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ABSTRACT OF THE DISSERTATION 
 

Leveraging human genetics and functional genomics to investigate insulin  
resistance related disorders 

 
 

by 

 

Natalie Mae DeForest 

 

Doctor of Philosophy in Biomedical Sciences with a Specialization in Bioinformatics 

University of California San Diego, 2023 

Professor Amit Majithia, Chair 
 

 

Insulin resistance plays a central role in the development of multiple epidemic 

metabolic disorders such as type 2 diabetes (T2D) and cardiovascular disease. In this 

dissertation, I leverage human genetics and functional genomics to unravel the 

molecular mechanisms underlying insulin resistance and its related disorders, as well 

as identify novel key effector genes for potential therapeutic applications. The work is 

divided into four chapters: 



xii 
 

Chapter 1 provides an overview of the recent large-scale T2D genetic studies 

with particular focus on the effects of sample size and ancestral diversity on genetic 

discovery as well as discusses recent work on the use and limitations of genetic risk 

scores for T2D risk prediction. 

Chapter 2 describes deep mutational scanning of 11,970 protein-coding HNF1A 

variants in human hepatocytes and clinical correlation with 553,246 exome-sequenced 

individuals which identifies gain-of-function mutations in HNF1A which exert pleiotropic 

effects, conferring protection against diabetes while increasing the hepatic secretion of 

atherogenic lipoproteins. 

Chapter 3 utilizes genetic determinants of circulating protein levels to perform 

proteome-wide Mendelian Randomization which identifies RSPO3 as a critical 

mediator of non-alcoholic steatohepatitis (NASH) pathogenesis. 

Chapter 4 presents a genome-wide association study for the serum triglyceride 

to HDL-cholesterol ratio and subsequent integrative genomics which systematically 

prioritizes novel insulin resistance effector genes including PLA2G12A, PLA2G6, 

VGLL3, and TNFAIP8 with insights into tissues of action and directional effects on 

metabolic disease. 

Collectively, in this dissertation I demonstrate the power of integrating large-

scale human genetics with functional genomics in elucidating the intricate mechanisms 

contributing to insulin resistance-related disorders. These findings offer novel insights 

into the pathogenesis of insulin resistance and its related disorders, and further 

prioritize potential candidate genes for further investigation and therapeutic targeting.



 

1 

INTRODUCTION 

Insulin resistance represents one of the largest modern threats to human health, 

affecting approximately one in three Americans(1) and causing multiple epidemic 

diseases including type 2 diabetes (T2D), cardiovascular disease (CVD), and non-

alcoholic fatty liver disease (NAFLD)(2). Insulin resistance is a physiological condition in 

which the body's cells, particularly those in the metabolic liver, muscle, and adipose 

tissues, become less responsive to the effects of the hormone insulin(3). Insulin 

resistance disrupts the normal balance of glucose metabolism, resulting in persistently 

higher blood glucose levels and leading to various metabolic abnormalities. When an 

insulin-resistant individual is no longer able to secrete sufficient insulin to compensate for 

the elevated glucose levels, T2D develops(4).  

Moreover, insulin resistance is closely linked to central obesity, hypertension, and 

dyslipidemia(5). These cardiometabolic risk factors cluster together to define the 

metabolic syndrome, and together contribute to a higher likelihood of atherosclerosis and 

related cardiovascular events(5). Additionally, insulin resistance and metabolic syndrome 

play a pivotal role in the pathogenesis of NAFLD, a condition marked by the accumulation 

of fat in the liver, which through fibrosis and inflammation can progress to more severe 

liver diseases such as non-alcoholic steatohepatitis (NASH) or cirrhosis(6). Insulin 

resistance develops gradually over time and is assessed through various tests including 

the gold standard hyperinsulinemic euglycemic clamp or fasting blood glucose and insulin 

levels, however it often remains undetected until related disease and subsequent 

complications arise. Metabolic disease outcomes collectively represent a significant 

public health burden as management strategies such as lifestyle modifications and 
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pharmacological or surgical interventions are available but few definitive cures exist. As 

the global rates of metabolic disease are rising,(7), there is an urgent need for continued 

research and therapeutic innovations to treat insulin resistance and prevent resulting 

disease progression. 

Though lifestyle factors such as physical inactivity and poor diet contribute to 

metabolic disease, an individual’s risk of developing insulin resistance and its subsequent 

disorders is also determined by genetic factors(8). Investigations into the genetic basis of 

insulin resistance related disorders through familial studies have identified single gene 

defects causing severe insulin resistance and related metabolic disorders, however such 

studies have provided limited insights as families with clinical presentations of insulin 

resistance are rare and difficult to identify(9–11). Genome-wide association studies 

(GWAS) have implicated genes with metabolic dysfunction(12–15), however insights into 

the molecular mechanisms underlying genetic associations (i.e. the directionality of 

identified associations, tissues of action) remain unknown without functional 

experimentation(16). Furthermore, the majority of GWAS signals involve common 

variants within noncoding regions which can lead to challenges identifying causal 

genes(17).  

Human genetic investigations present a valuable tool to investigate disease 

mechanisms and potential therapeutic targets. With the widespread application of 

genome sequencing and more recently large-scale proteomics(18),  large biobank-based 

genetic studies have the power to evaluate a large number of putative genes for causal 

effects on disease phenotypes and outcomes within a single study. These studies 

additionally provide findings with direct human relevance, thus circumventing the common 
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issue involving translatability of in vitro or animal model findings to human patients(19). 

Furthermore, it has been shown that drugs with direct human genetic evidence are 

approximately twice as likely to succeed through clinical trials and successfully  approved 

for treatment(20). In this dissertation, I present the following four chapters in which I 

employ human genetic and integrative genomic approaches to prioritize novel insulin 

resistance effector genes and investigate the tissue-specific molecular mechanisms of 

insulin resistance and its related disorders.  

In Chapter 1, I demonstrate how population genetics studies have played a crucial 

role in identifying genetic variants associated with T2D, an epidemic insulin resistance 

related disorder, via systematic review of recent large-scale GWAS for T2D. In this 

chapter I detail how GWAS and large-scale sequencing projects have revealed numerous 

T2D genetic risk loci which have provided valuable insights into the genetic architecture 

and pathways underlying T2D, and present how genetic understanding of T2D may hold 

limited promise for T2D risk prediction. 

In Chapter 2, I implement a genotype-function-phenotype approach to investigate 

the clinical consequences of the full functional spectrum of HNF1A on insulin resistance 

outcomes. In this chapter I utilize a method of high-throughput functional characterization 

termed “deep mutational scanning” which assesses the full functional spectrum, including 

both loss and gain-of-function, of all possible amino acid changes at each position along 

a protein in a single assay(21). This method harnesses protein-coding variants which, 

unlike non-coding variants, can directly implicate genes and enables rare variants to be 

grouped by function and then associated with phenotype, i.e. genotype-function-

phenotype. In this chapter, I describe a deep mutational scan of 11,970 protein-coding 
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HNF1A variants in human hepatocytes and the subsequent clinical correlations with 

553,246 exome-sequenced individuals to characterize the molecular mechanisms of 

HNF1A on insulin resistance outcomes T2D and CVD.  

 In Chapter 3, I employ plasma proteome-wide Mendelian randomization to identify 

proteins likely causal for NASH using genetic determinants of circulating protein levels 

(protein quantitative trait loci, pQTLs). This Mendelian randomization framework is able 

to determine the causality and directionality of association of each protein with phenotype 

which genome-wide association studies are unable to assess. From this scan, I prioritize 

RSPO3 to be a top causal effector protein for NASH and further interrogate its role in 

NASH pathogenesis using complementary Mendelian randomization analyses. 

In Chapter 4, I conduct a GWAS for the triglycerides to HDL-cholesterol ratio, a 

surrogate marker of insulin resistance, in the UK Biobank cohort and nominate likely 

causal insulin resistance genes through statistical fine-mapping and functional genomic 

annotations. To characterize the role of the novel prioritized insulin resistance genes, I 

integrate several orthogonal sources of gene-level evidence including genetic variation in 

protein coding sequences, common variation associated with changes in gene 

expression, and transcriptomic analysis of participant tissue samples from insulin 

sensitizing clinical trials. In summary, the work detailed in this chapter aims to identify 

new modulators of insulin resistance with potential to serve as biomarkers or 

pharmacological targets. 

In summary, my dissertation delineates a genotype-function-phenotype framework 

which integrates high-throughput functional characterization and large-scale population 

cohorts in order to elucidate the molecular mechanisms of nominated insulin resistance 



 

5 

effector genes. Additionally, I conduct plasma proteome-wide Mendelian randomization 

and genome-wide discovery in combination with integrative genomic characterization to 

prioritize novel insulin resistance genes which can be investigated further using the 

established genotype-function-phenotype characterization approach. Taken together, 

this work integrates large-scale population cohorts, functional genomics, and statistical 

genetic techniques to establish reproducible genetic discovery workflows to prioritize 

effector genes which may be promising insulin resistance biomarkers or therapeutic 

targets.  
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CHAPTER 1 

Genetics of Type 2 Diabetes: Implications from Large-Scale Studies 

Introduction 

Type 2 Diabetes (T2D) is a multifactorial, heritable syndrome characterized by 

dysregulated glucose homeostasis that results in impaired insulin secretion and insulin 

resistance. Recent large-scale, multi-ancestry genetic studies of T2D have identified over 

500 novel risk loci. In this chapter, I provide an overview of the recent T2D genetic studies 

from the past three years with particular focus on the effects of sample size and ancestral 

diversity on genetic discovery as well as discuss recent work on the use and limitations 

of genetic risk scores (GRS) for T2D risk prediction. 

 

Type 2 Diabetes is a heterogeneous but heritable syndrome 

Type 2 Diabetes (T2D) is characterized by impaired glucose metabolism arising 

from defects in insulin resistance and secretion(1). In clinical practice, T2D is diagnosed 

by elevated blood glucose levels most commonly assessed via point measurements in 

the fasting state or averaged over months via glycated hemoglobin (HbA1c) tests. Clinical 

presentation and disease progression may vary considerably among individuals, and the 

prevalence of T2D varies between different ethnic groups; for example, Hispanic and 

Black populations have higher age-adjusted T2D prevalence compared to White and 

Asian groups(2, 3). Clinical complications of T2D include microvascular complications 

such as retinopathy, neuropathy, and nephropathy as well as macrovascular 

complications such as myocardial infarction and stroke(4). Cardiovascular disease (CVD) 

https://paperpile.com/c/TPKAyU/4bCC8
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https://paperpile.com/c/TPKAyU/4bCC8
https://paperpile.com/c/TPKAyU/O3pgb+u51yY
https://paperpile.com/c/TPKAyU/O3pgb+u51yY
https://paperpile.com/c/TPKAyU/O3pgb+u51yY
https://paperpile.com/c/TPKAyU/O3pgb+u51yY
https://paperpile.com/c/TPKAyU/O3pgb+u51yY
https://paperpile.com/c/TPKAyU/RniU3
https://paperpile.com/c/TPKAyU/RniU3
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is the leading cause of death in people with T2D who have up to a three-fold increase in 

CVD risk as compared to people without T2D(5).  

The pathogenesis of T2D involves both environmental and genetic causes. 

Environmental factors including obesity, stress, and lifestyle choices such as an 

unhealthy, energy-dense diet and a sedentary lifestyle have been closely associated with 

the development of T2D(6). The heritability of T2D ranges from 30-70%(7) and family 

history of T2D is a significant risk factor, with an approximate two-fold relative risk for 

siblings(8) and a three-fold increased risk for first-degree relatives of a T2D individual(9). 

A handful of robust disease genes were identified by early small-scale genetic association 

studies for T2D(10, 11) and related Mendelian diabetes syndromes(12). With the advent 

of genotyping arrays and the systematic cataloging of common genetic variation by the 

International HapMap project, population-scale genome-wide association studies 

(GWAS) became feasible, leading to the identification of hundreds of T2D associated 

loci(13). This review focuses on the T2D genetic association studies conducted over the 

past 3 years.  

 

T2D risk loci marked by common genetic variants are mostly shared across 

ancestries 

In the early 2000s, collaborative efforts spanning multiple institutions across the 

globe coalesced into several international consortia focused on genetic mapping of T2D 

along with its related traits and even complications (summarized in Table 1.1). Initially, 

consortia such as DIAGRAM(14) and MAGIC(15) aggregated participants of a single 

ancestry (mostly northern European), but more recently they have included participants 
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across a variety of ancestries(16, 17). As of 2018, the list of T2D associations included 

over 200 independent loci(18) (Table 1.2). Subsequent studies over the past three years 

have built upon earlier work by meta-analyzing previously collected samples with samples 

obtained across multiple ancestries to identify an additional 500 T2D risk loci, defined as 

those >500 kb and r2 linkage disequilibrium (LD) < 0.05 from previously reported loci 

(Table 1.2).  
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Table 1.1: Overview of T2D-specific and disease agnostic large-scale consortia 

Abbreviation Name Phenotype(s) Sample Size Ancestry 

DIAGRAM(14) 

DIAbetes Genetics 
Replication And Meta-
analysis T2D 

26,676 T2D cases 
and 132,532 
controls European 

DIAMANTE(1
9) 

DIAbetes Meta-ANalysis 
of Trans-Ethnic 
association studies T2D 

European: 74,124 
T2D cases and 
824,006 controls 

African–American, 
East Asian, 
European, Hispanic, 
and South Asian 

MAGIC(17) 

Meta-Analyses of 
Glucose and Insulin-
related traits Consortium 

Glycemic traits 
(fasting glucose, 
fasting insulin, 
2hour glucose, 
HbA1c) 

281, 416 non-
diabetic individuals 

East Asian, 
Hispanic, African 
American, South 
Asian, and sub-
Saharan African 

SIGMA(20) 

Slim Initiative in Genomic 
Medicine for the 
Americas 

T2D, cancer, 
kidney disease 

8,227 T2D cases 
and 12,966 
controls Hispanic 

AGEN(21) 
Asian Genetic 
Epidemiology Network 

T2D, 
cardiovascular 
disease 

77,418 T2D cases 
and 356,122 
controls East Asian 

T2D-
GENES(22) 

Type 2 Diabetes Genetic 
Exploration by Next-
generation sequencing in 
multi-Ethnic Samples T2D 

20,791 T2D cases 
and 24,440 
controls 

Hispanic/Latino, 
European, African-
American, East-
Asian, and South-
Asian 

MEDIA(22) 

African Americans from 
the MEta-analysis of type 
2 DIabetes in African 
Americans T2D 

8,284 T2D cases 
and 15,543 
controls African American 

MVP(23) Million Veteran Program Disease agnostic 825,000 

Predominantly 
European, also 
African American, 
Hispanic, and Asian 

UKB(24) UK Biobank Disease agnostic 

Genotype: 
500,000; 
Whole exome: 
450,000; 
Whole genome: 
150,000 

Predominantly 
European, also 
African American, 
Hispanic, Asian, 
African, and 
Carribbean 

BBJ(25) BioBank Japan Disease agnostic 

Genotype: 
200,000; 
Whole genome: 
2,000 Japanese 

PAGE(26) 

Population Architecture 
Genomics and 
Epidemiology Disease agnostic 50,000 

European, African 
American, Asian, 
Native Hawaiian, 
and Hispanic 
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Table 1.2: Summary of recent large-scale T2D genetic association studies 
BBJ: Biobank Japan; ToMMo: Tohoku Medical Megabank Organization ; IMM: Iwate 
Tohoku Medical Megabank Organization; JPHC: Japan Public Health Center–based 
Prospective; J-MICC: Japan Multi-Institutional Collaborative Cohort; AGEN: Asian 
Genetic Epidemiology Network; DIAMANTE: DIAbetes Meta-ANalysis of Trans-Ethnic 
association studies; CKB: China Kadoorie Biobank; KBA: Korea Biobank Array; SIGMA: 
Slim Initiative in Genomic Medicine for the Americas; MEDIA: African Americans from the 
MEta-analysis of type 2 DIabetes in African Americans 

Citation Cohort(s) 
Meta-analysis 
sample size Ancestry Phenotype(s) 

Total 
risk 
loci 

Novel 
risk loci 

Mahajan et al. 
Nat. Gen 
2018 DIAGRAM 

74,124 T2D cases 
and 824,006 
controls European T2D 243 135 

Suzuki et al. 
Nat. Gen 
2019 

BBJ, Osaka-Midousuji 
Rotary Club, Pharma 
SNP, ToMMo, IIMM, 
JPHC, and J-MICC 

36,614 T2D cases 
and 155,150 
controls Japanese T2D 88 28 

Spracklen et 
al. Nature 
2020 

AGEN, DIAMANTE, 
CKB, KBA, and BBJ 

77,418 T2D cases 
and 356,122 
controls East Asian T2D 183 61 

Vujkovic et al. 
Nat. Gen 
2020 

MVP, DIAMANTE, 
Penn Medicine 
Biobank, Pakistan 
Genomic Resource, 
BBJ, Malmö Diet and 
Cancer Study, 
Medstar, and 
PennCath 

228,499 T2D 
cases and 
1,178,783 
controls 

European, 
African 
American, 
Hispanic, 
South 
Asian, and 
East Asian T2D 568 318 

Polfus et al. 
HGG 
Advances 
2021 

PAGE, DIAGRAM; 
Replication: 23andMe, 
DIAMANTE, SIGMA, 
AGEN, MEDIA 

53,102 T2D cases 
and 193,679 
controls 

European, 
African 
American, 
Hispanic, 
Asian, and 
Native 
Hawaiian T2D 39 

4; 2 of 
which 
replicate
d 

Chen et al. 
Nat. Gen 
2021 MAGIC 

281,416 non-T2D 
individuals 

European, 
African 
American, 
sub-
Saharan 
African, 
Hispanic, 
South 
Asian, and 
East Asian 

Fasting 
glucose, 
fasting insulin, 
2-hour 
glucose, 
HbA1c 242 

72 (99 at 
time of 
writing) 
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The largest T2D genetic association study to date meta-analyzed GWAS from 

eight cohorts including population-based biobanks such as the Million Veteran Program 

(MVP) and Biobank Japan as well as dedicated T2D case-control cohorts such as 

DIAMANTE(27). These cohorts contained individuals from five different ancestral groups 

(European, African American, Hispanic, South Asian, and East Asian) for a total of 

228,499 T2D cases and 1,178,783 controls. A total of 568 T2D risk loci were identified at 

genome-wide significance, 293 of which were novel in this study(27). These newly 

identified loci had smaller effect sizes (average beta regression coefficient of 

0.032 ± 0.012 per allele) than previously discovered T2D risk loci (average beta of 

0.054 ± 0.045 per allele), demonstrating that increased sample size enhanced statistical 

power to detect association signals with smaller biological effects. Additionally, within the 

MVP cohort, Vujkovic et al. performed ancestry-specific GWAS which identified an 

additional 21 loci in Europeans and 4 loci in African Americans not initially identified in the 

original meta-analysis. A few loci demonstrated higher effect sizes for T2D in African 

Americans compared with Europeans, but the majority of loci (92.1%) showed no 

significant heterogeneity in effect estimates between Europeans and African Americans. 

The most recently published multi-ancestry T2D case-control genetic study 

illustrates the dominant effect of sample size in driving locus discovery(28). Polfus et al. 

conducted a GWAS meta-analysis of 53,102 T2D cases and 193,679 controls from the 

multi-ethnic Population Architecture Genomics and Epidemiology (PAGE) consortium 

along with the DIAGRAM consortium, and replicated their findings in independent 

ancestry-specific samples from multiple T2D consortia including DIAMANTE, Asian 

Genetic Epidemiology Network (AGEN), Slim Initiative in Genomic Medicine for the 

https://paperpile.com/c/TPKAyU/Hbpyd
https://paperpile.com/c/TPKAyU/Hbpyd
https://paperpile.com/c/TPKAyU/Hbpyd
https://paperpile.com/c/TPKAyU/Hbpyd
https://paperpile.com/c/TPKAyU/Hbpyd
https://paperpile.com/c/TPKAyU/Hbpyd
https://paperpile.com/c/TPKAyU/GzeeM
https://paperpile.com/c/TPKAyU/GzeeM
https://paperpile.com/c/TPKAyU/GzeeM
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Americas (SIGMA), and African Americans from the MEta-analysis of type 2 DIabetes in 

African Americans (MEDIA)(28). They identified four novel loci from the discovery PAGE 

+ DIAGRAM GWAS, two of which replicated in single ancestry replication GWAS: 1) 

rs11466334 near the transforming growth factor beta-1 (TGFB1) gene and 2) rs13052926 

near beta-secretase 2 (BACE2). Only the TGFB1 locus (rs11466334) was an ancestry-

specific variant occurring more commonly in African (Minor allele frequency (MAF)=6.8%) 

and Hispanic populations (MAF=1.3%) as compared with other ancestries (MAF<1%). 

The single nucleotide polymorphism (SNP) was also predicted to be functionally 

consequential via disrupting a CCCTC-binding factor (CTCF) binding motif potentially 

leading to altered enhancer - promoter interactions. Although this study identified four 

novel loci, it did not re-identify over 90% of the genome-wide significant loci identified in 

previous studies(18, 27) (Table 1.2). The critical distinguishing factor was the sample 

size, highlighting this as the major determinant of genetic discovery in common variant 

association studies for T2D.  

To examine the effect of ancestry on loci associated with glycemic traits (fasting 

glucose, fasting insulin, 2-hour glucose, and HbA1c) in non-diabetic individuals, Chen et 

al. and the MAGIC investigators first conducted meta-analyses of GWAS within a single-

ancestry population: European, African American, Hispanic, East Asian, or South Asian 

populations. They then meta-analyzed these “single-ancestry GWAS” in a “trans-

ancestry” GWAS consisting of a total of 281,416 non-diabetic individuals(17). From the 

trans-ancestry GWAS, they identified 235 loci associated with at least one glycemic trait, 

and 7 additional loci from the single-ancestry GWAS that did not rise to genome-wide 

significance in the trans-ancestry analysis. Interestingly, the single-ancestry loci had 

https://paperpile.com/c/TPKAyU/GzeeM
https://paperpile.com/c/TPKAyU/GzeeM
https://paperpile.com/c/TPKAyU/GzeeM
https://paperpile.com/c/TPKAyU/Hbpyd+uBAFN
https://paperpile.com/c/TPKAyU/Hbpyd+uBAFN
https://paperpile.com/c/TPKAyU/Hbpyd+uBAFN
https://paperpile.com/c/TPKAyU/Hbpyd+uBAFN
https://paperpile.com/c/TPKAyU/Hbpyd+uBAFN
https://paperpile.com/c/TPKAyU/B90nT
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similar allele frequencies across the sampled ancestries, potentially suggesting epistatic 

effects with other ancestry-specific variants or that they rose to significance in a particular 

single-ancestry analysis simply by chance.   

Of the 235 trans-ancestry glycemic trait-associated loci, 93 were novel at the time 

of publication and Chen et. al. performed an instructive simulation to quantify the benefit 

of including multiple ancestries as opposed to simply increasing sample size to enhance 

novel locus discovery. By re-scaling the standard errors of the European single-ancestry 

GWAS to simulate the trans-ancestry sample size, Chen et al. found that that 21 out of 

the 93 (22.6%) newly discovered trans-ancestry loci would not have been identified in a 

GWAS restricted to European ancestry. This suggests that while the majority of novel loci 

were identified due to increase in sample size, a modest benefit was obtained by including 

non-European samples. 

Furthermore, this study examined the effect of single- versus trans-ancestry 

analyses on the resolution of genetic fine-mapping to identify causal variants. To do this, 

the authors identified 98 locus-trait associations that had a single causal variant from both 

single- and trans-ancestry fine-mapping and found that 72 (73%) locus-trait associations 

showed improvements in the resolution of fine-mapping, as quantified by a decreased 

number of variants in the 99% credible sets. Of these 72 locus-trait associations, 53% 

were improved due to larger sample size in the trans-ancestry analysis and 47% were 

improved due to the inclusion of diverse ancestries as demonstrated by a decrease in the 

median number of variants in the 99% credible sets from 24 to 15 variants (37.5% median 

reduction). Thus, for about half the loci identified, inclusion of diverse ancestries enabled 

a reduction of about 10 variants from the final 99% credible sets for the causal variant. 
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In addition to the above described multi-ancestry studies, recent large-scale T2D 

genetic studies have also been performed in East Asian populations which have been 

previously under-represented in GWAS. In a T2D case-control GWAS meta-analysis 

including Biobank Japan participants, Suzuki et al. examined 36,614 T2D cases and 

155,150 controls of Japanese ancestry and identified 88 T2D risk loci, 28 of which were 

novel(29). The majority (77%) of the identified lead variants are common (MAF>0.05) in 

both Japanese and European populations, and Suzuki et al. demonstrated that effect 

sizes are strongly correlated (Pearson’s r = 0.83, P = 8.7e-51) and directly consistent 

(94%) between the Japanese GWAS and a comparable T2D European GWAS, indicating 

the majority of genetic susceptibility between Japanese and European ancestry is shared. 

