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ABSTRACT OF THE DISSERTATION 

 

Searching for Variants, Genes, and Pathways Involved in Hyperlipidemia 

by 

Blake Edwin Haas 

Doctor of Philosophy in Human Genetics 

University of California, Los Angeles, 2012 

Professor Päivi Pajukanta, Chair 

Genome-wide association studies (GWAS) have been successful in identifying variants with low 

to moderate effects on serum lipid levels.  However, determining the causal variant and 

underlying mechanism in an associated region has been difficult since linkage equilibrium (LD) 

of the associated variants often extends to large regions covering multiple genes, and GWAS 

provide no functional information.  Using adipose gene expression data, we provide evidence of 

mechanism underlying a low-density lipoprotein cholesterol (LDL-C) GWAS signal in the 

apolipoprotein B (APOB) region.  First, we determined that an LDL-C GWAS signal uncovered 

in a population of European ancestry (rs7575840) replicates in a Mexican study sample (1).  

Mexicans are an understudied population with a high prevalence of dyslipidemia; 44% of the 

population has high total cholesterol levels (above 200 mg/dl) (2).  To further elucidate the 

mechanism underlying the association between rs7575840 and LDL-C, we measured lipid 

particle subclasses using Nuclear Magnetic Resonance (NMR), and we determined that 

rs7575840 is also associated with apoB-containing lipid particles, including very small very-low-

density lipoprotein, intermediate lipoprotein, and LDL particles (1).  We also discovered a 
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possible mechanism underlying the increase in apoB-containing particles; rs7575840 disrupts a 

transcription factor binding site of the transcription factors CCAAT/enhancer binding protein 

alpha and CCAAT/enhancer binding protein beta, impacting gene expression of APOB and a 

noncoding RNA BU630349 in adipose tissue (1).   

 

In our second study, we searched for whether novel genes and biological gene expression 

networks associated with triglyceride (TG) levels replicated and shared across populations (Haas 

et al. submitted (3)).  Adipose tissue has previously been shown to be involved in regulation of 

serum TG levels in humans (4).  High serum TG levels predispose to coronary heart disease 

(CHD). Searching for novel TG-associated biological networks in adipose tissue may provide 

novel insights into TG regulation.  We measured gene expression in adipose samples from two 

Finnish and one Mexican study sample.  In each study sample, we observed a module (biological 

gene expression network) that was significantly associated with serum TG levels (3). The most 

significant TG modules observed in each of the three study samples significantly overlapped 

(p<10
-10

) and shared 34 genes, utilizing two unique methods of measuring gene expression, 

microarrays and RNA sequencing (RNAseq). Thus, the results should be robust to the 

measurement method of gene expression. In the 34 genes shared between the three TG modules, 

more nonsynonymous variants (p=0.034) and overall variants (p=0.018) were observed in 

individuals with high TGs when compared with the individuals with low TGs (3).  Seven of the 

34 genes (ARHGAP30, CCR1, CXCL16, FERMT3, HCST, RNASET2, SELPG) were identified as 

the key hub genes of all three TG modules (p<10
-7

) (3). As only 11 of the 34 genes have prior 

evidence of involvement in CHD, type 2 diabetes, or obesity, our study provides 23 new 

candidates for TG regulation.  Furthermore, two of the 34 genes (ARHGAP9, LST1) reside in 



 

iv 
 

previous TG GWAS regions, suggesting them as the regional candidates underlying the GWAS 

signals. This study presents a novel TG biological network shared across populations. 

 

Our next study focused on determining whether Procadherin 15 (PCDH15) variants are involved 

with Familial Combined Hyperlipidemia (FCHL).  Previous studies have revealed that PCDH15 

resides in a region linked to FCHL (5-7), so we hypothesized that nonsynonymous variants in 

PCDH15 may be associated with FCHL in 92 Finnish and Dutch families.  We discovered that 

one variant (rs10825269) associates with serum TG, apoB, and TC (Total Cholesterol) levels in 

these families (8).  Next, we made a PCDH15 knockout model in collaboration with 

investigators at Case Western Reserve University and discovered that serum TG and TC levels 

decreased in mice with both copies of PCDH15 knocked out (8). 
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CHAPTER 1: 

INTRODUCTION 
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1.1 - Overview of Hypercholesterolemia, Hypertriglyceridemia, and Familial Combined 

Hyperlipidemia  

Hypercholesterolemia is defined as the presence of high cholesterol levels in the blood.  Previous 

studies have discovered that hypercholesterolemia increases the risk of coronary heart disease 

(the development of fatty plaque deposits in the walls of coronary arteries) and death (9).  The 

most successful and well-proven drug to slow the development of coronary heart disease and 

prevent mortality has been statins (10), which lower serum low-density lipoprotein cholesterol 

(LDL-C) and total cholesterol (TC) levels by inhibiting cholesterol synthesis in the liver.  

