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Abstract 

Genetics account for a large, mostly unexplained proportion of human disease. 

Though the role of genetics in simple, Mendelian traits has long been established, it is 

more difficult to disambiguate the role of various human genetic factors in complex 

disease traits. However, as genetics technology and methodology has advanced, from 

genome-wide association studies (GWAS) to next-generation sequencing (NGS), our 

ability to detect the role of both rare and common human genetic variation in complex 

disease traits has greatly improved, allowing us to demonstrate robust genetic factors 

involved in a variety of disease from metabolic to viral. However, despite the 

outstanding progress in human genetics, many complex disease traits lack robustly 

associated genetic variants, the existing variation only accounts for a small proportion of 

the estimated heritability, or the trait lacks comprehensive genetic investigation all 

together. 

In this thesis I conducted a common variant study using GWAS and a 

comprehensive NGS analysis - both standards in the field - to investigate the role of 

human genetics in the severity of complex disease traits ranging from viral disease to 

metabolic: herpes simplex virus type 2 (HSV-2) and non-alcoholic fatty liver disease 

(NAFLD). Chapter 1 provides a broad overview of current human genetics 

methodologies and the advantages and caveats to each technology for complex disease 
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traits, as well as the background and current state of genetics research for the two 

complex traits investigated: HSV-2 and NAFLD. 

Chapter 2 utilizes a GWAS to investigate the role of common human genetic 

variation in HSV-2 severity, which has previously only been investigated through a 

small handful of candidate gene studies. We were unable to replicate previous candidate 

gene associations, though we did detect several variants in or near biologically plausible 

genes (including ABCA1 and KIF1B) that approached, though did not reach, genome-

wide statistical significance with HSV-2 severity as measured by the quantitative viral 

shedding rate. This is the first genome-wide investigation of human genetics in HSV-2. 

Chapter 3 utilizes whole-exome sequencing at both the single-variant and gene 

levels to further elucidate the role of human genetics in gold standard liver biopsy 

confirmed NAFLD fibrosis extreme phenotypes: protective and progressor. We were 

able to replicate known associations with PNPLA3 and TM6SF2 and advanced fibrosis, 

despite the limited available sample size. We also observed enrichment of variation in 

distinct genes for progressor or protective NAFLD phenotypes, though these genes did 

not reach statistical significance. This is the first NGS study of NAFLD, and thus the first 

investigation of the role of rare variation in NAFLD. 

Overall, this thesis applied genome-wide techniques to interrogate gaps in the 

genetics of complex trait severity, from viral to liver disease, using unique, well-

phenotyped cohorts. Human genetics remains a complicated field that will require the 
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continued use of well-phenotyped cohorts in larger numbers, as well as both 

complementary and confirmatory sequencing and bioinformatics methods to fully 

detangle. While the research in this thesis is primarily hypothesis generating, and 

potentially associated variants will have to be replicated and investigated on a 

functional level to be confirmed as causal, the exploration of genetic associations with 

complex disease traits can prove highly informative for both understanding the 

underlying biology of these traits and for identifying genes and pathways that may act 

as biomarkers or treatment targets. Thus, this thesis has acted as a primer to expand 

knowledge of the role of human genetics in two highly complex and varied traits, HSV-2 

and NAFLD, paving the way for further studies, ultimately with the goal of improving 

human health. 
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1. Introduction  

1.1 Human genetic variation in complex traits 

Since the first complete human genome was sequenced in 2003 as part of the 

Human Genome Project [1], human genetics has been increasingly applied to investigate 

a variety of Mendelian and complex disease traits, paving the way for novel screening, 

treatment, and therapies. The genetics of Mendelian diseases, which are caused by a 

defect in a single gene, can be readily detected through a variety of human genetics 

study designs, from family based linkage analysis to case-control association studies [2]. 

Linkage analysis studies rely on having large families with both affected and unaffected 

members, and then mapping the uniquely shared genetic markers between affected 

individuals to locate the causal genetic region. In contrast, association studies compare 

the frequency of genetic variants in unaffected individuals, divided into affected cases 

versus unaffected controls or assessed on a continuum of disease for quantitative traits, 

identifying variants with higher frequencies among affected individuals. 

Unlike Mendelian diseases, common, "complex" traits are so-named because they 

result from a combination of environmental and genetic factors, and often lack clear 

patterns of inheritance. Despite the impact of environmental factors on such complex 

traits, many show clear evidence of a genetic component beyond what can be explained 

by environmental differences alone. Heritability studies, which traditionally determine 

the relative contributions of environmental and genetic factors to a trait of interest by 
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comparing monozygotic and dizygotic twin pairs [3], have shown us that there can be 

large genetic components to many complex traits, indicating that genetics studies will be 

important to fully understand these diseases and alleviate human suffering. 

However, for studies of complex traits, where often multitudes of genes are 

implicated through variants of small effect size, family-based linkage studies have been 

of limited use compared to association studies [4]. Initial association genetics studies of 

complex traits relied upon a candidate gene approach, where variation within an 

individual gene or genes was genotyped, with the genes chosen based on known 

biological information about that gene and its perceived relevance to the disease under 

investigation. However, candidate gene studies suffered under a high rate of false 

positive associations and proved difficult to reproduce [5]. Thus, an agnostic approach 

was needed, where variation could be assayed affordably across the genome. The 

completion of the International HapMap Project, which identified common patterns of 

DNA sequence inheritance in haplotype blocks in the genome across several human 

populations [6], and advances in array genotyping technology soon made just such 

agnostic genome-wide studies feasible, opening up new opportunities to discover 

disease associations. Genome-wide association studies (GWAS) exploit linkage 

disequilibrium (LD), where common variants on nearby loci are inherited together more 

frequently than distant loci, in order to genotype a subset of the most informative 

variants and thus interrogate variation across the genome [7,8]. As technology improved 
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and costs decreased, we also gained the capability to conduct next-generation 

sequencing (NGS) studies, where either the whole exome or whole genome (WES and 

WGS, respectively) is sequenced, covering more genetic variants than GWAS chips, 

although at a still higher cost [9–11]. While the relative importance of rare and common 

genetic variation in human disease remains unclear, and is likely dependent on the 

disease in question, GWAS and NGS studies together can capture the full frequency 

spectrum of genetic variation (see Figure 1). Thus, in the fourteen years since the 

sequencing of the first human genome, the field of genetics has greatly increased its 

capacity to uncover the role of human genetic variation in a variety of traits, including 

those with more complex genetics, with the list of disease associations ever expanding. 

 

Figure 1: Feasibility of identifying genetic variants by minor allele frequency 

and strength of genetic effect size (odds ratio). While GWAS (GWA studies) capture 

common variation, usually of low effect size, NGS studies has the further capacity to 

detect rare variation, potentially of higher effect size. Adapted from Manolio et al. [4]. 
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1.1.1 Genome-wide association studies 

GWAS are a well-validated standard in the field of genetics [12–14]. They 

provide the ability to cheaply investigate a trait genome-wide, utilizing the innate LD in 

the human genome to select "tag" single nucleotide polymorphisms (tagSNPs) that are in 

high LD with other SNPs, thus providing information about large portions of the 

genome utilizing a genotyping array rather than the more expensive route of 

comprehensively sequencing the entire genome [14,15]. By design, GWAS are restricted 

to common genetic variation, typically including SNPs with minor allele frequencies 

(MAFs) greater than 5%. Because of the linkage between genotyped variants and other 

variants in the genome, associated variants may either be directly causal or, more 

commonly, be tagging a causal variant in high LD with the associated SNP(s) [16]. While 

GWAS associations may be the result of underlying common genetic variation, often of 

small effect size, synthetic associations with rare variants of larger effect may also 

account for the observed signals [17]. GWAS have successfully been applied to a huge 

menagerie of traits [12–14]. Though most complex disease traits explored through 

GWAS are inherited diseases, the influence of human genetic variation on a variety of 

infectious diseases has also previously been studied, including for human 

immunodeficiency virus type 1 (HIV-1) acquisition and progression [18–22], hepatitis C 

virus (HCV) treatment response [23], and susceptibility to some alphaherpesviruses 
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[24,25]. The successes of GWAS have thus paved the way for ongoing genetics studies of 

ever more complex traits across a wide range of fields and diseases. 

However, though GWAS has been able to detect some casual genetic variation, 

such as the association with interleukin 28B (IL28B) and HCV treatment response [23] or 

patatin-like phospholipase domain containing 3 (PNPLA3) I148M and non-alcoholic 

fatty liver disease (NAFLD) [26], many GWAS associations lack robust replication, and 

thus follow-up is needed to verify associations through a confirmatory sequencing 

method, replication studies, and potentially functional studies of variant mechanism to 

establish direct causality [14,15]. Stringent quality control (QC) and multiple testing 

corrections are also required to reduce the risk of false positive results in GWAS due to 

the number of variants tested [27]. Further, the vast majority of GWAS associations are 

not the causal disease variant [13,14]. Thus, though GWAS has played a pivotal role in 

the modern era of human genetics, most GWAS associations have modest effect sizes 

and do not account for the full human genetic variation contributing to a trait, the so-

called problem of "missing heritability" [4,28], and often follow-up Sanger sequencing or 

NGS studies are required to fully investigate complex trait genetics.  

1.1.2 Next-generation sequencing 

1.1.2.1 An overview 

Massively parallel NGS encompasses both WES and WGS; WGS covers the entire 

genome, while WES enriches for only the 1% of the genome that encodes protein coding 
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regions (exons), where the functional impact of mutations can currently be most 

robustly assessed [29]. In contrast to GWAS, which is limited to examining common 

genetic variation associated with, but not necessarily directly causal for, disease traits, 

NGS can interrogate both common and rare genetic variation and has the capability of 

detecting directly causal variants [11,16]. The "common disease, common variation" 

versus "common disease, rare variation" hypotheses have been much debated in the 

genetics community [30]. While there is certainly a role for common genetic variation in 

complex traits, as demonstrated by several robust and well-replicated GWAS [14], the 

role of rare variation has more recently been shown to be causal for several common 

diseases [16,31,32]. 

1.1.2.2 NGS study designs 

As with other genetics studies, NGS studies can be divided into family-based or 

case-control study designs. Within the case-control study design, there are three primary 

NGS study designs: trio-based, familial segregation, and extreme-trait [29,33–35]. For 

complex diseases, non-familial case-control study designs are often the most feasible, as 

they do not require costly additional sequencing of family members. In an "extreme-

trait" study design, individuals are utilized from opposite ends of a phenotypic 

distribution, which should enrich for the presence of causal variants by maximizing the 

differences in allele frequencies between the two extremes [36]. Extreme-trait studies are 

useful not just because they increase study power, but also because they are affordable 
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and do not rely on having available family members to sequence, which can be difficult 

with adult-onset diseases, which include many complex traits. 

1.1.2.3 Assessing genetic variation at both the variant and gene levels 

 The primary goal of sequencing individuals is to determine which particular 

genetic variant or variants influence their individual risk of disease. In case-control 

studies, as described here, the goal is to more broadly detect which variant(s) might 

influence disease risk or progression among cases relative to controls. While many 

previously observed genetic associations have been with a single deleterious variant 

within a gene that gives rise to an observed phenotype, particularly in the case of 

Mendelian disorders, it is also possible that different individuals may carry different 

variants within the same gene that lead to the same phenotype. This is especially true 

when the causal variants are very rare or private (specific to a single individual or 

family) [37]. 

 Single-variant associations can be easily tested through a routine Fisher's exact 

test (FET), a conservative, exact statistical test that uses contingency tables to compare 

variant frequencies between cases and controls, with the null hypothesis being no 

difference between the two. However, when exploring rare variation in complex disease 

traits, a gene-based (burden) analysis is often more useful, where a given gene may have 

an excess of rare functional variants across individuals, but not necessarily the same rare 

variant [29,32,38]. In a gene-based analysis, any variant(s) within a given gene meeting 
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pre-determined criteria will be considered, even if different individuals carry different 

deleterious variants [29]. Association testing is then done at the gene level, using the 

same FET methodology, with associated genes having an increased measure of 

qualifying variants among cases relative to controls. Single-variant and gene-based 

methodologies are complementary for NGS, able to capture both individual deleterious 

variants and genes with an excess of deleterious variants in cases relative to controls. 

However, care must be taken to apply stringent multiple testing corrections to 

sequencing analyses corresponding to the number of genes or variants tested in each 

analysis, as all genome-wide genetic studies suffer under a high rate of false positive 

results, both due to potential sequencing inaccuracies and normal human variation. 