In addition to this study in Japanese individuals, the largest meta-analysis of T2D GWAS 

in individuals of East Asian ancestry to date examined 77,418 T2D cases and 356,122 

controls across 23 studies including AGEN and Biobank Japan to identify 183 loci, of 

which 61 were novel(21). Upon comparison with a previously published T2D GWAS in 

European individuals of similar sample size, Spracklen et al. demonstrated that effect 

sizes of variants significantly associated with T2D in both East Asian and European 

ancestry were strongly correlated (r=0.87). Furthermore, the authors find that only 8.4% 

of variants showed significant heterogeneity in effect size between the East Asian and 

European GWAS results, and the variants which have the greatest differences in effect 

sizes between the two populations are those that are common or low-frequency in East 

Asians but rare in Europeans (MAF<0.1%). Overall, these recent T2D genetic association 

studies in East Asian ancestry cohorts underscore the finding that genetic susceptibility 

to T2D captured by common genetic variation is mostly shared across ancestries. 
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Genetic risk scores for T2D do not substantially enhance risk prediction over 

traditional clinical risk factors 

While over 700 loci identified by common variant association studies (i.e. GWAS) 

combine to explain almost 20% of T2D heritability(27), each individual common variant 

(i.e. SNP) has a small to modest effect (10-30%) on disease risk as compared to simply 

knowing family history of T2D, which if present in a parent confers a large increase in risk 

(~two-three fold)(30). Combining multiple variants genotyped in a single person into a 

genetic risk score (GRS, also commonly referred to as polygenic risk score) is a logical 

strategy to enhance the clinical utility of genetic information from common variants to 

identify individuals at high risk(31). GRS combining multiple loci were initially tested in the 

early 2000s with the first T2D GWAS studies. One of the first studies calculated a T2D 

GRS from a combination of 18 loci finding that genetic information minimally enhanced 

risk prediction when combined with traditional clinical risk factors such as age, sex, or 

family history of diabetes(32). In the past few years there has been a resurgence of 

interest in GRS leveraging many more loci identified from large-scale, multi-ancestry 

cohorts. 

In the largest T2D GWAS to date (Table 1.2), Vujkovic et al. used results from a 

previous European GWAS(18) to calculate GRS for participants in the MVP and 

demonstrated that individuals with the highest T2D GRS (90–100% GRS percentile) 

presented the highest risk for T2D (OR = 5.21, 95% CI=4.94–5.49) compared to those 

with the lowest T2D GRS (0-10% GRS percentile)(27). Using the GWAS effect estimates 

from the T2D GWAS conducted by Vujkovic et al., Polfus et al. computed a GRS for T2D 

https://paperpile.com/c/TPKAyU/Hbpyd
https://paperpile.com/c/TPKAyU/Hbpyd
https://paperpile.com/c/TPKAyU/Hbpyd
https://paperpile.com/c/TPKAyU/3CHzZ
https://paperpile.com/c/TPKAyU/3CHzZ
https://paperpile.com/c/TPKAyU/3CHzZ
https://paperpile.com/c/TPKAyU/yuZ4E
https://paperpile.com/c/TPKAyU/yuZ4E
https://paperpile.com/c/TPKAyU/yuZ4E
https://paperpile.com/c/TPKAyU/IBB4B
https://paperpile.com/c/TPKAyU/IBB4B
https://paperpile.com/c/TPKAyU/IBB4B
https://paperpile.com/c/TPKAyU/uBAFN
https://paperpile.com/c/TPKAyU/uBAFN
https://paperpile.com/c/TPKAyU/uBAFN
https://paperpile.com/c/TPKAyU/Hbpyd
https://paperpile.com/c/TPKAyU/Hbpyd
https://paperpile.com/c/TPKAyU/Hbpyd


 

21 

in a multi-ethnic cohort(28). From this they found that GRS constructed from multi-ethnic 

computed weights demonstrated nominal increases in predictive power compared to 

single-ancestry computed weights, and observed strongly significant heterogeneity 

across ancestries for accuracy of T2D risk prediction. For instance, the multi-ethnic GRS 

without adjustment for clinical risk factors performed best in European and East Asian 

populations (AUC=0.66 and 0.63 respectively) and most poorly in African Americans 

(AUC=0.57).  

These recent studies which have generated GRS for T2D and its related 

phenotypes have demonstrated that GRS has the highest discriminative ability when 

applied to European populations and that performance is subsequently improved in non-

European ancestries when GRS is computed using multi-ancestry weights(28, 33). 

However, even after a decade of methodological refinement as well as an increase in the 

number of loci to calculate GRS, the predictive power of GRS for T2D is comparable to 

discrimination by clinical risk factors alone (Figure 1.1). However, GRS may have a role 

in detecting individuals at high risk before clinical risk factors become apparent. Whether 

information from GRS can motivate preventative therapy to meaningfully reduce rates of 

future incident T2D remains to be studied. GRS have also been applied widely beyond 

T2D to other heritable diseases such as heart disease and cancer(34, 35) and even been 

offered as a tool for embryo screening during in vitro fertilization(36–38). But the current 

consensus among geneticists, ethicists, and clinicians is that the scientific and technical 

uncertainty in GRS and their limited predictive power should limit their use in genetic 

screening(39).  
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Figure 1.1. Genetic risk scores for T2D do not substantially enhance risk prediction over 
traditional clinical risk factors. 
Outcomes from independent, large-scale studies which have constructed genetic risk 
scores (GRS) for T2D(18, 28, 32–34, 40–44). Studies are shown along the x-axis, ordered 
by the number of variants used to construct the genetic risk scores (top panel). (bottom 
panel) The accuracy of the GRS alone and the GRS with clinical T2D risk factors to predict 
T2D from each study, quantified by the area under the receiver operating characteristic 
curve (AUC). The dashed red line and shaded red box represent the current predictive 
power and 95% confidence interval respectively of T2D clinical risk factors (age, sex, 
parental T2D, BMI, systolic blood pressure, fasting glucose, HDL cholesterol, and 
triglycerides) to predict T2D(43). 
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Perspective on future genetic mapping studies in T2D 

With over 700 T2D risk loci identified by common variant genetic association 

studies (i.e. GWAS), decades of follow-up biological studies in cellular and organismal 

model systems will be required to fully understand the causal genes and molecular 

mechanisms of disease pathogenesis. Thus, it is unlikely that simply aggregating larger 

T2D case:control cohorts for association analysis will provide scientific and clinical insight 

into T2D. Here, we expect that an enhanced focus on T2D complications, which are the 

leading cause of death in T2D(5) and are independently heritable of diabetes(45), using 

common variant association methodology will advance understanding and treatment as 

has been ongoing for T1D(46).  

In contrast to common variants which were generated millions of years ago in an 

genetically equilibrated ancestral human population, rare genetic variants (MAF<<0.01) 

which arose during the “out of Africa” human population expansion(47) potentially offer 

different mechanisms of disease causation. As exome and whole genome sequencing 

are becoming more commonplace, investigators have begun to examine rare variant 

associations with T2D(48). The challenge with rare variant association studies is that the 

sample size requirement vastly increases due to the low allele frequency and increase in 

multiple hypothesis testing burden from the large number of rare variants(49). Using a 

combination of methodological enhancements such as “burden tests” which aggregate 

rare variants across a gene to reduce the multiple hypothesis testing burden and 

population-scale biobanks like the UK Biobank to increase sample size, investigators 

have identified novel T2D loci such as GIGYF1(50) and FAM234A(51) which were not 

marked by common variant signals.  
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In summary, we expect that large scale exome and whole-genome sequencing of 

population scale biobanks will facilitate rare-variant association studies of T2D to identify 

novel loci beyond what has been identified by common variant association studies thus 

far. Additionally, focusing genetic mapping efforts on micro and macrovascular diabetes 

complications is likely to maximize the value of novel locus discovery to further 

understand and treat T2D.  
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CHAPTER 2 

Human gain-of-function variants in HNF1A confer protection from diabetes but 

independently increase hepatic secretion of atherogenic lipoproteins 

Abstract 

Loss-of-function mutations in Hepatocyte Nuclear Factor 1A (HNF1A) are known to cause 

rare forms of diabetes and alter hepatic physiology through unclear mechanisms. In the 

general population, 1:100 individuals carry a rare, protein-coding HNF1A variant, most of 

unknown functional consequence. To characterize the full allelic series, we performed 

deep mutational scanning of 11,970 protein-coding HNF1A variants in human 

hepatocytes and clinical correlation with 553,246 exome-sequenced individuals. 

Surprisingly, we found ~1:5 rare protein-coding HNF1A variants in the general population 

cause molecular gain-of-function (GOF), increasing the transcriptional activity of HNF1A 

by up to 50% and conferring protection from type 2 diabetes (OR=0.77, p=0.007). 

Increased hepatic expression of HNF1A promoted a pro-atherogenic serum profile 

mediated in part by enhanced transcription of risk genes including ANGPTL3 and PCSK9. 

In summary, ~1:300 individuals carry a GOF variant in HNF1A that protects carriers from 

diabetes but enhances hepatic secretion of atherogenic lipoproteins.  
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Graphical Abstract 

 

Highlights 

● Deep mutational scan of HNF1A characterized the function of 11,970 HNF1A 

variants 

● Gain-of-function HNF1A variants identified that increase transcriptional activity 

● 1 in 300 rare HNF1A missense variants in humans confer gain of function 

● Human carriers of HNF1A gain-of-function variants are protected from T2D 
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Introduction 

Hepatocyte Nuclear Factor 1 alpha (HNF1A) is a lineage-determining transcription 

factor expressed in several tissues including the liver and pancreas(1). Rare, complete 

loss-of-function mutations (LOF) in HNF1A have been shown to cause an autosomal 

dominant monogenic form of diabetes (MODY3)(2, 3) through deficiencies in pancreatic 

insulin secretion via a haploinsufficient genetic mechanism(4). MODY3 patients have 

been observed to carry altered levels of serum lipoproteins(5) and lower levels of the 

inflammatory marker high-sensitivity C-reactive protein (hsCRP)(6) than matched 

patients with type 2 diabetes (T2D), suggesting a potential liver-mediated functional role 

for HNF1A in metabolic disease pathogenesis. However, diabetes itself through 

underlying insulin resistance or elevated blood glucose can dysregulate serum lipids(7) 

and systemic inflammation(8), and thus these observations in diabetic individuals with 

MODY3 cannot evidentiate HNF1A as a direct hepatic regulator of serum lipids or 

inflammation. Murine LOF studies have implicated HNF1A in bile acid secretion and 

cholesterol metabolism but are also confounded by a diabetic phenotype(9). Population-

based genetic association studies have corroborated associations between HNF1A and 

T2D(10), serum lipoproteins(11), and hsCRP(12), but do not provide insight into 

mechanism as most of the associated variants (SNPs) are either non-coding or have 

minimal experimentally observable consequences on protein function(13). Finally, 

common HNF1A SNPs have been associated with coronary artery disease (CAD) risk(14, 

15) but these SNPs are also associated with T2D and serum lipids, both of which are 

known, independent CAD mediators(16, 17). Thus, the relationship between HNF1A 
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function, these risk factors, and the specific mechanisms of disease pathogenesis 

remains unclear.   

Characterization of an allelic series of functional variants for the hepatic functions 

of HNF1A with clinical correlation would enable a mechanistic understanding of the 

complex role for HNF1A in driving metabolic disease in multiple tissues including the 

pancreas (via diabetes) and liver (serum lipids) with their respective directions-of-effect. 

In the past few years, dozens of novel protein-coding alleles in HNF1A have been 

identified from population-based exome sequencing(18). These variants are individually 

rare (minor allele frequency (MAF) < 0.001) and mostly of unknown functional 

consequence, but in aggregate are carried by over one percent of the population. The 

much greater allelic diversity of rare variants presents an opportunity to dissect the role 

of HNF1A in metabolic disease, if these variants could be functionally annotated at scale. 

To address this gap in knowledge, we examined the full allelic series of protein-

coding variants in HNF1A using deep mutational scanning, a high-throughput approach 

that has been successfully utilized to characterize protein-coding variants in clinically 

important genes(19–21). All possible single amino acid substitutions in HNF1A were 

tested for transcriptional activity in human hepatocytes. These comprehensive data were 

intersected with carriers of rare protein-coding variants (MAF<0.001) identified from 

among 553,246 sequenced individuals in order to relate variant to function to phenotype 

for metabolic disease associated factors and disease outcomes including T2D and CAD. 

We discover gain-of-function (GOF) variants which while conferring protection from T2D 

promote pro-inflammatory/thrombogenic gene expression, and an atherogenic lipid 

profile through liver specific enhancement of HNF1A target genes. 
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Results 

Identification of gain-of-function substitutions from comprehensive functional testing of 

11,970 HNF1A amino acid variants in human hepatocytes 

To comprehensively assess the hepatic function of protein-coding variants in 

HNF1A, we synthesized a cDNA library comprised of all possible single amino acid (aa) 

permutations of HNF1A (630 aa protein x 19 aa changes = 11,970) such that each 

transgene encoded a single amino acid substitution. The library was introduced into a 

human hepatocyte cell line previously engineered to lack endogenous HNF1A and at a 

dilution maximizing the number of cells receiving only a single copy of HNF1A transgene. 

The HNF1A transgenes were induced for six days via a doxycycline-inducible promoter 

and cells were sorted via fluorescence-activated cell sorting (FACS) based on their 

protein expression level of TM4SF4, a cell surface protein shown to be a direct 

transcriptional target of HNF1A in pancreas and liver(22, 23) (Figure 2.1A). The 

population of cells bearing HNF1A transgenes was partitioned into two bins separated by 

a ten-fold expression intensity difference in TM4SF4: TM4SF4low and TM4SF4high (Figure 

2.1A). To recover and quantify the HNF1A variants in each TM4SF4 expression bin, 

HNF1A transgenes from the TM4SF4low and TM4SF4high cells were sequenced by 

targeted next-generation sequencing. Raw function scores were generated for each 

amino acid substitution at each site in HNF1A by determining the frequency of 

appearance of each variant in the TM4SF4low and TM4SF4high bins as we and others have 

previously done(20, 24). Over 99% of the originally designed variants were recovered in 

sufficient quantity from the pooled screen to be assigned a function score.  
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Figure 2.1. Identification of gain-of-function variants from comprehensive functional 
testing of 11,970 HNF1A variants in human hepatocytes. 
A) A library of 11,970 HNF1A constructs was synthesized, with each construct encoding 
a single amino acid substitution. The construct library was introduced into HUH7 
hepatocytes (deleted for endogenous HNF1A) at a dilution of one construct per cell. The 
resulting polyclonal population of HUH7 hepatocytes was separated via FACS according 
to the expression of the known HNF1A transcriptional target TM4SF4 and sorted into low 
(-) and high (+) bins of HNF1A activity. Activity cutoffs were established through flow 
cytometry experiments of HNF1A KO cells (dashed red line) and WT cells (dashed green 
line). Each bin of cells was sequenced at the transgenic HNF1A locus to identify and 
tabulate the introduced variants. Each HNF1A variant was assigned a function score 
based on its abundance in the low and high TM4SF4 expression bins. B) Heatmap of 
11,970 HNF1A variant function scores, arranged according to the primary amino acid 
sequence (rows). Function scores lower than WT are shaded red and function scores 
greater than WT are shaded blue. Function scores averaged (mean) at each amino acid 
position are plotted to the right, showing the level of tolerance for any amino acid 
substitution away from WT at each position. C) Mutation tolerance scores as described 
in B) overlaid on the crystalized protein structure of HNF1A DNA-binding domain 
(PF04814). Positions intolerant of amino acid changes (i.e. lower function scores) are 
shaded red. Helices that make direct contacts with the DNA are the most intolerant of 
mutations. D) (left panel) HNF1A function scores ranked for all 11,970 amino acid variants 
tested, and ClinVar annotated pathogenic variants (n=29) are highlighted in red. (right 
panel) Function bins correspond to variants with function scores above (GOF), within 
(neutral), or below (LOF) +/- 1 Z-score of the synonymous distribution, shown with the 
total number of variants per bin. Overlaid are the function score distributions of the 613 
synonymous HNF1A variants tested (purple) and the 29 ClinVar pathogenic variants 
(red). 
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The raw function scores for all protein-coding HNF1A variants were compared with 

the known sequence:function relationships of HNF1A. First, the function scores were 

averaged (mean) at each of the 631 amino acid positions along HNF1A to obtain a 

“mutation tolerance” score representing the effect on function of substituting any non-WT 

amino acid at that position; i.e. low “mutation tolerance” represents a functionally 

important residue (Figure 2.1B). Several clusters of amino acids along the primary 

sequence exhibiting low mutation tolerance scores were observed and colocalized with 

known domains critical for HNF1A molecular function including the dimerization domain 

and the DNA binding domain(25, 26). The mutation tolerance scores were also overlaid 

onto the HNF1A DNA binding domain crystal structure to evaluate the relationship 

between function and higher-order structure (Figure 2.1C). Within the extent of the 

available crystal structure, the amino acid residues comprising the alpha helices in the 

DNA binding domain that directly contact the DNA double helix exhibit the lowest mutation 

tolerance scores, consistent with a high degree of functional conservation (Figure 2.1C). 

Taking a conservative approach to minimize the effect of extreme values, the raw 

individual variant scores were added to the mutation tolerance score at that amino acid 

position (Figure 2.1B) and rescaled to the mean and standard deviation (SD) of the 

distribution of synonymous variants to provide an intuitive interpretation to the function 

scores (Figure 2.1D). Of the 11,970 variants tested, 2,190 fell into the putative LOF 

category (score < -1SD), 6,952 fell into the neutral category (-1SD <= score <= 1SD) and 

surprisingly 2,740 fell into a putative gain-of-function GOF (score > 1SD) category 

indicating that those amino acid substitutions increased the transcriptional activity of 

HNF1A over WT in our assay, a finding not previously reported in over two decades of 
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HNF1A functional variant characterization(2). As expected, variants categorized as 

putative LOF by our experiments occurred at codons that were more evolutionarily 

conserved in mammalian genomic sequences(27) than those classified as neutral (p < 

10-6 Wilcoxon rank-sum test). Variants categorized as putative GOF, however, could not 

be distinguished from neutral variants on the basis of evolutionary conservation 

suggesting that they would be poorly annotated by computational prediction algorithms 

leveraging conservation metrics(28, 29). To further benchmark our experiments, we 

extracted the function scores of pathogenic human HNF1A variants from ClinVar(30), a 

curated database of clinically significant human genetic variants, (Figure 2.1D) finding 

that the majority, but not all (n=21/29) would be classified as LOF by our data. Thus, to 

explicitly quantify on a per variant basis the confidence of LOF/GOF, a posterior error 

probability(31) (PEP) was computed for every variant based on where its function score 

fell in the distribution of function scores for synonymous versus nonsynonymous variants 

(Figure 2.1D).  

 

Gain-of-function HNF1A variants are carried in the general population and increase 

transcriptional activity in multiple cellular contexts. 

To evaluate the human relevance of our deep mutational scan and assess if these 

putative GOF variants are present in people, we intersected our comprehensive dataset 

of HNF1A function scores with HNF1A protein-coding variants in the UK Biobank, a 

population-based cohort containing 454,756 exome sequenced individuals(32, 33). From 

the exome sequences we extracted all HNF1A variants and identified 4,302 individuals 

who carried a protein-coding variant with minor allele frequency less than 0.001 (~1:100 
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individuals). Of the 444 unique protein-coding variants identified, 335 (75%) were absent 

from ClinVar(30). The distribution of HNF1A function scores in the UK Biobank peaked at 

the same level as the distribution of synonymous variants (Figure 2.2A), consistent with 

prior observations that most protein-coding variants are not functional(34). The 

distribution of function scores in the UK Biobank also notably lacked the lowest scoring 

pathogenic/MODY3 variants as would be expected for a generally healthy population-

based cohort(32) and with the estimated UK prevalence of MODY3 being ~5 per 

100,000(35). We did observe a 22% prevalence of diagnosed diabetes among carriers of 

HNF1A frameshifting mutations (n = 62 carriers) which exceeded the 8% prevalence of 

diabetes in the general UK Biobank cohort. The presence of LOF HNF1A variants in 

population-based cohorts has been described previously(36) but remarkably carriers of 

gain-of-function (GOF) variants have not previously been described in the many studies 

functionally characterizing human genetic variants in HNF1A.   
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Figure 2.2. Gain-of-function HNF1A variants are carried in the general population and 
increase transcriptional activity in multiple cellular contexts.  
A) (left panel) Selected human HNF1A variants with function scores greater than WT 
highlighted in blue among the full distribution of all 11,970 amino acid variants tested. The 
shaded purple box represents +/- 1 Z-score of the distribution of 613 synonymous HNF1A 
variants tested. (right panel) The distributions of function scores of rare protein coding 
HNF1A variants (n=444) identified from 454,756 sequenced individuals in the UK Biobank 
(UKB) and of the 613 synonymous variants. An upper tail of function increasing variants 
in UK Biobank individuals is highlighted in blue (n=94 unique variants in 1,469 
individuals). B) Location of top scoring variants selected for validation along the HNF1A 
protein primary amino acid sequence with number of human variant carriers identified in 
454,756 exome sequences from the UK Biobank. C) Putative GOF variants were 
individually recreated and tested for transcriptional activation using luciferase reporters in 
HeLa cells (which lack endogenous HNF1A activity) on the rat albumin promoter. Activity 
measurements are shown as percentages of WT HNF1A activity +/- s.e.m; n=3. Basal 
promoter activity in cells is measured by transfection of vectors lacking the HNF1A 
transgene (empty). (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, linear mixed model) 
D) The same variants described in B) were tested for transcriptional activity in mouse 
insulinoma MIN6 cells on the HNF4A-P2 promoter. E) GOF HNF1A variant constructs 
were transfected into HNF1A deleted HUH7 hepatocytes, and ANGPTL3 levels were 
measured by ELISA 48 hours post confluency (n=3 per variant). Transfection with HNF1A 
p.L348F, p.T196A, and p.T515M increases ANGPTL3 secretion as compared to WT (*** 
p<0.0005,** p<0.005, * p<0.05, linear mixed model). 
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To confirm and further characterize these putative GOF HNF1A variants carried 

by humans in the general population, we selected a series of high-scoring GOF variants 

that spanned across the protein domains of HNF1A (Figure 2.2A). These seven variants 

ranged in frequency from 3 carriers (p.L348F) to 421 carriers (p.T196A) in the 454,756 

sampled exomes (Figure 2.2B). Each variant was recreated, transfected, and assessed 

for transcriptional activity using luciferase reporter assays as we(37) and others(38) have 

previously performed in two separate experimental contexts: 1) HeLa cells using the rat 

albumin promoter (Figure 2.2C) and 2) MIN6 insulinoma cells using the HNF4A-P2 

promoter (Figure 2.2D). In HeLa cells, all selected variants showed significant increases 

in transcriptional activity over WT (ranging from 30-70%) whereas in MIN6 cells the 

measured increase in transactivation was attenuated with only three of the tested variants 

exceeding the nominal threshold of significance. Notably, the background activity of 

HNF1A in Hela cells was nil, whereas in MIN6 cells it approached fifty percent of WT. 

Given that GOF was observed in two independent HNF1A-free cellular contexts (i.e. HeLa 

and HUH7 HNF1A-null cells) the attenuation in signal in the MIN6 cell system likely 

reflected decreased sensitivity in measuring increased HNF1A transcription in the setting 

of pre-existing high levels of endogenous HNF1A activity.  

To assess the functional consequence of GOF HNF1A in hepatocytes we 

developed a secretion assay for ANGPTL3, an emerging cardiovascular disease risk 

factor(39) that encodes a hepatically secreted regulator of serum lipids(40) whose gene 

is bound by HNF1A(41). After confirming that HNF1A functionally regulates production of 

ANGPTL3 from cultured hepatocytes, we evaluated ANGPTL3 secretion in HNF1A null 

hepatocytes and performed reconstitution experiments with WT and the identified GOF 
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HNF1A variants. The p.L348F, p.T196A, and p.T515M variants but not the p.P291Q 

increased ANGPTL3 secretion when transfected into HNF1A-null HUH7 hepatocytes 

compared to WT (Figure 2.2E). Taken together, these cell culture experiments 

demonstrate that GOF HNF1A variants increase transcriptional activity in both pancreatic 

and hepatic cellular contexts. 

