49572889 49604587 RHAG 49493945 8.98x10-3

6 49695091 49712150 CRISP3 49493945 8.98x10-3

7 1127723 1133451 GPER 1095452 4.51x10-3

7 1127723 1133451 GPER 1338332 3.93x10-3

7 41728600 41742706 INHBA 41502683 8.89x10-3

7 48211056 48687091 ABCA13 48231093 8.56x10-3

7 101459183 101901513 CUX1 101264700 5.74x10-4

7 101459183 101901513 CUX1 101335114 3.86x10-3

7 101459183 101901513 CUX1 101365760 3.77x10-3

7 101459183 101901513 CUX1 101927584 9.25x10-3

7 101459183 101901513 CUX1 102043849 6.68x10-3

8 133879204 134147143 TG 134106571 9.62x10-3

8 133879204 134147143 TG 134135662 4.07x10-3

8 133879204 134147143 TG 134251022 4.62x10-3

9 34398181 34458568 FAM219A 34181255 8.11x10-3

9 34398181 34458568 FAM219A 34490485 7.13x10-3

9 39072763 39288300 CNTNAP3 39033093 9.08x10-3

9 95473644 95527083 BICD2 95233776 8.09x10-3

9 95473644 95527083 BICD2 95413555 2.59x10-3

9 132250938 132275965 LINC00963 132109786 5.17x10-3

9 132250938 132275965 LINC00963 132109934 8.85x10-3

9 132250938 132275965 LINC00963 132257756 7.62x10-4

9 132250938 132275965 LINC00963 132357588 4.05x10-3

9 136028334 136039332 GBGT1 136181762 9.36x10-3

10 6186842 6277507 PFKFB3 6018769 7.86x10-3

10 45940018 45948569 RP11-67C2.2 45817319 2.22x10-4

10 45940018 45948569 RP11-67C2.2 45870144 2.69x10-4

10 62538088 62546827 CDK1 62751435 8.54x10-3

10 94352824 94415152 KIF11 94336562 3.24x10-3

10 94352824 94415152 KIF11 94550862 5.01x10-3

10 95256368 95288849 CEP55 95051132 2.50x10-3

10 95256368 95288849 CEP55 95062681 7.38x10-3

10 95256368 95288849 CEP55 95327878 7.25x10-3

10 99473464 99477909 MARVELD1 99258396 9.21x10-3

10 99473464 99477909 MARVELD1 99446317 4.06x10-3

10 105791045 105845638 COL17A1 105801896 9.89x10-3

11 45950869 46142985 PHF21A 45803411 4.33x10-3

11 76839309 76926286 MYO7A 76796073 7.66x10-3

11 76839309 76926286 MYO7A 76900467 1.02x10-3

11 94277016 94283064 FUT4 94502805 6.06x10-3

11 94300473 94354587 PIWIL4 94502805 6.06x10-3

12 2966846 2986321 FOXM1 3053621 8.55x10-3

12 8071823 8088892 SLC2A3 7910506 7.00x10-3

12 8071823 8088892 SLC2A3 7979933 1.96x10-3

12 8071823 8088892 SLC2A3 8070526 7.36x10-3
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12 10310898 10324790 OLR1 10362476 3.37x10-3