Careful selection of genetic platform, study design, and analysis method has 

allowed genetics to probe ever more complex disease traits, all with the dual goals of 

both understanding the fundamental biology of disease and improving human health at 

the individual and population levels. However, many complex disease traits remain 

only partially or completely unexplored, leaving critical gaps in our existing knowledge 

of these traits. 

1.2 Herpes simplex virus type 2 

1.2.1 Background 

HSV-2 is an incurable sexually transmitted infection that establishes lifelong 

latency. HSV-2 is one of the most prevalent sexually transmitted infections, affecting 
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some 400 million individuals globally, with 19 million new infections acquired yearly 

[39]. In the United States alone, up to 16% of the population has HSV-2 [40]. Though 

antiviral treatments are available, they do not fully suppress outbreaks of viral 

shedding, making HSV-2 transmission an ongoing public health concern, as there 

remain no cures or vaccines and condoms are not fully protective [41–43]. 

HSV-2 infection severity varies considerably, from asymptomatic disease in 75-

90% of individuals to symptomatic disease with frequent outbreaks of recurrent lesions 

[44]. Severity can be accurately measured through viral shedding, which varies widely 

among individuals [45]. Though some episodes of subclinical viral shedding occur, 

episodes of active lesions represent the greatest viral shedding and, consequently, the 

greatest risk of transmission [44,45]. Thus, determining why some individuals have 

more severe disease is urgent in order to reduce transmission risk. Importantly, it is not 

simply viral reactivation that leads to more severe symptoms, as asymptomatic 

individuals experience similar periods of active viral shedding compared to 

symptomatic individuals between outbreaks [44,45]. This implies that host factors 

influence HSV-2 severity. Infection severity is a complex trait that is influenced by both 

viral [46] and host [47,48] factors; however, the role of viral variation has not lessened 

the impact of host genetic variation [49–51].  

Infection severity is dependent upon the frequency of HSV-2 reactivation from a 

latent to lytic state, the exact mechanisms of which remain largely obscure. After initial 
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epithelial infection, HSV-2 travels to neurons where it establishes lifelong latency 

[52,53]. When lytic replication is triggered, likely through a combination of viral, host, 

and environmental factors, HSV-2 virion components travel from the neuron back to the 

original site of infection [52,53]. This reactivation can be accurately measured by viral 

shedding, and such reactivation can lead to clinically detectable outbreaks of lesions 

[45,54]. Thus, elucidating host genetic factors involved in viral shedding may provide 

valuable insights into the underlying biology of HSV-2 infection and reactivation. 

Severity of HSV-2 infection has implications for both viral transmission, which is 

more likely with higher viral shedding, and personal quality of life, as outbreaks of 

lesions, which tend to correspond with the highest viral shedding, can be painful and 

associated with psychological distress [45,55,56]. Importantly, HSV-2 infection is 

associated with a three-fold increased risk of both acquiring and transmitting HIV-1 

[57,58], and HSV-2 infection during pregnancy can result in rare but severe perinatal 

transmission [59]. Thus, while HSV-2 infection does not usually have severe phenotypes 

in adults, it can still result in severe public health outcomes. 

Due to its high prevalence in the population, the lack of fully effective methods 

to stop viral shedding and interrupt transmission, and the public health concerns 

potentially associated with HSV-2 transmission, it is important to understand the human 

genetic factors involved in the variability of HSV-2 viral shedding severity as part of 
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working towards both understanding the fundamental underlying biology of HSV-2 

and limiting its ability to impact human health. 

1.2.2 Human genetics in herpesviruses  

The acquisition and progression of viral infections depend on a multitude of 

factors, including the viral inoculum size, environmental factors, and genetics, both viral 

and human. The weight and role of these individual factors depends on the virus under 

consideration, but the most famous and robust example of human genetics influencing a 

viral phenotype is the role of the C-C motif chemokine receptor 5 (CCR5) delta-32 

mutation in protecting against HIV-1 infection [60–62]. Individuals who are 

homozygous for the knock-out CCR5 delta-32 mutation are protected from HIV-1 

infection, while there is some indication that heterozygous delta-32 carriers progress less 

rapidly once HIV-1 is acquired [33,60]. 

For herpesviruses, the role of human genetics in the rare but severe herpes 

simplex virus 1 (HSV-1) encephalitis (HSE) is well established, with deficiencies in the 

toll-like receptor 3 (TLR3) pathway resulting in childhood HSE following primary HSV-

1 infection [49,63,64]. However, the majority of human genetics studies of herpesviruses 

have been limited to candidate gene studies, which suffer under a high rate of false 

positives and are limited by the known biology of genes at the time of investigation. The 

only genome-wide studies to date have included a GWAS that identified an association 

with HCP5 in the human leukocyte antigen (HLA) region and age of shingles onset in 
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individuals with herpes zoster [24], and a family-based linkage analysis of HSV-1 

susceptibility that identified a potential association in a 2.5MB region on chromosome 21 

[25,65]. GWAS are important as they lack the bias inherent in candidate gene studies by 

allowing the identification of common host genetic variants influencing disease across 

the genome, rather than only in previously implicated or immune genes. 

While the role of human genetics in HSE and other alphaherpesviruses indicates 

strong potential for a role of human genetics in HSV-2, previous investigations have 

comprised only a small number of candidate gene studies. These candidate gene studies 

found possible associations with viral control and immune genes in HSV-2 susceptibility 

[66–69] and severity [47,48,70]. However, none of the existing HSV-2 candidate gene 

associations have been replicated, leaving a clear need for a comprehensive genome-

wide study to both replicate previous associations and potentially uncover new 

associations. 

1.3 Non-alcoholic fatty liver disease 

1.3.1 Background 

NAFLD is an increasingly common disease afflicting 25% of the global 

population [71,72]. NAFLD is a complex, heterogeneous disease, encompassing a wide 

range of disease from the typically benign accumulation of fat in the liver (hepatic 

steatosis) to the more severe non-alcoholic steatohepatitis (NASH), which includes both 

steatosis and necroinflammation, as well as a higher risk for progression to poor liver-
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related outcomes [73–76]. The progression of NAFLD from benign to NASH and severe 

outcomes, such as decompensated cirrhosis, liver transplantation, and hepatocellular 

carcinoma (HCC) [73,74,76] is not linear. While individuals diagnosed with NASH are at 

highest risk of fibrosis progression, which itself predisposes to more severe disease 

outcomes, not all NASH patients go on to advanced liver disease, while some patients 

with the more "benign" NAFLD form will have advanced liver disease. Thus, much 

remains unknown about the development and mechanism of NAFLD progression. 

Given the high prevalence of NAFLD and the wide variation in severity from benign 

disease to death, it is critical to determine why some individuals are predisposed to 

more severe disease to aid in both general screening and the development of targeted 

treatment options. 

1.3.2 Challenges in phenotype selection 

A challenge with many disease traits that also applies to NAFLD is accuracy of 

phenotyping. The gold standard for NAFLD phenotyping is liver biopsy, a painful, 

invasive procedure that can only ethically be conducted if there is a clear medical 

indication [77,78]. Thus, many NAFLD studies rely on other measures of NAFLD 

severity, which may increase the risk of misclassification. The various different NAFLD 

features used to investigate severity include liver steatosis measurements, NASH/non-

NASH classification, fibrosis levels if available, or various categorical classifications 

based on some combination of disease features [76,79]. However, of the multitudes of 
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NAFLD measures to choose from, only liver fibrosis has been reproducibly and strongly 

associated with NAFLD progression, as not all individuals with other disease features or 

NASH classification will go on to severe outcomes due to the non-linear nature of 

NAFLD [76]. The large variety of phenotypic measures used related to NAFLD severity 

might explain some of the difficulties with reproducing genetic associations [80,81]. 

Genetic studies require robust and well-characterized phenotypic differences in order to 

maximize their power for association detection. Thus, it is important to choose well-

phenotyped cohorts with clear measures of disease severity for genetics studies, such as 

cohorts with liver biopsy confirmed NAFLD and information on fibrosis level.  

1.3.3 Current state of NAFLD genetics 

While environmental factors and co-morbidities (including diabetes, obesity, 

male gender, and advanced age) clearly play a large role in influencing NAFLD 

susceptibility and severity [82–85], heritability studies have estimated 26-52% of NAFLD 

is due to genetic factors [86–88]. 

Genetic investigations into NAFLD have thus far relied upon candidate gene 

studies or GWAS. In 2008, a GWAS identified the variant I148M in PNPLA3 as 

significantly associated with NAFLD [26]. Despite little being known about PNPLA3 at 

the time, the I148M variant has proven to be reproducibly associated with various 

aspects of NAFLD, including: steatosis, fibrosis, and liver cancer, as well as NASH and 

other liver diseases, such as alcoholic liver disease [26,80,81,88]. Functional studies have 
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further verified the role of PNPLA3 I148M in NAFLD, though much remains unknown 

about the exact mechanism of action [80]. 

GWAS have also implicated a handful of other genes in various aspects of 

NAFLD susceptibility and phenotypic variability [80,81]. However, other than PNPLA3 

I148M, only transmembrane 6 superfamily member 2 (TM6SF2) E167K, originally 

detected in a GWAS via a neurocan (NCAN) association in high LD with E167K, has 

been reproducibly associated with NAFLD [80,81,88,89]. Thus, despite rigorous GWAS 

investigation of NAFLD, the majority of disease heritability remains unexplained [88] 

and few directly causal variants have been identified [80,81]. Though GWAS has found a 

number of common variants associated with NAFLD, the role of these variants in 

NAFLD pathogenesis remains unclear and most associations still lack robust replication 

[80,81]. 

Despite initial successes with NAFLD genetics, there is clearly much more to be 

discovered. One limitation of previous NAFLD studies is the reliance on GWAS, which 

restricts analyses to only the role of common genetic variation in relation to NAFLD, 

harkening back to the common-disease, common-variant theory [30]. Applying NGS to 

NAFLD will enable an understanding of the full spectrum of genetic variation on 

disease severity, potentially pinpointing directly causal genetic variants. Further, as 

already demonstrated by initial genetics studies, identifying genetic associations with 

NAFLD can help elucidate the underlying biology of this complex and heterogeneous 
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disease. This knowledge of the genetics involved in NAFLD would hopefully lead to 

improvements in stratifying individual risk of NAFLD progression, which is currently 

impossible to determine, and perhaps point to genes and pathways that might serve as 

therapeutic treatment targets.  

1.4 Thesis overview 

My thesis uses two well-validated genetics standards, GWAS and NGS, to 

investigate the role of human genetic variation in complex trait disease severity. 

In chapter 2, we used a GWAS to investigate common human genetic variation 

influencing HSV-2 severity utilizing a cohort of Western blot confirmed HSV-2 positive 

persons with severity measured by the rate of daily viral shedding over a minimum of at 

least thirty days.  

In chapter 3, we applied whole-exome sequencing (WES) to investigate the role 

of both common and rare human genetic variation in extreme phenotypes of NAFLD 

fibrosis severity, following the natural progression from existing research into NAFLD 

based on GWAS. 

In both chapters, we utilize common human genomics techniques to expand the 

knowledge of how human genetics acts across complex traits, focusing on the severity of 

disease. 
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2. Genome-wide association study of human host 
factors influencing viral severity of herpes simplex virus 
type 21 

2.1 Introduction  

HSV-2 is one of the most prevalent sexually transmitted infections worldwide, 

with a global prevalence estimated at 417 million and ~19.2 million new infections 

acquired per year [39]. In the United States, the number of HSV-2 infected individuals 

has stabilized at ~16% of the population, indicating that transmission is a continuing 

public health problem [40]. HSV-2 establishes lifelong latency upon infection and, to 

date, there are no vaccines, cures or even fully efficacious suppressive treatments [43]. 

Although 75-90% of HSV-2 infections are subclinical and asymptomatic [44], the 

severity varies widely. Symptomatic, clinical disease presents as painful, recurrent and 

often frequent outbreaks of genital lesions [90–92]. Daily treatment with antiviral 

medications can reduce outbreak frequency, though it does not completely eliminate 

them [93]. Due to its incurable status and adverse effects on quality of life, HSV-2 

diagnosis may be associated with psychological distress [55,56]. Further, HSV-2 infection 

during pregnancy, particularly primary and asymptomatic infections, can result in 

perinatal transmission to the infant, a rare but severe outcome [59]. Children who 

acquire HSV-2 at birth experience significant morbidity and mortality, with survivors 

                                                      

1 This chapter is part of a work submitted for publication. SE Kleinstein, PR Shea, AS Allen, DM Koelle, 

AWald, and DB Goldstein. Genome-wide association study (GWAS) of human host factors influencing viral 

severity of herpes simplex virus type 2 (HSV-2). 
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risking encephalitis or multi-organ disseminated disease, and over 50% developing 

central nervous system disease [59]. Of additional public health concern, HSV-2 

infection is associated with at least a three-fold increased risk of both acquiring and 

transmitting HIV-1 [57,58]. 