  

HNF1A GOF variant carriers in the population are protected from T2D but show elevated 

levels of serum atherogenic risk factors 

We examined the relationship between HNF1A function and T2D in carriers of rare 

protein-coding HNF1A variants ascertained from the UK Biobank and found an inverse 

association between HNF1A function and T2D risk in the full multi-ancestry cohort 

(OR=0.59 per SD increase in HNF1A function, 95% CI=[0.48-0.72], p=6.0 x 10-7, n=4,341, 

logistic mixed effects regression) (Figure 2.3A). A similar association was obtained when 

restricting to European ancestry HNF1A rare variant carriers (OR=0.56 per SD increase 

in HNF1A function, 95% CI=[0.43-0.73], p=1.2 x 10-5, n=3,095, logistic mixed effects 

regression). These analyses included the 421 carriers of the p.T196A variant (Figure 

2.2B). Given the previously known associations between LOF variants in HNF1A and 

diabetes(2, 36, 42), we performed a categorical analysis binning the HNF1A variants by 

function (GOF, neutral, LOF) and separately examined their association with T2D risk in 

the UK Biobank and in an independent, multi-ancestry T2D case:control cohort (AMP-

T2D(43); 20,791 cases, 24,440 controls) to disentangle the effect of GOF variants from 

the known relationship of LOF variants and increased risk of T2D (Figure 2.3B). In the 

meta-analysis, LOF variant carriers compared to neutral variant carriers had an increased 
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risk of T2D as expected from prior studies (OR=1.9, 95% CI=[1.41-2.63], p=4.1 x 10-5, 

logistic regression). Remarkably, GOF variant carriers were protected from T2D (UK 

Biobank GOF carriers: n=1,469, OR=0.75, 95% CI=[0.59-0.95], p=0.017, logistic 

regression), a signal that was strengthened when analyzed in combination with the AMP-

T2D cohort (OR=0.76, 95% CI=[0.62-0.93], p=0.007, logistic regression; Figure 2.3B) 

evidentiating that genetically determined increases in HNF1A function have clinical 

consequences in humans. The association signal for GOF variants conferring protection 

from T2D was consistent over progressively increasing function score thresholds 

although at the most stringent thresholds we observed a loss of statistical power due to 

steep decrease in number of GOF variant carriers. Furthermore, correction for 

independent common protein-coding HNF1A variants I27L (rs1169288) and A98V 

(rs1800574) which have been associated with increased risk of T2D(44) had minimal 

impact on these associations.  
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Figure 2.3. HNF1A GOF variant carriers in the population are protected from T2D but 
show elevated levels of serum atherogenic risk factors. 
Shape and fill indicate the ancestry and T2D status respectively of individuals included in 
each analysis. All phenotypes are adjusted for age, age2, sex, and the first 10 principal 
components of ancestry. T2D, type 2 diabetes; SD, standard deviation; LOF, loss-of-
function; GOF, gain-of-function; CRP, C-reactive protein; LDL, low-density lipoprotein 
cholesterol; ApoB, apolipoprotein B; GGT, gamma-glutamyl transferase; TC, total 
cholesterol; TG, triglycerides; ApoA-I, apolipoprotein A-I; HDL, high-density lipoprotein 
cholesterol; HbA1c, glycated hemoglobin. A) Association of HNF1A function score and 
T2D risk using logistic regression in the UK Biobank HNF1A rare protein-coding variant 
carriers identified among the 454,756 exome sequenced individuals. Odds ratios and the 
95% confidence interval are shown. B) Association of LOF and GOF HNF1A variants with 
T2D in the UK Biobank and AMP-T2D (n=20,791 cases, 24,440 controls) using logistic 
regression. Odds ratios and the 95% confidence interval are shown, and fixed effects 
inverse-variance meta-analysis was used to combine the results. C) Association of 
functional HNF1A variants with cardiovascular disease risk factors in the UK Biobank rare 
variant carriers (European n=3,089, Multi-ancestry n=4,302, linear mixed effects 
regression). Effect size and the 95% confidence interval are shown for each phenotype. 
D) Association of liver specific predicted HNF1A gene expression with disease risk factors 
tested in C) among all UK Biobank European genotyped individuals (n=407,227, filled 
squares) and non-T2D European genotyped individuals (n=376,043, open squares). 
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Given that individuals who carry pathogenic/MODY3 variants demonstrate 

alterations in hepatically secreted factors including hsCRP and lipoprotein profiles, we 

quantitatively examined the available biomarkers including hsCRP(17), lipoprotein 

levels(45), liver enzymes(46), and glycemic traits(47) in HNF1A rare variant carriers in 

the UK Biobank by regressing the normalized values for each measurement against the 

HNF1A function scores of the variant carriers (Figure 2.3C). A positive relationship was 

identified between HNF1A function and serum hsCRP, gamma glutamyltransferase 

(GGT), serum low-density lipoprotein (LDL) cholesterol, and apolipoprotein B (ApoB), 

while an inverse relationship was identified between HNF1A function and serum high-

density lipoprotein (HDL) cholesterol and apolipoprotein A-I (ApoA-I). After excluding 

carriers with diagnosed diabetes, we examined the relationship between HNF1A function 

and glycemia, finding an inverse relationship between HNF1A function and glycosylated 

hemoglobin (HbA1c; Figure 2.3C). These findings were robust to correction for multiple 

hypothesis testing and suggest that genetic variants which increase HNF1A protein 

function increase serum hsCRP, GGT, and promote an atherogenic lipoprotein profile by 

raising serum ApoB/LDL cholesterol levels and lowering ApoA-I/HDL cholesterol. 

However, in concordance with conferring protection from T2D, HNF1A function increasing 

variants also decrease blood glucose in non-diabetic individuals. 

In light of these observed pleiotropic and opposing effects of GOF in HNF1A on 

T2D and inflammatory/atherogenic factors, we examined the relationship between GOF 

HNF1A variants and CAD events in the UK Biobank and a cohort of individuals exome 

sequenced for early-onset myocardial infarction (MIGen(48); 24,337 cases, 28,922 

controls). We observed no decrease in CAD risk in GOF HNF1A variant carriers 
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(OR=1.15, 95% CI=[0.93-1.43], p=0.21, logistic regression) suggesting that either the 

observed increase in hepatic pro-atherogenic factors is counterbalanced by the protection 

from T2D, or that the analysis lacked statistical power due to the limited number of CAD 

cases available. Notably, our combined CAD cohort analysis had over 90% power to 

detect a decrease in risk of similar magnitude (~25%) as observed with T2D and GOF 

variant carriers at the nominal type 1 error rate (α = 0.05), but a smaller effect size may 

not have risen to the level of statistical significance. 

To evaluate if these findings were the result of perturbed HNF1A activity in the liver 

we turned to liver-specific HNF1A gene expression reasoning that increasing the levels 

of intra-cellular HNF1A would produce a similar clinical effect as increasing intrinsic 

HNF1A protein function. To quantify the heritable component of HNF1A gene expression 

we selected common, non-coding SNPs identified in European liver samples from the 

Genotype-Tissue Expression (GTEx) Project(49, 50) as expression quantitative trait loci 

(eQTLs) for HNF1A and combined them to produce a liver HNF1A gene expression score. 

After removing the carriers of rare protein-coding HNF1A variants shown in Figures 2.3A-

C, we assigned liver-specific HNF1A expression scores to the remaining 407,227 

European individuals using established methods (Functional Summary-based Imputation: 

FUSION)(51). These liver-specific HNF1A expression scores were then regressed 

against the same clinical phenotypes as the rare, protein-coding variant analysis (Figure 

2.3C). This method confirmed that increased HNF1A gene expression encoded by liver 

eQTLs conferred increased levels of hsCRP (p < 10-46, linear model; Figure 2.3D) as 

would be expected given the known biology of CRP being synthesized and secreted by 

hepatocytes(52). Similarly, serum GGT and LDL cholesterol were associated with 
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increased liver-specific HNF1A expression scores, whereas HDL and ApoA-I showed a 

nominal inverse association. Notably, glycemia measured by HbA1c (p = 0.09, linear 

model) did not associate with liver-specific HNF1A expression as would be expected from 

the known pancreatic role of HNF1A in regulating blood glucose(53).  

To evaluate if these associations were being driven by or distinct from T2D, we 

repeated the above analyses excluding all 41,923 individuals (including 539 carriers of 

rare-protein coding variants) with diabetes from the UK Biobank population and 

recomputed the regression (Figure 2.3C and 2.3D) of clinical measurements against 

HNF1A function/expression. With regard to liver-specific HNF1A gene expression (n = 

376,043 samples without T2D) the analyses were well powered and showed similar effect 

size, directionality, and significance of all quantitative trait associations suggesting a 

causal relationship with HNF1A that is independent of T2D (Figure 2.3D). Effect sizes in 

the rare, protein-coding variant analysis also remained directionally consistent, but 

several associations no longer passed the nominal threshold of statistical significance 

likely due to a loss of power (n = 3,802 rare-protein coding variant carriers without T2D). 

In summary, our data indicate that increased hepatic function/expression of HNF1A 

increases serum hsCRP, GGT, LDL while decreasing HDL/ApoA-I independently of its 

effects on T2D, and increased HNF1A function decreases blood glucose, but not through 

the liver.  

 

HNF1A transcriptionally regulates complement activation, coagulation, and pro-

atherogenic gene expression programs in hepatocytes 

To understand the molecular mechanisms by which functional genetic variants in 
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HNF1A regulate serum lipids, we deleted HNF1A in human hepatocytes using 

CRISPR/Cas9 and transcriptionally profiled the resulting cells using mRNA sequencing 

(Figure 2.4A). Experiments were carried out in both HUH7 and Hep3B cell lines to mitigate 

confounding cell line artifacts. Many of the top differentially expressed genes are known 

transcriptional targets of HNF1A including FABP1(41), FGB(54), and TM4SF4(23). To 

examine which molecular pathways were perturbed by the loss of HNF1A, we performed 

gene set enrichment analysis (GSEA)(55, 56) on the full list of differentially expressed 

genes in WT and HNF1A KO cells (Figure 2.4B). The GSEA analysis showed that 

HNF1A-null cells downregulated multiple lipid metabolism pathways including “fatty acid 

metabolism” (MsigDB #M5935), “cholesterol homeostasis” (MsigDB #M5892), and “bile 

acid metabolism” (MsigDB #5948), consistent with previous findings from murine Hnf1a 

LOF models(9). Additionally, pathways for “coagulation” (MsigDB #M5946) and 

“complement” (MsigDB #M5921) were also significantly downregulated in the absence of 

HNF1A and a more refined examination of sub-pathways underlying these further showed 

a downregulation in “platelet activation” (MsigDB #M10857) and “wound healing” (MsigDB 

#M12074).   
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Figure 2.4. HNF1A transcriptionally regulates complement activation, coagulation, and 
pro-atherogenic gene expression programs in hepatocytes.  
A) Differentially expressed genes between wild-type and HNF1A knockout (KO) HUH7 
and Hep3B cell lines quantified by mRNA sequencing (n=3 per group). The dotted red 
line indicates an adjusted p-value threshold of 0.05, with genes falling above the line 
meeting a global significance threshold for differential expression. B) Gene set 
enrichment analysis (GSEA) was performed on mRNA sequencing data shown in A) to 
identify pathways altered by deletion of HNF1A (HNF1A KO vs WT). Significant genesets 
in at least one cell line are shown. The effect of gain-of-function (GOF) in HNF1A on these 
pathways was examined by complementing HNF1A KO HUH7 cells with WT HNF1A and 
the GOF p.T196A variant (n=3 per group) followed by mRNA sequencing, differential 
expression, and GSEA (HNF1A p.T196A vs WT). Downregulated pathways (negative 
normalized enrichment scores) are shaded yellow and upregulated pathways are shaded 
blue. Size represents the -log10(P-value), and significantly enriched pathways (p<0.05) 
are outlined in red. C) HNF1A was reintroduced via doxycycline inducible transgenes into 
HNF1A KO hepatocyte cell lines and global gene expression was measured (TPM = 
transcripts per million, n=3 per group). In a dose dependent fashion, HNF1A regulates 
genes involved in oxidative stress and lipid regulation pathways. Significance levels from 
regressing TPM on HNF1A levels are shown for each gene and cell type if significant (*** 
p <10-6, ** p<10-3, * p<0.05, linear model). (GGT1, Gamma Glutamyltransferase 1; 
PCSK9, Proprotein Convertase Subtilisin/Kexin Type 9; APOA1, Apolipoprotein A1; 
APOB, Apolipoprotein B ) 
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To evaluate global transcriptional changes from HNF1A GOF variants, we 

assessed the global transcriptional effects of expressing HNF1A WT and the most 

commonly found human GOF variant HNF1A p.T196A (Figure 2.2B). We performed 

short-term complementation experiments, expressing HNF1A WT and p.T196A in 

HNF1A-null HUH7 cells for 18 hours from in vitro-transcribed mRNA at levels similar to 

endogenous HNF1A in WT HUH7 cells. GSEA analysis of genes differentially expressed 

between the HNF1A WT- and p.T196A variant-complemented cells showed that relative 

to WT, the p.T196A variant more strongly upregulated several of the lipid metabolism and 

coagulation/complement activation pathways that were downregulated in HNF1A KO 

cells (Figure 2.4B), supporting a molecular mechanism of GOF that spans multiple 

transcriptional pathways. 

To validate specific effector genes that could explain the observed inflammatory, 

oxidative stress, and atherogenic serum lipoprotein gene expression profiles in HNF1A 

variant carriers, we performed independent experiments evaluating HNF1A:effector gene 

dose responsiveness. Doxycycline-inducible HNF1A transgenes were introduced into 

HNF1A-null cells and exposed to varying doses of doxycycline to evaluate HNF1A:gene 

dose-response curves, quantified by regressing gene transcripts per million (TPM) onto 

HNF1A dose (Figure 2.4C). The most straightforward example was for serum GGT, a 

marker of oxidative stress(57) which is hepatically secreted, positively regulated by 

HNF1A (GGT1 p < 10-3, linear model, HUH7; Figure 2.4C), and whose serum values are 

positively correlated with genetically mediated increases in HNF1A function/liver-specific 

gene expression (Figure 2.3C and 2.3D). Effector genes that could account for the serum 

lipoprotein profile associated with GOF in HNF1A and showed dose response included 
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the LDL receptor recycling regulator Proprotein Convertase Subtilisin/Kexin Type 9(58) 

(PCSK9 p < 10-6, linear model, HUH7) and apolipoprotein A1, the major lipoprotein 

component of HDL (APOA1 p < 10-6, linear model, Hep3B). Conversely, a negative 

HNF1A:gene expression dose response was observed for apolipoprotein B, the major 

lipoprotein component of LDL (APOB p < 10-3, linear model; HUH7) suggesting the 

positive correlation observed between serum ApoB levels with genetically mediated 

increases in HNF1A function/expression (Figure 2.3C and 2.3D) is not a hepatocyte cell 

autonomous effect of HNF1A. 

To corroborate direct transcriptional regulation of these genes by HNF1A, we 

identified HNF1A consensus binding motifs within a 5 kilobase genomic window of the 

transcription start sites (TSS) and overlaid these with HNF1A ChIP-seq data from HepG2 

cells made available through the ENCODE project(59). The PCSK9 and GGT1 loci 

showed ChIP-seq peaks coincident with high-scoring HNF1A consensus motifs near the 

TSS strongly supporting direct transcriptional regulation. The APOA1 and APOB loci 

showed more modest evidence of direct regulation having only ChIP-seq peaks near the 

TSS but lacking HNF1A consensus motifs.  

 

Discussion 

In this study we combine massively parallel functional characterization and 

saturation mutagenesis with genetic and clinical data from almost 600,000 individuals to 

evaluate a full allelic series of protein-coding variants in HNF1A and their impact on 

human health. By correlating variant, cellular function, and clinical phenotype in 

thousands of individuals, we find that the general human population contains carriers of 
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gain-of-function (GOF) variants that increase the transcriptional activity of HNF1A by 30-

50%. These GOF variants have both beneficial and pathological clinical consequences in 

the people who carry them through pleiotropic actions in the pancreas and liver 

respectively. While GOF variants confer a ~30% decrease in T2D risk they, likely through 

liver-specific transcriptional effects, promote an atherogenic lipid profile (increased serum 

ApoB/LDL and decreased ApoA-I/HDL). Lastly, we demonstrate that the hepatic 

transcriptional regulation of key effector genes by HNF1A, including APOA1, ANGPTL3 

and PCSK9, mediates at least part of the proatherogenic lipid profile observed in GOF 

variant carriers. 

Here we present a description of function increasing genetic variants in HNF1A 

and their presence in the human population, an unexpected finding given that thousands 

of individuals have undergone HNF1A gene sequencing and dozens of protein-coding 

variants have been functionally characterized over the past two decades(60, 61). We note 

that in contrast to LOF variants, GOF HNF1A variants showed no evidence of being under 

evolutionary constraint and thus would escape discovery by computational prediction 

programs(28, 29) which rely on evolutionary conservation, highlighting the importance of 

taking an experimental approach to pathogenicity prediction at clinically important genes. 

In retrospect, some variants we have demonstrated as GOF have been previously 

identified and experimentally tested showing transactivation signals greater than WT(38), 

but due to inconsistent results across different experiments or labs were labeled WT-like. 

For example, the p.T196A variant showed activity greater than WT in transformed COS-

7 monkey fibroblasts but not in mouse insulinoma cells(38) whereas in a recent study(62) 

p.P291Q and p.T196A showed increased transcriptional activity over WT in both HeLa 
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and rat insulinoma cells but at only one of two expert labs testing the same variants. In 

our own experiments we were able to most clearly resolve variants with function greater 

than WT in cell systems without endogenous HNF1A (HUH7 KO and Hela cells; Figure 

2.2C) using the standard transactivation assays, but the signal was more challenging to 

identify in MIN6 cells with a high level of basal HNF1A activity (Figure 2.2D). The variable 

function of GOF variants in MIN6 cells could also be attributed to differences in HNF1A 

function in human hepatocytes (in which GOF was called) versus the mouse beta cells 

from which MIN6 are derived. Moreover, such GOF variants, by virtue of conferring 

protection from diabetes, were less likely to be identified in previous studies that selected 

diabetic individuals for sequencing. By functionally characterizing all possible missense 

variants in a single experiment, our study revealed the full spectrum of possible functional 

variation including both loss and gain. We further benefited from ascertainment of HNF1A 

variants in the UK Biobank, a general population-based cohort not enriched for diabetes 

and therefore not depleted of GOF HNF1A variant carriers. In the context of another 

recent study that identified GOF variant carriers in MC4R in the UK Biobank(63), our study 

highlights the potential for discovering novel genetic mechanisms of disease by 

conducting large scale functional variant characterization and clinical correlation in 

population-based cohorts.  

Through the identification of a full allelic series of HNF1A variants, our study 

advances previously reported genetic associations between HNF1A, clinical biomarkers 

and T2D(42) by providing tissue-specific, mechanistic insights and unexpected directional 

relationships. In the general population our data support that GOF in HNF1A reduces T2D 

risk and glycemia through enhanced beta cell function which complements the 
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mechanisms by which LOF HNF1A variants are known to cause T2D/MODY3(3, 36). In 

the liver, however, we find that GOF in HNF1A is metabolically pathogenic causing 

increases in hepatically derived lipoprotein risk factors which have been shown causal for 

CAD as well as increases in correlative if not directly causal factors such as hsCRP and 

GGT(17, 46, 64–66). Despite a significant decrease in diabetes risk in GOF variant 

carriers, we found no signal for protection from CAD risk in GOF variant carriers and 

propose that the increase in hepatic pro-atherogenic factors is counterbalanced by the 

decrease in T2D risk (Figure 2.5). Furthermore, the identified genetic associations 

between GOF in HNF1A, T2D and atherogenic lipoproteins remained robust upon 

correction for common HNF1A protein-coding variants as well as the heritable component 

of hepatic HNF1A gene expression. An important medical implication of these findings is 

that HNF1A ‘replacement’ gene therapy for HNF1A MODY patients, which is technically 

feasible through mRNA therapeutics(67), should be approached with caution as hepatic 

increases in HNF1A would be clinically undesirable. 
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Figure 2.5. Graphical summary of proposed mechanism through which gain-of-function 
in HNF1A decreases diabetes risk through pancreas-specific mechanisms but increases 
the hepatic secretion of atherogenic risk factors. 
GOF, gain-of-function; CRP, C-reactive protein; GGT, gamma-glutamyl transferase; 
ApoA-I, apolipoprotein A-I; HDL, high-density lipoprotein cholesterol; ANGPTL3, 
angiopoietin like 3; TG, triglycerides; PCSK9, proprotein convertase subtilisin/kexin type 
9; ApoB, apolipoprotein B; LDL, low-density lipoprotein cholesterol; HbA1c, glycated 
hemoglobin. 
Carriers of GOF variants in HNF1A have reduced T2D risk and HbA1c through enhanced 
beta cell function but have increases in CRP, GGT, and present a pro-atherogenic profile 
(suppression of ApoA-I/HDL levels and increased hepatic secretion of ANGPTL3 and 
ApoB/LDL levels through increased transcription of PCSK9). Red arrows indicate 
metabolically harmful outcomes, and blue arrows represent metabolically beneficial 
outcomes. 
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On the other hand, liver specific inhibition of HNF1A could be therapeutically 

attractive. At the molecular level, our data suggest that the suppression of ApoA-I/HDL 

levels by HNF1A is likely cell-autonomous as it occurred in cultured hepatocytes. 

Similarly, we find that HNF1A and GOF causing variants increase hepatocyte secretion 

of ANGPTL3 (Figure 2.2E), an emerging cardiovascular risk factor that inhibits endothelial 

lipase resulting in decreased clearance of triglyceride rich lipoproteins(68). Although we 

did not find significantly increased serum triglyceride levels in HNF1A GOF variant 

carriers (Figure 2.3C), ANGPTL3 has been proposed to promote atherosclerosis 

independent of triglycerides by increasing inflammation, angiogenesis, inhibiting reverse 

cholesterol transport(69). Additionally, we propose that the increase in serum LDL 

cholesterol in carriers of rare HNF1A GOF variants is at least partially mediated by a 

direct transcriptional activation by HNF1A of PCSK9 (Figures 2.4 and 2.5), a hepatic 

protease which regulates hepatic uptake of LDL(70, 71) and is a pharmacological target 

for lipid lowering therapies(72–74). The lack of an HNF1A motif at the APOB promoter as 

well as the lack of positive HNF1A-APOB dose:response (Figure 2.4C) in cultured 

hepatocytes suggests the increase in serum ApoB levels from genetically mediated 

increase in HNF1A function/expression is indirect and is driven predominantly by 

increased serum LDL persistence from reduced LDLR recycling that would be caused by 

increasing PCSK9 transcription(75) (Figure 2.5). Concordantly, prior studies have found 

that liver specific HNF1A inhibition decreases PCSK9 levels, increases LDLR persistence 

and results in decreased serum total and LDL cholesterol(76, 77). Intriguingly a recent 

phase 1 trial of a non-statin lipid lowering compound was demonstrated to prevent the 

dimerization and transactivation of HNF1A at its transcriptional targets ANGPTL3 and 
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PCSK9 resulting in lowered serum triglycerides and LDL cholesterol respectively(78). Our 

study predicts that GOF variant carriers in HNF1A would be highly responsive to this 

novel lipid lowering compound. Furthermore by virtue of having increased PCSK9 

expression, HNF1A GOF carriers would also define a subpopulation that may respond to 

PCSK9 inhibitors more favorably for LDL reduction than conventional statin medications 

which are known to increase levels of PCSK9(79). 

In summary, we find that ~1:300 individuals in the general population carry GOF 

variants in HNF1A which are not identifiable by computational prediction tools and 

pleiotropically decrease diabetes risk while increasing hepatic secretion of atherogenic 

lipids. In an era of rapidly deployable gene therapy(80), understanding the clinical 

consequences of increasing or decreasing gene function in humans bottlenecks 

therapeutic development. As biobanks continue to grow in size and phenotypic 

complexity, this study demonstrates the utility of comprehensive functional 

characterization to distill novel mechanisms of disease and identify adverse effects prior 

to undertaking drug development and putting clinical trial participants at risk.   

 

Limitations of the Study 

Limitations of our study include the precision of HNF1A function scores generated 

in our massively parallel assay and the cell models utilized to elucidate molecular 

mechanisms. Specifically, the use of TM4SF4 as the readout for HNF1A function would 

not capture the complexity of HNF1A transactivation functions across all of its targets. 

While our observation of a class of amino acid substitutions that increase the 

transcriptional activity of HNF1A (Figure 2.1D and 2.2A) is strongly supported by 
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experimental validation in multiple independent experiments (Figure 2.2C, 2.2D, 2.2E, 

and 2.4B), the precise level of increase in function conferred by any particular variants 

contains biological (different cellular contexts) and experimental (performed in different 

labs) uncertainty that limit their interpretation. For example p.P291Q was the top scoring 

GOF variant (Figure 2.2A), replicated in HeLa cells (Figure 2.2C) but did not show 

increase over WT in MIN6 cells (Figure 2.2D) or ANGPTL3 secretion (Figure 2.2E) 

assays. Conversely, p.T196A was the lowest scoring of the selected GOF variants but 

showed higher function than other variants in subsequent assays. Thus, we would caution 

against utilizing these function scores directly to provide an individualized risk estimate to 

a person carrying a protein-coding HNF1A variant. If used as a standalone classifier for 

GOF/LOF, our function scores would meet the 90% probability standard for clinical variant 

interpretation(81) for only 43 variants. Additionally, due to the design of our deep 

mutational scan, effects of splice variants are not detectable and functional interpretation 

of such variants should be approached with caution. Furthermore, our mechanistic 

evaluation in multiple human hepatocyte cell lines could miss important regulatory 

mechanisms due to the limitations of in vitro cell culture models. For example, our cellular 

data did not identify direct regulation of CRP by HNF1A as it is poorly expressed and 

lacks evidence for binding in the publicly available HNF1A ChIP-seq data(59), but 

previous investigators have reported HNF1A binding at the CRP promoter(82–84) 

supporting a direct regulation.  
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Methods 

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS 

Cell line generation 

HUH7 and Hep3B cells were cultured in DMEM (Life Technologies #11995065) 

supplemented with 10% FBS (Sigma #F2442) and L-Glutamine and antibiotics (Omega 

PG-30). Polyclonal HNF1A-null cells were generated by introducing the endonuclease 
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Cas9 and sgRNA (CTGTCCCAACACCTCAACAA) targeting exon 2 of human HNF1A 

into cells by lentiviral transduction as we have previously described(20).  