Currently, common variation in the genome explains 12.2% of the variation in LDL-C levels 

(11). Previous studies have estimated that the heritability of LDL-C is between 40%-50%, 

leaving a large portion of the genetic variation impacting cholesterol levels undiscovered (12).  

Monogenic forms of familial hypercholesterolemia have been discovered in four genes: LDLR, 

APOB, PCSK9, and LDLRAP1 (13). Searching for additional variants and genes that explain 

variation in cholesterol levels will lead to a better understanding of the underlying biology of 

cholesterol regulation and may reveal potential novel drug targets.  

 

Patients with hypertriglyceridemia have high serum triglyceride levels and a higher risk of 

coronary heart disease (14).  Hypertriglyceridemia is a common condition in the United States, 

with an estimated 31% of the U.S. adults being affected (15).  Some controversy still exists on 

whether triglyceride levels are directly causing increased CHD risk (16), but multiple studies 

have recently concluded that serum TG levels are indeed an independent risk factor for CHD 

(17-20).  Fibrates, which lower TG levels and raise high density lipoprotein cholesterol (HDL-C) 

levels, have been successful at lowering the risk of cardiovascular events in individuals with 



 

3 
 

hypertriglyceridemia (21).  Currently, common variation in the genome explains 9.6% of the 

variation in triglyceride levels (11), which is a small portion of the expected 35%-48% 

heritability of serum triglyceride levels (12). Monogenic forms of hypertriglyceridemia have 

previously been discovered in the genes LPL, APOC2, APOA5, LMF1, and GPIHBP1, which are 

typically passed through families in an autosomal recessive fashion (22).  A recent review article 

suggests additional research is necessary to develop novel TG drugs and better elucidate the role 

triglycerides play in CHD progression (14).  Thus, our goal of determining genes and genetic 

variation that influence serum triglyceride levels may further advance the goal of preventing 

coronary heart disease by improving our understanding of triglyceride regulation. 

 

Familial combined hyperlipidemia (FCHL) is a complex disorder characterized by the presence 

of high serum TC levels, high serum TG levels, or both (23,24).   Originally, FCHL was thought 

to be a monogenic, dominant disorder (25), but later studies provided evidence that FCHL is 

actually a polygenic, complex disorder (26-28).  FCHL greatly increases an affected individual’s 

risk of developing early onset CHD (29-30).  FCHL is a common complex disease, with 

approximately 1-6% of Western populations affected (29,31).  Although both common and rare 

genetic variants from multiple genes are expected to play a role in FCHL, the genetic factors 

influencing FCHL remain elusive, with only three genes (APOA1/C3/A4/A5, USF1, and LPL) 

displaying associations with FCHL in multiple studies (32).  Physicians currently treat FCHL 

patients with drugs that lower TC and/or TG levels, yet FCHL patients are still at a high risk of 

CHD (33), indicating that there is a public need to better biologically understand FCHL and 

develop additional treatment options.  Searching for variants and genes that influence FCHL risk 
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may lead to a better understanding of the disorder, a step necessary for more tailored treatment 

and management of the disorder in the future.  
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1.2 Discovering Genetic Factors Predisposing to Hypercholesterolemia, 

Hypertriglyceridemia, and Familial Combined Hyperlipidemia 

Linkage studies were previously a popular unbiased method for searching for genomic regions 

that may influence lipid levels in large extended families.  Linkage uses genetic markers 

genotyped throughout the genome to search for large genomic regions that tend to be passed 

along with the trait of interest from one generation to another.  For FCHL, a linkage study in 

Finnish families identified a large region on chromosome 1q21–q23 that segregated with FCHL 

status (34).  Ultimately, USF1 was identified as the gene influencing FCHL risk in the linkage 

peak (35).  Linkage was also the initial method used that implicated the gene cluster 

APOA1/C3/A4/A5 in FCHL development (36,37).  

 

The candidate gene approach of investigating genes for trait association has yielded success in 

discovering genes involved in lipid regulation.  The candidate gene approach uses information 

from previous research to determine whether logical candidates impact the trait of interest. This 

method has successfully identified LPL as a gene influencing FCHL risk (38).  An association 

between LPL and FCHL status was observed because LPL was already known to be involved in 

lipid metabolism, making LPL a good candidate to search for single nucleotide polymorphisms 

(SNPs) impacting FCHL status.  