12 12482217 12503169 MANSC1 12388557 8.78x10-3

12 53662082 53687427 ESPL1 53660942 6.75x10-4

12 109185694 109251359 SSH1 109170831 3.43x10-3

12 120123594 120315095 CIT 120398191 8.51x10-3

12 120123594 120315095 CIT 120549925 8.00x10-3

13 28577410 28674729 FLT3 28368126 9.70x10-3

13 28577410 28674729 FLT3 28503059 1.07x10-3

13 28577410 28674729 FLT3 28659295 4.69x10-3

14 23242431 23285101 SLC7A7 23310733 4.64x10-3

14 23305741 23316808 MMP14 23310733 4.64x10-3

14 23415436 23426351 HAUS4 23310733 4.64x10-3

14 25042723 25045466 CTSG 24804985 9.50x10-3

14 55614833 55658396 DLGAP5 55584030 4.28x10-3

14 77490885 77495042 IRF2BPL 77334528 5.90x10-3

14 77490885 77495042 IRF2BPL 77341636 8.06x10-3

14 95648275 95786245 CLMN 95983475 4.06x10-3

14 95648275 95786245 CLMN 96033927 6.55x10-4

14 102829299 102968818 TECPR2 102776206 3.45x10-3

14 102829299 102968818 TECPR2 102781393 8.67x10-3

14 102829299 102968818 TECPR2 103005143 4.60x10-3

14 102829299 102968818 TECPR2 103097135 6.38x10-3

14 102829299 102968818 TECPR2 103160813 9.79x10-3

15 40380091 40398639 BMF 40544713 6.33x10-3

15 40380091 40398639 BMF 40559641 9.19x10-3

15 40886446 40954881 CASC5 41150887 8.20x10-3

15 40987326 41024356 RAD51 41150887 8.20x10-3

16 3082482 3089134 RP11-473M20.5 2840498 5.84x10-3

16 3082482 3089134 RP11-473M20.5 3011066 8.47x10-3

16 3082482 3089134 RP11-473M20.5 3065902 2.72x10-3

16 3101992 3109364 RP11-473M20.7 3236725 9.36x10-3

16 3101992 3109364 RP11-473M20.7 3239683 5.22x10-3

16 27325229 27376099 IL4R 27367633 1.35x10-3

16 31271287 31344213 ITGAM 31540544 7.98x10-3

16 67207755 67209640 NOL3 67195610 2.60x10-3

17 9813925 9929623 GAS7 9891114 1.80x10-3

17 38544772 38574202 TOP2A 38584962 3.21x10-3

17 38544772 38574202 TOP2A 38755761 8.44x10-3

17 40351194 40428424 STAT5B 40192921 4.43x10-3

17 40351194 40428424 STAT5B 40266545 1.77x10-3

17 56347216 56358296 MPO 56268785 7.75x10-3

17 56347216 56358296 MPO 56405141 6.24x10-3

17 76419777 76573476 DNAH17 76373256 5.16x10-3

17 76422409 76422834 AC061992.1 76373256 5.16x10-3

17 79008946 79091232 BAIAP2 79067113 3.14x10-3

17 79091095 79139872 AATK 79097160 8.14x10-3

17 79091095 79139872 AATK 79163584 8.63x10-3
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17 79276623 79283048 LINC00482 79163584 8.63x10-3

17 79276623 79283048 LINC00482 79350157 3.52x10-3

17 79276623 79283048 LINC00482 79433743 7.86x10-3

17 79276623 79283048 LINC00482 79450592 7.80x10-4

18 657603 673499 TYMS 559877 8.32x10-3

18 657603 673499 TYMS 904650 4.31x10-3

18 61582744 61602476 SERPINB10 61559787 4.73x10-3

19 827830 832017 AZU1 581656 5.43x10-3

19 827830 832017 AZU1 770078 9.66x10-3

19 827830 832017 AZU1 788944 8.25x10-3

19 827830 832017 AZU1 788951 8.07x10-3

19 827830 832017 AZU1 808617 1.76x10-3

19 827830 832017 AZU1 823534 4.37x10-3

19 827830 832017 AZU1 835209 1.61x10-3

19 827830 832017 AZU1 928287 2.21x10-3

19 827830 832017 AZU1 999969 5.73x10-3

19 827830 832017 AZU1 1036519 6.03x10-3

19 827830 832017 AZU1 1060664 3.30x10-3

19 827830 832017 AZU1 1079683 1.73x10-3

19 827830 832017 AZU1 1079726 8.22x10-3

19 827830 832017 AZU1 1079743 7.55x10-3

19 827830 832017 AZU1 1079745 9.42x10-3

19 827830 832017 AZU1 1079751 9.46x10-3

19 5993174 6110664 RFX2 5823791 4.74x10-3

19 5993174 6110664 RFX2 6273928 3.29x10-4

19 5993174 6110664 RFX2 6274810 4.50x10-3

19 11257830 11266484 SPC24 11221291 9.46x10-3

19 11257830 11266484 SPC24 11285276 9.11x10-3

19 11257830 11266484 SPC24 11367635 7.42x10-3

19 11257830 11266484 SPC24 11492648 6.28x10-3

19 35531409 35557477 HPN 35490410 6.66x10-3

19 35531409 35557477 HPN 35514655 6.11x10-5

19 35531409 35557477 HPN 35514678 6.56x10-3

19 35531409 35557477 HPN 35514694 8.94x10-3

19 35531409 35557477 HPN 35569572 5.49x10-3

19 35531409 35557477 HPN 35610338 6.75x10-3

19 39805291 39811498 CTC-246B18.8 39575128 8.90x10-5

19 39805291 39811498 CTC-246B18.8 39589635 5.93x10-3

19 42259427 42276113 CEACAM6 42416578 5.05x10-4

19 52800421 52829180 ZNF480 52956986 7.69x10-3

19 54296854 54327657 NLRP12 54218164 4.68x10-3

19 54296854 54327657 NLRP12 54266550 5.24x10-3

19 54296854 54327657 NLRP12 54545252 2.96x10-3

19 54573200 54584634 TARM1 54545252 2.96x10-3

19 54573200 54584634 TARM1 54607111 3.44x10-3

19 55824168 55836708 TMEM150B 55591996 2.24x10-3

19 55824168 55836708 TMEM150B 55760810 6.97x10-3
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20 1784662 1798252 RP5-968J1.1 1876682 7.03x10-3