UK Biobank cohort 

The UK Biobank is a prospective cohort study with genotypic and phenotypic data 

that enrolled approximately 500,000 individuals aged 40-69 from across the United 

Kingdom(32). The UK Biobank study was approved by the Research Ethics Committee 

and informed consent was obtained from all participants. Analysis of UK Biobank data 

was conducted under application numbers 51436 and 26041.  

 

METHOD DETAILS 

Synthesis of all possible HNF1A amino acid variants 

Human HNF1A cDNA (CCDS9209.1) was recoded by selecting alternative codons 

to eliminate the CRISPR/CAS9 binding site and optimize expression. This cDNA 

corresponds to the longest amino acid coding sequence of HNF1A expressed in the liver 

and also the most abundant(50). Constructs encoding all 19 alternative amino acids at 

each position were synthesized (Twist Bioscience). An additional 613 constructs 

encoding synonymous variants spread across the coding sequence were also 

synthesized and included. The HNF1A construct library described above was cloned into 

a lenti-viral expression vector by simple restriction cloning, sequence verified for quality 

and completeness, and transfected into a packaging cell line to produce pooled lenti-

virus(20).  

 

Pooled experimental assay of 11,970 HNF1A variants 
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The lentiviral library of HNF1A amino acid variants was introduced into HUH7 

HNF1A-null cells under a doxycycline responsive promoter to enable controlled protein 

expression(85). To minimize doubly infected cells, 1.2x107 viral particles were combined 

with 4x107 cells after which uninfected cells were eliminated by selection with 4 μg/mL 

puromycin. At least 107 cells were infected to ensure that each HNF1A variant was 

independently represented in 1000 cells. The resulting polyclonal population of HUH7 

hepatocytes (each cell containing a different HNF1A variant) was stimulated with 

doxycycline (5 µg/mL) for 6 days and then immuno-stained for TM4SF4 (R&D systems 

FAB7998A). Stained cells were sorted using FACS (FACS Aria II and BD Influx) into two 

equal bins: high expression and low expression bins based on TM4SF4 expression with 

a ten-fold expression intensity difference between each bin (Figure 2.1A). Control 

experiments with HNF1A-null and WT cells were performed to identify the TM4SF4 

expression distributions of cells with and without HNF1A (Figure 2.1A dashed red and 

dashed green lines). These distributions helped to establish TM4SF4 expression cutoffs 

for the FACS sorting. Three independent sorting experiments were performed, sorting 

~500,000 cells per bin per replicate. To re-identify and quantitate the HNF1A variants in 

the TM4SF4 ‘high’ and ‘low’ bins, genomic DNA (gDNA) was extracted (Qiagen #51304) 

from each sample of 500,000 cells and the integrated proviral HNF1A transgenes 

recovered by PCR. Each sample of purified gDNA was split into 14 separate 100 uL PCR 

reactions (~400ng gDNA per reaction) and amplified using Herculase II (Agilent #600675) 

according to the manufacturer protocol using a Tm of 57oC. All 14 PCR reactions per 

sample were pooled together, and the transgenes were purified (Qiagen #28104) and 

prepared for sequencing (Illumina Nextera #FC-131-1096) according to the 

https://paperpile.com/c/Wrb7zy/sYLe7
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manufacturer’s protocol. The six samples were pooled and sequenced to obtain 

approximately 350 million paired-end 100-base reads (Illumina NovaSeq) resulting in a 

12x base coverage assuming a target size of 6 x 109 bp (2000 bp transgene x 12,000 

variants x 250 observations per variant). Raw sequencing reads were aligned to the 

reference HNF1A recoded cDNA sequence using ORFCall 

(https://github.com/tedsharpe/ORFCall)(20) and the number of occurrences of each 

amino acid at each position along the coding region were counted and tabulated.  

 

Calculation of function scores 

We constructed a likelihood function based on the log odds of an amino acid 

variant being in the fraction with high or low TM4SF4. The log odds for each amino acid 

variant was estimated by maximizing a likelihood function based on the observed counts 

of each amino acid variant in the fractions with high and low TM4SF4 normalized to the 

total read depth at that amino acid position. Data were combined across experimental 

replicates. To avoid spuriously high or low log-odds estimates for any given variant, we 

constrained the log-odds estimate with a Gaussian prior whose parameters were 

estimated from data combined across all variants. These procedures were analogous to 

those we have previously described(20). Variants which had total counts across all 

replicates and bins less than the known low count variants from the original library design 

were not assigned a function score (125 variants). A mutation tolerance score was 

calculated for each of the 631 amino acid positions along HNF1A by taking the mean of 

all assigned function scores at that position.  

To calculate the posterior error probability (PEP) that any particular variant was 
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not neutral, we computed the probability that it belonged to the synonymous function 

score distribution instead of the nonsynonymous distribution using the formula 

PEP_nonWT = Psynonymous/(Psynonymous + Pnonsynonymous)(31). The probability density 

functions for Psynonymous and Pnonsynonymous were generated by linearly interpolating the 

distribution of function scores for synonymous and nonsynonymous variants using an 

interpolation function as instantiated in R v3.5.1. 

Genetic data 

 For all exome sequenced cohorts, variants within the genomic coordinates of 

HNF1A (chr12:120,977,683-121,002,512, GRCh38) were extracted, and variant 

annotation was performed using SnpEff v4.3(86). Nomenclature used for missense 

variants is for the canonical HNF1A transcript ENST00000257555.10; protein 

ENSP00000257555.4. Disruptive variants (i.e. splice region variants, stop gained 

variants, or frameshift variants) were assigned the function score equal to the lowest 

known pathogenic variant functional score, homozygous carriers of rare HNF1A protein-

coding variants (n=5) were removed from all analyses, and compound heterozygotes 

(n=39) were included twice as single variant carriers.  

 

Metabolic biomarkers and clinical phenotypes  

Clinical measurements from all 502,489 UK Biobank participants were log 

transformed, if not normally distributed and residualized adjusting for age, age2 and sex, 

then normalized using a rank based inverse normal transformation(87). Diabetes mellitus 

designation was based on a compilation of self-report or ICD-10 codes of E11 in 

hospitalization or primary care records(88, 89).  
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Functional validation of GOF HNF1A variants 

 Each GOF variant selected for validation (Figure 2.2A) was recreated as a 

transgene based on the native sequence of the cDNA (CCDS9209.1) with the exact 

human carrier nucleotide change observed in the UK Biobank. The constructed variants 

were tested for transactivation potential in HeLa cells as we have previously 

published(37) using the rat albumin promoter. All transactivation experiments included 

three parallels performed on three independent experimental days (nine readings in total). 

Transcriptional activity of the HNF1A GOF variants was also tested in MIN6 cells 

using the HNF4aP2 promoter(38). Cells were co-transfected with a DNA mixture 

consisting of 10 ng of pGL-Luc and pGL4.75, and 10 ng of variant or WT HNF1A. The 

level of the transcription factor activity was evaluated by measuring firefly luciferase 

activity relative to renilla luciferase activity using the Dual Luciferase Assay System 

(Promega #E1500), as described by the manufacturer. 

 

Assessment of ANGPTL3 levels in cultured hepatocytes 

HNF1A constructs (WT, p.T260M, and p.P447L) were introduced into WT and 

HNF1A KO human HUH7 cells by lentiviral induction under a doxycycline responsive 

promoter as above. Cells were stimulated with doxycycline (0, 0.5, 1, 5 µg/mL) for 5 days. 

Following doxycycline incubation, the spent media was collected for ANGPTL3 ELISA 

analysis (R&D Systems #DANL 30) and the cells for protein quantification (RIPA buffer + 

protease inhibitor) according to the manufacturer’s protocol. GOF variant constructs were 

transfected into HUH7 hepatocytes using TransIT-LT1 transfection reagent (Mirus Bio), 
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puromycin selection was performed to remove untransfected cells, and cells were 

incubated in fresh media for 24 hours before harvest for ELISA and protein quantification 

as described above.  

 

Functional genomic analysis of HNF1A deleted hepatocytes and complementation with 

GOF variants 

 HNF1A-null HUH7 and Hep3b cells were generated as described above, and WT 

HNF1A was reintroduced using a doxycycline-inducible promoter (0, 2, 5 µg/mL) in 

triplicate. mRNA was extracted (Qiagen #74104) and sequenced (Illumina TruSeq) 

according to the manufacturers’ protocol to a depth of at least 30 million reads per sample. 

Raw reads were aligned using Kallisto (v0.44.0)(90) with default parameters to generate 

gene counts per cell. DESeq2 (R v3.5.1, package v1.22.1)(91) was used to perform 

differential expression analysis with effect sizes and p-values obtained from the Wald test 

as instantiated within DESeq2. Gene set enrichment analysis (GSEA)(55, 56) was 

conducted using the fgsea package with 10000 permutations (package v1.8.0(92)) 

utilizing Hallmark gene sets(93) and Gene Ontology biological process gene sets(94, 95) 

related to significantly enriched Hallmark gene sets (cholesterol homeostasis, fatty acid 

metabolism, bile acid metabolism, coagulation, and complement activation). Significance 

was determined by a two-sided enrichment p-value with Benjamini–Hochberg correction 

for multiple hypotheses as instantiated within the fgsea software package. 

 Complementation of HNF1A-null HUH7 cells with mRNA encoding WT HNF1A or 

the GOF p.T196A variant was essentially performed as described before(96), with 

modifications. Briefly, cDNA constructs were amplified from the expression plasmids 
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described above with primers that introduce a T7 promoter and AG as the first two 

transcribed nucleotides and that add a 179-nt-long poly(A) tail to the 3’ end. PCR products 

were phenol/chloroform-extracted and in vitro-transcribed with T7 RNA Polymerase 

HiScribe Mix (NEB E2040S), CleanCap Reagent AG (TriLink N-7113) and 5-

methoxyuridine triphosphate instead of UTP for 2 hours at 37°C to generate capped, 

polyadenylated mRNA. IVT mRNA was precipitated with 2.5 M LiCl final, washed twice 

with 80% EtOH and dissolved in water. For each construct, 106 HNF1A-null HUH7 cells 

were electroporated with 2 µg mRNA in 100 µl Buffer R with four 10-millisecond pulses 

at 1230 V using a Neon Transfection System (ThermoFisher MPK10025). Cells were 

cultured for 18 hours in 5 mL medium in 60 mm plates, and mRNA was extracted (Zymo 

R1050), sequenced (Illumina Stranded mRNA), and gene expression analyzed as above. 

Expression of HNF1A was verified by Western blot, and EGFP mRNA was used as 

electroporation control.  Differential expression analysis between HNF1A-null HUH7 

complemented with EGFP and WT HNF1A showed a profile of differentially expressed 

genes similar to HNF1A-null vs HNF1A WT cells (top genes in both experiments included 

FGB, FABP1, PCSK9, and ANGPTL3) 

 HNF1A binding motifs were scored using JASPAR(97) consensus matrix 

sequence matches 5000 bp before and after the genomic coordinates of the 

transcriptional start site for each gene of interest. HNF1A HepG2 ChIP-seq bigWig signal 

p-value and IDR ranked peaks result files from both replicates were downloaded from 

ENCODE experiment ENCSR633HRJ(98).  

 

QUANTIFICATION AND STATISTICAL ANALYSIS 
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Genotype-function-phenotype association analyses 

To examine the association between the full continuum of HNF1A function score 

and diabetes status in the UK Biobank, we performed logistic mixed effects regression 

(lme4 v1.1-17, lmerTest v3.1-2) with variant identity as a random effect in order to account 

for multiple carriers of the same variant, adjusting for age, age2, sex, and the first 10 

genetic principal components of ancestry (computed by UK Biobank for multi-ancestry 

analyses (Field 22009) and computed for European ancestry participants as previously 

described(88)). To account for related individuals, in the full multi-ancestry analysis we 

randomly removed one participant if a pair of them had a genetic relationship equal or 

closer than a second-degree relative, and in the European analysis, related individuals 

were identified and excluded as per Deaton et al(99). To examine the association 

between functional categories (i.e. GOF/LOF) and diabetes or CAD status in the UK 

Biobank, we performed logistic regression (glm function, R stats v3.5.1) adjusting for 

covariates previously mentioned. To test the effect of categorization threshold on T2D, 

GOF/LOF variants were re-categorized based on increasingly stringent cutoffs defined 

according to the spread of synonymous variant distributions (+/- 1SD, 1.25, 1.5, 1.75, 2) 

and the effect on T2D risk in HNF1A protein-coding variant carriers in the UK Biobank 

was recomputed for each recategorization threshold as above. To assess the effect of 

common HNF1A protein-coding variation on the identified associations with T2D, we first 

identified all independent HNF1A protein coding SNPs with MAF > 0.01. Two such SNPs 

were identified, p.I27L (rs1169288) and p.A98V (rs1800574), and incorporated as a 

covariates in the regressions of T2D on HNF1A function score / categorized HNF1A 

variants.  
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Analysis in the AMP-T2D-GENES study was conducted as previously 

described(43). Briefly, we conducted two burden tests -- one including gain of function 

variants and one including loss of function variants -- using the EPACTS software 

package, regressing sample phenotype on genotype dosage. We conducted each test 

across all unrelated individuals pooled together and included principal components of 

ancestry covariates (computed from common variants) as well as covariates for sample 

cohort of origin and sequencing technology. The effect size and significance of the burden 

test was evaluated using the two-sided Firth logistic regression test. Meta-analysis for the 

UK Biobank and AMP-T2D cohorts was conducted using fixed-effect inverse-variance 

meta-analysis as implemented by METAL(100). 

To test the association of rare HNF1A variants in the MIGen ExSeq data set with 

the risk of coronary artery disease, a Firth logistic regression was applied with sex and 

top 10 principal components of ancestry as covariates and cleaned to second-degree of 

relationship. The Firth logistic regression is a test robust to association testing in the 

context of low carrier counts or case-control imbalance(101). For each person, the genetic 

score of the qualified rare variant carriers was coded as 1, and 0 otherwise. Meta-analysis 

for the UK Biobank and MIGen ExSeq cohorts was conducted using fixed-effect inverse-

variance meta-analysis as implemented by METAL(100). Power calculations were 

performed using the Purcell et. al.(102) genetic power calculator with the following 

parameters: high risk / marker allele frequency = cumulative GOF allele frequency = 

0.002, a 5.4% prevalence of CAD in the UK Biobank, genotype relative risk = GOF OR 

for T2D = 0.75, total number of CAD cases in MIGEN and UK Biobank = 49,666, D’ = 1, 

and control:cases ratio = 9.44. Power is reported for α = 0.05. 
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Quantitative phenotype associations with function scores were performed within 

the UK Biobank using the normalized clinical measurements described above and a linear 

mixed model with function score as a fixed effect, adjusting for 10 genetic principal 

components of ancestry as described above, and with variant identity as a random effect 

in order to account for multiple carriers of the same variant (lme4 v1.1-17, lmerTest v3.1-

2).  

To quantify liver specific HNF1A gene expression, the Functional Summary-based 

Imputation (FUSION) framework for generating individual-level predicted gene 

expression(51) was applied to UK Biobank genotyped individuals. First, to ensure that 

this analysis was independent of our analysis of protein-coding variants, carriers of rare 

protein-coding HNF1A variants (n=2,203) in the UK Biobank were excluded. Next, all 

HNF1A (ENSG00000135100) expression reference weights computed in European liver 

RNA-sequenced samples from the Genotype-Tissue Expression (GTEx) Project v8 were 

extracted from the FUSION archive (http://gusevlab.org/projects/fusion/#gtex-v8-multi-

tissue-expression) (n=466 SNPs with precomputed expression weights). These 

expression weights and their corresponding imputed genotypes in the UK Biobank 

European individuals (n=407,227) were combined into a predicted gene expression score 

for each individual by computing a linear combination across the HNF1A SNPs 

expression weights and genotypes, then dividing by the number of non-missing SNPs as 

implemented in the Plink score utility(103). Phenotypes were normalized as described 

above and regressed onto predicted HNF1A liver expression scores using a generalized 

linear model (glm function, R stats v3.5.1) adjusting for 10 genetic principal components 

of ancestry. Regressions additionally included as a covariate individual level genotype of 
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the common HNF1A variant rs1169288 (encoding p.I27L) which has previously been 

associated with metabolic phenotypes(15, 104) and was significantly associated with the 

predicted HNF1A liver expression score (p < 2 x 10-16, linear model). To assess potential 

confounding of the HNF1A liver gene expression score with rare-variant phenotypic 

associations, the models for T2D and quantitative trait regression on HNF1A function 

score were adjusted for each individual’s computed HNF1A liver gene expression. This 

analysis was performed in the subset of UK Biobank European participants for whom liver 

eQTLs are available. 

P-values from the regression of categorical phenotypes against HNF1A category 

were adjusted for multiple comparisons using Bonferroni correction for two categories 

(LOF and GOF), and all p-values from the regression of quantitative traits against HNF1A 

function score / liver expression score were adjusted using Bonferroni correction for six 

phenotype groups (C-reactive protein, LDL/Apolipoprotein B, Cholesterol/Triglycerides, 

HDL/Apolipoprotein A, Gamma glutamyltransferase, and HbA1c). 

 

 

Chapter 2, in full, is an edited reprint of the material as it appears in Cell Genomics 2023. 
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CHAPTER 3 

Plasma Proteome-wide Mendelian Randomization identifies RSPO3 as a  

mediator of NASH pathogenesis 

Abstract 

Nonalcoholic steatohepatitis (NASH) is a metabolic disorder characterized by fat 

accumulation, inflammation, and hepatocellular injury which currently lacks approved 

therapeutic interventions. To identify key causal proteins in NASH pathogenesis, we 

performed plasma proteome-wide Mendelian randomization (MR) using genetic 

determinants of plasma protein levels (n=4,907 proteins) identified in the deCODE 

genetics programs (n=35,559) and NASH biomarkers alanine aminotransferase (ALT), 

aspartate aminotransferase (AST), and liver fat accumulation measured in the UK 

Biobank cohort (n=488,377). We identified 36 proteins to have proteome-wide significant 

and directionally consistent causal effects on ALT and AST, 8 of which demonstrated 

consistent causal effects on liver fat. Among these identified proteins include R-spondin 

3 (RSPO3), a secreted modulator of Wnt signaling pathways which causally increases 

ALT (p=2.3 x 10-18), AST (p=3.5 x 10-6) and liver fat (p=5.3 x 10-4). We further investigated 

the impact of RSPO3 on adiposity distribution, a recognized NASH risk factor, and found 

circulating RSPO3 causally increases waist-to-hip ratio adjusted for body mass index 

(WHRadjBMI, p=4 x 10-14), and subsequently increases visceral adipose tissue (VAT, p=1 

x10-18) while diminishing gluteofemoral adipose tissue (GFAT, p=2 x 10-10). Mediation 

analysis unveiled roughly half of RSPO3's effect on ALT and AST and 70% of its influence 

on liver fat is mediated through WHRadjBMI. This evidence suggests RSPO3 plays a role 

in NASH pathogenesis independently of its effect on adiposity, inviting further 
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investigations into the molecular mechanisms underpinning RSPO3's role in NASH 

particularly with regard to its tissue-specific effects in metabolically relevant tissues 

including adipose tissue and liver. 
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Introduction 

Non-alcoholic fatty liver disease (NAFLD), defined by liver steatosis (fat 

accumulation), affects approximately 25% of the population globally(1). The more severe 

form of NAFLD, termed nonalcoholic steatohepatitis (NASH), is characterized by fat 

accumulation, inflammation, and hepatocellular injury(2), and cirrhosis resulting from 

NASH is the second leading cause of liver transplantation in America (3). At present, 

there are no approved pharmacological treatments for any stage of NAFLD, including 

NASH(2), underscoring the critical need to identify biomarkers for monitoring NAFLD 

disease progression and effective therapeutic targets. 

Genetic studies in human populations have become a prominent resource for 

identifying and validating therapeutic targets(4). Association studies have yielded 

valuable insights into the genetic basis of NAFLD and NASH including nominating several 

key effector genes such as PNPLA3(5), TM6SF2(6), and HSD17B13(7). However the 

majority of genetic associations involve variants within noncoding regions(8), making 

identification of causal genes challenging. Furthermore, the directionality and causality of 

nominated effector genes on phenotype remains unknown without additional functional 

experimentation which is difficult to perform at scale. 

In addition to genetic sequencing of large population cohorts, in recent years 

biobank studies have harnessed proteomic methods to assess protein levels in the blood 

of large numbers of individuals which has enabled association studies to identify genetic 

variants associated with altered protein levels (protein quantitative trait loci, pQTLs)(9). 

Examining the genetic component of circulating protein levels provides a direct method 

to assess the relationship between putative effector proteins and clinical outcomes. 
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Furthermore, proteome-wide Mendelian randomization (MR), which utilizes genetic 

predictors of protein levels to test the putative causal effects of protein change on 

phenotypes, is able to unveil directional and causal associations which are often 

unattainable from correlational analyses. 

To identify and characterize proteins causally implicated in NASH pathogenesis, 

we systematically estimated the putative causal role of 1,831 plasma proteins measured 

in 35,559 individuals on NASH biomarkers by employing a comprehensive MR approach 

utilizing genetic determinants of circulating protein levels (pQTLs). From this proteome-

wide scan, we prioritize RSPO3 as a NASH effector protein and find RSPO3 to be 

causally associated with increased NASH biomarkers ALT, AST, and liver fat as well as 

metabolically harmful adiposity distribution profiles. We further apply statistical mediation 

techniques to disentangle the direct effects of RSPO3 on NASH from the effects on fat 

distribution and provide insights into the molecular underpinnings pertaining to the role of 

RSPO3 in NASH pathogenesis. 

 

Results 

Proteome-wide Mendelian randomization implicates RSPO3 as a causal factor for NASH 

To prioritize circulating proteins which may have a causal role in NASH 

pathogenesis, we first identified plasma proteins measured in the population-based 

deCODE genetics study(10) which have valid genetic instruments predicting circulating 

levels. In brief, we scanned within a 1 megabase window around each protein-coding 

gene, selecting cis-acting pQTLs as genetic instruments for MR analysis as such are 

more likely to have effects specific to the selected protein compared to trans-acting 

https://paperpile.com/c/hmpXt9/mvLp
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pQTLs(11). From the 4,907 measured proteins among 35,559 individuals in deCODE, we 

identified 39,735 independent pQTLs across 1,831 proteins.  

 In order to estimate the putative causal effects of these 1,831 proteins on NASH, 

we undertook two-sample MR quantifying the effects of each protein’s genetic 

instruments on NASH biomarkers ALT, AST, and liver fat using genome-wide association 

results from the UK Biobank population (n=488,377)(12). We first tested each protein with 

ALT and AST as these phenotypes were more powered for association testing given the 

vastly greater samples size (n=420,449) compared to participants with liver fat 

quantification (n=36,703)(13). Of the 1,831 proteins, 1,804 had valid instruments to 

perform MR for ALT and AST (meaning at least one genetic instrument per protein was 

present upon harmonization with the outcome genetic association study, Methods), and 

1,150 (66%) of the assessed proteins have three or more pQTLs found in the cis window. 

Upon conducting two-sample MR using a inverse variance-weighted (IVW) model to 

estimate effects, we identified 36 proteins which were significantly associated in the same 

direction with ALT and AST upon adjustment for the number of proteins assessed (p < 

0.05 / 1804, Figure 1A, Table 3.1).  
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Figure 3.1. Proteome-wide Mendelian randomization implicates RSPO3 as a causal 

factor for NASH. 

pQTL, protein quantitative trait loci; NASH, nonalcoholic steatohepatitis; ALT, alanine 

aminotransferase; AST, aspartate aminotransferase. 

A) Overview of proteome-wide Mendelian randomization approach to identify causal 

NASH effector proteins.  

B) MR plots displaying the genetic associations of instrumental variables determined from 

the deCODE proteomics study (n=15 variants) with RSPO3 levels and NASH biomarkers 

ALT (left), AST (middle), and liver fat (right) in the UK Biobank. Error bars represent the 

standard error of each variant’s genetic association with either the exposure (RSPO3 

levels) or outcome (NASH phenotype). Overlaid upon each plot is a line representing the 

inverse variance-weighted estimate along with numerical estimates (beta) and p-values.  
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Table 3.1. Secreted proteins with significant causal effects on NASH biomarkers. 

36 proteins significantly associated in concordant directions with alanine 

aminotransferase (ALT) and aspartate aminotransferase (AST) upon adjustment for the 

number of proteins assessed (p < 0.05 / 1804). Protein name and description are given 

along with the number of SNPs used for each protein in the Mendelian randomization 

(MR) analyses. MR effect size and P-values for ALT, AST, and liver fat are given. Protein 

names in bold represent the 8 proteins also significantly associated with liver fat (p < 0.05 

/ 36) with consistent directionality of effect as with liver enzymes. 