 

Genome-wide association studies (GWAS) are a popular method of discovering common SNPs 

that are associated with serum lipid levels in a population.  GWAS is able to identify variants 

without the need for a priori knowledge.  GWAS genotype SNPs that tag most of the common 

variation throughout the genome to discover associations between common variants (minor allele 
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frequency > 0.05) and a quantitative or qualitative trait of interest.   The linkage disequilibrium 

(LD) from the European HapMap samples are usually used to determine which SNPs should be 

genotyped to tag common genomic variation.   GWAS have been successful at identifying 

common variants associated with LDL-C and TG, but fail to explain a large proportion of the 

genetic heritability of these traits.  Figure 1.2.1 displays the primary success of the GWAS 

identifying novel genomic regions associated with a lipid trait. These regions can then be 

explored using regional LD analysis, resequencing, and functional studies to identify the full 

spectrum of susceptibility variants, common and rare, as well as underlying mechanisms 

responsible for the association.  As shown in Figure 1.2.1, GWAS also detect loci previously 

identified for extreme lipid levels, further validating the GWAS approach. For example, all 4 

known genes causing Familial Hypercholesterolemia (FH) were observed in a recent lipid 

metaGWAS (11). On the other hand, figure 1.2.2 also illustrates that the TG GWAS identified 

several novel genomic regions not previously known to cause hypertriglyceridemia.       
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Resequencing GWAS candidate genes in individuals with extreme lipid values has been 

successful in identifying rare variants that impact lipid levels (39).   Because lipid GWAS 

identified genes known to harbor mutations for monogenic forms of the lipid disorders, it is 

possible that genes identified by GWAS may also harbor rare variants that impact a trait.  

Resequencing individuals with extreme lipid values may thus reveal rare, novel variants that may 

have a large impact on serum lipid levels.  For instance, resequencing four genes identified in a 

TG GWAS (APOA5, GCKR, LPL and APOB) in high TG cases and controls lead to the 

discovery of 154 rare nonsense and missense variants found only in individuals with high TG 

(39).  Additionally, resequencing individuals in the phenotypic extremes require 5 to 10 times 

fewer individuals to discover an association than a GWAS (40), saving the time and money 

associated with fewer study participants. 

 

One important way to prioritize variants for follow-up in functional studies is to utilize 

bioinformatics tools.  Several software programs, such as SIFT (41-45) and PolyPhen2 (46), 
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have been developed to determine whether a nonsynonymous variant is likely to impact gene 

function. These software packages utilize protein structure and conservation to categorize 

variants as damaging or benign.  Annovar (47) is a commonly used software program that 

determines the location within a gene a variant falls in, as well as whether or not the SNP is 

nonsynonymous.  Additionally, Annovar returns protein prediction scores from various 

programs, including SIFT and PolyPhen2, making it easier to prioritize variants in a region for 

follow-up in functional experiments. 

 

Comparison of GWAS data and regional LD structure in multiple populations may help discover 

causal variants, because different populations have different allele frequencies and different LD 

patterns.  Utilizing LD differences between populations may thus break up large LD blocks 

associated with a trait and elucidate a causal variant in a genomic region.  To date, most GWAS 

have been performed in European study samples using European LD patterns to tag common 

variation.  Mexicans can serve as an excellent population for studying lipid regulation because 

they represent an admixed population with a high prevalence of hypercholesterolemia (44% of 

the population has TC > 200mg/dl) and hypertriglyceridemia (32% of the population has TG > 

150 mg/dl) (2).  Utilizing a Mexican population can reveal novel loci in this understudied 

population; help validate European lipid loci; and narrow the typically large LD blocks in 

GWAS regions. 
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1.3 Gene Expression as a Method to Investigate Hyperlipidemia 

Microarrays have been an effective way to measure gene expression over the past few decades.  

Microarrays are glass slides which contain probes complementary to genes throughout the 

genome.  Fluorescently labeled RNA binds the probe with complementary sequence, and the 

amount of light emitted by a portion of the microarray slide is proportional to the amount of 

bound RNA, enabling computer software to estimate gene expression. 

 

RNAseq is a newer method of measuring gene expression.  RNAseq converts mRNA into 

cDNA, which is then sequenced in a high throughput sequencer.  Gene expression is measured 

based on the number of sequenced reads mapping to the gene.  To account for the large variation 

in number of reads mapped between lanes and that longer genes are more likely to be sequenced, 

RNAseq gene expression units are represented as fragments per kilobase of exon per million 

mapped reads (FPKM). 

 

RNAseq has several advantages over microarrays for measuring gene expression.  RNAseq does 

not require a priori knowledge of which regions of the genome are expressed.  In RNAseq, all 

mRNA is converted to cDNA and sequenced and mapped to the genome, while microarrays 

require probes to be made ahead of time.  Thus, microarrays can only measure expression of 

known genes, while RNAseq can discover novel genes.  Another RNAseq advantage is that it 

can discover novel isoforms of genes, unlike microarrays which are restricted due to probe 

selection.  Finally, RNAseq is more accurate at measuring genes expressed at very high and very 

low levels.  Microarrays are less accurate at measuring gene expression in the extremes, because 

at low levels of expression, a gene may not be called due to background noise, while at high 
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levels of expression, the probes corresponding to the gene may become too saturated to 

accurately measure expression.  

 

One of the main disadvantages of RNAseq in gene expression analysis is that it is currently more 

expensive than the microarray-based technologies.  As sequencing technologies develop and 

improve overtime, it is, however, likely that the costs of performing RNAseq will decrease.  