There are currently no completely effective methods for interrupting HSV-2 

transmission. While standard safe sex practices are recommended [90], condom usage 

risk reduction estimates have varied by gender and measurement, ranging from 30-96% 

[41,42], as active lesions may be present on unprotected skin. Similarly, while antiviral 

treatment reduces HSV-2 transmission by ~50%, it does not completely ablate active 

viral replication as measured by viral shedding [59,93]. Therefore, it is important to 

understand the host factors influencing HSV-2 severity in order to elucidate mechanisms 

to limit its impact on human health. 

Viral shedding from genital mucosa has previously been identified as a more 

objective representation of infection severity than the number of symptomatic 

recurrences [45,54]. Days with active lesions show higher risk of viral shedding; thus, 

those with the most severe disease show both increased viral shedding and increased 

outbreaks [45]. Further, though some asymptomatic individuals eventually recognize 

lesions, those who remain asymptomatic have the lowest viral shedding [45]. 

Infection severity is a complex trait that is potentially influenced by a 

combination of viral [46], host [47,48,70], and environmental factors. The importance of 
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host genetic variation in herpes pathogenesis has previously been demonstrated for 

certain rare phenotypes, such as HSE [49,63]. It is well-established that neuron-intrinsic 

deficiencies in TLR3 pathway genes result in severe childhood HSE after primary HSV-1 

infection [49,64]. For HSV-2, candidate gene studies have implicated viral control and 

immune genes, including TLRs, in both susceptibility [66–69] and severity [47,48,70] 

during the chronic phase. Although these studies have detected variants potentially 

associated with herpes pathogenesis, they were limited to a small number of common 

allelic variants in candidate genes and none of these candidate gene associations have 

been replicated by other, independent studies. To date, only two genome-wide studies 

have investigated the role of human genetic factors in alphaherpes-related diseases: a 

GWAS investigating herpes zoster susceptibility, which identified an association with 

HCP5 in the HLA region and age of shingles onset [24], and a family-based linkage 

analysis that identified a 2.5MB region on chromosome 21 associated with HSV-1 

susceptibility [25,65]. Thus, while human genetics have been implicated in herpetic 

diseases, there remains a dearth of validated causal variants for HSV-2 susceptibility and 

severity. 

It is important to utilize unbiased, genome-wide studies to definitively 

investigate the role of human genetics in disease etiology. The use of GWAS to 

investigate complex traits is a well-validated standard in human genetics. Though most 

complex disease traits previously studied relate to inherited diseases, host genetic 



 

20 

factors influencing infectious diseases have been detected through genome-wide studies 

[23,19,20,22], including for other alphaherpesviruses [24,25]. To date, no GWAS has been 

reported for HSV-2. In this study, we report the first genome-wide investigation of 

common human genetic variation influencing HSV-2 severity, as measured by the 

quantitative viral shedding rate. 

2.2 Materials and methods 

2.2.1 Participants  

Western blot confirmed HSV-2 seropositive North American participants 

followed at the University of Washington were included in this study. All participants 

signed informed consent for genetics studies and institutional IRBs approved this study. 

This cohort has detailed phenotypic and quantitative information available, as has been 

described previously [45]. Briefly, participants in this cohort were at least age 18, HIV-1 

negative, not on antiviral treatments during the study period, and exhibited a wide 

range of disease severity. As part of the study protocol, quantitative data on daily viral 

shedding over a period of at least 30 days were collected prospectively, a window 

within which more than 77% of both asymptomatic and symptomatic individuals show 

viral shedding [54,94]. 

Viral shedding was determined using real-time PCR of self-sampled anogenital 

swabs with a cut-off of >150 copies of HSV-2 DNA per specimen, which has been 

validated to be an accurate measurement of HSV shedding [54]. The viral shedding rate 
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was calculated as the number of days PCR positive for HSV-2 DNA over the period of 

sampled days and has previously been shown to accurately represent viral behavior 

[45]. Any symptomatic HSV-2 episodes were recorded by self-reported diary entries and 

requested confirmatory clinical visits during the ≥30 day sampling period. 

2.2.2 GWAS 

2.2.2.1 Genotyping  

A total of ~4.3 million SNPs in 307 participants were genotyped using the 

Illumina HumanOmni5Exome array platform. Of these, 191 participants were 

genotyped on the Omni5Exome4v1-1 array and 116 on the Omni5Exome4v1.0 array. The 

full cohort was combined for data analysis, including only non-monomorphic SNPs that 

were shared between the two arrays and where the DNA strand could be definitively 

determined (all symmetric (A/T or G/C) SNPs were excluded). The combined dataset 

included ~4 million SNPs. 

2.2.2.2 Quality control 

A series of QC checks were carried out to ensure sample integrity using PLINK 

[95]. Gender was assessed for concordance between genetically-inferred and self-

reported gender, with two discordant participants removed. Duplicate samples and 

cryptic relatedness (Identity by Descent>0.125) were identified based on genetic data; 

two pairs of duplicate samples were removed. Data quality was also evaluated at the 

marker level to remove low quality genotypes. Four participants with anomalously high 
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or low heterozygosity (-0.07<F>0.07) were excluded and markers missing >1% of 

genotype calls were removed. In addition, rare variants with a MAF of <5% were 

excluded. Following initial QC, there were 297 individuals of all ethnicities, 245 of 

whom self-reported as Caucasian. Quantitative estimates of genomic ancestry (principal 

components analysis (PCA) implemented with EIGENSTRAT software [96]) were then 

performed and compared with self-reported ethnicity, with outliers removed. Following 

QC and EIGENSTRAT, full phenotypic information and genotype data were available 

for 1,539,908 SNPs for 223 PCA-confirmed Caucasian individuals. 

2.2.2.3 Statistical analysis  

As 83% of the genotyped cohort self-reported as Caucasian, analyses were 

restricted to only the PCA-confirmed Caucasian subset of participants (N=223) in order 

to reduce population heterogeneity. We used the rate of HSV-2 viral shedding 

(quantified by the percent of days PCR+ for HSV-2 DNA over the sampling period) to 

measure HSV-2 severity. The association of each SNP with viral shedding was tested by 

linear regression under an additive model, adjusted for age, sex, and principal 

component (PC) axes that significantly contributed to the variance (PC1-3).  

To investigate whether the top SNP and biological candidate KIF1B SNPs were 

tagging functional variation in nearby coding genes, LD within ±1MB was tested using 

D' among 640 previously WGS Caucasian population controls with IRB permission for 
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use. Functional coding variation included stop gain/loss, frame-shift, start gain/loss, 

non-synonymous, splice site acceptor/donor, and indel variants. 

2.2.2.4 Targeted analyses of candidate SNPs 

Two targeted approaches were used to investigate SNPs with a higher prior 

probability of association with HSV-2. Given the central role of T-cells in several types of 

chronic viral infection and prior associations with other alphaherpesviradae, a targeted 

analysis of the major histocompatibility complex (MHC) gene region (hg19/Ch37 

chromosome 6: 29,570,005-33,377,699 [97]) was conducted. Other non-MHC genes 

previously implicated in HSV pathogenesis from candidate gene studies (FASLG, TLR3, 

TLR2, MBL2, FAS, UNC93B1, TRAF3, TBX21, APOE, and C21orf91) were tested for 

enrichment of association beyond that expected under the null hypothesis. In our cohort, 

there were 8,791 SNPs in the MHC gene region and 131 SNPs among the non-MHC 

candidate genes genotyped with a MAF>5%. 

2.3 Results 

2.3.1 Participant characteristics 

Demographic and clinical characteristics of participants included in the final 

analyses are described in Table 1. Briefly, most participants were symptomatic (83%), 

with more female participants than male (61% vs. 39%, respectively). Forty-four percent 

of participants were HSV-1 seropositive. The viral shedding rate ranged from 0-100%, 
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with a median of 15% (see Figure 2). The full cohort had similar demographics to the 

genetically confirmed Caucasian subset used in this study (data not shown). 

Table 1: Participant demographics for the genetically confirmed Caucasian 

subset (N=223) of the cohort included in the final analyses. 

    N=223 

Sex 
Male, N (%) 86 (38.57%) 

Female, N (%) 137 (61.43%) 

Age (years), median (range)   39.5 (22-76) 

Diagnosis, N (%) 
Symptomatic 186 (83.41%) 

Asymptomatic 37 (16.59%) 

Days since diagnosis1, median (range)   3407 (14-12649) 

Median viral shedding rate, % (range)   15.3 (0-100%) 

Median lesion rate1, % (range)   6.3 (0-85.4%) 

HSV-1 positive, N (%)   97 (43.5%) 
1Data not available for all samples. 

 

Figure 2: Shedding rate (percent of days PCR+ for HSV-2 DNA) distribution 

among Caucasians (N=223). 
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2.3.2 Main association analyses 

After multiple testing corrections, there were no genome-wide significant 

associations with HSV-2 severity, as measured by the quantitative viral shedding rate 

(Figures 3-4). The 10 SNPs with the lowest p-values are listed in Table 2. The SNP that  

 

Figure 3: Manhattan plot of the GWAS for HSV-2 severity among Caucasians 

(N=223). Linear regression model. The red line indicates the significance threshold 

after Bonferroni correction (1,539,908 SNPs). 

 

Figure 4: QQ plot of the GWAS for HSV-2 severity among Caucasians (N=223). 

Linear regression model. Genomic inflation=1.02. 
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achieved the lowest p-value in our analysis was rs75932292, which was just below 

statistical significance (p=6.77E-08). rs75932292 is intergenic, with the nearest 

biologically relevant coding gene, ATP binding cassette subfamily A member 1 

(ABCA1), located ~130Kbp downstream. To examine whether rs75932292 might tag 

functional variation in the ABCA1 gene, we examined LD within ±1MB of this SNP 

among 640 WGS Caucasian population controls. We identified several rare, functional 

variants in ABCA1 that were in high LD with rs75932292 and could potentially account 

for any association with HSV-2 viral shedding, though their causality cannot be 

definitively determined (see Appendix A: Table 7). As rs75932292 itself is relatively rare, 

with a MAF of 0.07 in our cohort (MAF=0.05 for Europeans (EUR) in the 1000 Genomes 

Project (1KGP) [98]), there were no individuals homozygous for the variant allele in our 

dataset. However, there was a slight trend toward increased viral shedding among 

carriers heterozygous for the variant genotype (GA) compared to homozygous wild-

type (GG) individuals (data not shown). 

Table 2: The top 10 SNPs for HSV-2 severity among Caucasians (N=223). 

Linear regression analysis, adjusted for age, sex, and significant PC axes. 

Rank SNP SNP Type Nearest Gene P-value 

1 rs75932292 intergenic - 6.77E-08 

2 rs73664402 intergenic - 1.21E-07 

3 rs56122323 intergenic LOC105371899 and MGAT5B 3.76E-07 

4 rs62377770 intergenic CEP120 and CSNK1G3 4.29E-07 

5 rs55963884 intronic / upstream 2KB ARHGAP25 1.06E-06 

6 rs4912855 intergenic LOC101926941 1.84E-06 

7 rs11204209 intronic ZNF488 2.51E-06 

8 rs4910264 intronic LOC105376548 and LOC105376550 3.28E-06 

9 rs59849217 intergenic - 3.45E-06 

10 rs75644638 intergenic - 3.75E-06 
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Despite the lack of genome-wide significant associations, several potentially 

biologically interesting SNPs approached statistical significance. Four intronic SNPs in 

the kinesin family member 1B (KIF1B) gene were observed among the top results. These 

four SNPs (rs17034615, rs17034775, rs72865926, and rs72867415; all p=6.57E-06) were in 

perfect LD (r2=1) among Caucasians in our cohort, with a MAF of 0.05 (identical to that 

expected for Europeans in 1KGP [98]), suggesting that they might all be tagging the 

same underlying variant. When LD was explored among the 640 WGS Caucasian 

population controls, several rare, functional KIF1B variants were in high LD with the 

intronic variants (see Appendix A: Table 8). There was also a slight trend toward 

increased viral shedding with the presence of any intronic SNP minor allele(s); however, 

this was primarily driven by heterozygous individuals, as there was only a single 

homozygous variant individual for three of the SNPs and none for rs72867415 (data not 

shown). 