 

 
Protein level’s 
effect on ALT 

Protein level’s 
effect on AST 

Protein level’s 
effect on liver fat 

Protein Description nSNP 
Effect 
size P-value 

Effect 
size P-value 

Effect 
size P-value 

MCL1 
myeloid cell leukemia 

sequence 1 5 0.086 3.1E-53 0.067 4.5E-32 0.0821 1.8E-06 

RSPO3 R-spondin 3 15 0.088 2.3E-18 0.057 3.5E-06 0.0953 5.3E-04 

GUSB glucuronidase, beta 19 0.056 3.1E-12 0.064 3.0E-11 0.1830 4.9E-13 

APOH 
apolipoprotein H (beta-2-

glycoprotein I) 15 -0.035 1.3E-16 -0.029 1.7E-10 -0.0535 1.5E-04 

BTN3A3 
butyrophilin, subfamily 3, 

member A3 102 0.012 1.1E-12 0.034 1.7E-42 0.0150 3.7E-04 

F13B 
coagulation factor XIII, B 

polypeptide 58 -0.027 6.6E-11 -0.023 1.4E-07 -0.0380 9.9E-04 

NCAN neurocan 10 -0.193 7.5E-07 -0.150 7.6E-08 -0.5649 1.2E-06 

RAB21 
RAB21, member RAS 

oncogene family 1 -0.129 4.6E-06 -0.224 6.6E-11 -0.3178 5.3E-04 

HP haptoglobin 132 -0.025 2.5E-23 -0.029 4.2E-34 -0.0173 3.6E-03 

PLA2G12B 
phospholipase A2, group 

XIIB 6 0.136 8.1E-18 0.086 4.3E-08 0.0353 4.6E-01 

APOL3 apolipoprotein L, 3 67 0.033 2.3E-17 0.026 3.4E-14 -0.0036 7.0E-01 

CCBL2 
cysteine conjugate-beta 

lyase 2 29 0.045 2.7E-17 0.065 1.6E-17 0.0166 3.3E-01 

HGFAC HGF activator 87 -0.020 4.0E-15 -0.019 7.7E-11 0.0016 8.2E-01 

ECM1 
extracellular matrix 

protein 1 78 0.029 1.9E-14 0.038 2.3E-19 -0.0025 7.4E-01 

CFHR5 
complement factor H-

related 5 55 -0.022 2.2E-14 -0.016 1.1E-05 -0.0128 1.3E-01 

SERPINA1 
serpin peptidase inhibitor, 

A member 1 51 -0.035 5.1E-14 -0.027 1.8E-07 0.0312 3.8E-03 
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Table 3.1 (continued). Secreted proteins with significant causal effects on NASH 

biomarkers. 

 

 
Protein level’s 
effect on ALT 

Protein level’s 
effect on AST 

Protein level’s 
effect on liver fat 

Protein Description nSNP 
Effect 
size P-value 

Effect 
size P-value 

Effect 
size P-value 

FLRT3 
fibronectin leucine rich 

transmembrane protein 3 100 -0.014 8.2E-14 -0.013 2.8E-12 -0.0019 8.0E-01 

HAPLN4 

hyaluronan and 
proteoglycan link protein 

4 2 -0.166 3.3E-11 -0.160 5.5E-10 -0.1214 9.9E-02 

OGN osteoglycin 49 -0.024 6.0E-09 -0.030 4.2E-16 -0.0212 4.6E-02 

APOC1 apolipoprotein C-I 17 0.053 1.3E-07 0.063 4.7E-19 -0.0461 1.2E-01 

LYZ lysozyme 64 0.020 1.7E-07 0.025 1.1E-07 -0.0249 4.7E-02 

GAS6 growth arrest-specific 6 17 -0.038 2.0E-07 -0.071 8.3E-09 -0.0006 9.8E-01 

LCT lactase 52 0.007 3.1E-07 0.012 2.0E-16 -0.0003 9.6E-01 

CFHR1 
complement factor H-

related 1 81 0.011 3.7E-07 0.023 5.8E-27 0.0013 8.4E-01 

NEK7 NIMA-related kinase 7 5 -0.051 5.0E-07 -0.081 4.8E-13 0.1853 6.7E-04 

CFL2 cofilin 2 (muscle) 1 -0.109 1.0E-06 -0.125 1.6E-07 -0.0649 3.6E-01 

BTN3A1 
butyrophilin, subfamily 3, 

member A1 2 0.191 2.2E-06 0.541 1.2E-12 0.2720 1.7E-02 

PTPRJ 

protein tyrosine 
phosphatase, receptor 

type, J 10 0.074 3.4E-06 0.137 1.2E-06 -0.0039 9.3E-01 

MANEA mannosidase, endo-alpha 66 -0.009 3.9E-06 -0.011 1.9E-07 0.0011 9.0E-01 

COL10A1 collagen, type X, a1 24 0.039 4.0E-06 0.046 1.6E-05 -0.0006 9.8E-01 

CD248 
CD248 molecule, 

endosialin 3 0.229 5.5E-06 0.251 2.7E-06 -0.2440 1.1E-01 

NEO1 neogenin 1 10 -0.071 7.7E-06 -0.101 3.2E-07 -0.0607 2.3E-02 

ASPN asporin 54 0.020 1.3E-05 0.029 1.8E-11 0.0129 2.1E-01 

IL1RN 
interleukin 1 receptor 

antagonist 9 0.067 1.5E-05 0.098 1.2E-10 -0.0323 3.0E-01 

HYAL1 
hyaluronoglucosaminidas

e 1 14 -0.041 1.8E-05 -0.046 5.0E-06 -0.0325 3.1E-01 

FCRLB Fc receptor-like B 30 0.029 2.2E-05 0.054 1.8E-08 0.0079 5.9E-01 
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To provide additional evidence to prioritize NASH effector proteins, we next 

examined the causal effect of these 36 ALT/AST associated proteins on liver fat quantified 

by MRI in the UK Biobank(13). Using consistent methodology as before, MR analysis 

identified 8 proteins which were significantly associated (p < 0.05 / 36 proteins tested) 

with liver fat in the concordant direction as ALT and AST (bold genes, Table 3.1). Given 

the strong and directionally consistent causal associations, these 8 proteins were 

prioritized as putative causal effector proteins for NASH. 

We next performed sensitivity analyses to confirm the robustness of the MR 

analyses (Figure 3.1A). First, we assessed for indications of heterogeneity quantified by 

the Cochran’s Q test(14). Among the 8 prioritized proteins, for the following three proteins 

we found no indication of heterogeneity in the analyses of either ALT or AST and liver fat: 

MCL1 (Cochran’s Q P-values: PALT = 0.51, Pliver fat = 0.88), RSPO3 (PALT = 0.08, Pliver fat = 

0.36), and GUSB (PALT = 0.16, Pliver fat = 0.58). Genetic instruments can have pleiotropic 

effects on outcome phenotypes and subsequently introduce bias into causal estimates 

determined by MR analysis(15). To correct for potential directional pleiotropy, we next 

assessed the causal effects of these 3 proteins without evidence of heterogeneity on 

NASH biomarkers using Egger regression MR, a method which has lower power of 

detection but can provide a consistent estimate of the causal effect(15). Of the 3 proteins, 

only for RSPO3 did the determined effects on all NASH biomarkers remain significant 

through Egger regression (ALT: b=0.07, p=0.003; AST: b=0.07, p=0.02; Liver fat: b=0.13, 

p=0.03). From this comprehensive proteome-wide analysis, we prioritized RSPO3 as a 

causal effector protein for NASH (Figure 3.1A). 
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RSPO3 is a secreted protein of the R-spondin family which potentiates Wnt ligand 

activity as either a coactivator or inhibitor of Wnt signaling receptor degradation(16). From 

our MR analyses, we determine circulating levels of RSPO3 causally increase NASH 

biomarkers as evidenced by significantly positive MR estimates of RSPO3 on ALT 

(b=0.09, p=2.3 x 10-18), AST (b=0.06, p=3.5 x 10-6), and liver fat (b=0.1, p=5.3 x 10-4, 

Figure 3.1B). To eliminate the possibility of spurious results due to reverse causation, we 

performed bi-directional MR using genetic determinants of NASH outcomes on RSPO3 

and found no evidence of reverse causation for ALT (p=0.1) and liver fat (p=0.5), however 

AST showed nominal significance for causal effects on RSPO3 levels (p=0.02) though 

this does not meet statistical significance upon multiple hypothesis correction to account 

for the three MR analyses conducted. Furthermore, we found no indication that the 

genetic determinants of RSPO3 levels used as instrumental variables in the discovery 

MR analyses had horizontal pleiotropy as assessed by the MR-Egger intercept (PEgger-

intercept > 0.05 for ALT, AST, and liver fat). 

 

RSPO3 is causally associated with metabolically harmful fat distribution profiles  

The RSPO3 locus has been found to be significantly associated with waist-to-hip 

ratio adjusted for body mass index (WHRadjBMI) and has been shown to regulate 

adipocyte biology in vitro(17). Given this implication of RSPO3 in adipose tissue and in 

light of the well-established connection between central obesity and NASH(18), we next 

sought to characterize the causal effects of RSPO3 on adiposity distribution in humans. 

Using consistent methodology as previous two-sample MR analyses, we examined the 

causal effects of RSPO3 on WHRadjBMI using the genetic determinants of plasma 
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RSPO3 levels and results from the largest WHRadjBMI genome-wide association study 

to date (GIANT consortium, n=694,649)(19). We found circulating RSPO3 levels were 

causally associated with increased WHRadjBMI (b=0.19, p=3.9 x 10-14, Figure 3.2A). The 

determined effect remained consistent when analyzing waist-hip ratio without adjustment 

for body mass index (b=0.12, p=1.3 x 10-13). We found no evidence of horizontal 

pleiotropy (PEgger-intercept = 0.75) as well as no evidence of reverse causation by bi-

directional MR of WHRadjBMI on RSPO3 levels (p=0.31). 

Though WHR is a simple and widely available estimate of metabolic risk, it cannot 

distinguish between subcutaneous and visceral abdominal fat. On the other hand, direct 

measurements of adiposity via visualization provides a more accurate assessment of 

regional fat depots. In order to provide additional support for the causal effects of RSPO3 

on body fat distribution, we conducted MR analyses assessing the effect of RSPO3 levels 

on MRI-derived visceral (VAT), gluteofemoral (GFAT), and abdominal subcutaneous 

(ASAT) adipose tissue volumes measured in 38,965 UK Biobank participants(20). MR 

analysis revealed circulating RSPO3 levels causally increased VAT (b=0.1, p=6 x 10-4) 

and decreased GFAT (b=-0.15, p=1.4 x 10-4) but had no significant effect on ASAT 

(p=0.7). These findings corroborate our previous result regarding the positive effect of 

RSPO3 on WHRadjBMI, as elevated WHRadjBMI typically indicates a higher distribution 

of abdominal fat (waist circumference) and less GFAT (hip circumference)(21). 
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Figure 3.2. RSPO3 is causally associated with metabolically harmful fat distribution 

profiles. 

WHRadjBMI, waist-to-hip ratio adjusted for body mass index; VAT, visceral adipose 

tissue; GFAT, gluteofemoral adipose tissue. 

MR plots displaying the genetic associations of instrumental variables determined from 

the deCODE proteomics study with RSPO3 levels and A) WHRadjBMI in the GIANT 

consortium study (n=694,649) and B) VAT (left) and GFAT (right) measured by MRI in 

the UK Biobank (n=38,965). Error bars represent the standard error of each variant’s 

genetic association with either the exposure (RSPO3 levels) or outcome (adiposity 

measurement). Overlaid upon each plot is a line representing the inverse variance-

weighted estimate along with numerical estimates (beta) and p-values.  
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Effect of RSPO3 on NASH is mediated in part through waist-hip ratio 

In light of our finding that RSPO3 has causal effects on adiposity distribution, a 

known risk factor for metabolic syndrome(22), we next investigated the direct and indirect 

effects via WHRadjBMI of RSPO3 on NASH. To assess this, we performed mediation 

analysis using two-step MR(23), quantifying the effects of RSPO3 (exposure) on NASH 

biomarkers (outcomes) via WHRadjBMI (mediator, Figure 3.3A). We employed the 

product method to estimate the indirect effect of RSPO3 on outcomes via WHRadjBMI 

and the delta method to estimate standard error and confidence intervals (Methods). The 

proportion of mediation effect of RSPO3 via WHRadjBMI on ALT and AST is about one-

half (ALT = 53%, AST = 54%), while the indirect effect of RSPO3 on liver fat via 

WHRadjBMI is 70%.  

 

https://paperpile.com/c/hmpXt9/Muk5
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Figure 3.3. Effect of RSPO3 on NASH is mediated in part through waist-hip ratio. 

WHRadjBMI, waist-to-hip ratio adjusted for body mass index; ALT, alanine 

aminotransferase; AST, aspartate aminotransferase 

A) Mediation analysis to quantify the effects of RSPO3 on NASH phenotypes via 

WHRadjBMI. Two-sample MR analyses were conducted to quantify the effects of 

exposure on outcomes, exposure on mediator, and mediator on outcomes. Effect for each 

respective MR analysis are shown (beta). B) Indirect effect of RSPO3 effect on NASH 

phenotypes mediated by WHRadjBMI. Shown are the proportions of effect via mediator 

and 95% confidence intervals determined by the product method and delta method 

respectively. 
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Discussion 

In recent years, biobank studies have employed high-throughput proteomic 

techniques enabling association studies to identify genetic determinants of circulating 

protein levels and providing new opportunities to identify novel disease effector proteins. 

In this study we systematically estimated the putative causal role of 1,831 proteins 

measured in the deCODE genetics consortium on NASH phenotypes (ALT, AST, and 

liver fat) measured in the UK Biobank. Through proteome-wide Mendelian randomization 

we prioritized RSPO3 as a causal effector protein which elevates biomarkers of NASH 

and confers a metabolically harmful adipose distribution profile. By conducting mediation 

analysis we find that approximately half of the effect of RSPO3 on liver enzymes ALT and 

AST and approximately 70% of the effect on liver fat is mediated by WHRadjBMI. 

Here we present the first large-scale Mendelian randomization analysis using the 

human plasma proteome to identify effector proteins for NASH. Though previous studies 

have adopted similar approaches harnessing genetic determinants of circulating protein 

levels to discover putative effector proteins and therapeutic targets(24–26), this study is 

the first to our knowledge to investigate the causal effects of proteins specifically on NASH 

phenotypes using human genetics at the proteome-wide scale. From this systematic 

investigation we prioritized the Wnt signaling activator RSPO3 as the top causal effector 

protein for NASH. The RSPO3 locus has previously been implicated in WHRadjBMI from 

human genetic association studies however followup investigations have been limited to 

single variant characterization(17, 27). Rather than investigate individual variants which 

provide low statistical power and often exert weak effects(28), in this work we leverage 

genetic variation across the whole RSPO3 locus to determine directional effects (all cis 

https://paperpile.com/c/hmpXt9/SpqE+NwMc+YSeg
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RSPO3 pQTLs). Furthermore, functional characterization of RSPO3 to date has only 

been conducted in vitro or in animal models(17, 27) however in this study we determine 

causal effects of RSPO3 on NASH phenotypes directly in humans.  

By employing robust MR analyses, we determine RSPO3 causally increases 

NASH biomarkers suggesting circulating RSPO3 could be a potential NASH biomarker 

for early detection or inhibition of RSPO3 may be a promising therapeutic strategy for 

NASH. We further demonstrate RSPO3 causally increases WHRadjBMI and 

concordantly increases VAT and diminishes GFAT. We did not observe any significant 

effects of RSPO3 on ASAT demonstrating the increasing WHRadjBMI is driven 

predominantly by effects on VAT and GFAT congruent with WHR being a surrogate 

measure of enhanced visceral adiposity(29). Prior functional characterization in vitro 

involving RSPO3 knockdown and treatment of recombinant human RSPO3 treatment in 

visceral and gluteal adipose progenitor cells has shown RSPO3 predominantly inhibits 

gluteal adipose progenitor proliferation while enhancing proliferation of abdominal 

adipose progenitors(17). In this work, we corroborate these in vitro findings directly in 

humans via a population genetics approach and further implicate RSPO3 in regulating fat 

distribution. 

Central obesity has been recognized as a metabolic risk factor for cardiometabolic 

and fatty liver disease(30). Employing statistical mediation techniques we determine 

approximately half of the effect of RSPO3 on liver enzymes is mediated by effects on 

adiposity indicating RSPO3 in part has a direct effect on NASH pathogenesis. On the 

other hand for liver fat accumulation RSPO3 exhibits a smaller direct effect, suggesting 

RSPO3 through regulation of adipose specific mechanisms plays a relatively greater role 
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on liver fat accumulation compared to ALT/AST. Taken together, the evidence suggests 

RSPO3 may act in part through adipose tissue but also acts through independent 

mechanisms and tissues to elevate liver enzymes and potentially accelerate the 

progression of fatty liver to NASH.  

Liver enzymes are well-known to correlate with NASH and fibrosis(31). The greater 

direct effect of RSPO3 on ALT and AST compared to liver fat alone suggests RSPO3 

may play a causal role in developing hallmarks of NASH besides liver fat accumulation. 

For instance, liver inflammation and fibrosis are often measured via liver enzymes, 

particularly ALT and AST, and non-invasive clinical measures of fibrosis are 

predominantly derived from ALT and AST levels(32). RSPO3 may play a role in fibrosis 

via amplification of Wnt/β-catenin signaling, a process that has been implicated in the 

development of fibrosis(33). Inhibition of RSPO3 in mice via commercially available 

antibody has been shown to attenuate liver fibrosis as a result of activated β-catenin(27) 

however these results have not yet been replicated nor assessed in humans.  

One limitation of our study is the availability of large-scale population cohorts with 

direct diagnosis of metabolic liver disease. The gold standard diagnosis of NASH is via 

liver biopsy however such are difficult to obtain at scale, therefore population-based 

studies predominantly rely on surrogates such as liver fat content and liver enzyme 

markers. While these proxies have been found to be correlated with NASH(34), the 

development of noninvasive NASH biomarkers still has great need for improvement. As 

larger biopsied cohorts are curated and next generation noninvasive NASH diagnosis 

metrics are developed, we expect to see better-powered and more accurate 
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NAFLD/NASH GWAS which will enhance our ability to investigate the effects of RSPO3 

on these conditions more conclusively. 

In summary, we find RSPO3 plays a pivotal role in NASH pathogenesis in part via 

adipose specific mechanisms. This work lays the foundation for future research to 

investigate the unknown tissue and cell-type specific mechanisms by which RSPO3 

directly affects NASH. 

 

Future directions 

Taken together, our results and prior findings suggest that RSPO3 may play a 

critical role in NASH pathogenesis however it is currently unclear if RSPO3 exerts effects 

in an endocrine, paracrine, or autocrine manner. Though RSPO3 circulates systemically, 

it is currently unclear which tissue is the main source of the secreted RSPO3 which we 

find causally increases NASH. Among the tissues known to be involved in NASH 

pathogenesis (adipose, liver, and muscle), RSPO3 expression is the highest in visceral 

adipose tissue (median transcripts per million (TPM) = 40.57, GTEx(35)) compared to 

subcutaneous adipose (TPM = 5.4), liver (TPM = 2.2), and skeletal muscle (TPM = 8.5). 

In light of our adiposity related findings, we hypothesize that RSPO3 may be secreted 

into the blood primarily from visceral adipose tissue. To test this hypothesis, ongoing 

efforts are underway to quantify the levels of RSPO3 in conditioned media from human 

visceral adipose tissue biopsies. 

The molecular mechanisms by which RSPO3 acts on the liver to exacerbate NASH 

have yet to be understood. Although RSPO3 may be secreted from another tissue to exert 

effects on the liver, it is also possible cells within the liver may produce RSPO3 itself. 
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Inspection of single cell RNA-sequencing of human liver(36) reveals RSPO3 is expressed 

primarily in liver sinusoidal endothelial cells (LSECs) and hepatic stellate cells (HSCs) 

(Figure 3.4A). RSPO3 has also been found to be an endothelial specific marker in mice 

specifically in the central vein compartment of the liver(37). LSECs play a critical role in 

liver homeostasis, forming the interface between blood and intra hepatic cells, regulating 

hepatic vascular tone, and maintaining HSCs quiescence(38). As the main effector cell 

type of fibrosis development, activation of HSCs results in a downstream cascade 

involving secretion of fibrogenic factors(39).  

Though RSPO3 may reach the liver either via secretion from other tissues or 

production within LSECs or HSCs, it is still unclear how RSPO3 exert effects on the liver. 

Leucine Rich Repeat Containing G Protein-Coupled Receptor 4 and 5 (LGR4 and LGR5), 

the identified receptors of RSPO3, bind to RSPO3 and potentiate Wnt/β-catenin 

signaling(40). In bulk transcriptomic profiling across tissues, LGR5 is barely expressed in 

the liver (TPM=0.3, GTEx(35)) while LGR4 is ubiquitously expressed across tissues. 

Single cell RNA-sequencing of human liver(36) reveals LGR4 is predominantly expressed 

in hepatocytes as well as cholangiocytes, macrophages, HSCs and LSECs (Figure 3.4B). 

Given multiple cell types may be involved, ongoing research is focused on examining the 

effect of altered RSPO3 in a physiologically represented liver system which encompasses 

the dynamic relationships between different cell types. To accomplish this, research is 

currently underway to develop liver spheroids, a hetero-cellular in vitro system comprised 

of primary human liver cell types including hepatocytes and non-parenchymal cells, to 

understand the complex cell-type specific interplay of RSPO3 in liver to cause NASH.  
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Figure 3.4 RSPO3 and LGR4 expression in single cell RNA-sequencing of human liver. 

Cell-type specific expression of A) RSPO3 and its receptor B) LGR4 determined by single 

cell RNA-sequencing of human livers (n=5). (left) tSNE plots of cells with cluster 

assignments. Color of each cell represents gene expression, with yellow representing 

none/low expression and blue to purple representing higher expression. (right) Gene 

expression distributions per cluster shown in tSNE plots. Cell type clusters are ordered 

by heatmap dendrogram of clustering cell types (top). Scatter plots represent gene 

expression distribution of individual cells with each cluster colored differently. Detection 

rate (n cells in which gene is detected / n cells in each cluster) per cluster is indicated as 

a black bar with corresponding proportions listed along the right y-axis.  
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Methods 

Mendelian Randomization of NASH biomarkers 

Instrument selection and outcomes 

Valid instrumental variables to represent altered plasma protein abundance from 

the deCODE proteomics association study(10) were defined using variants associated in 

cis (within 1Mb of the protein coding region) at genome-wide significance (p<5×10-8). LD 

clumping (r2 < 0.01) was performed to ensure pQTLs were independent and SNPs with 

F-statistics < 10 were removed to avoid weak instrument bias. 

Outcomes of interest included NASH biomarkers (ALT, AST, liver fat, WHRadjBMI, 

VAT, GFAT, and ASAT). Data for liver enzyme outcomes ALT and AST were derived from 

genome-wide association studies in the UK Biobank. The UK Biobank is a prospective 

cohort study with genotypic and phenotypic data that enrolled approximately 500,000 

individuals aged 40-69 from across the United Kingdom(12). For quality control of SNPs 

from the UK Biobank genotypes, only variants with MAF >  0.001, HWE p > 1 x 10-10 were 

included, and for imputed SNPs only those with INFO scores > 0.8 were included. Linear 

regressions correcting for covariates age, age2, sex, and the first 20 principal components 

of ancestry were run to determine genome-wide associations for ALT and AST. Data for 

the remaining NASH biomarkers were extracted from the following studies: liver fat(13), 

WHRadjBMI(19), and adipose depots (VAT, GFAT, and ASAT)(20). Notably, only ALT 

and AST were analyzed at the proteome-wide levels, while 38 proteins were examined 

for effects on liver fat and only RSPO3 was analyzed for effects on adiposity phenotypes 

(WHRadjBMI and adipose depot measurements). 
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Mendelian randomization analysis 

 pQTL effects were harmonized with outcome association statistics to ensure the 

effect allele was consistent in all studies. If a genetic instrument was not present in the 

outcome association results, a proxy SNP (r2>0.8) was used as a replacement if available. 

We performed two-sample MR using the R package MendelianRandomization v.0.6.0(41) 

and the delta weighted inverse variance weighted (IVM, mr_ivm function) model to meta-

analyze the individual variant effects and estimate the causal relationship of genetically 

determined protein abundance on genetic associations with outcomes of interest. 

 

Sensitivity analyses 

Cochran’s Q statistics to assess heterogeneity and Egger regressions to correct 

for horizontal pleiotropy were computed using the mr_ivm and mr_egger functionality as 

instantiated in MendelianRandomization v.0.6.0(41). Reverse causation was assessed 

using bi-directional MR adopting congruent methodology as the discovery MR analyses 

but instead using NASH phenotypes as the exposure and plasma RSPO3 levels as the 

outcome. In brief, valid instrumental variables to represent the NASH phenotypes were 

defined using genome-wide significant variants (p<5×10-8) within each respective 

phenotype’s association study. As done previously, we then performed LD clumping, 

removed SNPs with F-statistics < 10, harmonized variants with RSPO3 pQTL association 

statistics, identified proxy SNPs if available, and conducted two-sample MR. 