20 1874812 1920540 SIRPA 1920583 4.29x10-3

20 4760669 4804291 RASSF2 4969742 4.66x10-3

20 36932551 36965905 BPI 36853042 3.85x10-3

20 48807119 48809227 CEBPB 48572573 1.61x10-3

20 48807119 48809227 CEBPB 48692927 8.98x10-3

21 34638664 34669539 IL10RB 34399336 7.39x10-3

21 34638664 34669539 IL10RB 34436976 5.55x10-3

21 34638664 34669539 IL10RB 34436978 4.69x10-3

21 34638664 34669539 IL10RB 34850937 6.38x10-3

21 35014783 35210802 ITSN1 34850937 6.38x10-3

21 35014783 35210802 ITSN1 34976656 1.07x10-3

21 35014783 35210802 ITSN1 35219554 9.97x10-3

21 39751949 39956869 ERG 39840765 9.10x10-3

22 19467348 19508135 CDC45 19701472 6.40x10-3

22 23401593 23484241 RTDR1 23362153 9.35x10-3

22 23401593 23484241 RTDR1 23644647 6.97x10-3

X 77526968 77583188 CYSLTR1 77359794 8.10x10-3
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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 
found

Entities 
total

Entities 
ratio

Entities P-
value

Entities 
FDR

Reactions 
found

Reactions 
total

Reactions 
ratio Submitted entities found

Cell Cycle 9 574 0.059 3.25x10-8 9.88x10-6 89 345 0.046
SPC24; ESPL1; CLSPN; 

CDC45; CENPF; FOXM1; 
CDK1; CENPF; RAD51

Cell Cycle, Mitotic 7 496 0.051 4.12x10-6 6.02x10-4 84 272 0.036
SPC24; ESPL1; CDC45;  
CENPF; FOXM1; CDK1; 

CENPF
Polo-like kinase mediated events 3 23 0.002 5.97x10-6 6.02x10-4 12 15 0.002 CENPF; FOXM1; CENPF

G2/M Transition 4 133 0.014 4.30x10-5 0.002 47 62 0.008 CENPF; FOXM1; CDK1; 
CENPF

Mitotic G2-G2/M phases 4 135 0.014 4.56x10-5 0.002 47 64 0.009 CENPF; FOXM1; CDK1; 
CENPF

G2/M Checkpoints 3 46 0.005 4.67x10-5 0.002 4 16 0.002 CLSPN; CDC45; CDK1
G1/S-Specific Transcription 2 17 0.002 3.19x10-4 0.014 1 1 1.33x10-4 CDC45; CDK1
Cyclin A/B1 associated events during 
G2/M transition 2 26 0.003 7.39x10-4 0.024 21 24 0.003 FOXM1; CDK1

Cell Cycle Checkpoints 3 121 0.012 7.93x10-4 0.024 4 38 0.005 CLSPN; CDC45; CDK1
Resolution of Sister Chromatid 
Cohesion 3 122 0.013 8.12x10-4 0.024 5 8 0.001 SPC24; CENPF; CDK1

Mitotic Prometaphase 3 130 0.013 9.75x10-4 0.026 7 13 0.002 SPC24;CENPF;CDK1

M Phase 4 306 0.032 0.001 0.026 19 63 0.008 SPC24; ESPL1; CENPF; 
CDK1

E2F mediated regulation of DNA 
replication 2 33 0.003 0.001 0.027 3 6 7.99x10-4 CDC45; CDK1

Activation of ATR in response to 
replication stress 2 39 0.004 0.002 0.032 2 9 0.001 CLSPN; CDC45

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 
nucleoprotein complex 1 5 5.16x10-4 0.008 0.032 3 3 3.99x10-4 RAD51

Phosphorylation of proteins involved 
in the G2/M transition by Cyclin 
A:Cdc2 complexes

1 5 5.16x10-4 0.008 0.032 2 2 2.66x10-4 CDK1
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Presynaptic phase of homologous 
DNA pairing and strand exchange 1 6 6.20x10-4 0.009 0.032 4 7 9.32x10-4 RAD51

G2/M DNA replication checkpoint 1 7 7.23x10-4 0.011 0.032 2 2 2.66x10-4 CDK1
Homologous DNA pairing and strand 
exchange 1 7 7.23x10-4 0.011 0.032 4 8 0.001 RAD51

Chk1/Chk2(Cds1) mediated 
inactivation of Cyclin B:Cdk1 complex 1 7 7.23x10-4 0.011 0.032 1 5 6.66x10-4 CDK1