Three other SNPs also approached genome-wide significance and were in or near 

genes of plausible biological relevance to neurological and/or viral phenotypes, though 

none had previously been linked to HSV-2. These included two intergenic SNPs, 

rs56122323 (p=3.76E-07), located ~25KB downstream of mannosyl (alpha-1,6-)-

glycoprotein beta-1,6-N-acetyl-glucosaminyltransferase, isozyme B (MGAT5B), and 

rs62377770 (p=4.29E-07), located ~58.5KB upstream of casein kinase 1 gamma 3 
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(CSNK1G3); as well as rs117944720 (p=5.43E-06), which is intronic in parkin RBR E3 

ubiquitin protein ligase (PARK2). 

2.3.3 Targeted candidate gene region analyses 

2.3.3.1 MHC region analysis 

Due to prior associations of HSV pathogenesis with immune-related genes, 

including a recent association with HLA-A*01 in a portion of this cohort [70], a targeted 

analysis limited to just the MHC region of the genome was conducted. However, there 

were no suggestive associations with HSV-2 severity when just the MHC region was 

considered (see Appendix A: Figures 5-6). Further, while we did not directly test HLA 

haplotypes in this analysis, we genotyped 5 SNPs in nearly perfect LD (r2~0.95) with 

HLA-A*0101. While these SNPs failed to reach genome-wide significance (p=0.001) 

when tested using linear or Poisson regression models, we did observe ~10% higher 

frequency of these SNPs among the highest viral shedders (≥25% of days with viral 

shedding) compared to low/no shedders (<25% of days with viral shedding; Appendix 

A: Table 9), suggesting that the HLA-A*01 haplotype may have a moderate influence on 

HSV2 shedding levels, but with an effect that requires a larger sample size to detect. 

2.3.3.2 Non-MHC region candidate gene analysis 

Additionally, a candidate gene analysis of ten non-MHC genes previously 

implicated in HSV-2 pathogenesis was also conducted. Though not statistically 

significant after Bonferroni correction, p-values were slightly lower than expected on the 
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quantile-quantile (QQ) plot (genomic inflation (lambda) =1; see Appendix A: Figure 7). 

The vast majority of the SNPs with the lowest p-values were on chromosome 10 in the 

mannose binding lectin 2 (MBL2) gene region. MBL2 is part of the innate immune 

system, where it activates the classical complement pathway and can detect viruses, 

including binding HSV-2 surface glycoproteins [68,99]. The three SNPs with the lowest 

p-values (rs201381710, p=0.01; rs10824793, p=0.02; and rs4935047, p=0.02) shared nearly 

perfect LD (r2>0.99) and were all intronic in MBL2. The SNP with the next lowest p-value 

in the non-MHC region candidate gene analysis was rs4696483 (p=0.02), which is 

intronic in TLR2. This SNP is not in LD with the previous TLR2 candidate SNP rs1898830 

in our cohort (r2=0.03). The only other SNP with a p<0.05 was rs2147419 (p=0.04), which 

is intronic in FAS. 

2.4 Discussion 

This study represents the first GWAS of HSV-2 severity. Overall, the results 

failed to achieve statistical significance and there was no evidence for associations of 

common host genetic variation and HSV-2 viral shedding rate (as quantitatively 

measured by percent of days PCR+ for HSV-2 DNA at self-swabbed sites over a period 

of at least 30 days). Additionally, we were not able to replicate previously observed 

candidate gene associations with HSV-2 pathogenesis disclosed in targeted 

investigations, though we did see a slight, non-significant increase in frequency of HLA-

A*0101 tagSNPs among high viral shedders relative to low viral shedders.  
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The top SNP (rs75932292, p=6.77E-08) was intergenic and just below the 

threshold for genome-wide significance; it showed some evidence of linkage with 

potentially causal rare, functional variants in the downstream protein coding gene 

ABCA1. ABCA1 is a cholesterol/lipid regulator that is associated with several lipoprotein 

disorders [100–103]. It has also been shown to interact with HIV-1 viral proteins [104–

107], Newcastle disease virus [108], and HCV [109]. Rare variants in ABCA1 might 

conceivably affect HSV-2 viral reactivation by altering lipids involved in membrane 

fusion or viral egress, hypotheses that are amenable to testing in vitro, as has been done 

with the viruses discussed above. There were several additional non-significant SNPs in 

the top results that are potentially of note, as they were present in genes previously 

associated with viral infections, including 4 intronic SNPs in KIF1B. KIF1B is a kinesin 

motor protein involved in anterograde transport of mitochondria and synaptic vesicle 

precursors. While other KIF1B mutations have been linked to Charcot-Marie-Tooth 

disease, neuroblastoma, and pheochromocytoma, KIF1B has also been identified in 

several studies related to hepatitis B virus-related hepatocellular carcinoma [110] and 

may act in early HIV-1 viral trafficking [111]. The role of KIF1B in anterograde synaptic 

transport could conceivably be related to HSV-2 reactivation because, during viral 

reactivation from neurons, HSV virion components are actively transported by this 

mechanism [52]. While several rare, functional protein coding variants in KIF1B were in 

high LD with the identified intronic SNPs, it is unclear if these variants could affect viral 
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trafficking without resulting in the severe phenotypes mentioned above and linked to 

known pathogenic KIF1B mutations. 

In addition, several other SNPs approaching, but not reaching, genome-wide 

significance were noted for their location in or near genes with plausible biological 

linkage to viral replication or immunity, including: MGAT5B, an acetyl-

glucosaminyltransferase isozyme that may be involved in processing HIV-1 protein 

glycosylation [112]; CSNK1G3, a serine/threonine kinase that has been shown to bind the 

HIV-1 vpu protein in vitro [113]; and finally PARK2, which has primarily been associated 

with Parkinson's Disease [114] but may also act in hepatitis C replication [115]. 

This study did not replicate any previous HSV-2 associations either in the full 

analysis or targeted candidate gene and MHC-region analyses. For primary HSV-1, it is 

well-established that deficiencies in the TLR3 pathway lead to the severe phenotype of 

HSE in children [49,63]. It is not surprising that there were no associations with TLR3 or 

genes, such as UNC93B or TRIF, that are upstream or downstream of TLR3 and initiate 

type I interferon signaling. Mechanistic studies of these genes associated with pediatric 

primary HSV-1 have shown that they act intrinsically in neurons to reduce HSV-1 

replication during the innate phase of the initial response [64], while recurrent shedding, 

the phenotype examined in the present study, relates to epithelial cell replication and 

immune cell function. HSV-2 severity has previously been linked to two SNPs 

(rs4696480 and rs1898830) in another toll-like receptor, TLR2 [48]. APOE has also been 
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linked to HSV severity, but was associated with HSV-1 oral lesions, not HSV-2 genital 

viral shedding [47]. None of the top SNPs in the present study were in or near APOE or 

TLR2. Further, the TLR2 SNP rs1898830 identified previously for HSV-2 was directly 

genotyped in our study and was not significant (p=0.57). Thus, associations with APOE 

or TLR2, the two genes previously implicated in candidate gene studies utilizing a 

portion of this cohort, were not able to be replicated at the genome-wide level in the 

current cohort. 

In the non-MHC candidate gene analysis, though no SNPs reached significance 

after multiple testing correction, the top SNPs were primarily located in MBL2, a 

component of the innate immune system. A MBL2 structural variant was previously 

identified as more common among participants with recurrent (symptomatic) HSV-2 

than asymptomatic individuals or healthy controls in a small candidate gene study [68]. 

The only additional SNPs with a p<0.05 were rs4696483 (p=0.02), which is intronic in 

TLR2 and not in LD with the previously identified TLR2 candidate SNP rs1898830, and 

rs2147419 (p=0.04), which is located in intron 2 of the FAS gene. FAS regulates 

activation-induced cell death and two polymorphisms, 1377G>A (rs2234767) and 

670A>G (rs1800682), were previously implicated in HSV-2 susceptibility in a small 

candidate gene study of South African women that focused on three FAS and FASLG 

SNPs [69]. Amongst these, neither the FAS SNPs (rs2234767, p=0.22; rs1800682, p=0.89) 

nor the candidate FASLG SNP (rs763110, p=0.21) were significant in our analysis. The 
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lack of replication of previously implicated HSV-2 SNPs underscores the need for 

rigorous replication of disease-associated genetic variants and the importance of 

determining biological mechanisms, if at all possible, particularly for variants identified 

through candidate gene studies. 

While some non-significant SNPs were identified in potentially biologically 

plausible genes, we have been unable to demonstrate the presence of any common 

genetic variants robustly associated with HSV-2 viral shedding rate at the genome-wide 

level. It is possible that this study lacked power to detect weaker associations with HSV-

2 severity due to the relatively modest GWAS sample size. Further, as suggested by the 

post hoc linkage analyses, it may be that rare, rather than common, human genetic 

variation has a role in HSV-2 severity, as has been the case with many complex diseases 

[16,31,32] and which was not within the scope of our study design. 

Some previous studies have focused on active viral lesions or the dichotomy of 

asymptomatic or symptomatic diagnosis as a measure of HSV-2 severity. However, viral 

shedding rate has previously been shown to be a more accurate measure of HSV-2 viral 

reactivation, as viral shedding can occur at times lacking lesions, and some individuals 

who are initially asymptomatic may later recognize lesions [45,94]. Further, previously 

conducted candidate gene studies using a portion of this cohort implicated a role for 

host genetics in multiple measures of severity, including shedding rates [47,48,70]. 

Though these associations were not replicated in the full GWAS of the current cohort, 



 

34 

this is not uncommon, as most candidate gene associations are not replicated [116]; 

indeed, we were unable to replicate any previous HSV-2 candidate gene associations in 

our GWAS analysis. 

Despite the lack of evidence for a role of common host genetic variation in HSV-2 

severity in this study, it remains likely that host and viral factors interact with the 

environment to control HSV-2 reactivation, as with other herpesviruses [24,25,49,63]. 

While these analyses were adjusted for age, gender, and ancestry, it is possible that 

additional factors might confound genetic associations with HSV-2 shedding severity, 

such as time since HSV-2 acquisition, HSV-2 inoculum size, or viral strain. HSV-2 

severity as measured by genital lesions and shedding rate can decrease with time since 

acquisition [117]. In order to interrogate the full range of HSV-2 severity, including 

asymptomatic individuals, for whom information on time since acquisition is not 

available, we did not adjust for time since HSV-2 acquisition. However, inclusion of time 

since HSV-2 acquisition in the main analysis did not dramatically change the results (see 

Appendix A: Table 10). While HSV-1 can cause genital herpes, oral HSV-1 seropositivity 

does not affect genital HSV-2 viral shedding [45]. Thus, we included individuals co-

infected with HSV-1, as all individuals in this cohort had Western blot confirmed genital 

HSV-2 and a majority of the global population has oral herpes. 

Although we focused our study on a reasonably sized and well-characterized 

Caucasian cohort of HSV-2 positive individuals, with unique quantification of HSV-2 
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viral shedding rate over at least a month, this represents a convenience cohort and may 

not be representative of the general population [45]. Of note, approximately 80% of 

HSV-2 seropositive individuals are asymptomatic [44], while our cohort was 83% 

symptomatic, such that we may have under-represented persons with milder 

phenotypes. Larger studies of individuals across ethnicities and the HSV-2 severity 

spectrum will be needed to determine the role of human genetics, both for common and 

rare variation. HSV-2 reactivation remains a complicated and poorly understood process 

involving both host and viral factors, without a cure in sight. Though the role of human 

genetics in the rare and extremely severe HSV-1 caused HSE is undisputed, it remains 

unclear how strongly human genetic variation affects genital HSV-2 severity. 
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3. Whole-exome sequencing study of genetic variants 
associated with extreme phenotypes of non-alcoholic 
fatty liver disease1 

3.1 Introduction 

NAFLD is a significant and increasing cause of morbidity and mortality 

worldwide, with global prevalence estimated at 25% [71,72]. NAFLD is a heterogeneous 

disease with severity varying from accumulation of fat in the liver (isolated steatosis) to 

NASH, which is characterized by steatosis and necroinflammation [73–75]. NASH 

patients are at highest risk for fibrosis progression, while advanced fibrosis predisposes 

to poor outcomes, including: decompensated cirrhosis, liver transplantation, and HCC 

[73,74,76]. Several clinical factors (diabetes mellitus, obesity, male gender, and older age) 

associate with hepatic fibrosis risk [82–85]. However, not all NAFLD patients with such 

risk factors have advanced liver disease, suggesting a potential role for genetics, and 

supported by studies of NAFLD heritability [86–88]. Determining why certain NAFLD 

patients are predisposed to NASH and advanced fibrosis is critical. GWAS have 

reproducibly identified a pathogenic variant in PNPLA, I148M, associated with NAFLD 

susceptibility and severity [26,80,81,118]. While several additional genes have also been 

implicated, currently the only other reproducible association is with transmembrane 6 

                                                      

1 This chapter modified from a work submitted for publication. SE Kleinstein, M Rein, MF Abdelmalek, CD 

Guy, DB Goldstein, AM Diehl, and CA Moylan. Genetic variants associated with extreme phenotypes of 

non-alcoholic fatty liver disease (NAFLD). 
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superfamily member 2 (TM6SF2) [80,81,88,89], and few signals have been tracked to 

directly causal variants [80,81]. 