 

Mediation analyses 

https://paperpile.com/c/hmpXt9/hBx0
https://paperpile.com/c/hmpXt9/hBx0
https://paperpile.com/c/hmpXt9/hBx0
https://paperpile.com/c/hmpXt9/hBx0
https://paperpile.com/c/hmpXt9/hBx0
https://paperpile.com/c/hmpXt9/hBx0


 

120 

MR analyses of WHRadjBMI on outcomes ALT, AST, and liver fat for subsequent 

mediation analyses were conducted using consistent methodology as described. In brief, 

valid instrumental variables to represent the mediator WHRadjBMI were defined using 

variants associated with WHRadjBMI at genome-wide significance (p<5×10-8) within the 

GIANT consortium(19). As done previously, we then performed LD clumping, removed 

SNPs with F-statistics < 10, harmonized variants with outcome association statistics, 

identified proxy SNPs if available, and conducted two-sample MR. 

To determine the indirect effect of the mediator (WHRadjBMI) on the outcome 

(ALT, AST, liver fat), the effect estimate of the exposure (RSPO3) on the mediator and 

the effect estimate of the mediator on the outcome were multiplied together (product 

method)(23). Standard errors and 95% confidence intervals were derived using the delta 

method as done previously(25, 42). 
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CHAPTER 4 

Genome-wide discovery and integrative genomic characterization of insulin resistance 

loci using serum triglycerides to HDL-cholesterol ratio 

Abstract 

Insulin resistance causes multiple epidemic metabolic diseases including type 2 diabetes, 

cardiovascular disease and fatty liver, but is not routinely measured in epidemiological 

studies. To discover novel insulin resistance genes in the general population, we 

conducted genome-wide association studies in 382,129 individuals for triglyceride to 

HDL-cholesterol ratio (TG/HDL), a surrogate marker of insulin resistance calculable from 

commonly measured serum lipid profiles. We identified 251 independent loci, of which 62 

were more strongly associated with TG/HDL compared to TG or HDL alone, suggesting 

them as insulin resistance loci. Causal genes at these loci were prioritized by fine mapping 

with directions-of-effect and tissue specificity annotated through analysis of protein-

coding and expression quantitative trait genetic variation. Annotations were 

independently corroborated by relating gene expression in biopsied tissues of individuals 

undergoing glycemic clamp to directly measure insulin resistance. We highlight two 

phospholipase encoding genes PLA2G12A and PLA2G6 which liberate arachidonic acid 

and improve insulin sensitivity, and VGLL3, a pro-fibrotic, transcriptional co-factor that 

increases insulin resistance partially through enhanced adiposity. Finally, we implicate 

the anti-apoptotic factor TNFAIP8 for the first time in insulin sensitization specifically in 

females, which acts by increasing visceral adiposity. In summary our study identifies 

several new modulators of insulin resistance with potential to serve as biomarkers or 

pharmacological targets.  
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Introduction 

Insulin resistance is a major cause of multiple chronic and epidemic diseases 

including type 2 diabetes (T2D), non-alcoholic fatty liver disease (NAFLD), cardiovascular 

disease (CVD), and cancer(1, 2). Though environment and lifestyle factors play a role in 

insulin resistance pathogenesis, an individual’s risk of developing insulin resistance and 

its consequential disorders is strongly determined by genetic factors(3), with heritability 

estimates ranging from 24-73%(4, 5). Family-based studies have implicated several 

insulin resistance related genes(6–8), but modern genome-wide association studies 

(GWAS) with sequenced population-based cohorts accommodate larger sample sizes 

and offer more statistical power to identify novel effector genes(9). GWAS for insulin 

resistance however are challenging to perform in large population cohorts as the 

protocols for directly measuring whole-body insulin sensitivity, such as the gold standard 

hyperinsulinemic-euglycemic clamp, are difficult to perform at scale. To circumvent this, 

GWAS have been conducted using surrogate markers of insulin resistance such as 

glycemic traits(10, 11) and anthropomorphic measurements(12) which have successfully 

identified numerous risk loci enriched in insulin-dependent tissues such as muscle, 

adipose, and liver. Larger sample sizes have further enabled investigation into the sex-

dimorphism of insulin resistance and have identified numerous sex-dimorphic risk loci(12, 

13). Though these studies have revealed valuable insights, each surrogate phenotype 

only captures a portion of insulin resistance pathophysiology. For instance, GWAS for 

glycemic traits have dissected the genetic basis related to glucose metabolism 

dysfunction and genetic findings from examining anthropomorphic measurements have 

been limited to explain adipose tissue related insulin resistance. The variation in 
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loci/genes identified by these studies suggest that genetic mapping of other 

complementary insulin resistance biomarkers would deepen our knowledge of genetic 

factors modulating insulin resistance. 

The triglyceride (TG) to HDL-cholesterol (HDL) ratio (TG/HDL) is a widely 

available, surrogate marker of insulin resistance that is calculable from commonly 

measured clinical tests and is highly correlated with hyperinsulinemic-euglycemic clamp 

based measurements(14). To characterize the genetic basis of TG/HDL and 

systematically identify novel insulin resistance genes, we conducted a GWAS for TG/HDL 

in 382,129 UK Biobank (UKBB) participants and prioritized target genes at top genomic 

risk loci through statistical fine-mapping and combined single nucleotide polymorphisms 

(SNP)-to-gene linking strategies. Prioritized genes were further interrogated in multiple 

orthogonal genetic and genomic analyses to determine directional effects and tissue-

specificity.  

Results 

GWAS for TG/HDL in 382,129 UK Biobank participants identifies 251 associated loci. 

To confirm the relationship between TG/HDL and insulin resistance 

measurements, we compared the TG/HDL value concurrently obtained from a previous 

study of 45 individuals undergoing hyperinsulinemic-euglycemic clamp, the gold standard 

of insulin sensitivity quantification(15) (Figure 4.1). We observed a strong and significantly 

negative phenotypic correlation between TG/HDL and clamp-based glucose disposal rate 

(Rd) (ρ=-0.48, p=0.003, Pearson correlation) as well as with other commonly used 

surrogate markers such as fasting insulin (FI) (ρ=0.42, p=0.009). 
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Figure 4.1. Correlation of TG/HDL with other measures of insulin resistance. 

Spearman correlations among 45 individuals between TG/HDL and measures of insulin 

resistance including glucose disposal rate (Rd) measured by undergoing 

hyperinsulinemic-euglycemic clamp (left), fasting insulin (FI, middle), and Homeostatic 

Model Assessment for Insulin Resistance (HOMA-IR, right). Spearman rank correlation 

coefficients (rho) and p-values are given. 

  

Aiming to identify genomic risk loci for TG/HDL, we conducted a GWAS on serum 

TG/HDL levels in 382,129 individuals from the UK Biobank who had both TG and HDL 

measurements available. Median age of the included individuals was 58 years, median 

BMI was 26.7, 54% were female, and 93% were of European ancestry. After quality 

control and filtering based on the Global Lipids Genetics Consortium standards(16), 

approximately 12 million SNPs were tested for association with TG/HDL using whole-

genome linear regression as instantiated by REGENIE(17). The raw SNP associations 

were clustered into 251 TG/HDL genomic risk loci using the FUMA platform(18). The 

genetic architecture of the 251 identified TG/HDL loci was consistent with a highly 

polygenic trait with the majority of identified loci tagged by common SNPs (223/251 lead 

SNPs with minor allele frequency (MAF) > 0.05) of relatively smaller effect sizes and fewer 

low frequency variants (MAF < 0.01) with effect sizes 2-3x larger than those of lead 

https://paperpile.com/c/9HjqbJ/uy4Nt
https://paperpile.com/c/9HjqbJ/uy4Nt
https://paperpile.com/c/9HjqbJ/uy4Nt
https://paperpile.com/c/9HjqbJ/1gh0T
https://paperpile.com/c/9HjqbJ/1gh0T
https://paperpile.com/c/9HjqbJ/1gh0T
https://paperpile.com/c/9HjqbJ/Y5HH8
https://paperpile.com/c/9HjqbJ/Y5HH8
https://paperpile.com/c/9HjqbJ/Y5HH8


 

130 

common variants (Figure 4.2A). Known insulin resistance signals from prior GWAS were 

re-identified including GCKR(11), IRS1(19), PPARG(20), FAM13A(21), ANGPTL4(22), 

and LPL(23). Lipid-associated loci for TG and HDL alone were also re-identified including 

MLXIPL, FADS2, CETP, and PLTP(24). Overlapping the lead SNPs marking these loci 

with tissue specific regulatory elements (as instantiated in GREGOR(25)) we found 

enrichment in adipose tissue, liver, pancreatic islets, and skeletal muscle, all of which 

have been implicated in insulin sensitivity and insulin action(26).  

Given the known sexual dimorphism in insulin resistance and metabolic disease 

risk(27), we also conducted a sex-stratified GWAS for TG/HDL in the same UKBB cohort 

(176,117 males vs. 206,012 females) assessing each of the 251 genomic risk loci from 

the sex-combined TG/HDL GWAS (Methods) for evidence of sexually dimorphic signals. 

Of the 251 loci, 17 showed significant evidence of sex dimorphic genetic association (p < 

0.05/251 t-test, Figure 4.2A) with six of these having stronger association in females 

(positive t-statistic). Among these were known sex-dimorphic insulin resistance genes 

KLF14(28) and RSPO3(29).  
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Figure 4.2. GWAS for TG/HDL in 382,129 UK Biobank participants identifies 251 

associated loci. 

A) Genetic architecture of 251 TG/HDL associated loci identified in the UK Biobank 

(n=382,129 participants). Shown are the effect sizes of the lead SNPs plotted according 

to minor allele frequency. Previously identified lipid and insulin resistance (IR) loci are 

colored orange and red respectively. Loci with sex-dimorphic association signals are 

highlighted in blue (n = 17/251). B) Genetic correlations of TG/HDL with other surrogate 

measures of insulin resistance: fasting insulin (FI), fasting glucose (FG), waist-hip ratio 

(WHR), and metabolic diseases: non-alcoholic fatty liver disease (NAFLD), type 2 

diabetes (T2D), and cardiovascular disease (CVD). Color intensity represents the 

magnitude of the coefficient of genetic correlation and statistical significance is indicated 

in the following bins: ****p<1e-20, ***p<1e-5, **p<0.001, *p<0.05. TG/HDL shows strong 

positive genetic correlation with surrogate markers of insulin resistance and metabolic 

diseases.  
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We attempted to corroborate these associations in the Mass General Biobank 

(MGBB, n=37,545)(30), an independent dataset from the UKBB. Given the MGBB cohort 

was ten percent the size of the UKBB, we did not attempt to corroborate individual loci for 

lack of statistical power (only 11 loci had greater than 80% power for replication). Instead 

we compared all loci in which UKBB discovery analysis that had proxy SNPs available in 

MGBB (n=240) finding 40 loci robustly replicated (p-value < 0.05 / 240), 130 loci nominally 

replicated (p-value < 0.05), and 226 loci (94%) had the same direction of effect between 

UKBB and MGBB.  

Having observed a phenotypic correlation between TG/HDL, clamp-based glucose 

infusion rate, and surrogate markers of insulin resistance (Figure 4.1), we sought to 

quantify the degree to which TG/HDL, other surrogate insulin resistance markers, and 

metabolic disease outcomes shared similar genetic influences. We computed the genetic 

correlations(31) between our TG/HDL GWAS and previous association studies of 

Homeostatic Model Assessment for Insulin Resistance (HOMA-IR)(11), fasting insulin 

(FI)(13), fasting glucose (FG)(13), waist-hip ratio adjusted for BMI (WHR)(12), as well as 

metabolic disease sequelae including NAFLD(32), T2D(33), CVD(34) (Figure 4.2B). 

Positive genetic correlations were observed between TG/HDL and T2D (rg=0.51, p=1.9 x 

10-36), CVD (rg=0.31, p=2.8 x 10-28), and NAFLD (rg=0.74, p=0.001). Notably, TG/HDL 

had comparable genetic correlation with T2D as compared to glycemic traits (FI rg=0.6, 

p=5.2 x10-29; FG rg=0.57, p=3.8 x 10-18) but greater genetic correlation with CVD (FI 

rg=0.29, p=3 x 10-9; FG rg=0.12, p=1 x 10-4) and NAFLD (FI rg=0.9, p=0.01; FG rg=0.3, p 

> 0.05).  
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Prioritizing “boosted” TG/HDL associations to identify insulin resistance loci 

Given that TG/HDL as a surrogate measure of insulin resistance is derived from 

serum TG and HDL, we next sought to identify signals that were “boosted” for association 

with TG/HDL versus TG or HDL alone under the model that boosted loci would be more 

likely to contain genes related to insulin resistance than lipid regulation. Using the lead 

SNP of each TG/HDL risk locus, we computed a “boost score” (TG/HDLBS) utilizing the 

association p-values for TG/HDL, TG, and HDL for that SNP (Methods). Of the 251 loci 

identified in our study, 109 (43%) had boost score > 0 indicating increased significance 

in GWAS for TG/HDL compared to TG or HDL alone (Figure 4.3A, red line). Focusing on 

known loci, we highlight that the LPL locus met the threshold for genome-wide 

significance for TG, HDL, and TG/HDL and had the highest boost score (TG/HDLBS = 

50.4; TG/HDL p-value < 10-411, TG p-value < 10-324, HDL p-value = 10-362). These results 

are highly concordant with the well-characterized role of LPL in regulating both insulin 

sensitivity and serum lipid levels(35). Other previously known and recently characterized 

insulin resistance loci including IRS1(19) (TG/HDLBS = 2.1), PPARG(20) (4.4), 

RSPO3(29) (6.0), KLF14(28) (12.2), and COBLL1(36) (9.0) demonstrated highly positive 

boost values as well (Figure 4.3A). On the other hand, genes known to regulate lipids 

without relation to insulin sensitivity showed strongly negative boost scores. For example, 

the locus containing CETP had the lowest boost score (TG/HDLBS = -1539.8) driven by 

its substantially stronger association with HDL (p < 10-1952) compared to TG/HDL (p < 10-

412); this is consistent with the known role of CETP as a lipid transfer protein responsible 

for transferring cholesterol esters from HDL to other lipoproteins(37). ANGPTL3 also had 

a negative boost score (TG/HDLBS = -166.5) due to a stronger association with TG (p < 
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10-309) compared to TG/HDL (p < 10-143) as would be expected from its role in inhibiting 

TG hydrolysis through the inhibition of lipoprotein lipase(38). We proceeded to rank the 

251 associated loci according to their boost score and focused further investigation on 

the top quartile of loci (n = 62, TG/HDLBS > 1.5).  

Given the shared genetic basis of TG/HDL, other surrogate insulin resistance 

biomarkers, and metabolic disease outcomes, we performed a locus level comparison 

with previous biomarker/metabolic disease association studies to survey which genetic 

signals were common and distinct with our TG/HDL GWAS and top-quartile boosted loci 

(Figure 4.3B). We scored the overlap of SNPs identified from studies of WHR 

(n=694,649)(12), FI (n=105,056)(13) or HOMA-IR (n=46,186)(11), T2D (n=180,834 cases 

vs. 1,159,055 controls)(33), and CVD (n=181,522 cases vs. 1,165,690 controls)(39) with 

regard to their positional overlap with any of 251 TG/HDL loci identified in our study 

(Figure 4.3B). WHR shared the largest number of overlapping associated loci with 

TG/HDL (n=93 loci) followed by T2D (n=61 loci), CVD (n=42 loci), and loci associated 

with either FI or HOMA-IR (n=27 loci). Of the 251 loci identified in our TG/HDL study, 118 

(containing 29 boosted loci) had not previously been implicated as insulin resistance or 

metabolic disease risk loci (Figure 4.3B). 
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Figure 4.3. Prioritizing "boosted" TG/HDL associations to identify insulin resistance loci. 

A) Cumulative distribution plot of 251 TG/HDL loci according to TG/HDL Boost score. 

Boost scores greater than 0 signify a stronger association with TG/HDL than TG or HDL 

alone. Boost scores less than 0 signify the opposite. Among the 251 TG/HDL loci 109 

(43%) have a boost score > 0 (dotted red line). Notable lipid regulation genes (TG: 

ANGPTL3, HDL: CETP) have highly negative negative boost scores, whereas known 

insulin resistance genes show positive boost scores. B) Upset plot showing intersection 

of the 251 identified TG/HDL loci with previous GWAS for surrogate insulin resistance 

markers and metabolic diseases: fasting insulin (FI), HOMA-IR, coronary artery disease 

(CVD), type 2 diabetes (T2D), waist hip ratio (WHR). (left) Total number of loci which 

overlap from each study with the 251 TG/HDL loci. (top) Number of loci within each 

intersecting group of studies denoted by black circles with selected known insulin 

resistance loci labeled above. The proportion of each bar composed of loci with top-

quartile boost scores (> 1.5) is highlighted in red. For example, TG/HDL, T2D, and FI 

share 2 loci, GCKR and QKI, in common.  
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Putative causal gene identification and integrative genomics to infer direction-of-effect of 

“boosted” TG/HDL loci  

For the top quartile of TG/HDL associated loci with positive boost scores (i.e. 

TG/HDLBS > 1.5, n = 62 loci) we employed an integrative statistical fine-mapping 

approach instantiated in the "Sum of Single Effects" (SuSiE) model(40) (Methods) to 

identify likely causal variants and genes. The SuSiE fine-mapping algorithm converged 

for 57 of the 62 loci resulting in credible sets of SNPs with 95% posterior probability of 

containing a causal variant. Across the 57 mappable loci, the defined credible sets 

contained a median of 66 variants (range 1-196); at 25 of these loci, at least one credible 

set consisted of only a single, high-confidence variant (posterior inclusion probability (PIP) 

> 95%). 

Having defined the sets of potentially causal variants, we then used this 

information to nominate the most likely causal gene at each locus applying commonly 

used practices(41). Fifty fine-mapped loci contained at least one putative “causal” variant 

(defined as a variant with PIP > 0.1) (Table 4.1). These putative causal variants were 

cross-referenced with genomic and functional annotations (e.g. exons, promoters, 

expression quantitative trait associations) to assign a gene at each locus(41). If the 

putative causal variant did not overlap with any known functional/genomic association, 

the nearest gene was assigned to be causal(41) (n = 27/50). This data-driven approach 

to identify causal genes recovered several well-established insulin resistance genes at 

their respective risk loci including LPL, IRS1, and PPARG (Table 4.1).  
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Table 4.1. Nominated causal genes at top TG/HDL risk loci. 

50 nominated genes at top quartile boosted TG/HDL risk loci. Each locus is defined by a 

lead SNP, and the corresponding Beta, standard error (SE), and GWAS P-value are 

listed. The boost score is listed which quantifies the difference in association of each locus 

between TG/HDL and TG or HDL alone, with boost score > 0 indicating increased 

significance in GWAS for TG/HDL compared to TG or HDL alone. The sex-dimorphic 

effects of each locus are shown, with a positive t-statistic indicating greater significance 

in female-specific GWAS for TG/HDL compared to male, and the sex-dimorphic p-value 

quantifying if the difference between sexes is significant. Top causal SNPs are given if 

not the locus lead SNP, and the annotation of the lead SNP / top causal SNP for gene 

nomination at each locus is listed.  

Nominated 

Gene Lead SNP Beta (SE) P-value 

TG/HDL 

Boost 

Score 

Sex-

dimorphi

c 

t.statistic 

Sex-

dimorphi

c p-value 

Top causal 

SNP if not 

lead SNP SNP-gene annotation 

LPL rs271 -0.125 (0.003) 3.58e-307 50.353 -2.189 2.86e-02 rs268 Exonic (p.Asn318Ser) 

ANGPTL4 rs116843064 -0.248 (0.007) 1.03e-189 49.807 -3.802 1.43e-04  

Exonic (p.Glu40Lys); 

Regulatory variant 

IRS1 rs2943645 0.048 (0.002) 2.48e-85 2.056 3.240 1.20e-03  Fine-mapped eQTL 

APOB rs533617 -0.103 (0.005) 5.14e-67 5.480 -0.803 4.22e-01  Exonic (p.His1923Arg) 

VEGFA rs6905288 0.039 (0.002) 8.54e-63 6.813 0.106 9.16e-01  Regulatory variant 

KLF14 

7:130438531_C

TTTTTT_C -0.037 (0.002) 2.50e-55 12.202 7.959 1.73e-15  Nearest gene 

COBLL1 rs79953491 -0.05 (0.003) 2.78e-44 9.028 3.251 1.15e-03  Promoter 

PLCB3 rs71468663 0.067 (0.005) 1.23e-32 3.241 -0.994 3.20e-01  Nearest gene 

RSPO3 rs6916318 0.028 (0.002) 1.42e-32 5.971 -5.274 1.34e-07 rs577721086 

Exonic 

(5_prime_UTR_variant) 

ARID1A rs114165349 0.092 (0.007) 3.13e-32 4.273 -1.461 1.44e-01  Nearest gene 

NTAN1 rs11075253 -0.03 (0.002) 1.00e-30 3.781 -0.415 6.78e-01  

Promoter; Fine-mapped 

eQTL 

PCCB rs684773 0.031 (0.002) 6.27e-30 2.487 -0.741 4.59e-01  Regulatory variant 

NEK4 rs6800707 0.031 (0.003) 5.37e-25 3.775 -2.656 7.90e-03 rs11235 

Exonic 

(3_prime_UTR_variant) 

PLA2G12A rs114816312 0.139 (0.012) 6.43e-25 3.737 0.681 4.96e-01 rs41278045 Exonic (p.Cys131Arg) 

  



 

140 

Table 4.1 (continued). Nominated causal genes at top TG/HDL risk loci. 

Nominated 

Gene Lead SNP Beta (SE) P-value 

TG/HDL 

Boost 

Score 

Sex-

dimorphi

c 

t.statistic 

Sex-

dimorphi

c p-value 

Top causal 

SNP if not 

lead SNP SNP-gene annotation 

PLA2G6 rs200725415 -0.024 (0.002) 9.26e-25 3.950 -2.334 1.96e-02  Nearest gene 

RBPJ 

4:26050450_AC

_A 0.032 (0.003) 1.01e-24 4.731 -3.646 2.66e-04  

Fine-mapped eQTL; 

Regulatory variant 

PDE3A rs11045171 -0.029 (0.003) 4.56e-23 4.616 1.173 2.41e-01 rs4762753 Fine-mapped eQTL 

ACACB rs149793040 -0.262 (0.023) 5.87e-23 1.906 0.336 7.37e-01  Exonic (p.Tyr1282Cys) 

SNX10 rs1534696 -0.023 (0.002) 3.93e-22 5.134 2.542 1.10e-02  

Fine-mapped eQTL; 

Regulatory variant 

TSC22D2 rs62271373 0.046 (0.004) 2.56e-20 5.194 -0.016 9.88e-01  Nearest gene 

AC022431.2 rs60803019 -0.043 (0.004) 4.90e-20 3.422 -0.853 3.94e-01 rs455660 Nearest gene 

INSR rs3890483 0.022 (0.002) 5.41e-20 3.064 -2.326 2.00e-02 rs1799816 Exonic (p.Val1012Met) 

TTLL4 rs148358468 0.047 (0.005) 5.50e-18 3.488 -0.348 7.28e-01 rs116204487 

Promoter; Regulatory 

variant 

TNFAIP8 rs1045241 -0.023 (0.002) 5.53e-18 1.758 4.014 5.97e-05  

Exonic 

(3_prime_UTR_variant) 

RP11-

1102P16.1 rs13269725 0.037 (0.004) 1.21e-17 2.402 -3.241 1.19e-03  

Exonic 

(5_prime_UTR_variant) 

ADRB1 rs2773469 -0.022 (0.002) 1.92e-17 2.904 -0.204 8.38e-01  Nearest gene 

PPARG rs2067819 -0.024 (0.002) 2.04e-17 4.421 -2.385 1.71e-02 rs59447614 Nearest gene 

PEMT rs11658944 0.042 (0.004) 1.07e-16 3.618 -3.067 2.16e-03  Nearest gene 

USP3 rs7175602 0.024 (0.003) 5.84e-16 1.546 0.016 9.87e-01 rs17184382 

Fine-mapped eQTL; 

Regulatory variant 

SIPA1 rs2306363 -0.023 (0.003) 7.64e-16 1.966 -1.857 6.34e-02  

Exonic 

(5_prime_UTR_variant) 

KCNH2 

7:150288766_G

A_G 0.022 (0.002) 2.39e-15 2.383 -0.857 3.91e-01 rs2968864 Fine-mapped eQTL 

CRTAC1 rs563296 0.018 (0.002) 2.71e-14 2.073 -0.256 7.98e-01  Nearest gene 

HNRNPK rs296886 -0.021 (0.002) 7.79e-14 2.882 1.784 7.44e-02  Nearest gene 
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Table 4.1 (continued). Nominated causal genes at top TG/HDL risk loci. 