Phosphorylation of Emi1 1 8 8.26x10-4 0.012 0.032 1 2 2.66x10-4 CDK1
G1/S Transition 2 113 0.012 0.013 0.032 7 32 0.004 CDC45; CDK1
Cyclin B2 mediated events 1 9 9.29x10-4 0.014 0.032 2 2 2.66x10-4 CDK1
Activation of NIMA Kinases NEK9, 
NEK6, NEK7 1 9 9.29x10-4 0.014 0.032 1 4 5.33x10-4 CDK1

E2F-enabled inhibition of pre-
replication complex formation 1 10 0.001 0.015 0.032 2 2 2.66x10-4 CDK1

Unwinding of DNA 1 11 0.001 0.017 0.032 1 4 5.33x10-4 CDC45
G2/M DNA damage checkpoint 1 11 0.001 0.017 0.032 1 7 9.32x10-4 CDK1
MHC class II antigen presentation 2 135 0.014 0.018 0.032 1 23 0.003 KIF15; KIF11
MASTL Facilitates Mitotic 
Progression 1 12 0.001 0.018 0.032 1 4 5.33x10-4 CDK1

Mitotic G1-G1/S phases 2 139 0.014 0.019 0.032 8 53 0.007 CDC45; CDK1
ERK1 activation 1 13 0.001 0.020 0.032 1 6 7.99x10-4 CDK1
Factors involved in megakaryocyte 
development and platelet production 2 150 0.015 0.022 0.032 4 42 0.006 KIF15; KIF11

Condensation of Prometaphase 
Chromosomes 1 15 0.002 0.023 0.032 1 4 5.33x10-4 CDK1

ERK activation 1 15 0.002 0.023 0.032 1 11 0.001 CDK1
Phosphorylation of the APC/C 1 17 0.002 0.026 0.032 1 2 2.66x10-4 CDK1
Golgi Cisternae Pericentriolar Stack 
Reorganization 1 17 0.002 0.026 0.032 1 6 7.99x10-4 CDK1

Homologous recombination repair of 
replication-independent double-strand 
breaks

1 19 0.002 0.029 0.032 4 24 0.003 RAD51

Homologous Recombination Repair 1 19 0.002 0.029 0.032 4 24 0.003 RAD51
APC/C:Cdc20 mediated degradation of 
Cyclin B 1 21 0.002 0.032 0.032 3 3 3.99x10-4 CDK1

RAF/MAP kinase cascade 1 21 0.002 0.032 0.032 1 19 0.003 CDK1
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Depolymerisation of the Nuclear 
Lamina 1 23 0.002 0.035 0.035 2 6 7.99x10-4 CDK1

Double-Strand Break Repair 1 25 0.003 0.038 0.038 4 32 0.004 RAD51
SOS-mediated signalling 1 26 0.003 0.040 0.040 1 21 0.003 CDK1
GRB2 events in EGFR signaling 1 26 0.003 0.040 0.040 1 22 0.003 CDK1
Recruitment of NuMA to mitotic 
centrosomes 1 27 0.003 0.041 0.041 1 3 3.99x10-4 CDK1

G0 and Early G1 1 27 0.003 0.041 0.041 1 10 0.001 CDK1
SHC-mediated signalling 1 27 0.003 0.041 0.041 1 21 0.003 CDK1
SHC1 events in EGFR signaling 1 27 0.003 0.041 0.041 1 23 0.003 CDK1
Signalling to p38 via RIT and RIN 1 28 0.003 0.042 0.042 1 22 0.003 CDK1
ARMS-mediated activation 1 29 0.003 0.044 0.044 1 24 0.003 CDK1
SHC-related events 1 30 0.003 0.045 0.045 1 24 0.003 CDK1
Signaling by Leptin 1 30 0.003 0.045 0.045 1 38 0.005 CDK1
Frs2-mediated activation 1 32 0.003 0.048 0.048 1 25 0.003 CDK1
Activation of the pre-replicative 
complex 1 33 0.003 0.050 0.050 4 8 0.001 CDC45

SHC-related events triggered by 
IGF1R 1 33 0.003 0.050 0.050 1 23 0.003 CDK1

102



103



 

104



Chapter 5 

Conclusions and future directions 

 

105



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 I 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 1, 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 3 (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 5, 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 7. 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 8,9.  

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 10. 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 PPARγ 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 11  

Through efforts from the ENCODE 12 and the Roadmap epigenomics projects13, 

evidence from recently developed massively parallel reporter assays 14 and eQTL analyses 15 

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 16. 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 16. 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 9,17.  

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 18, respectively. Thus the 

importance of improving lifestyle should never be underestimated when considering the 

110



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 8. 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 8. 

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 19. 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 20. 

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 21. 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. 

Transcriptome analysis can also provide information on gene co-expression networks 20,22 and 

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 23. 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 24. 
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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 25,26. 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. I 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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Appendix I 

Exome sequencing identifies 2 rare variants for low high-

density lipoprotein cholesterol in an extended family 
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