In contrast to GWAS, which is designed to examine common genetic variation, 

NGS can interrogate rare variation, which has recently been appreciated as a cause of 

common disease [16,31,32], and can often directly pinpoint causal variation. 

Understanding the full spectrum of genetic variation will allow us to identify precise 

genetic factors that predispose to or protect from advanced fibrosis in NAFLD. 

Knowledge of genetic factors that stratify individual NAFLD progression risk would 

both facilitate biomarker discovery and suggest genes and pathways as potential 

treatment targets. 

We utilized WES to investigate the full range of human genetic variation in 

NAFLD susceptibility and progression. To accurately define different risk categories 

within the NAFLD spectrum, we used gold standard liver biopsy for NAFLD fibrosis 

staging and common clinical measurements related to NASH and advanced fibrosis to 

identify patients at two extreme NAFLD phenotypes for hepatic fibrosis: "protective" 

and "progressor". We hypothesized that "protective" patients, those without advanced 

fibrosis despite being high risk (older, obese, and diabetic), might harbor genetic 

variants protecting them from fibrosis progression and, conversely, that "progressor" 

patients, those with advanced fibrosis despite lacking this clinical risk profile, might 

carry genetic variants enhancing their vulnerability to fibrosis. We herein report the first 
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comprehensive WES study investigating genetic variation underlying NAFLD fibrosis 

risk and progression. 

3.2 Materials and methods 

3.2.1 Patient selection 

3.2.1.1 NAFLD extreme phenotypes 

Using an extreme trait design [36] to optimize the discovery of causal variants, 

expected to be at increased in frequency among patients with "extreme" features, we 

selected two cohorts of NAFLD patients from the Duke University Health System 

(DUHS) NAFLD Biorepository. The NAFLD Biorepository, details of which have been 

published previously [119], contains specimens and clinical data from NAFLD patients 

who underwent diagnostic liver biopsy to grade and stage NAFLD severity as standard 

of care. The Biorepository has Duke Institutional Review Board approval and patients 

consented to genomic analyses. 

NAFLD patients were included in this study based on inclusion and exclusion 

criteria for the DUHS NAFLD Clinical Database and Biorepository. For inclusion, 

patients must have been undergoing an evaluation for possible NAFLD or bariatric 

surgery by a DUHS healthcare provider and be 18 years of age or older. Patients were 

excluded from the NAFLD Biorepository and this study if they met any of the following 

criteria: 1) unable to provide consent for liver biopsy; 2) any standard contraindication 

for percutaneous liver biopsy; 3) pregnancy; 4) positive HBsAg; 5) detected HCV RNA; 
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or 6) evidence of extensive alcohol use (>20 grams/day). Patients without stored frozen 

liver tissue or adequate liver biopsy material for both RNA and histologic analysis were 

also excluded from this study. 

NAFLD Patient demographic data included: body mass index (BMI, kg/m2), age, 

gender, race, ethnicity, and diagnosis of type 2 diabetes mellitus (T2DM). Data collection 

was obtained via patient self-reported questionnaires administered on the day of liver 

biopsy and/or systematic chart review and data extraction.  

We defined two extreme phenotypes of NAFLD, "protective" and "progressor", 

based on the development of advanced liver fibrosis (defined as fibrosis stage, F3-4). The 

protective phenotype was defined as NAFLD patients expected to have significant liver 

injury and fibrosis based on clinical risk factors (age>50 years, BMI≥30kg/m2, and T2DM) 

but with no or very little fibrosis on liver biopsy (fibrosis stage, F0-1). At the other 

extreme, the progressor phenotype was defined as NAFLD patients expected to have 

little fibrosis based on a lack of clinical risk factors (age<55 years, BMI<35kg/m2, no 

T2DM) but biopsy showed advanced liver fibrosis or cirrhosis. 

Final analyses included Caucasian individuals, the majority of both NAFLD 

cohorts. We compared the two extreme NAFLD phenotypes, as well as each extreme 

phenotype to previously sequenced Caucasian population controls from unrelated Duke 

University studies with available consent for use. 
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3.2.1.2 Population controls 

Population controls available through previously performed sequencing were 

utilized for comparison to NAFLD extremes. Population controls included in the 

analysis were unrelated and self-reported Caucasian; EIGENSTRAT PCA with default 

parameters was used to confirm European ancestry and remove outliers [96]. While 

population controls were selected for control purposes from studies unrelated to viral 

hepatitis or liver disease, they were not specifically screened for NAFLD or other 

metabolic syndrome diseases; only ethnicity and gender information was available. 

Samples were excluded if they were duplicates, cryptically related (second-degree or 

closer), of low sequencing quality, contaminated, or had gender mismatches between 

self-reported and genotyped sex. 

3.2.2 Sequencing and quality control 

3.2.2.1 Sequencing 

WES was performed on 103 NAFLD samples with available stored genomic 

DNA using the Illumina HiSeq2000 or 2500 platforms and the Illumina TruSeq or 

Nimblegen SeqCap EZ V3.0 Exome Enrichment Kits. Whole-exome population control 

samples were sequenced using the Agilent All Exon (37MB, 50MB or 65MB) or the 

Nimblegen SeqCap EZ V2.0 or 3.0 Exome Enrichment kit. Both whole-exome and whole-

genome control samples were sequenced on the Illumina GAIIx, HiSeq 2000 or 2500 

sequencers according to standard protocols.  



 

41 

3.2.2.2 Sequence alignment 

For all samples, we aligned the Illumina lane-level fastq files to the Human 

Reference Genome (NCBI Build 37/hg19) using the Burrows-Wheeler Alignment Tool 

(BWA) v0.5.1 [120]. Picard v1.59 software (Broad Institute, Boston, MA; 

http://broadinstitute.github.io/picard/) was used to remove duplicate reads and generate 

BAM files. We recalibrated base quality scores, realigned around indels, and called 

variants using GATK v1.6 [121]. Variants were annotated to Ensembl 73 using SnpEff 

v3.3. 

3.2.2.3 Quality control 

During QC, we excluded samples if less than 90% of captured bases were 

covered at greater than 5X depth, greater than 30% of reads were duplicated, there was 

lower than expected SNP/indel counts, or autosomal chromosomal coverage was less 

than 25X. 

92 NAFLD samples had complete phenotype/genotype information and 89 

passed QC. Of the samples that passed QC, 82 were self-reported and PCA-confirmed 

Caucasian, representing 28 progressor and 54 protective extreme-phenotype NAFLD 

individuals available for analysis. Additionally, following QC, 4455 Caucasian 

population controls were available for analysis, of whom 2318 (52%) were male. 
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3.2.3 Data analysis and association testing 

We performed downstream statistical analyses using in house pipeline ATAV 

v5.8 software (https://github.com/igm-team/atav/) [32,122]. In order to identify genetic 

variation associated with NAFLD extreme phenotypes, we conducted three primary 

comparisons: 1) NAFLD progressor vs. NAFLD protective; 2) NAFLD protective vs. 

population controls; and 3) NAFLD progressor vs. population controls. For each 

comparison, we performed both single-variant (Fisher's Exact Test) and gene-based 

collapsing analyses (progressor vs. protective λ=0.50-0.99, protective vs. controls λ=1.16-

2.23, progressor vs. controls λ=1.16-2.50; see QQ plots in Appendix B: Figures 8-10). 

Statistical significance was based on Bonferroni correction for the number of variants or 

genes tested, respectively (see Appendix B: Table 11).  

3.2.3.1 Variant inclusion and exclusion criteria 

Variants were included in the analyses if they had a quality score (QUAL) ≥30, a 

genotype quality (GQ) score ≥20, ≥10X coverage, a quality by depth (QD) score ≥2, and a 

mapping quality (MQ) score ≥40. We excluded variants if they were determined to be 

sequencing, batch-specific, or kit-specific artifacts, as well as if they were marked as 

failures by EVS (Exome Variant Server; http://evs.gs.washington.edu/EVS/). 

3.2.3.2 Single-variant test models 

For the single-variant tests, we performed analyses of consensus coding sequence 

(CCDS) genes [123,124] using four models to identify qualifying variants: 1) all coding 
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variants; 2) rare (MAF<5%) coding variants; 3) functional (non-synonymous, frame-

shifts, stop gained/lost, start gained/lost, splice sites) coding variants; and 4) rare, 

functional coding variants. 

3.2.3.3 Gene-based collapsing models 

The gene-based collapsing analysis tests for enrichment of variation at the gene 

level, where qualifying variants within each gene are collapsed into a "rare variant(s) 

present" versus "rare variant(s) absent" binary categorization [32]. Only rare, functional 

coding variation was assessed, in order to reduce noise from common, non-pathogenic 

variants. Associated genes then have an increased measure of qualifying variants among 

cases relative to controls. Qualifying variants were defined for dominant, recessive, and 

compound-heterozygous models. We utilized a leave-one-out allele frequency cutoff of 

5% for the combined sample of cases and controls in each analysis group, where the 

MAF of each variant was calculated using all samples except for the sample in question. 

Variants were also required to pass this MAF cutoff in the publically available ExAC 

(Exome Aggregation Consortium (ExAC); http://exac.broadinstitute.org/) global 

frequencies. Additional QC was performed for the gene-based collapsing analyses to 

account for coverage differences, which can otherwise bias results. First, the number of 

bases with at least 10X coverage was calculated for each CCDS exon plus 10bp into each 

intron for each sample, and then exons with coverage differences (automatic cutoff 

tailored to each analysis) between cases and controls were excluded from analysis. 
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Overall, NAFLD cases and population controls in all analyses had similar coverage, 

which was >84%. 

3.2.3.4 Variant prioritization 

Variants were prioritized if they were very rare (MAF <1%) in ExAC, particularly 

if they were significantly enriched among cases relative to ExAC. Additionally, variants 

of severe functional consequence (stop-gained, start-lost, stop-loss, frame-shift) and/or 

predicted to be damaging using PolyPhen (http://genetics.bwh.harvard.edu/pph2/) were 

noted, as these variants are more likely to directly alter protein function. Finally, 

variants were noted if they were in biologically relevant genes, defined as genes 

associated with NAFLD or related metabolic syndrome phenotypes, regardless of MAF 

or functional consequence. 

Variants missing genotypes in ≥20% of cases and controls, present in >100 

controls, where the minor allele was marked as the reference allele, or in genes with 

excessive numbers of artifacts (>3 known) were excluded from further consideration. 

Additionally, for the NAFLD vs population control analyses, variants were excluded for 

consideration if they were out of Hardy-Weinberg Equilibrium (HWE) in control 

samples (p<0.001). Finally, olfactory receptor genes and, in the gene-based collapsing 

analyses, genes with an excessive number of variants (>20) were excluded from further 

consideration. For the recessive models and compound-heterozygous models, variants 

in sex chromosomes were excluded. 
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3.3 Results 

Eighty-two Caucasian NAFLD patients were included in the analysis. Due to the 

extreme phenotype design, all protective phenotype patients were age 50 or older with 

T2DM and obesity (median BMI=41kg/m2), whereas progressors were age 55 or younger 

without T2DM and lower median BMI (32kg/m2). The majority of progressors were male 

and had a NAFLD Activity Score (NAS) ≥4 (see Table 3).   

Table 3: Patient demographics among NAFLD cases included in analyses 

(N=82). 