Nominated 

Gene Lead SNP Beta (SE) P-value 

TG/HDL 

Boost 

Score 

Sex-

dimorphi

c 

t.statistic 

Sex-

dimorphi

c p-value 

Top causal 

SNP if not 

lead SNP SNP-gene annotation 

AHR rs4410790 0.018 (0.002) 3.71e-13 2.820 -1.691 9.08e-02  Nearest gene 

RP11-399J13.3 rs678614 -0.019 (0.002) 7.56e-13 3.879 -0.635 5.26e-01  Nearest gene 

FARP2 rs4675812 -0.017 (0.002) 1.53e-12 2.106 1.097 2.73e-01  Nearest gene 

GADD45G rs10797115 0.017 (0.002) 1.59e-12 1.648 -1.267 2.05e-01  Nearest gene 

EYA2 rs55966194 -0.018 (0.002) 3.59e-12 1.690 1.087 2.77e-01  Nearest gene 

RNF168 rs13094241 -0.018 (0.002) 9.51e-12 3.532 0.595 5.52e-01  Fine-mapped eQTL 

VGLL3 rs13066793 -0.027 (0.004) 1.98e-11 2.121 0.239 8.11e-01  

Fine-mapped eQTL; 

Regulatory variant 

CD248 rs490972 0.015 (0.002) 1.91e-10 2.400 -0.621 5.35e-01 rs1625595 Fine-mapped eQTL 

B3GNT4 

12:122515547_

ATTTTTC_A 0.018 (0.003) 1.06e-09 1.533 -4.281 1.86e-05 rs12827843 

Exonic 

(5_prime_UTR_variant) 

ZIM2 rs8102873 0.014 (0.002) 1.43e-09 1.927 -2.175 2.96e-02  Regulatory variant 

AXL rs4802113 -0.014 (0.002) 1.45e-09 1.884 -1.125 2.60e-01  Nearest gene 

RREB1 rs35742417 -0.018 (0.003) 2.91e-09 1.986 -0.358 7.20e-01  

Exonic (p.Ser1554Tyr); 

Regulatory variant 

UBE2K rs145766974 -0.013 (0.002) 1.41e-08 2.346 2.409 1.60e-02 rs34258469 Nearest gene 

QKI rs4709746 -0.019 (0.003) 2.77e-08 2.129 0.675 5.00e-01 rs7761309 Regulatory variant 

FGFR2 rs878409 -0.013 (0.002) 3.39e-08 2.376 0.982 3.26e-01  Nearest gene 

THRB rs7640648 0.021 (0.003) 3.63e-08 1.506 0.344 7.31e-01  Nearest gene 

FADS2 rs117186302 -0.041 (0.007) 4.36e-08 1.545 -0.130 8.96e-01 rs174566 Nearest gene 
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For each nominated causal gene, we integrated diverse sources of gene-level 

evidence to identify the direction-of-effect on insulin resistance and evaluate tissue-

specificity (Figure 4.4). To determine directionality with respect to gene function and 

TG/HDL levels in carriers, we utilized two complementary approaches leveraging rare 

and common genetic variation, respectively: 1) aggregation of rare, loss-of-function 

coding variants within each gene identified from exome sequencing of the UKBB 

participants (i.e. burden tests)(42) and 2) functional annotation of individual putative 

causal SNPs with sufficiently large MAF to permit individual association with predicted 

protein function or modification of gene expression (eQTLs). We further extended 

analysis of eQTLs to all 50 putatively causal genes using established methods (Functional 

Summary-based Imputation (FUSION)(43) to correlate genetically predicted tissue-

specific gene expression in metabolically relevant tissues (subcutaneous and visceral 

adipose, liver, and skeletal muscle) with TG/HDL in carriers.   

https://paperpile.com/c/9HjqbJ/2BcLD
https://paperpile.com/c/9HjqbJ/2BcLD
https://paperpile.com/c/9HjqbJ/2BcLD
https://paperpile.com/c/9HjqbJ/tsDJr
https://paperpile.com/c/9HjqbJ/tsDJr
https://paperpile.com/c/9HjqbJ/tsDJr
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Figure 4.4. Causal gene identification and integrative genomics to infer direction-of-effect 

of “boosted” TG/HDL loci. 

Overview of the gene prioritization strategy for 251 TG/HDL associated loci. The top-

quartile of TG/HDL boosted loci (n = 62) were selected for fine mapping to obtain 95% 

credible sets of causal SNPs (n = 57). Of the loci with at least one causal variant identified 

from fine-mapping (n = 50), causal genes were assigned by incorporating genomic and 

functional annotations including exonic variation and expression quantitative trait loci 

(eQTLs). Direction-of-effect on insulin resistance and tissue-specificity of causal genes 

was assigned by examination of the following gene level evidence: (left) causal variants 

in exons were annotated as as UTR (untranslated region; purple) or protein coding with 

loss-of-function (LOF harmful: LOF increases TG/HDL (red); LOF protective: LOF 

decreases TG/HDL (blue)). (middle) Causal variants that were eQTLs are assigned as 

LOF harmful or LOF protective if decreasing expression increases (red) or decreases 

TG/HDL (blue). (right) Association of tissue-specific predicted gene expression with 

TG/HDL in the UK Biobank. Direction and magnitude of effect is represented by color, 

with positive and negative associations of gene expression with TG/HDL shown as blue 

and red respectively, and darker shades demonstrating stronger effect sizes. Significant 

associations are outlined in black.  
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This gene-level integrative genomics approach successfully re-captured the 

direction-of-effect and tissue specificity of several well-characterized insulin resistance 

effector genes including LPL, PPARG and ANGPTL4, as well as a more recently 

characterized gene COBLL1. Gene-level burden tests showed that loss-of-function (LOF) 

protein-coding variation in LPL and PPARG is associated with an increase in TG/HDL 

(LPL: effect size=0.04, p=3.1 x 10-23; PPARG: effect size=0.04, p=5 x 10-6), consistent 

with the well-characterized roles of LPL and PPARG in insulin resistance(35, 44). At the 

ANGPTL4 locus, fine-mapping identified causal SNPs rs116843064 (PIP=1) and 

rs140744493 (PIP=0.98) which encode missense variants in ANGPTL4 (p.E40K and 

p.R336C respectively) that are computationally predicted by Ensembl Variant Effect 

Predictor (VEP)(45) to be deleterious. These SNPs were strongly associated with 

decreases in TG/HDL (rs116843064: effect size=-0.25, p=1.0 x 10-189; rs140744493: 

effect size=-0.01, p=1.2 x 10-5) in our data suggesting that LOF in ANGPTL4 increases 

insulin sensitivity, a finding congruent with LOF mouse models of ANGPTL4 resulting in 

reduced serum triglycerides and improved glucose homeostasis(22). At the COBLL1 

locus, our genetically predicted gene expression analysis indicated that increased gene 

expression of COBLL1 primarily in adipocytes (subcutaneous: t-statistic=-8.8, p=2 x 10-

16; visceral: t-statistic=-9.7, p=4.8 x 10-20; liver: t-statistic=3.0, p=0.03; muscle: t-statistic=-

3.5, p=0.007) is associated with decreased TG/HDL which aligns with recent work 

showing that LOF in COBLL1 results in insulin resistance through adipose-specific 

mechanisms(36). 

https://paperpile.com/c/9HjqbJ/Wu3ky+SkvKg
https://paperpile.com/c/9HjqbJ/Wu3ky+SkvKg
https://paperpile.com/c/9HjqbJ/Wu3ky+SkvKg
https://paperpile.com/c/9HjqbJ/Wu3ky+SkvKg
https://paperpile.com/c/9HjqbJ/Wu3ky+SkvKg
https://paperpile.com/c/9HjqbJ/p7rc7
https://paperpile.com/c/9HjqbJ/p7rc7
https://paperpile.com/c/9HjqbJ/p7rc7
https://paperpile.com/c/9HjqbJ/pmyKp
https://paperpile.com/c/9HjqbJ/pmyKp
https://paperpile.com/c/9HjqbJ/pmyKp
https://paperpile.com/c/9HjqbJ/pA5LB
https://paperpile.com/c/9HjqbJ/pA5LB
https://paperpile.com/c/9HjqbJ/pA5LB
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Evaluation of TG/HDL associated loci nominate PLA2G12A, PLA2G6, and VGLL3 as 

novel insulin resistance genes 

 In an effort to identify novel insulin resistance genes we focused our attention on 

loci that had not previously been associated with insulin resistance and metabolic 

diseases (Figure 4.3B).  

 

PLA2G12A: One such locus on chromosome 4, defined by lead SNP rs114816312 (effect 

size=0.1, p=6 x 10-25), was strongly boosted (TG/HDLBS = 3.7) and contained many genes 

(Figure 4.5A). Fine mapping narrowed the credible set of SNPs to overlap with three 

genes: PLA2G12A, MCUB and CASP6. The lead variants with greatest probability of 

being causal both encoded missense variants in the PLA2G12A gene (rs114816312: 

p.D111N, PIP=0.7; rs41278045: p.C131R, PIP=1.0) strongly suggesting this as the 

causal gene (Figure 4.5A). PLA2G12A encodes a ubiquitously expressed, secreted 

member of the family of phospholipase A2 enzymes that hydrolyze phospholipids to 

release arachidonic acid(46). Computational variant effect prediction with Ensembl 

Variant Effect Predictor (VEP)(45) predicted both causal missense variants to be 

deleterious to PLA2G12A protein function, and both variants were associated with 

increased TG/HDL levels suggesting that PLA2G12A promotes insulin sensitivity. As 

PLA2G12A was ubiquitously expressed but was not estimated to have significantly 

heritable gene expression, we therefore could not associate genetically predicted gene 

expression with TG/HDL values. Rather, we sought to independently corroborate the 

direction-of-effect with insulin sensitivity by investigating rare coding variation in the gene 

obtained from the UKBB exomes. Hypothesizing that LOF in PLA2G12A increases insulin 

https://paperpile.com/c/9HjqbJ/GQ8Ph
https://paperpile.com/c/9HjqbJ/GQ8Ph
https://paperpile.com/c/9HjqbJ/GQ8Ph
https://paperpile.com/c/9HjqbJ/p7rc7
https://paperpile.com/c/9HjqbJ/p7rc7
https://paperpile.com/c/9HjqbJ/p7rc7
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resistance, we performed a series of genetic burden tests(47) aggregating LOF variants 

with decreasing stringency and computing association with TG/HDL. The most stringent 

filter for LOF variants (frameshift, splice, and premature stop variants) as defined by 

LOFTEE(48); n=9) was associated with increased TG/HDL levels (effect size=0.2, 

p=0.02, Figure 4.5B) supporting our hypothesis. As the stringency was relaxed 

(Methods), missense variants computationally predicted to be deleterious were included 

in the LOF group increasing the strength of association between LOF in PLA2G12A and 

increased TG/HDL. Even upon removal of the missense variants rs114816312 and 

rs41278045 described above, a significant signal for association between LOF in 

PLA2G12A and increased TG/HDL was identified (Figure 4.5B).  

  

https://paperpile.com/c/9HjqbJ/ly3g6
https://paperpile.com/c/9HjqbJ/ly3g6
https://paperpile.com/c/9HjqbJ/ly3g6
https://paperpile.com/c/9HjqbJ/UdjWk
https://paperpile.com/c/9HjqbJ/UdjWk
https://paperpile.com/c/9HjqbJ/UdjWk
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Figure 4.5. Evaluation of TG/HDL associated loci nominate PLA2G12A, PLA2G6, and 

VGLL3 as novel insulin resistance genes. 

A) LocusZoom plot of the PLA2G12A TG/HDL locus. The purple diamond represents the 

lead SNP, and color represents the linkage disequilibrium between each variant with the 

lead SNP. The PLA2G12A locus contains three 95% credible sets (depicted as red, 

purple, blue), with the top two causal SNPs rs114816312 (PIP=0.7) and rs41278045 

(PIP=1) encoding PLA2G12A missense variants. B)  PLA2G12A loss-of-function (LOF) 

burden tests in the UK Biobank exome sequenced individuals with increasing confidence 

(stringency) to define LOF variants. Effect sizes and 95% confidence intervals are shown. 

High confidence LOF variants were defined by LOFTEE (stop, splice, and frameshift), 

moderate confidence LOF variants were called deleterious by 5 out of 5 bioinformatics 

prediction tools (see Methods), low confidence LOF variants were those called 

deleterious by at least 1 bioinformatic prediction tool and had minor allele frequency 

(MAF) < 1%. Standard burden test results are indicated by squares, and diamonds 

represent sensitivity analyses removing the top causal variants rs41278045 and 

rs114816312. P-values and number of variants for each analysis are listed. C) 

LocusZoom plot and 95% credible set for the PLA2G6 TG/HDL locus. D) Associations of 

predicted muscle PLA2G6 expression on TG/HDL, type 2 diabetes (T2D), fasting insulin 

(FI), coronary artery disease (CVD), and non-alcoholic fatty liver disease (NAFLD). Effect 

sizes are shown, and p-values are given if significant. E) Upregulation of skeletal muscle 

PLA2G6 upon TZD treatment in 35 biopsied clinical trial participants (fold-change=1.11, 

*p=0.038). F) PPARG consensus motif overlaid over a high-scoring matching sequence 

2231 bp 5' of the PLA2G6 transcription start site. G) LocusZoom plot and 95% credible 

set for the VGLL3 TG/HDL locus. H) Association of adipose tissue VGLL3 expression 

with glucose disposal rate (Rd) measured by hyperinsulinemic-euglycemic clamp among 

32 biopsied participants (b=-7.4, p=2.1e-8; linear model). 
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PLA2G6: Another novel locus located on chromosome 22 marked by lead SNP 

rs200725415 (effect size=-0.02 p=9.3 x 10-25) was also strongly boosted (TG/HDLBS = 

4.0) (Figure 4.5C). Fine-mapping of this locus produced only a single credible set 

containing variants with PIP > 0.1 which overlapped two genes PLA2G6 and MAFF. 

However, all of the variants in the credible set with PIP > 0.1 were located within PLA2G6 

nominating it as the causal gene. PLA2G6 encodes another member of the family of 

phospholipase A2 enzymes which hydrolyze phospholipids to release arachidonic acid 

but functions intracellularly(49). 

In contrast to PLA2G12A, PLA2G6 was estimated to have significantly heritable 

gene expression in skeletal muscle (heritability h2 = 0.04, p=9.9 x 10-4, see web 

resources(43)). Predicted skeletal muscle expression of PLA2G6 was negatively 

associated with TG/HDL (t-statistic=-5, p=6.7 x 10-7), suggesting increasing muscle 

expression of PLA2G6 would potentially enhance insulin sensitivity. Concordantly, we 

found that genetically predicted muscle-specific PLA2G6 expression was negatively 

associated with FI (t-statistic=-2.4, p=0.016) in the MAGIC study (n=105,056, Figure 

4.5D)(13). To evaluate the potential consequence of muscle-specific PLA2G6 expression 

on metabolic disease we performed a similar association analyses with T2D (n = 180,834  

cases vs. 1,159,055 controls)(33), CVD (n = 181,522 cases vs. 1,165,690 controls)(39), 

and NAFLD (n = 1,483 cases vs. 17,781 controls)(32). We found a significantly negative 

association of predicted gene expression with T2D only (t-statistic=-3.2, p=0.001, Figure 

4.5D). These genetic analyses suggest that the heritable component of PLA2G6 gene 

expression in muscle improves insulin sensitivity and reduces T2D risk. 

https://paperpile.com/c/9HjqbJ/K0b1J
https://paperpile.com/c/9HjqbJ/K0b1J
https://paperpile.com/c/9HjqbJ/K0b1J
https://paperpile.com/c/9HjqbJ/tsDJr
https://paperpile.com/c/9HjqbJ/tsDJr
https://paperpile.com/c/9HjqbJ/tsDJr
https://paperpile.com/c/9HjqbJ/gRrTH
https://paperpile.com/c/9HjqbJ/gRrTH
https://paperpile.com/c/9HjqbJ/gRrTH
https://paperpile.com/c/9HjqbJ/twdRh
https://paperpile.com/c/9HjqbJ/twdRh
https://paperpile.com/c/9HjqbJ/twdRh
https://paperpile.com/c/9HjqbJ/lGjp1
https://paperpile.com/c/9HjqbJ/lGjp1
https://paperpile.com/c/9HjqbJ/lGjp1
https://paperpile.com/c/9HjqbJ/NU3sQ
https://paperpile.com/c/9HjqbJ/NU3sQ
https://paperpile.com/c/9HjqbJ/NU3sQ
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To corroborate these genetic association analyses we examined measured 

PLA2G6 gene expression in biopsied skeletal muscle of 36 individuals undergoing insulin 

sensitizing treatment with PPARG agonists, or thiazolidinediones (TZDs)(15). Skeletal 

muscle PLA2G6 expression was increased in paired samples after three months of TZD 

treatment relative to baseline (fold-change=1.11, p=0.038; Figure 4.5E). We also 

identified a strong PPARG binding motif (JASPAR(50): MA0066.1; chr22:38524661-

38524680) in the intron of PLA2G6 located 2231 bp upstream of the transcription start 

site (Figure 4.5F). Taken together, these data suggest that PLA2G6 may function through 

muscle to increase insulin sensitivity and decrease T2D risk. 

 

VGLL3: A third novel TG/HDL locus identified on chromosome 3 was defined by lead 

SNP rs13066793 (effect size=-0.03, p=2 x 10-11, Figure 4.5G) which was located within 

an intron of the gene VGLL3 and annotated as an eQTL for VGLL3 expression in muscle 

(effect size=-0.25, p=8 x 10-7) and nominally in subcutaneous adipose (effect size=-0.1, 

p=0.02). VGLL3 e. These data suggest that increased expression of VGLL3, which 

encodes a transcriptional co-activator for TEAD family transcription factors(51), increases 

insulin resistance. We note that despite the highly significant muscle eQTL, VGLL3 was 

lowly expressed in human skeletal muscle (median transcripts per million (TPM): muscle 

= 0.9 TPM) whereas it was highly expressed in human adipose tissues (subcutaneous 

adipose: 24.8 TPM, visceral adipose: 17.4 TPM, GTEx(52)). Thus, we attempted to 

corroborate adipose VGLL3 expression with insulin sensitivity in transcriptomically 

profiled adipose and skeletal muscle tissue biopsies obtained from 32 individuals 

undergoing hyperinsulinemic-euglycemic glycemic clamps(15). We identified a 

https://paperpile.com/c/9HjqbJ/rQ3W
https://paperpile.com/c/9HjqbJ/rQ3W
https://paperpile.com/c/9HjqbJ/rQ3W
https://paperpile.com/c/9HjqbJ/4p6JU
https://paperpile.com/c/9HjqbJ/4p6JU
https://paperpile.com/c/9HjqbJ/4p6JU
https://paperpile.com/c/9HjqbJ/DbVfI
https://paperpile.com/c/9HjqbJ/DbVfI
https://paperpile.com/c/9HjqbJ/DbVfI
https://paperpile.com/c/9HjqbJ/ZVgU8
https://paperpile.com/c/9HjqbJ/ZVgU8
https://paperpile.com/c/9HjqbJ/ZVgU8
https://paperpile.com/c/9HjqbJ/rQ3W
https://paperpile.com/c/9HjqbJ/rQ3W
https://paperpile.com/c/9HjqbJ/rQ3W
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significantly negative correlation between glucose disposal rate (Rd) and adipose tissue 

VGLL3 expression (estimate=-7.3, p=2.1 x 10-8, Figure 4.5H), but no significant 

correlation with skeletal muscle VGLL3 expression (estimate=1.5, p=0.33). We 

additionally adjusted gene expression for subject-specific covariates and found no effect 

for age or sex but a strong effect for BMI (estimate=-0.26, p=2.8 x 10-8). Formal mediation 

analysis comparing regression models of Rd against adipose VGLL3 expression with and 

without BMI revealed approximately 50% of the effect of VGLL3 adipose expression on 

glucose disposal is mediated by BMI. Taken together, these data suggest that VGLL3 

increases insulin resistance by increasing adiposity.  

TNFAIP8 increases insulin resistance through alteration of adipose tissue depots in a 

female-specific manner 

Among the TG/HDL “boosted” association signals, a locus on chromosome 5 

marked by lead SNP rs1045241 stood out as demonstrating strong evidence for sexual 

dimorphism indicating a stronger effect in females (tsex = 4.0, psex = 6.0 x 10-5). Sex-

stratified analysis in the female (n=206,012) and male (n=176,117) UKBB participants 

showed that the association with TG/HDL was highly female-specific with little evidence 

of association in the subgroup of male participants (effect sizefemale= -0.03, pfemale=1.6 x 

10-19; effect sizemale=-0.01, pmale=3.5 x10-4; Figure 4.6A). In fact, despite half the sample 

size, the association was stronger in the subgroup of female participants than in the sex-

combined discovery cohort (n=382,129). Fine-mapping at the locus produced a single 

credible set with six causal variants, all of which were located within the gene TNFAIP8 

(Figure 4.6A, inset panel). The lead variant rs1045241 (chr5:118729286:C:T) had the 

highest probability of being causal (PIP = 0.24) and was located in the 3’ UTR of TNFAIP8. 
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Overall, four of the six variants were located within this last exon of TNFAIP8– one coding 

and three in the 3’ UTR (Figure 4.6A) strongly nominating it as the causal gene. TNFAIP8 

encodes the tumor necrosis factor accessory protein 8 which has been found to play an 

anti-apoptotic role for TNFalpha induced tumor apoptosis(53), but has no known role in 

insulin resistance or metabolic disease.    

In a serum proteomics study of 35,559 individuals(54), the effect allele 

(chr5:118729286:C:T) of the lead causal variant rs1045241 which was associated with 

decreased TG/HDL also was significantly associated with decreased plasma levels of 

TNFAIP8 (effect size=-0.05, p=8.7 x10-10), suggesting TNFAIP8 promotes insulin 

resistance. To corroborate this direction-of-effect we examined other metabolic 

disease/trait associations for rs1045241 (meta-analyzed within the Common Metabolic 

Diseases Knowledge Portal (see Web Resources)) and found that the effect allele 

(chr5:118729286:C:T) was also associated with decreased waist-to-hip ratio (WHR effect 

size=-0.02, p=8.5 x 10-22, n=1,973,800), decreased FI (effect size=-0.01, p=9.8 x 10-6, n 

= 271,876), decreased glycated hemoglobin (HbA1c; effect size=-0.01, p=2.7 x 10-9, n = 

1,329,990) and decreased risk for T2D (odds ratio=0.98, p=6.4 x 10-6, n = 1,693,350) 

(Figure 4.6B). These complementary associations support an insulin sensitizing effect 

from decreasing serum TNFAIP8 levels.  

  

https://paperpile.com/c/9HjqbJ/lJW52
https://paperpile.com/c/9HjqbJ/lJW52
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https://paperpile.com/c/9HjqbJ/BdcNj
https://paperpile.com/c/9HjqbJ/BdcNj
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Figure 4.6. TNFAIP8 increases insulin resistance through alteration of adipose tissue 

depots in a female-specific manner. 

WHR, waist-hip ratio; ASAT, abdominal subcutaneous adipose; VAT, visceral adipose; 

GFAT, gluteofemoral adipose; T2D, type 2 diabetes; FI, fasting insulin; TG, triglycerides; 

HDL, HDL cholesterol; GGT, gamma glutamyl transferase; HbA1c, glycated hemoglobin; 

ApoA, apolipoprotein A.  

A) (top) LocusZoom plot of the TG/HDL associated locus containing TNFAIP8 from the 

sex-combined GWAS. The lead SNP (rs1045241, shown as purple diamond) and GWAS 

p-value is labeled, and color represents the LD (r2) between each variant with the lead 

SNP. (inset panel) Zoom in of the 95% credible set region consisting of 6 SNPs (purple). 

(bottom) LocusZoom plots of the TNFAIP8 TG/HDL locus from the sex-stratified GWAS. 

The association is only significant in females. B) Association of TNFAIP8 lead SNP 

rs1045241 in meta-analyzed metabolic disease/trait association studies. T2D, WHR, FI 

and HbA1c are significantly decreased by the TG/HDL lowering effect allele. Effect 

estimates (beta) and 95% confidence intervals are plotted along with association p-values 

and sample sizes. C) Sex-stratified associations of rs1045241 with metabolic phenotypes. 

Effect estimates (beta) and 95% confidence intervals are shown for female (blue) and 

male (orange) stratified GWAS, along with association p-values and sample sizes. The 

TG/HDL lowering effect allele decreases VAT and increases GFAT and ASAT in a female 

specific manner. D) Upregulation of TNFAIP8 expression in human pre-adipocytes during 

in vitro differentiation. E) Gene model of TNFAIP8 highlighting the transcriptional start site 

(TSS) and first intron (top). (second track) PPARG ChIP-seq profiling in human 

adipocytes (human adipose stem cells, hASC). (bottom) ESR1 ChIP-seq profiling in 

human breast cell line ZR-75-1.  
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We further investigated the WHR association where the UK Biobank-GIANT 

consortium(12) had made available sex-stratified summary statistics. rs1045241 had a 

much stronger association with WHR in females (pfemale = 4.1 x 10-38) and no evidence of 

association in males (pmale = 0.8) (Figure 4.6C). As WHR is a surrogate measure for 

enhanced visceral adiposity(55), we examined the association of rs1045241 with MRI 

quantified visceral adipose tissue (VAT), gluteofemoral adipose tissue (GFAT), and 

abdominal subcutaneous adipose tissue (ASAT) from a prior study of 19,038 male and 

20,038 female participants in the UKBB(56). We found that the effect allele 

(chr5:118729286:C:T) that lowered both TG/HDL and WHR with a female-biased effect 

concordantly decreased VAT and increased GFAT in females (effect sizeVAT = -0.4, pVAT 

= 4.8 x 10-4; effect sizeGFAT = 0.05, pGFAT= 5.2 x 10-5; n = 20,038) but not in men (Figure 

4.6C). ASAT was also increased in women (effect sizeASAT = 0.03, pASAT = 7.9 x 10-3) but 

not in men. The sexual dimorphism in these associations was so strong that the 

association signal was lost in a sex-combined analysis of rs1045241 with VAT (p=0.2, 

n=39,076) despite doubling the number of samples. These data suggest that TNFAIP8 

may operate in adipose tissue in a sex-specific manner to promote insulin resistance. 