Other concerns related to RNAseq include the GC content sequencing bias (i.e. GC-rich and GC-

poor sequencing reads may be expressed at higher levels than reported by RNAseq) and large 

variation in the number of mapped reads observed between sequencing lanes. Besides price, the 

primary advantage microarrays have over RNAseq is that microarrays require fewer hours of 

man power.  This cost savings allows several additional samples to be measured for the same 

price and time commitment as RNAseq. 

 

Utilizing gene expression data has been an important tool to discover genes involved in 

regulating lipid levels.  One method of discovering the possible mechanism underlying a SNP 

association with a lipid trait has been determining whether the SNP acts as a cis-acting 

expression quantitative trait locus (cis-eQTL).  Because GWAS do not provide any functional 

information, it is important to determine whether a GWAS SNP may influence the trait of 

interest by acting as a cis-eQTL in a specific tissue.  For instance, a recent LDL-C, HDL-C, and 

TG GWAS checked whether all SNPs significantly associated with a lipid trait act as a cis-eQTL 

in tissues known to be relevant in lipid regulation, including liver and adipose tissue (11).   
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Several studies have searched for adipose tissue gene expression differences between obese and 

lean subjects (48,49).  Because adipose tissue is known to be a TG regulator, searching for 

differences between lean and obese subjects may reveal the genes responsible for the phenotypic 

difference between the two groups.  Searching for gene expression differences in people with 

extreme lipid values has also lead to successful identification of lipid genes and gene variants.   

Using weighted gene co-expression network analysis (WGCNA), Plaisier et al. discovered 

several novel FCHL genes by analyzing adipose tissue gene expression network differences 

between FCHL cases and controls (50).   

WGCNA is a popular method of analyzing gene expression differences between two groups 

(51,52).  WGCNA places genes into groups called modules based on similar expression patterns 

between samples, and then WGCNA tests for association between a module and a qualitative or 

quantitative trait.  Chapter 3 of this dissertation utilized WGCNA to discover novel TG networks 

in Finnish and Mexican samples (Haas et al. submitted (3)).  
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As figure 1.3 summarizes, WGCNA has several benefits over searching for gene expression and 

TG correlations.  One useful aspect of WGCNA is that it places genes into modules based on 

similar expression patterns across samples.  Genes that follow the same expression pattern across 

samples are more likely to be involved in similar biological processes.  Thus, the grouping 

WGCNA performs may reveal novel direct or indirect gene interactions, whereas searching only 

for gene expression correlation with a quantitative or qualitative trait gives no information 

regarding interactions between genes. 

 

Second, WGCNA can determine correlations between an entire module and a trait.  In each 

sample, WGCNA represents the expression of an entire module with a single value called the 

module eigengene (ME), which can then be tested for correlation with a trait of interest.  This 

module trait association can determine whether an entire biological pathway is correlated with a 

trait.  This test is unique to WGCNA and cannot be done with gene expression and trait 

correlations alone.   

 

Another advantage WGCNA has over the conventional differential gene expression analysis is 

that WGCNA can test whether a genetic marker is impacting the expression of an entire module.  

Network edge orienting (NEO) software can determine whether a SNP may be causing a change 

in the module expression as a whole (53).  With gene-trait correlations, there is no way to 

determine whether a SNP influences the expression of a group of genes.  
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1.4 Variant rs7575840 Influences Apolipoprotein B-Containing Lipid Particles 

High serum LDL-C is a well-established risk factor for coronary heart disease (54).  LDL-C 

GWAS have successfully identified genomic regions of interest (11), but determining which 

variant in a region may be causal is difficult to ascertain from a GWAS alone, as GWAS do not 

provide functional information to break-down large LD regions.  These large LD blocks often 

span several genes, making it difficult to determine which gene is involved in LDL-C regulation.   

 

Determining the specific lipid sub-particles an LDL-C GWAS association signal impacts may 

lead to a better understanding of the mechanism underlying an LDL-C association signal.  A 

recent mega-GWAS study tested only LDL-C, HDL-C, and TG, leaving out several lipid sub-

particles, including apolipoprotein B (apoB), very low density lipoprotein (VLDL) and 

intermediate density lipoprotein (IDL).  ApoB is strongly correlated with CHD progression (55) 

and is a major component of LDL-C particles.  Additionally, the sizes of lipoproteins are not 

routinely tested in lipid GWAS, yet current research suggests that small LDL particles are 

strongly correlated with CHD progression (54).  Thus, discovering an association between a 

genetic variant and lipid sub-particles would provide a possible causal mechanism underlying the 

GWAS association signal.   