  Protective (n=54) Progressor (n=28) 

Age (years), median (IQR1)  55.5 (53-61) 45.5 (37.2-52) 

Gender, n (%) Male 18/54 (33.3) 17/28 (60.7) 

Female 36/54 (66.7) 11/28 (39.3) 

BMI (kg/m2), median (IQR)  41.1 (37.1-47.8) 31.6 (28.9-33) 

Diabetes Mellitus, n (%)  54/54 (100) 0/28 (0) 

Steatosis Grade, n (%) <5% 0/54 (0) 3/27 (11.1) 

5-33% 33/54 (61.1) 6/27 (22.2) 

34-66% 12/54 (22.2) 12/27 (44.5) 

>66% 9/54 (16.7) 6/27 (22.2) 

Lobular Inflammation, n (%) 0 (<1/x20 field) 8/53 (15.1) 1/27 (3.7) 

1 (<2/x20 field) 39/53 (73.6) 16/27 (59.3) 

2 (2-4/x20 field) 4/53 (7.5) 6/27 (22.2) 

3 (.4/x20 field) 2/53 (3.8) 4/27 (14.8) 

Portal Inflammation, n (%) 0 (none to minimal) 40/53 (75.5) 14/27 (51.9) 

1 (greater than 

minimal) 

13/53 (24.5) 13/27 (48.1) 

Ballooning, n (%) 0 (none) 29/52 (55.8) 3/27 (11.1) 

1 (few/probable) 18/52 (34.6) 14/27 (51.9) 

2 (many/definite) 5/52 (9.6) 10/27 (37) 

Fibrosis (METAVIR), n (%) F0 22/54 (41) 0/28 (0) 

F1 32/54 (59) 0/28 (0) 

F3 0/54 (0) 24/28 (85.7) 

F4 0/54 (0) 4/28 (14.3) 

NAS ≥4, n (%)  19/50 (38) 21/26 (80.8) 
1IQR, Inter Quartile Range. 
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3.3.1 NAFLD progressor vs. NAFLD protective comparison 

When we directly compared progressor vs. protective extreme phenotypes, no 

variants or genes reached genome-wide statistical significance after quality control and 

multiple testing correction. However, we observed non-significant enrichment among 

the progressor phenotype of the known PNPLA3 I148M (rs738409; p= 8.42E-05) and 

TM6SF2 E167K (rs58542926; p=4.10E-03) polymorphisms under single-variant allelic 

models [26,80,81,88,89,118]. We also observed an adjacent synonymous variant in 

PNPLA3, P149 (rs738408, p= 8.42E-05), in perfect LD (r2=1) with I148M. PNPLA3 I148M is 

in a common haplotype block and, while variants in nearby genes PARVB W37R and 

SAMM50 G453 neared the genome-wide significance threshold, adjustment for PNPLA3 

I148M completely eliminated any association signal in this region (data not shown), 

consistent with previous literature [125,126]. 

Among the top non-significant variants in our analysis, several were enriched in 

genes that differed between the NAFLD cohorts. These associations might highlight 

genes and pathways that promote or protect against fibrosis progression, depending on 

the direction of enrichment; however, their involvement remains uncertain based on 

current evidence. Non-significant variants enriched among progressors in biologically 

plausible, though not previously implicated, NAFLD genes included several immune-

related genes (see Table 4). Common variants with non-significant enrichment under  
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Table 4: Top associated variants in biologically relevant genes for the 

progressor vs. protective NAFLD comparison. 

Gene Variant rs# 

NAFLD 

progressor

s with 

variant, N 

(MAF) 

NAFLD 

protective 

with 

variant, 

N (MAF) 

PolyPhen 

Prediction 

ExAC 

global 

MAF Genetic model1 P-value Enrichment 

PNPLA3 I148M rs738409 24 (0.61) 24 (0.28) 
Probably 

Damaging 
0.26 SV allelic 8.42E-05 Progressor 

PNPLA3 P149 rs738408 24 (0.61) 24 (0.28) NA 0.26 SV allelic 8.42E-05 Progressor 

SAMM50 G453 rs7587 1 (0.04) 26 (0.27) NA 0.22 SV allelic 4.23E-04 Protective 

PTX4 G36C rs1040499 11 (0.20) 39 (0.47) Unknown 0.41 SV allelic 6.26E-04 Protective 

PTX4 R276K rs2745098 12 (0.21) 37 (0.46) Benign 0.41 SV allelic 2.10E-03 Protective 

CDKN1A S31R rs1801270 9 (0.18) 3 (0.03) Benign 0.15 SV allelic 1.30E-03 Progressor 

GBP1 A409G rs1048443 9 (0.16) 36 (0.41) 

Probably / 

Possibly 

Damaging 

0.30 SV allelic 1.40E-03 Protective 

TM6SF2 E167K rs58542926 5 (0.09) 0 (0) 

Probably / 

Possibly 

Damaging 

0.02 SV allelic 4.10E-03 Progressor 

IRAK2 L439V rs11465927 5 (0.11) 1 (0.01) Benign 0.03 SV allelic 6.70E-03 Progressor 

PARVB W37R rs1007863 39 (0.44) 39 (0.44) Benign 0.44 SV recessive 2.28E-04 Progressor 

VRK2 I167V rs1051061 21 (0.57) 36 (0.37) 
Probably 

Damaging 
0.36 SV recessive 7.63E-04 Progressor 

SEC31B L1071V NA 1 0 Benign 0 GB dominant 0.006 Progressor 

  V504M rs41290542 6 3 Benign 0.03 
 

Progressor 

  G86R NA 1 0 Benign 0     Progressor 

1SV, Single-Variant; GB, Gene-Based. 

allelic models included S31R (rs1801270, p=1.30E-03) in cyclin-dependent kinase 

inhibitor 1A (CDKN1A) and L439V (rs11465927, p=6.70E-03) in interleukin 1 receptor 

associated kinase 2 (IRAK2). CDKN1A encodes p21, a senescence marker involved in 

innate immunity and signaling, whose hepatocyte expression has been associated with 

NAFLD fibrosis stage [127]. A candidate gene study linked several CDKN1A variants 

with NAFLD fibrosis development, including S31R, though S31R was not associated 

with fibrosis and only borderline associated with steatohepatitis [127]. IRAK2 is part of 

the innate immune response, acting in IL1R and interleukin 1 (IL1)-mediated signaling 

[128]. Additionally, under recessive models, I167V (rs1051061, p=7.63E-04) was enriched 

in vaccinia related kinase 2 (VRK2), which is an IL1-mediated signaling effector [129]. 
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Although not immune-related, we also observed three rare, non-synonymous variants 

(L1071V, V504M, and G86R; p=0.006) enriched under a gene-based model in SEC31B, 

which has previously been associated with plasma phospholipid fatty acid concentration 

[130]. 

Among the protective phenotype, where variants might potentially reduce 

fibrosis progression risk, several immune genes were among the top results, though not 

in the IL1 pathway. We saw non-significant enrichment in allelic models of G36C 

(rs1040499, p=6.26E-04) and R276K (rs2745098, p=2.10E-03) in long pentraxin 4 (PTX4), 

which are in high LD (r2=0.93), as well as A409G (rs1048443, p=1.40E-03) in interferon-

inducible guanylate binding protein 1 (GBP1). PTX4 is a potential functional antibody 

ancestor that acts in innate immunity [131], while GBP1 is a GTPase that regulates IL2 

secretion and metabolic processes, and acts in cytokine, IFN-gamma, and T-cell receptor 

mediated signaling pathways [132]. 

3.3.2 NAFLD protective vs. population controls comparison 

The "protective" vs. population control comparison investigated susceptibility to 

this NAFLD phenotype, as well as possible protective variants against advanced 

fibrosis. We did not discover any significant, high quality variants; however, we noted 

several non-significant variants in genes involved in immune, liver, lipid, or fibrosis-

related pathways, though their NAFLD role remains unconfirmed (see Table 5). 
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Table 5: Top associated variants in biologically relevant genes for the NAFLD 

protective vs. population controls comparison. 

Gene Variant rs# 

NAFLD 

protective 

with 

variant, 

N (MAF) 

Controls 

with 

variant, 

N (MAF) 

PolyPhen 

Prediction 

ExAC 

global 

MAF 

Genetic 

model1 P-value 

OIT3 Y60 NA 2 (0.02)  0 (0)  NA 0 SV allelic 1.42E-04 

ABCA8 P1396L rs148226092 2 (0.02)  0 (0)  
Probably 

Damaging 
8.68E-05 SV allelic 1.42E-04 

SLAMF7 I13V NA 2 (0.02)  0 (0)  Benign 7.15E-05 SV allelic 1.42E-04 

PINK1 L288 NA 2 (0.02)  0 (0)  NA 3.95E-05 SV allelic 1.42E-04 

PINK1 P289T NA 2 (0.02)  0 (0)  
Probably 

Damaging 
3.95E-05 SV allelic 1.42E-04 

IL32 C161 NA 2 (0.02)  0 (0)  NA 1.61E-05 SV allelic 1.42E-04 

SMEK2 
T723A/ 

T808A 
rs76512669 4 (0.04)  20 (0.002)  Benign 0.001 SV allelic 1.72E-04 

ORM1 T151 NA 2 (0.02)  1 (0.0001)  NA 5.54E-05 SV allelic 4.24E-04 

HNF1A P379A NA 2 (0.02)  1 (0.0001)  
Probably 

Damaging 
2.10E-04 SV allelic 4.30E-04 

PKD2L1 L138* NA 1 (0.02)  2 (0.0002)  NA 1.90E-04 SV allelic 8.39E-04 

IL6 D162V rs2069860 5 75 Benign 0.006 
GB 

dominant 
0.004 

THEM5 P246L NA 1 0 Benign 8.00E-06 
GB 

dominant 
0.006 

  E168K NA 1 0 

Probably / 

Possibly 

Damaging 

2.00E-04     

CYP26B1 V456L NA 1 0 Benign 0 
GB 

recessive 
0.012 

1SV, Single-Variant; GB, Gene-Based. 

Three extremely rare variants in immune-related genes were non-significantly 

enriched among the NAFLD protective phenotype relative to population controls under 

single-variant allelic models: I13V (p=1.42E-04) in SLAM family member 7 (SLAMF7), 

C161 (p=1.42E-04) in interleukin 32 (IL32), and T151 (p=4.24E-04) in orosomucoid 1 

(ORM1). Under a dominant gene-based model, D162V (rs2069860, p=0.004) in 

interleukin 6 (IL6) was also enriched. IL6 influences inflammation-associated disease 

states, including metabolic syndrome (MetS) diseases such as diabetes [133]. IL6 also 

upregulates IL32, which induces TNF-alpha macrophage production and acts in 
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oxidative damage response [134]. Interestingly, IL32 can attenuate alcohol-induced liver 

injury, as well as lipid accumulation in mice on a high fat diet [135,136]. Also within the 

IL6 pathway, ORM1 is an acute phase plasma reactant protein involved in 

immunosuppression, including negative regulation of IL6 and TNF-alpha, with a 

potential role in alcoholic liver cirrhosis [137]. Finally, SLAMF7 activates natural killer 

cells, inhibits pro-inflammatory cytokines including TNF-alpha, and has been associated 

with several autoimmune diseases [138–141]. 

Other genes with enrichment of rare variation were of interest because of roles in 

lipid metabolism, liver function, and/or fibrosis. Under allelic models, we observed non-

significant enrichment of rare variants in: OIT3 (Y60, p=1.42E-04), which is a primarily 

liver-specific protein with roles in liver function/development, urate homeostasis, renal 

function, and hepatocellular carcinoma [142–144]; ABCA8 (P1396L, rs148226092, 

p=1.42E-04), an ATP-binding cassette involved in lipid metabolism and transport [145]; 

and PINK1 (L288 and P289T, both p=1.42E-04, r2=1), a mitochondrial serine/threonine 

kinase that protects cells from stress-induced mitochondrial dysfunction, may promote 

lung fibrosis [146], and can cause autosomal recessive Parkinson's disease [147]. Other 

rare allelic variants were enriched in MetS-associated genes: protein phosphatase 

SMEK2 (PPP4R3B; T723A/T808A, rs76512669, 1.72E-04), which is involved in 

gluconeogenesis, lipid metabolism, and was associated with MetS traits [148]; HNF1A 

(P379A, p=4.30E-04), a transcription factor required for the expression of several renal 
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and liver-specific genes, including PCSK9, with roles in glucose homeostasis and insulin 

secretion [149], and GWAS associations with dyslipidemia and MetS-related diseases 

[139,145,150,151]; and PKD2L1 (L138*, p=8.39E-04), a cation channel that been associated 

with phospholipid fatty acid concentrations and childhood obesity [152,153]. Under a 

dominant gene-based model, thioesterase THEM5 (p=0.006, P246L and E168K), which is 

directly involved in fatty acid metabolism and remodeling [154], was also non-

significantly enriched. 