 

LDL-C GWAS signals can be influencing serum LDL-C levels by acting as a cis-eQTL.  Thus, 

determining whether LDL-C GWAS variants are cis-eQTLs in tissues relevant to lipid regulation 

may reveal the causal mechanism underlying the GWAS association.  Adipose tissue is known to 

be a regulator of lipid levels in humans, so the possibility of an LDL-C GWAS variant impacting 

serum LDL-C levels through influencing gene expression in adipose tissue is worth exploring. 
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One way a genetic variant may affect gene expression is through disrupting a transcription factor 

binding site (TFBS).  A SNP may impact the transcription factor’s binding affinity to a specific 

DNA sequence.  The software program PROMO is commonly used to determine whether a SNP 

may influence a TFBS.  Figure 1.4 depicts the overall study design employed in Haas et al. to 

follow-up the LDL-C GWAS variant near APOB (1).                   
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1.5 Adipose Transcript Networks Identify Novel Triglyceride Genes 

Serum TG levels are known to be an independent risk factor for CHD (17-19).  Adipose tissue is 

a key regulator of serum TG levels by controlling TG storage in adipose tissue.  Searching for 

novel genes involved in regulating TG levels may lead to a better biological understanding of 

hypertriglyceridemia. We used three different adipose RNA study samples derived from two 

distinct populations, Mexicans and Finns, to identify novel TG genes and adipose transcript 

networks utilizing WGCNA (3). The gene expression was measured by microarrays in two of the 

study samples (Mexican TG Cases/Controls and Finnish Twin Cohort) and by RNAseq in one of 

the study sample (METSIM TG Cases/Controls) (Table 1.5). 

  

Mexicans have a high prevalence of hyperlipidemia, with 44% of the population having 

hypercholesterolemia (2), making Mexicans a particularly important population to study.  

Mexicans are also an understudied population, with the vast majority of lipid GWAS focusing on 

European origin populations.     

 

Searching for genes associated with TGs across multiple populations may reveal novel TG 

regulators.  Different populations often have unique LD patterns and minor allele frequencies at 
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various SNPs, however, genes involved in regulating lipid levels are expected to be consistent 

across populations.  Therefore, searching for genes associated with TG levels in multiple 

populations will provide strong evidence that the gene is truly involved in TG regulation.  Table 

1.5 displays the clinical characteristics of the three population samples used in our study (3).   

 

WGCNA has been a successful method at finding groups of genes and pathways that are 

biologically relevant to a qualitative or quantitative trait.  Utilizing WGCNA has previously lead 

to novel gene discoveries involved in regulating lipid levels (50), making this method an 

excellent tool to discover novel TG genes with adipose gene expression data. 

 

Figure 1.5 illustrates the study design used to analyze RNAseq data in our study (3).  Basically, 

mRNA is captured and prepped for sequencing using the Illumina mRNA Sequencing Kit, and 

the resulting cDNA is sequenced on the HiSeq 2000 sequencing platform.  HiSeq2000 is a 

recently developed sequencing platform by Illumina that sequences more reads per lane than the 
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previous sequencer Genome Analyzer IIx by Illumina.  HiSeq 2000 can sequence up to 2 billion 

paired-end 100 basepair reads per flow cell (8 sequencing lanes), while the Genome Analyzer IIx 

can obtain 640 million paired-end 150 basepair reads in a flow cell.  Tophat (56,57), a software 

tool developed specifically for RNAseq data, is used to align the cDNA to the reference genome, 

and Cufflinks (58-60), the sister program of Tophat, is then utilized to determine and quantitate 

the transcripts.  Finally, Samtools (61), a popular single nucleotide variant (SNV) calling 

program, is used to call SNVs.  
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1.6 A PCDH15 SNP is Associated with Familial Combined Hyperlipidemia 

FCHL is a common familial lipid disorder found in approximately 20% of individuals with 

premature CHD (62).  Determining novel susceptibility genes and variants is necessary to better 

understand the largely unknown pathophysiology of this prevalent lipid disorder. The genetic 

characterization of FCHL may also ultimately help prevention and develop better targeted 

treatments in order to combat premature death in affected FCHL individuals.  Determining 

causal variants in chromosomal regions previously linked to FCHL consistently in multiple 

populations can lead to a better biological understanding of this common disorder. 

 

PCDH15 is a member of the cadherin superfamily of proteins known to be involved in calcium-

dependent cell adhesion.  A linkage peak near PCDH15 was previously reported for FCHL (5-7).  

In fact the key microsatellite marker, D10S546, resides within the PCDH15 gene, making it our 

prime candidate under the linkage peak. No prior genome-wide significant GWAS signals for 

TG or TC have been identified for PCDH15 in prior GWAS studies (11).  However, lipid GWAS 

have been performed on unrelated mostly normolipidemic individuals, which leaves the 

possibility that rare or common PCDH15 variants may be responsible for FCHL (or its metabolic 

component traits) in large, extended dyslipidemic families. Therefore, to test whether 

nonsynonymous variants in this gene may be impacting TG or TC levels through disrupting 

PCDH15 function, we tested whether 4 common nonsynonymous PCDH15 variants are 

associated with lipid levels in 92 Finnish and Dutch FCHL families. 
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The mouse has served as an important modeling tool for understanding lipid regulation.  

Knocking out a gene of interest in mice and then measuring lipid levels can provide direct 

evidence that a specific gene is involved in lipid regulation in vivo.  Thus, we created a PCDH15 

loss of function knockout mouse line in collaboration with investigators at Case Western Reserve 

University and measured the resulting lipid levels to determine whether knocking out PCDH15 

may impact lipid levels.  
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CHAPTER 2: 

EVIDENCE OF HOW RS7575840 INFLUENCES APOLIPOPROTEIN B-CONTAINING 

LIPID PARTICLES 

 

 

This work has been published and is freely accessible beginning May 1, 2012 in PubMed 

Central.  PMCID # 3081410 

Permission has been granted to reprint the publication (1) in this dissertation. 

  

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3081410/?tool=nihms
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CHAPTER 3: 

INVESTIGATION OF ADIPOSE TRANSCRIPT NETWORKS ACROSS 

POPULATIONS IDENTIFIES NOVEL TRIGLYCERIDE GENES 

 

The data in this chapter have been submitted for publication (Haas et al. submitted
1
)  
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Summary of the submitted manuscript  

Searching for novel TG-associated biological networks in adipose tissue may provide novel 

insights into TG regulation.  We measured gene expression in adipose samples from two Finnish 

and one Mexican study sample.  In each study sample, we observed a module (biological gene 

expression network) that was significantly associated with serum TG levels using the weighted 

gene co-expression network analysis (WGCNA).
2,3

 The most significant TG modules observed 

in each of the three study samples significantly overlapped (p<10
-10

) and shared 34 genes, 

utilizing two unique methods of measuring gene expression, microarrays and RNAseq. In the 34 

genes shared between the three TG modules, more nonsynonymous variants (p = 0.034) and 

overall variants (p = 0.018) were observed in individuals with high TGs when compared with the 

individuals with low TGs.  Seven of the 34 genes were identified as the key hub genes of all 

three TG modules (p<10-7). As only 11 of the 34 genes have prior evidence of involvement in 

CHD, type 2 diabetes, or obesity, our study provides 23 new candidates for TG 

regulation.  Furthermore, two of the 34 genes (ARHGAP9, LST1) reside in previous TG GWAS 

regions, suggesting them as the regional candidates underlying the GWAS signals. This study 

presents a novel TG biological network shared across populations. 
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CHAPTER 4: 

A NONSYNONYMOUS SNP WITHIN PCDH15 IS ASSOCIATED WITH LIPID TRAITS 

IN FAMILIAL COMBINED HYPERLIPIDEMIA 

 

This work has been published and is freely accessible in PubMed Central 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2793376/  

The copyright of this article is with the authors. 
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CHAPTER 5: 

Conclusions 
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5.1 Summary of Approaches  

The first part of my thesis focused on discovering genetic variation and the underlying 

mechanisms regulating serum lipid levels.  A common method used to reveal the underlying 

mechanism of a GWAS signal is to determine whether the SNP acts as a cis-eQTL in a tissue 

known to be relevant to lipid regulation.  Knowing whether a SNP impacts gene expression can 

offer a potential biological mechanism responsible for a GWAS signal.  This biological 

mechanism can then be further tested and explored using functional studies.  In this thesis we 

studied an LDL GWAS signal (1). 

 

Determining the specific lipid sub-particles an LDL-C GWAS signal is associated with can also 

provide novel information regarding the underlying mechanism influencing serum LDL-C levels.  

The refined subphenotypes and endophenotypes can help further dissect the critical phenotype –

genotype relationship of a variant. As demonstrated in chapter 2, we showed that LDL-C GWAS 

SNP rs7575840 is associated with apoB-containing lipid sub-particles, including IDL and VLDL 

(1). Thus, future research can search for ways rs7575840 may act on IDL and VLDL regulatory 

pathways.  

 

The second part of my thesis utilized WGCNA across multiple populations to discover 

biologically relevant pathways and networks impacting serum lipid levels in humans (3).  As 

demonstrated in chapter 3, we used WGCNA to determine novel TG regulatory genes in adipose 

tissue of Finnish and Mexican subjects.  Using two distinct populations and replication in 

multiple study samples helps overcome some of known error sources of the gene expression 
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analysis, and thus helps reveal lipid correlated genes and pathways with true biological 

relevance.  