3.3.3 NAFLD progressor vs. population controls comparison 

In the progressor vs. population control analysis, PNPLA3 variants, I148M and 

P149 reached statistical significance (both p=2.10E-09 allelic), despite the small 

progressor sample size. There were no other robust, significant associations. However, 

enrichment was observed in several NAFLD-associated genes: TM6SF2 E167K (p=8.88E-

04 allelic), PARVB, and SAMM50. The enrichment of PNPLA3 I148M and TM6SF2 E167K 

in both the progressor vs. protective and the progressor vs. controls comparisons, but 

not in the protective vs. controls comparison, provides further evidence that these 

variants are important for NAFLD fibrosis progression. 

Among the top non-significant gene-based associations, several genes were 

associated with MetS diseases and lipids (see Table 6). Under a dominant gene-based 

model, we observed non-significant enrichment of rare variation in histone HIST1H2BC 

(p=0.002, a frame shift T insertion (hg19/Ch37 chr6:26124019) and A22S), which has been  
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Table 6: Top associated variants in biologically relevant genes for the NAFLD 

progressor vs. population controls comparison. 

Gene Variant rs# 

NAFLD 

progressors 

with 

variant, N 

(MAF) 

Controls 

with 

variant, 

N 

(MAF) 

PolyPhen 

Prediction 

ExAC 

global 

MAF 

Genetic 

model1 
P-value 

PNPLA3 P149 rs738408 24 (0.61) 
1826 

(0.23) 
NA 0.26 

SV allelic (and 

recessive) 
2.09E-09 

PNPLA3 I148M rs738409 24 (0.61) 
1826 

(0.23) 

Probably 

Damaging 
0.26 

SV allelic (and 

recessive) 
2.10E-09 

PARVB W37R rs1007863 23 (0.70) 
2691 

(0.40) 
Benign 0.44 

SV allelic 

(and 

recessive) 

8.20E-06 

SAMM50 D110G rs3761472 17 (0.38) 
1329 

(0.16) 
Benign 0.21 SV allelic 1.45E-04 

TM6SF2 E167K rs58542926 9 (0.20) 
549 

(0.06) 

Probably / 

Possibly 

Damaging 

0.07 SV allelic 8.88E-04 

MPO I717V rs2759 4 (0.11)  
237 

(0.03)  
Benign 0.02 SV recessive 7.76E-04 

HIST1H2BC 

FS (chr6: 

26124019 

insT) 

NA 1 1 NA 0 GB dominant 0.002 

  A22S NA 1 1 Unknown 2.00E-05     

AZGP1 H214Q NA 1 1 Benign 2.00E-05 GB dominant 0.007 

  A46V rs142669146 1 0 Benign 1.00E-04     

MRGPRX1 Q307R rs138752944 1 0 Benign 3.00E-04 GB recessive 7.75E-04 

  Q307* rs140371088 1 0 NA 3.00E-04 
 

  

  Y272C   1 0 
Probably 

Damaging 
1.00E-04     

CYP26B1 

A420G 

and 

R191H 

rs7568553 

and 

rs76025186 

1 0 

Benign and 

Probably 

Damaging 

0.005 

and 

0.001 

GB 

compound-

heterozygous 

0.006 

EFCAB13 

K244* 

and 

T577R/ 

T481R 

NA and 

rs142664574 
1 0 

NA and 

Possibly 

Damaging / 

Benign 

2.00E-05 

and 

0.005 

GB 

compound-

heterozygous 

0.007 

1SV, Single-Variant; GB, Gene-Based. Italicized variants reached statistical significance. 

 

associated with serum bilirubin levels [155], and the MHC I immune response molecule 

AZGP1 (p=0.007, H214Q and A46V), which regulates fatty acid synthesis and cell 

adhesion, among other roles [156,157]. AZGP1 is also implicated in MetS and insulin 

sensitivity, is elevated in kidney injury, and is a biomarker of lipid catabolism [157,158]. 

Under a compound-heterozygous gene-based model, we observed enrichment in 
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CYP26B1 (p=0.006, A420G with R191H), which degrades retinoic acid and has been 

linked to immunological, cardiovascular, and liver-related diseases [159–161], and 

EFCAB13 (p=0.007, K244* with T577R/T481R), which binds calcium and has been 

associated with circulating lipid levels [145]. Additionally, under recessive single-variant 

and gene-based models, a single non-synonymous variant, I717V (rs2759, p=7.76E-04 

single-variant; p=7.75E-04 gene-based) was enriched in myeloperoxidase (MPO), a major 

component of neutrophil granules that acts in LDL remodeling[162]. MPO has been 

linked to various MetS diseases [163–166] and is involved in the response to food, 

lipopolysaccharides, and other stimuli [162]. Further, a MPO promoter polymorphism (-

463G>A) was previously implicated in fibrosis severity in women with HCV [167], 

consistent with its enrichment among advanced fibrosis observed here. Finally, we 

observed enrichment of three very rare, functional variants among progressors in single-

variant allelic models (Q307R, rs138752944, p=1.07E-04; Q307*, rs140371088, p=1.07E-04; 

and Y272C, p=2.13E-04) and recessive models (gene-based p=7.75E-04) in MRGPRX1, an 

uncharacterized gene with potential roles in nociceptive neurons and calcium signaling. 

Both MRGPRX1 and MPO were also enriched among progressors in the gene-based 

recessive model for the progressor vs. protective analysis, potentially implying a role in 

advanced fibrosis, if confirmed. 
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3.4 Discussion 

Despite a small sample size, we confirmed previously observed NAFLD 

associations with PNPLA3 I148M using WES. PNPLA3 I148M has been associated with 

steatosis, NASH, fibrosis, and liver cancer in NAFLD, as well as other liver diseases, 

including alcoholic liver disease [26,80,81]. Our results support a role for PNPLA3 

directly in NAFLD fibrosis severity, as previously implicated [118], and the recent 

suggestion that PNPLA3 potentiates the pro-fibrogenic features of hepatic stellate cells 

[168]. Similarly, the enrichment of TM6SF2 E167K observed among progressors is 

consistent with previous associations between E167K and hepatic fibrosis progression in 

NAFLD [89], though it did not reach significance in this study. Overall, due to sample 

size limitations, we lacked power to definitively identify statistically significant 

associations with fibrosis progression in NAFLD. 

There has been substantial interest in the role of genetic variation in NAFLD. 

Although GWAS has revealed several common variants associated with NAFLD risk 

and its phenotypic variability [80,81], these associations only explain a small fraction of 

the total heritability [88]. Further, with the exception of PNPLA3 and TM6SF2, most 

NAFLD associated risk genes lack robust replication and their role in fibrosis 

pathogenesis remains uncertain. Thus, we utilized two liver biopsy confirmed extreme 

NAFLD fibrosis phenotypes that were not predicted by known clinical risk factors, with 

the aim of identifying variants either promoting or protecting from advanced fibrosis. 
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This WES study represents the first comprehensive NGS study of genetic contributions 

to NAFLD susceptibility and fibrosis progression. 

Though only PNPLA3 reached statistical significance, and only in the larger 

progressor vs. controls comparison, we observed several suggestive associations in 

biologically relevant genes broadly in line with a role for a pro-inflammatory state in 

NAFLD development. Among the top associations in the NAFLD progressor vs. 

protective comparison, several impacted immune genes, with distinct genes and 

biological processes observed for each phenotype. Among progressors, two variants 

were enriched in IL1 signaling pathway genes (IRAK2 and VRK2), which could 

conceivably reflect disruption of this innate immune and tissue regeneration pathway in 

advanced fibrosis progression [169]. However, as these associations were not statistically 

significant, independent replication of these findings will be essential, as immune genes 

compose a substantial fraction of the human genome, enabling substantial narrative 

potential. 

In contrast, when we investigated NAFLD susceptibility through the NAFLD 

protective vs. population controls comparison, several variants enriched among high 

risk, low fibrotic NAFLD patients were observed in IL6-related genes (IL6, IL32, ORM1, 

and SLAMF7), suggesting a potential role for a pro-inflammatory immune response. 

This is supported by recently published NASH Clinical Research Network findings 

implicating pro-inflammatory pathways, including common variants in IL1B and IL6, 
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with NAFLD fibrosis risk and ballooning [169]. However, as protective individuals were 

obese with T2DM as part of the study design, the IL6-related genes may also reflect 

T2DM risk [170]. 

When we compared the NAFLD progressor phenotype to population controls, 

non-significant variants were observed in genes (including AZGP1 and MPO) that acted 

in both lipid regulation and immunological capacities. If these genes are involved, which 

cannot be firmly concluded from our findings, this may suggest that dysregulation of 

lipid and immunologic pathways could be involved in the development of advanced 

fibrotic disease compared to the general population. 

We used gold standard liver biopsy confirmed NAFLD to ensure accurate 

histologic phenotyping of patients. The cohorts were also chosen according to clinical 

factors, which limited our sample size, particularly for progressors, as the Biorepository 

contained few young, advanced fibrotic patients without T2DM. We were also unable to 

create two complete histologic extremes of NASH according to NAS, potentially 

reducing our ability to detect only fibrosis associated variants specific to NASH. While 

we included population controls from studies unrelated to viral hepatitis or liver disease 

to increase the power and generalizability of our results, detailed phenotyping 

information about NAFLD and risk factors, such as obesity and diabetes, was 

unavailable. As NAFLD is relatively common in the general population[71], there is 

potential for misclassification among controls, leaving our results underpowered and 
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conservative. As individuals with the protective phenotype were older, obese, and 

diabetic, the "protective" phenotype comparison with population controls may have 

reflected underlying genetic risk for NAFLD or diabetes susceptibility, while the 

progressor vs. controls comparison uniquely interrogated risks for advanced fibrosis 

among NAFLD patients without diabetes. 

While our results were primarily non-significant, we have highlighted several 

biologically plausible genes that were among our top associations, though we currently 

lack the evidence necessary to determine their NAFLD involvement. However, if 

confirmed in future studies, they may warrant further investigation in the search for 

pathogenic and therapeutic targets in NASH and liver fibrosis. This study suggests that 

"extreme" NAFLD phenotypes may represent distinct disease subtypes, perhaps 

accounting for the non-linear nature of fibrosis progression. Improved delineation of 

these subtypes and genetic risks will require larger, well-phenotyped follow-up studies. 

The ultimate goal of these analyses would be the development of personalized variant 

profiles for NAFLD patients based on their risk of progression to fibrosis and severe 

outcomes, in order to improve surveillance and identify personalized treatment options. 

As larger numbers of NAFLD patients undergo detailed phenotyping, the goals of early 

identification and prevention may soon be realized. 
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4. Conclusions and future directions 

In contrast to Mendelian traits, where the underlying genetics is straightforward, 

the genetics underlying complex diseases remains multifaceted and often poorly 

understood. As the genetics field, sequencing, and bioinformatics tools continue to 

evolve, our ability to dissect the genetics of these complex traits continues to improve. 

4.1 Host genetics of herpes simplex virus type 2 severity 

In chapter 2, we used the older genetics stalwart GWAS to investigate the role of 

common human genetic variation in the complex trait of HSV-2 severity. HSV-2 severity 

is based on viral reactivation and shedding at the site of infection, which requires the 

virus to leave its latent state in human neurons and be trafficked back to epithelial cells 

at the original site of infection for lytic replication. This complex viral-host interaction is 

still largely a mystery but certainly involves a combination of environmental, viral, and 

host factors, including both viral and host genetics. We undertook the first genome-wide 

investigation of HSV-2 severity, expanding on initial candidate gene research. We 

observed several common human variants in or near plausible biological genes with 

associations nearing genome-wide significance with HSV-2 severity, as measured by the 

quantitative rate of viral shedding over at least a month. Investigation of human genetics 

at the genome-wide level is critical to provide an unbiased examination of disease 

severity, even though we were unable to detect any statistically significant associations 

at the current sample size. HSV-2 remains one of the most common sexually transmitted 
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infections. With no cure available and the probability of sexual transmission increasing 

with increased viral shedding, it remains critical to study the role of human genetics in 

HSV-2 severity, both to investigate possible modalities of viral control and to explore 

potential pathways toward eradicating the infection. 