 

The third part of my thesis investigated nonsynonymous variants for association in gene residing 

in a genomic region previously linked to FCHL and its component traits to discover novel FCHL 

variants (8).  As nonsynonymous SNPs change the primary structure of a protein, the amino acid 

change caused by some SNPs may be deleterious to protein function which can ultimately impact 

lipid levels.  As demonstrated in chapter 4, this method was successful at identifying variants in 

PCDH15 that are associated with TGs, apoB, and TC variants (8).   Creating a knockout mouse 

to validate the effect the non-functional gene has on lipid levels provides strong additional 

evidence that the gene is involved in FCHL.  
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5.2 Summary and Future Insights 

In chapter 2 of the dissertation, we introduce a novel mechanism underlying LDL-C GWAS 

signal rs7575840.  We also show that the variant is associated with LDL-C in a Mexican study 

sample.  Furthermore, we demonstrate that rs7575840 is associated with serum apoB levels and 

several apoB-containing lipid sub-particles of various sizes.  In adipose tissue, we discovered 

that rs7575840 acts as a cis-eQTL for both APOB and the non-coding RNA BU630349. The 

likely mechanism responsible for this cis-eQTL is that rs7575840 disrupts a binding site for the 

transcription factor CCAAT/enhancer binding protein alpha (CEBPA) and CCAAT/enhancer 

binding protein beta (CEBPB).  Thus, we provide a testable hypothesis of how this variant may 

be influencing serum lipid levels, which should be explored further in future studies. 

 

In chapter 3, we discovered novel TG genes consistently across two different populations and 

three study samples using WGCNA on adipose gene expression data.  When we performed 

WGCNA on three study samples (two Finnish study samples, and one Mexican study sample), 

we discovered that 34 genes were part of modules associated with serum TG levels in all three 

study samples.  Only 11 of the 34 genes had been implicated in obesity, diabetes, or CHD in 

prior publications, leaving 23 genes with a novel role in TG regulation.  This set of 34 genes is 

related to TG levels in two distinct populations, and furthermore, different methods of gene 

expression analysis were used; one Finnish study sample underwent RNA sequencing to measure 

gene expression, while microarrays measured gene expression in the other two study samples.  

Thus, the relation these 34 genes have to serum TG levels are robust to both gene expression 

measurement and population, providing strong evidence that this set of genes is important in TG 

regulation. 
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Chapter 4 of this dissertation focused on PCDH15, a gene residing in a region implicated in 

previous FCHL linkage studies (5-7).  We first tested whether 4 nonsynonymous PCDH15 

variants were associated with lipid levels in 92 Finnish and Dutch FCHL families.  One 

nonsynonymous SNP (rs10825269) significantly associated with TG, apoB, and TC.  To 

determine whether this gene is in fact the causal gene, we created a loss-of-function PCDH15 

knockout mouse, and observed that there was a significant decrease in TG and TC levels in a 

mouse carrying two copies loss-of-function construct.  Future studies should explore the 

underlying mechanism and biological pathways how the nonsynonymous PCDH15 variants 

impact lipid levels. 
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5.3 Concluding Remarks 

Lipid GWAS studies have been successful in identifying genomic regions associated with lipid 

levels (63). However, the genes and biological pathways responsible for the lipid association 

remain elusive for most signals (63). As demonstrated in chapter 2 of this thesis, we uncovered a 

possible mechanism underlying an LDL-C GWAS signal rs7575840 (1).  Revealing the causal 

variants, underlying genes, and biological pathways that regulate lipid levels is essential for 

identifying potential drug targets.  Very few lipid drugs have been developed based on the 

function of  lipid-associated GWAS genes as of yet (63), leaving many viable drug development 

opportunities to be explored in the future once more is known about the underlying mechanisms 

behind these associations. 

 

In addition to GWAS regions, uncovering the causal variant(s) and gene(s) in linkage regions has 

been very challenging (32,62).  In chapter 4 of this thesis, we genotyped common 

nonsynonymous variants in PCDH15, the gene containing a microsatellite marker (D10S546) 

linked to FCHL in several studies (5-7). To search for causal variants in this region, we 

genotyped 4 nonsynonymous variants in PCDH15 in FCHL families and discovered a 

nonsynonymous variant (rs10825269) associated with FCHL component traits (8). Importantly, 

PCDH15 knockout mice displayed a phenotype similar to FCHL (8).  

 

Another way to better understand the biological pathways regulating lipid levels is through 

expression network analysis (51,52). We successfully identified novel TG regulatory genes and 

pathways by overlaying TG-associated modules in two unique populations, Finnish and 

Mexicans utilizing WGCNA (3).  GWAS signals may alter lipid levels through perturbing 
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networks, therefore, determining whether GWAS signals alter specific lipid regulatory pathways 

can reveal the causal variant and gene in lipid GWAS regions spanning several genes.  In chapter 

3 of this thesis, we discovered one GWAS signal associated with expression of a TG-associated 

gene expression network in human adipose tissue (3).  Thus, we identified a potential TG 

regulatory mechanism that can be further explored by performing functional studies in tissue 

cultures and model organisms. 

 

The vast majority of GWAS have focused on SNPs, yet there are various other kinds of genomic 

differences that need to be further explored in the future.  Copy number variations, epigenetic 

modifications, chromosomal rearrangements, insertions and deletions, and RNA editing can 

influence gene expression and protein structure.  Thus, SNPs are only one part in a multi-faceted 

approach to understanding genetics of lipid regulation in humans. 