4.2 Genetics of non-alcoholic fatty liver disease 

In chapter 3, we used WES to further interrogate the evolving field of NAFLD 

genetics. We were able to replicate the most robust association between NAFLD and 

PNPLA3 I148M, both in susceptibility to and severity of advanced fibrosis in NAFLD. 

While we observed several other non-significant associations in biologically plausible 

genes, these failed to reach statistical significance in our small cohort of extreme NAFLD 

phenotypes. As the prevalence of NAFLD continues to rise in many countries, including 

the United States, and there remains a dearth of pharmacological treatments, gathering 

and sequencing these cohorts remains a pressing concern to help determine which 

individuals are predisposed to more severe forms of the disease. 

4.3 Future directions 

Human genetics continues to be an intricate and evolving field, particularly 

when applied to complex disease traits, which themselves may only be partially 

understood. The future of human genetics will require sequencing of larger and well-

phenotyped cohorts of individuals of all ethnicities, from those with disease traits to 

healthy population controls, in order to further explore the full spectrum of genetic 
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variation - both natural and deleterious. Including larger numbers of individuals will 

increase study power to detect genetic associations, while expanded phenotyping will 

enable more accurate labelling of disease state and severity in these individuals. In 

concert with these expanded study cohorts, the development and inclusion of new 

bioinformatics tools to assess which genetic associations are truly deleterious will be 

paramount, particularly in non-coding regions of the genome, along with expanded 

functional characterization of potentially causal variants. 

While some of the previous candidate gene associations suggested that common 

genetic variation might play a role in HSV-2 severity, we were unable to detect any 

robust associations with common human genetic variation and HSV-2 severity using 

GWAS. Though the HSV-2 cohort was well-phenotyped, it was small by GWAS 

standards. However, the sample size would be robust for NGS studies to more 

definitively explore the role of both common and rare human genetic variation in HSV-2 

severity. Larger cohort sizes in the future will only increase the power to detect genetic 

associations, as well as enabling the inclusion of multiple ethnic groups, which is 

important for a comprehensive understanding of how human genetics acts in any trait. 

For HSV-2 severity, it may also be possible to investigate the interaction between viral 

and human genetics, as is now beginning to be dissected for HIV-1 [171].  

Though the role of genetics in NAFLD is undisputed, efforts to capture the 

missing heritability of the disease remain ongoing. Future studies will need to include 
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much larger cohorts with robust phenotyping on the many important clinical measures 

and co-morbidities associated with NAFLD, which will be important to include as 

covariates in future analyses to unambiguously detangle the role of human genetics in 

the various aspects of the disease.
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Appendix A: Additional information for the genome-wide 
association study of human host factors influencing 
viral severity of herpes simplex virus type 2 

 

Figure 5: Manhattan plot of the GWAS for HSV-2 severity among Caucasians 

(N=223) for the MHC gene region. Linear regression model. The red line indicates the 

significance threshold after Bonferroni correction (8,791 SNPs). 

 

Figure 6: QQ plot of the GWAS for HSV-2 severity among Caucasians (N=223) 

for the MHC gene region. Linear regression model. Genomic inflation=1.26. 
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Figure 7: QQ plot of the GWAS for HSV-2 severity among Caucasians (N=223, 

131 SNPs) for non-MHC candidate genes. Linear regression model. Genomic 

inflation=1. 

Table 7: ABCA1 rare, functional coding SNPs in high LD (D'>0.6) with 

rs75932292 among previously WGS Caucasian population controls (N=640). 

SNP rsID Variant1 Variant Type D' PolyPhen Prediction MAF EUR 1KGP 

9-107546652-C-T rs144588452 V2244I Missense 1 benign 0 

9-107546653-G-T rs34879708 D2243E Missense 1 benign 0 

9-107547723-C-T - R2200Q Missense 1 benign - 

9-107550287-T-C rs150283412 K2040E Missense 1 possibly damaging 0 

9-107554257-G-A - P1927L Missense 1 probably damaging - 

9-107554263-C-T rs142688906 R1925Q Missense 1 benign 0.003 

9-107556791-T-A - K1795* Stop gained 1 NA - 

9-107556793-T-A - - Splice site acceptor 1 NA - 

9-107571826-T-A - T1399S Missense 1 benign 0 

9-107574939-C-T - W1322* Stop gained 1 NA - 

9-107576738-C-T rs138056193 E1253K Missense 1 benign 0 

9-107578512-G-T - A1217D Missense 1 probably damaging - 

9-107578515-C-A - G1216V Missense 1 probably damaging - 

9-107578618-C-T rs143180998 A1182T Missense 1 benign 0.001 

9-107581933-G-T - P1059T Missense 1 probably damaging - 

9-107582258-T-C rs140365800 D1018G Missense 1 probably damaging 0 

9-107583713-A-G - M968T Missense 1 possibly damaging - 

9-107584945-C-A rs187652566 C887F Missense 1 benign 0 

9-107586800-C-T rs35207495 E868K Missense 1 benign 0 

9-107588062-T-C rs145582736 E815G Missense 1 benign - 

9-107589246-T-G rs35819696 T774P Missense 1 benign 0.004 

9-107589255-C-G rs2066718 V771L Missense 1 benign 0 

9-107594878-G-A rs147675550 R496W Missense 1 probably damaging - 

9-107594929-C-G - G479R Missense 1 benign - 

9-107594929-C-T - G479S Missense 1 benign - 
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9-107595026-G-C rs148314522 D446E Missense 1 benign - 

9-107599376-A-G rs9282543 V399A Missense 1 benign 0.006 

9-107620835-G-A rs9282541 R230C Missense 1 probably damaging 0 

9-107620889-A-T rs115216814 S212T Missense 1 benign 0.001 

9-107624036-C-A - G96V/G156V Missense 1 probably damaging - 

9-107646756-G-A rs145183203 P25L/P85L Missense 1 probably damaging 0.001 

9-107651444-T-C rs141151519 - Start gained 1 NA 0.002 

9-107690328-C-A rs78086474 - Start gained 1 NA 0.005 

9-107556792-C-A - - Splice site acceptor 0.72 NA - 
1Genes with multiple protein coding transcripts list all possible protein coding (variant) changes. 

Table 8: KIF1B rare, functional coding SNPs in high LD with the 4 intronic 

KIF1B HSV-2 severity SNPs (rs17034615, rs17034775, rs72865926, and rs72867415 ) 

among WGS Caucasian population controls (N=640). 

SNP rsID Variant1 

Variant 

Type 

D' 

(rs17034615) 

D' 

(rs17034775) 

D' 

(rs72865926) 

D' 

(rs72867415) 

PolyPhen 

Prediction 

MAF EUR 

1KGP 

1-10356656-G-T - 

E598D / 

E552D Missense 1 1 1 1 

probably 

damaging - 

1-10363225-C-T - A661V Missense 1 1 1 1 

possibly 

damaging - 

1-10363617-G-A - V792I Missense 1 1 1 1 

probably 

damaging - 

1-10363664-G-T rs41274458 M807I Missense 1 0.97 1 0.93 benign 0.02 

1-10363885-G-A rs41274460 G881D Missense 1 1 1 1 benign 0 

1-10364074-A-G - Q944R Missense 1 1 1 1 benign - 

1-10364110-G-A - R956Q Missense 1 1 1 1 

probably 

damaging - 

1-10364205-C-T - L988F Missense 1 1 1 1 benign - 

1-10364385-C-T - R1048C Missense 1 1 1 1 

probably 

damaging - 

1-10380144-C-T rs41274468 

T674I / 

T720I Missense 1 1 1 1 

probably 

damaging - 

1-10381838-T-G - 

S715A / 

S761A Missense 1 1 1 1 

probably 

damaging - 

1-10384020-A-G - 

K767E / 

K813E Missense 1 1 1 1 

probably 

damaging - 

1-10384829-T-A rs139572764 

L805M / 

L851M Missense 1 1 1 1 

possibly 

damaging 0 

1-10384871-A-C rs140015591 

S819R / 

S865R Missense 1 1 1 1 

possibly 

damaging 0 

1-10386320-G-A rs142567076 

A897T / 

A943T Missense 1 1 1 1 benign - 

1-10397228-C-A - 

P1030T / 

P1076T Missense 1 1 1 1 

possibly 

damaging - 

1-10421790-T-C - 

V1358A / 

V1404A Missense 1 1 1 1 benign - 

1-10425476-A-C rs78662124 

T1462P / 

T1508P Missense 1 1 1 1 

probably 

damaging - 

1-10425583-C-

CAGTA - - 

Frame 

shift 1 1 1 1 - - 

1-10436626-C-T rs61999305 

P1765L / 

P1811L Missense 1 1 1 1 benign 0 

1-10397567-A-G rs2297881 

Y1087C / 

Y1133C Missense 0.93 1 0.93 1 

probably 

damaging 0.03 

1Genes with multiple protein coding transcripts list all possible protein coding (variant) changes. 
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Table 9: HLA-A*0101 tagSNPs (r2=0.95) associated with HSV-2 severity among 

Caucasians (N=223). Linear regression analyses, adjusted for age, sex, and significant 

PC axes. High shedders have a viral shedding rate ≥25%; low shedders have a viral 

shedding rate <25%. 

HLA-A*0101 

tagSNP P-value 

Freq. in high 

shedders 

Freq. in low 

shedders 

MAF EUR 

1KGP 

rs1611701 0.001 0.25 0.16 0.13 

rs1611703 0.001 0.25 0.16 0.13 

rs1611645 0.001 0.25 0.16 0.13 

rs1611630 0.001 0.25 0.16 0.13 

rs2734986 0.001 0.25 0.16 0.13 

 

Table 10: Top SNPs for HSV-2 severity among Caucasians (N=223). Linear 

regression analysis, adjusted for age, sex, and significant PC axes with or without 

time since infection (binary: <1 year vs >1 year). 

SNP SNP Type Nearest Gene P-value 

P-value 

(+ time since infection1) 

rs75932292 intergenic - 6.77E-08 1.25E-05 

rs17034615 intronic KIF1B 6.57E-06 3.38E-06 

rs17034775 intronic KIF1B 6.57E-06 3.38E-06 

rs72865926 intronic KIF1B 6.57E-06 3.38E-06 

rs72867415 intronic KIF1B 6.57E-06 3.38E-06 

rs56122323 intergenic LOC105371899 and MGAT5B 3.76E-07 4.32E-06 

rs62377770 intergenic CEP120 and CSNK1G3 4.29E-07 6.14E-08 

rs117944720 intronic PARK2 5.43E-06 1.53E-04 
1Analysis includes age, sex, significant PC axes, and binary time since infection (<1 year vs >1 year) as covariates. 
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Appendix B: Additional information for the whole-exome 
sequencing study of genetic variants associated with 
extreme phenotypes of non-alcoholic fatty liver disease 

 

Figure 8: QQ Plot of the dominant gene-based collapsing p-values for NAFLD 

progressor vs. NAFLD protective (lambda=0.78). 

 

Figure 9: QQ Plot of the dominant gene-based collapsing p-values for NAFLD 

protective vs. population controls (lambda=1.16). 
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Figure 10: QQ Plot of the dominant gene-based collapsing p-values for NAFLD 

progressor vs. population controls (lambda=1.16). 

Table 11: Bonferroni corrected significance threshold by analysis. 

  

Progressor vs. 

Protective 

Progressor vs. 

Controls 

Protective vs. 

Controls 

      p< 

# genes / 

variants p< 

# genes / 

variants p< 

# genes / 

variants 

Gene-

Based 

Dominant   4.55E-06 10982 2.81E-06 17792 2.85E-06 17535 

Recessive   1.17E-04 427 9.08E-06 5506 9.54E-06 5241 

Comp-Het   3.50E-05 1425 5.21E-06 9606 5.47E-06 9146 

Single-

Variant 

All coding 
Allelic 5.31E-07 94235 8.01E-07  62420 6.17E-07 81003 

Recessive 1.75E-06 28572 1.10E-06  45448 9.85E-07 50754 

Rare coding 
Allelic 1.00E-06 49843 2.35E-06  21286 1.39E-06 36066 

Recessive 3.05E-05 1641 7.68E-06  6508 5.35E-06 9344 

Functional 

coding 

Allelic 9.28E-07 53864 1.50E-06  33318 1.12E-06 44698 

Recessive 3.60E-06 13875 2.20E-06  22713 1.95E-06 25683 

Rare functional 

coding 

Allelic 1.57E-06 31812 3.76E-06  13290 2.21E-06 22631 

Recessive 4.00E-05 1251 1.29E-05 3870 9.08E-06 5509 
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