 

Determining the genes and genetic variation that affect lipid levels is important to better 

understand of the biological pathways involved in lipid regulation.  Additional functional studies 

are necessary to gain a better biological understanding of the genetic variation associated with 

lipids.  Proteomic studies are likely to become essential to understand the mechanism underlying 

genetic variation.  Often, GWAS signals associated with a lipid trait span many genes, making it 

difficult to identify the causal gene without functional experimentation.  Furthermore, GWAS 

have solely focused on common variation (minor allele frequencies > 5%), and a study of 

100,000 individuals revealed that the vast majority of the common GWAS lipid-associated 

variants have small effect sizes and do not explain all of the expected genetic heritability of 

serum lipid levels (11).  Scientists have hypothesized that rare variants in the genes identified by 
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GWAS may have larger effect sizes and explain some of the unexplained genetic heritability of 

lipid traits. A recent publication successfully identified novel rare variants in TG GWAS regions 

(39). However, sequencing the exomes of up to 10,000 people may be necessary to discover rare 

exome variants throughout the genome that influence lipid levels (63).   

 

Besides DNA, studying other aspects of the central dogma of molecular biology is necessary to 

better understand lipid biology. Proteomic studies may determine whether genetic variation 

impacts protein structure, localization, binding, or amount in tissues or model organisms.   Thus, 

systematic approaches of proteomics may reveal novel genes in lipid regulation and identify the 

regional causal genes from metaGWAS.  For instance, pulldown assays of proteins that lie within 

a GWAS signal would reveal direct and indirect binding partners.  Discovering that a GWAS-

region protein binds to proteins already known to be involved in lipid regulation would reveal a 

likely causal candidate in the GWAS region.  The candidate causal proteins can then be screened 

for nonsynonymous variants that impact protein binding.  A copy of the gene that contains the 

variant altering protein binding can be knocked into a model organism (such as a mouse). 

Finally, the resulting mouse can be used to determine whether the nonsynonymous variant 

impacts lipid levels, which would provide strong evidence for a causal gene within the GWAS 

signal. 

 

After discovering the genes regulating lipid levels, model organisms can be utilized for 

experiments that cannot be done in humans.  For instance, in a model organism, a researcher can 

knockout the gene of interest in a relevant tissue such as liver that is seldom available in human 

to determine whether lipid levels are impacted, or a researcher can determine whether a receptor 
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localizes to the proper area in the relevant tissue in this knockout line.  Model organisms serve as 

essential tools necessary for elucidating the biological impact of genetic variation. Furthermore, 

most human genes have mouse orthologs, so mice and humans may have variation in the same 

genes or genetic regions that affect lipid levels.  Discovering lipid-associated genetic variation 

that map near orthologous genes in mice may reveal causal variants and genes in a large DNA 

region associated with a lipid trait.  Thus, utilizing cross-species mapping can serve as an 

excellent tool to better elucidate regulation of serum lipid levels.    

 

Some of the currently undiscovered genetic variation influencing lipid levels may be hidden due 

to gene-environment interactions.  People have different combinations of genetic variants and 

environmental exposures, and the same genetic variant may impact a phenotype in some 

individuals but not in others.  Teasing out genetic variants that influence lipid levels in certain 

scenarios of environmental exposures will likely lead to a better understanding of lipid regulation 

and lipid disorders. 

 

Identifying genes involved with lipid regulation can ultimately lead to potential drug targets.  

The discovery of genes which regulate lipid levels is the initial first step necessary for drug 

development.  Although we have lipid lowering medication, heart disease is still the most 

common cause of death in developed nations, which emphasizes the need for additional drugs 

that lower lipids and extend lifespan.  The most common lipid lowering drug (statins) have 

several relatively common side effects, including muscle pain, rhapdomyolysis, and liver damage 

(64).  In conclusion, lipid research is a crucial tool for identifying genes and genetic variants that 

influence lipid levels, which can yield novel drug targets and benefit society as a whole. 
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Pharmacogenomics is one of the fields that can drastically improve people’s lives in the future.  

It has been estimated that adverse drug reactions (ADR) are between the fourth and sixth most 

common cause of death in the United States (65). Determining whether a person is genetically 

predisposed to having an ADR may greatly reduce fatal ADRs in the future.  One of the few 

instances in medicine where genetic information is already used is in calculating Warfarin 

dosage (66).  Future advancements in pharmacogenomics may help doctors prescribe the optimal 

medicine, which can save lives by getting patients on the optimal drug sooner and reducing the 

amount of ADRs.  As sequencing costs are substantially decreasing overtime, upcoming studies 

may reveal novel variants that influence ADR risk or drug effectiveness.  Future medical care 

may thus be personalized based on a person’s genetic make-up.   
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