To corroborate these findings at a cellular and molecular level, we analyzed 

TNFAIP8 expression levels during the course of human adipocyte differentiation and 

found it to be significantly upregulated (fold-change=2.5, p=1.4 x 10-8) during the 

conversion of pre-adipocytes into mature adipocytes in vitro(57) (Figure 4.6D). We 

analyzed data of chromatin immunoprecipitation and DNA sequencing (ChIP-seq) of 

PPARG(58), a master regulator of adipocyte differentiation(59), and found a strong peak 

of binding (chr5:118606764-118607039) 2377 base pairs downstream of the TNFAIP8 

https://paperpile.com/c/9HjqbJ/NhLM2
https://paperpile.com/c/9HjqbJ/NhLM2
https://paperpile.com/c/9HjqbJ/NhLM2
https://paperpile.com/c/9HjqbJ/tX0B9
https://paperpile.com/c/9HjqbJ/tX0B9
https://paperpile.com/c/9HjqbJ/tX0B9
https://paperpile.com/c/9HjqbJ/PCjQv
https://paperpile.com/c/9HjqbJ/PCjQv
https://paperpile.com/c/9HjqbJ/PCjQv
https://paperpile.com/c/9HjqbJ/hKhs4
https://paperpile.com/c/9HjqbJ/muNdd
https://paperpile.com/c/9HjqbJ/muNdd
https://paperpile.com/c/9HjqbJ/muNdd
https://paperpile.com/c/9HjqbJ/zCQKp
https://paperpile.com/c/9HjqbJ/zCQKp
https://paperpile.com/c/9HjqbJ/zCQKp
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transcriptional start site in the first intron (Figure 4.6E). Given the female-specific 

association of TNFAIP8, we next examined publicly available estrogen receptor (ESR1) 

ChIP-seq data at the TNFAIP8 locus and identified a strong binding peak of binding 

(chr5:118607354-118607660) in human breast cell line ZR-75-1(60) approximately 600 

base pairs downstream of the PPARG binding site. This points to a potential molecular 

mechanism for the female-specific signals of association observed between TNFAIP8 

and metabolic traits. 

Discussion 

In this study we conducted the largest GWAS to date for TG/HDL, a surrogate 

marker of insulin resistance, identifying 251 associated loci, of which 62 associated more 

strongly with TG/HDL compared to TG or HDL alone, and 118 which had not been 

previously reported in prior insulin resistance GWAS studies(11–13, 33, 39). At 50 of 

these loci we identified causal variants and genes performing integrative genomic 

analysis to propose directions-of-effect and tissue of action. For selected genes we 

independently corroborate these genetic findings by interrogating gene expression in 

biopsied skeletal muscle and adipose tissue in individuals with directly measured insulin 

resistance by glycemic clamp. We highlight two phospholipase encoding genes 

PLA2G12A and PLA2G6 which enhance insulin sensitivity, a transcriptional co-activator 

VGLL3 which decreases insulin sensitivity, and a TNFα accessory protein TNFAIP8 which 

decreases insulin sensitivity specifically in females.  

The re-identification of loci known to encode insulin signaling components (e.g. 

INSR, IRS1) as well as those identified by previous surrogate biomarker studies confirms 

the fidelity of TG/HDL as a surrogate marker of insulin resistance providing confidence 

https://paperpile.com/c/9HjqbJ/hLqAm
https://paperpile.com/c/9HjqbJ/hLqAm
https://paperpile.com/c/9HjqbJ/hLqAm
https://paperpile.com/c/9HjqbJ/NhLM2+gRrTH+8yBlu+twdRh+lGjp1
https://paperpile.com/c/9HjqbJ/NhLM2+gRrTH+8yBlu+twdRh+lGjp1
https://paperpile.com/c/9HjqbJ/NhLM2+gRrTH+8yBlu+twdRh+lGjp1
https://paperpile.com/c/9HjqbJ/NhLM2+gRrTH+8yBlu+twdRh+lGjp1
https://paperpile.com/c/9HjqbJ/NhLM2+gRrTH+8yBlu+twdRh+lGjp1
https://paperpile.com/c/9HjqbJ/NhLM2+gRrTH+8yBlu+twdRh+lGjp1
https://paperpile.com/c/9HjqbJ/NhLM2+gRrTH+8yBlu+twdRh+lGjp1
https://paperpile.com/c/9HjqbJ/NhLM2+gRrTH+8yBlu+twdRh+lGjp1
https://paperpile.com/c/9HjqbJ/NhLM2+gRrTH+8yBlu+twdRh+lGjp1
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that the novel loci identified are true mediators of insulin resistance. Compared to prior 

surrogate marker studies, the new signals identified in our study could arise for two 

reasons– 1) sample size and 2) physiological/biological heterogeneity. Regarding sample 

size, our study (n=382,129) is the largest among serum derived biomarkers (FI: 

n=105,056(13)), but is exceeded in sample by anthropometric biomarker studies (WHR: 

n=694,649(12)). If sample size related statistical power were a major determinant of locus 

identification, we would expect that association strength for known causal insulin 

resistance genes (e.g. PPARG, IRS1) would be proportional to study size, but in fact 

found no such relationship for PPARG (pPPARG-FI = 1.5 x 10-21, pPPARG-TG/HDL = 2 x 10-17, 

pPPARG-WHR = 3.8 x 10-25) or IRS1 (pIRS1-FI = 8.5 x 10-39, pIRS1-TG/HDL = 2.5 x 10-85, pIRS1-WHR 

= 1.6 x 10-9). Regarding biological/physiological heterogeneity, insulin is known to signal 

in a tissue specific manner– e.g. the level of insulin required physiologically to suppress 

ketogenesis or lipolysis is orders of magnitude less than required to induce glucose 

uptake(61). Thus, each surrogate biomarker may capture overlapping but distinct aspects 

of insulin resistance physiology. Surrogate biomarker GWAS demonstrating differing 

patterns of tissue enrichments of associated loci support this idea. The loci associated 

with TG/HDL in our study are most highly enriched in adipose tissue followed by liver and 

skeletal muscle whereas for FI (skeletal muscle enrichment = adipose > liver) and for FG 

(liver enrichment > skeletal muscle > adipose)(10). Taken together these observations 

suggest surrogate biomarker studies of insulin resistance capture complementary 

aspects of physiology and distinct loci from these studies could point to new mechanisms 

of molecular pathogenesis.  

https://paperpile.com/c/9HjqbJ/gRrTH
https://paperpile.com/c/9HjqbJ/gRrTH
https://paperpile.com/c/9HjqbJ/gRrTH
https://paperpile.com/c/9HjqbJ/NhLM2
https://paperpile.com/c/9HjqbJ/NhLM2
https://paperpile.com/c/9HjqbJ/NhLM2
https://paperpile.com/c/9HjqbJ/mwrMQ
https://paperpile.com/c/9HjqbJ/mwrMQ
https://paperpile.com/c/9HjqbJ/mwrMQ
https://paperpile.com/c/9HjqbJ/okaUw
https://paperpile.com/c/9HjqbJ/okaUw
https://paperpile.com/c/9HjqbJ/okaUw
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Among the associated loci uniquely associated with TG/HDL, we prioritized two 

phospholipase A2 enzymes, PLA2G12A and PLA2G6, that function in the release of 

arachidonic acid, a precursor of bioactive lipid molecules eicosanoids(62). Eicosanoids 

are known to be involved in inflammation and insulin sensitivity(63), suggesting 

dysregulation of PLA2s may increase insulin resistance and related metabolic disorders 

via disruption of eicosanoid signaling. Through examination of rare protein-coding 

variation from exome sequencing, we find that loss-of-function in PLA2G12A increases 

insulin resistance as measured by TG/HDL. PLA2G12A is secreted to the blood, 

ubiquitously expressed across tissues, and does not have any tissue-specific 

associations, indicating that it may function across several tissues to affect whole body 

insulin sensitization. On the other hand, our analyses propose a tissue-specific role for 

PLA2G6 in muscle, under the regulation of PPARG to increase insulin sensitivity and 

decrease T2D risk (Figure 4 D,E,F). The metabolic role of PLA2G6 in pancreatic islets 

has previously been examined in vitro and in murine models(64), but to our knowledge 

this is the first study implicating it in human insulin resistance.  

Another novel insulin resistance effector gene prioritized is VGLL3, a 

transcriptional cofactor(65) whose adipose expression is strongly correlated with glucose 

disposal rate in humans suggesting VGLL3 promotes insulin resistance. Prior 

characterization in mice has suggested VGLL3 protein plays a role in adipogenesis(51), 

a result further corroborated by our finding that BMI mediates a substantial portion of the 

effect of VGLL3 on insulin sensitivity. Taken together, these findings suggest that VGLL3 

influences metabolic disease risk via adiposity regulation and nominate VGLL3 as a 

potential therapeutic target for pharmacological inhibition to treat metabolic syndrome. 
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Investigation into the sex-dimorphism of TG/HDL through sex-stratified GWAS 

revealed TNFAIP8 as a novel female-specific insulin resistance gene. TNFAIP8 plays a 

crucial role in regulating cell survival and its transcription is induced by the TNFɑ signaling 

cascade(66). Previous studies have found TNFAIP8 is a regulator of insulin-mediated 

inhibition of autophagy and has binding affinity for fatty acids including oleic and palmitic 

acids(53). Though TNFAIP8 has been implicated previously in WHR GWAS(12), it has 

not been nominated as a sex-specific gene nor has its role in insulin resistance been fully 

characterized. We find TNFAIP8 increases insulin resistance through alteration of 

adipose tissue depots in a female-specific manner however further investigation is 

warranted to elucidate specific molecular mechanisms. 

Our study has several important limitations that should be considered. First, we 

used the TG/HDL ratio as a surrogate marker of insulin resistance, which may not reflect 

the true causal relationship between genetic variants and insulin resistance as is the case 

with other surrogate marker GWAS(11–13). We believe this trade off is reasonable given 

the vast increase in sample size possible through the use of TG/HDL and its strong 

phenotypic and genetic correlations with directly measured insulin resistance and 

metabolic diseases (Figure 4.1 and Figure 4.2). Moreover, the TG/HDL ratio is influenced 

by the individual levels of TG and HDL, which share loci with the TG/HDL ratio. Therefore, 

we prioritized “boosted” genes that showed stronger association with the TG/HDL ratio 

than with TG or HDL alone, but we cannot exclude the possibility that some of these 

genes are also involved in lipid metabolism (e.g. APOB, TG/HDLBS = 5.5). Second, we 

inferred the tissue-specificity of the genes based on their heritable expression patterns in 

metabolic tissues, which have some limitations. For example, gene expression can be 
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correlated across different tissues, making it difficult to identify the primary tissue of action 

for each gene(67). Also, due to linkage disequilibrium the genetic determinants of gene 

expression (eQTLs) may not be specific to the gene of interest, but may tag other nearby 

or distant genes that have functional effects on insulin resistance. Furthermore, the 

heritability of gene expression is sensitive to sample size and may be low or nonsignificant 

for many genes in relevant metabolic tissues. In our analysis we find nonsignificant 

heritability estimates for over half (52.5%) of our 50 genes of interest in relevant metabolic 

tissues, not a surprising proportion given less than half of all genes have significantly 

heritable gene expression in blood at existing sample sizes(68). Therefore, while we were 

able to corroborate tissue specificity for several genes highlighted in this study (PLA2G6, 

VGLL3, TNFAIP8) our tissue specificity analysis cannot be considered comprehensive 

for the nominated genes. Further study of these genes is needed to elucidate the causal 

mechanisms and target tissues underlying modulation of insulin resistance. 

In conclusion, our study reports on GWAS of TG/HDL ratio at population scale 

expanding our knowledge of the genetic determinants of insulin resistance to include  

dozens of new loci/genes not previously implicated. At four loci PLA2G12A, PLA2G6, 

VGLL3, and TNFAIP8, we validate direction-of-effect, potential regulatory mechanisms, 

and sex-specific effects. These findings provide specific, testable hypotheses for future 

investigation to credential these genes as potential new therapeutic targets and/or 

biomarkers for insulin resistance.  

Web resources 

● Common Metabolic Diseases Knowledge Portal (cmdkp.org) 

https://hugeamp.org/variant.html?variant=rs1045241 
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● Functional Summary-based Imputation (FUSION) GTEx v8 multi-tissue 

expression http://gusevlab.org/projects/fusion/#gtex-v8-multi- tissue-expression 
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Methods 

Phenotypic correlations of TG/HDL with insulin resistance biomarkers in a clinical cohort 

To assess the relationship between TG/HDL and other surrogate insulin resistance 

phenotypes, we examined a clinical cohort of 45 human participants who underwent 

hyperinsulinemic-euglycemic clamp and additionally had other metabolic phenotypes 

measured(15). Pairwise correlations of TG/HDL with glucose disposal rate measured by 

hyperinsulinemic-euglycemic clamp, fasting insulin, and HOMA-IR were assessed using 

Spearman rank correlation. 

 

Genome-wide association analyses 
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UK Biobank data 

The UK Biobank is a prospective cohort study with genotypic and phenotypic data 

that enrolled approximately 500,000 individuals aged 40-69 from across the United 

Kingdom(69). To remove potential outliers and individuals with poor data quality, we 

applied several sample level filters to the UK Biobank participants following the GLGC 

standards(16). These included retaining only those individuals with a sample call rate 

greater than 95% and with heterozygosity values less than the median + 3x the 

interquartile range (IQR), and excluding those with reported gender-genetic sex 

mismatch. After filtering, 382,129 UK Biobank participants with TG and HDL 

measurements available remained of which 206,012 were female and 176,117 were 

male.  

 For quality control of SNPs from the UK Biobank genotypes, we included only 

variants with SNP call rate > 98%, MAF >  0.001, HWE p > 5 x 10-8, and for imputed SNPs 

included those with INFO scores > 0.4. We excluded duplicated SNPs and removed any 

monomorphic markers. After filtering, 489,897 genotype array SNPs and 12,024,213 

imputed SNPs remained.  

 

Association testing 

REGENIE was run following the published recommendations for UK Biobank 

analysis (https://rgcgithub.github.io/regenie/recommendations/) to conduct genome-wide 

association analyses for TG/HDL, TG, and HDL using the 382,129 participants and 

12,024,213 SNPs which passed QC. In brief, TG and TG/HDL were natural log 

transformed, and all phenotypes (TG, HDL, and TG/HDL) were inverse rank normalized 

https://paperpile.com/c/9HjqbJ/ZU4mL
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using the REGENIE --apply-rint parameter. In the statistical models, the covariates 

included were age, age2, sex, and the first 20 principal components of ancestry to correct 

for population stratification. As recommended, Step 1 of REGENIE was first run using the 

489,897 genotype array SNPs which passed QC to fit the whole genome regression 

model to the phenotypes and produce genomic predictions, then Step 2 was run to 

perform association testing of the 12,024,213 imputed SNPs. We next estimated the 

genomic inflation for the TG/HDL GWAS (λ=1.35) and subsequently performed correction 

for inflation using the genomic control method(70). Lead SNPs and genomic risk loci from 

the conducted GWAS were then defined using the FUMA platform using the default 

parameters(18, 70). 

 

Replication GWAS for TG/HDL in Mass General Biobank (MGBB) 

GWAS for TG/HDL was conducted in the MGBB (n=37,545) using consistent 

methodology as conducted in the UK Biobank. Lead SNPs of each of the 251 TG/HDL 

genomic risk loci were examined in the MGBB, and if the lead SNP was not present in 

the MGBB, the next most significant SNP within the locus clump was used as a proxy 

SNP for replication. Statistical power for replication in the MGBB was calculated using the 

power calculator for genetic association studies (R genpwr v1.0.4)(71). 

 

Sex differences in TG/HDL genetic effects 

Sex-specific GWAS for TG/HDL were conducted following the same methods 

above except with sex removed as a covariate and the --sex-specific female/male 

REGENIE parameter added. To quantify sex differences in genetic effects of each 
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TG/HDL risk loci defined in the sex-combined GWAS, we calculated the t-statistic and p-

value (by two-tailed Student’s t-test) for the lead SNP of each locus using the sex-stratified 

GWAS beta estimates and standard errors as previously described(72).  

 

Tissue enrichment of TG/HDL genomic risk loci 

We used GREGOR (v.1.4.0)(25) to determine the enrichment of the identified 

TG/HDL genomic risk loci that overlapped tissue-specific stretch enhancers, using the 

lead SNP at each locus as input. Genomic regions of stretch enhancers in each tissue 

were defined as in Chen et al. 2021(10). The GREGOR default parameters were used to 

run enrichment analyses (r2 threshold= 0.8, LD window size = 1 Mb, and minimum 

neighbor number = 500). 

 

Examining the genetic overlap between TG/HDL and insulin resistance phenotypes 

We assessed the genetic correlation between TG/HDL and insulin resistance 

phenotypes using cross-trait LD Score regression with the default settings as instantiated 

in LD SCore (LDSC v1.0.1)(31, 73). All association statistics were harmonized prior to 

computing genetic correlations, ensuring consistent genome build and defined effect 

alleles across studies.  

We further examined the positional overlap between genomic risk loci associated 

with TG/HDL with other previously identified insulin resistance related genetic risk loci. 

Overlap of genomic risk loci was defined if a lead SNP defining an insulin resistance 

related locus fell within the locus boundaries as defined by FUMA of a TG/HDL genomic 

risk locus identified in our GWAS. 
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Computing boost score 

To quantify the difference in association between TG/HDL compared to TG or HDL 

alone a SNP-wise “boost score” (TG/HDLBS) was computed from GWAS performed in the 

UK Biobank for TG, HDL and TG/HDL. For each lead SNP in the TG/HDL study, the more 

significant association p-value (-log10(p)) between TG or HDL was subtracted from the -

log10(p-value) of the TG/HDL association. 

  TG/HDLBS = -log10(pTG/HDL) - max{-log10(pTG), -log10(pHDL)}  

 

Fine-mapping and nomination of top causal gene at top quartile boosted loci 

To determine causal SNPs at each TG/HDL genomic risk locus, statistical fine-

mapping was performed using the "Sum of Single Effects" (SuSie) model(40) using 

default parameters. UK Biobank genotypes were down-sampled to 10,000 individuals to 

be used as an LD reference, and regions for fine-mapping risk loci were defined by taking 

a 1 Mb window around the lead SNP of each locus. Upon fine-mapping each region, 95% 

credible sets were defined and posterior inclusion probabilities (PIP) per SNP in the fine-

mapping region were computed to evaluate variant causality.  

To nominate the top causal gene at each locus we employed the combined SNP-

to-gene linking strategy elaborated by Gazal et al.(41), integrating genome annotations 

(i.e. exonic, promoter regions) and functional annotations (i.e. fine-mapped cis-eQTL, 

regulatory annotations) with the causal variants in each locus determined by fine-

mapping. We were able to apply this SNP-to-gene method on the 50 fine-mapped loci 

which contained a credible set with at least one SNP with PIP > 0.1. 23 of these 50 loci 
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resulted in a predicted causal SNP-gene pair and the remaining 27 loci were assigned 

the nearest gene to the SNP with the highest PIP. 

 

LOF burden tests 

Results from gene-level burden tests of predicted LOF protein-coding variants 

(pLOF mask) in nominated genes of interest with TG/HDL among the exome-sequenced 

individuals in the UK Biobank(42) (n=343,470 with TG/HDL measurements available) was 

extracted from https://app.genebass.org/ (Accessed: June 16, 2022).  

To perform LOF burden tests for PLA2G12A in the UK Biobank, we used different 

definitions for LOF variants (masks) with increasing stringency to classify variants, with 

the most stringent mask being LOF variants as defined by LOFTEE(48) (“High confidence 

LOF variants”). In subsequent masks of decreasing LOF stringency, the following five 

computational prediction tools were used: Polyphen2_HDIV(74), Polyphen2_HVAR(74), 

SIFT(75), LRT(76), and MutationTaster(77). “Moderate confidence LOF variants” 

included variants predicted deleterious by all five tools, “Low confidence LOF variants” 

included rare (MAF < 1%) variants predicted deleterious by at least 1 tool, and the least 

stringent mask included all rare variants (MAF < 1%). 

 

Assessment of directional effects using functional genomic annotations of causal SNPs 

To review the consequences on protein function and gene expression of prioritized 

genes on TG/HDL, we examined causal fine-mapped variants (PIP > 0.1) which were 

annotated to be exonic or fine-mapped eQTLs. For causal eQTLs, the direction of effect 

was determined based on the variant’s effect on gene expression (eQTL beta) and the 
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effect on TG/HDL (GWAS beta) in the respective study which the eQTL was fine-mapped 

for (GTEx, eQTLGen). Similarly, the functional consequence of each causal coding 

variant on protein function was predicted using established computational tools 

PolyPhen-2(74) and SIFT(75) as determined by Ensembl Variant Effect Predictor 

(VEP)(45) and then compared with the direction of effect of the variant on TG/HDL 

(GWAS beta).  

 

Associations of heritable gene expression with TG/HDL in the UK Biobank 

To examine the effect of heritable gene expression on TG/HDL for the top 

nominated genes of interest in relevant tissues (subcutaneous and visceral adipose, liver, 

and skeletal muscle), we first assigned per-tissue gene expression scores to each UK 

Biobank participant using established methods (Functional Summary-based Imputation 

[FUSION])(43). In brief, gene expression reference weights from the Genotype-Tissue 

Expression (GTEx) Project v8 for tissues of interest were extracted from the FUSION 

archive (http://gusevlab.org/projects/fusion/#gtex-v8-multi- tissue-expression). The 

expression weights per gene and their corresponding imputed genotypes in the UK 

Biobank genotyped population were combined into a predicted gene expression score for 

each individual by computing a linear combination across the SNPs expression weights 

and genotypes, then dividing by the number of non-missing SNPs as implemented in the 

Plink score utility(78). TG/HDL measurements were normalized as described above and 

regressed onto predicted gene expression scores as done previously(79).  

 

Association of heritable PLA2G6 muscle expression on metabolic outcomes 
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Using the same PLA2G6 muscle expression weights as described previously, we 

investigated the role of predicted PLA2G6 muscle expression on metabolic outcomes 

T2D(33), FI(13), CVD(39), and NAFLD(32) using the FUSION association test function 

(FUSION.assoc_test) with default parameters(43). 

 

Differential expression of PLA2G6 in skeletal muscle upon TZD treatment 

Skeletal muscle biopsies were obtained from individuals before and after three 

months of TZD treatment (n=35) and RNA-sequenced(15). Raw reads were aligned 

using Kallisto(80) with default parameters to generate gene counts. Differential 

expression analysis for PLA2G6 upon TZD treatment was performed in dream 

(variancePartition v1.20.0, edgeR v3.32.1)(81) with pre/post TZD treatment as the fixed 

effect and patient ID as a random effect to account for paired samples. 

 

Correlations between adipose tissue and skeletal muscle VGLL3 expression and glucose 

disposal rate in human participants 

 Subcutaneous adipose tissue and skeletal muscle biopsies were obtained and 

RNA-sequenced, and clinical measurements of insulin sensitivity along with other 

metabolic health metrics were assessed in a clinical cohort (n=35) as previously 

described(15). Raw reads were aligned using Kallisto(80) with default parameters to 

generate gene counts. VGLL3 adipose expression levels were regressed on glucose 

disposal rate measured by hyperinsulinemic-euglycemic clamp in the 35 individuals using 

linear regression (lm function, R stats v3.5.1). To avoid confounding effects as a result of 

insulin sensitizing treatment tested in this clinical trial, only data from tissue biopsies 
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obtained before treatment were used in this analysis. Mediation analysis to quantify the 

proportion of effect of VGLL3 expression (exposure) on Rd (outcome) mediated by BMI 

(mediator) was conducted using the mediate function as implemented in R package 

mediation v4.5.0(82) using linear models of mediator regressed onto exposure and 

outcome regressed on exposure + mediator. 

 

RNA-sequencing of human adipocytes through differentiation 

Human Simpson-Golabi-Behmel syndrome (SGBS) preadipocyte cells were 

differentiated according to published protocols(57). RNA was extracted from cells at days 

0, 4, 8, and 15 and RNA-sequenced. Raw reads were aligned using Kallisto(80) with 

default parameters to generate gene counts. Differential expression analysis for TNFAIP8 

between differentiation days 0 and 4 was performed in dream as described previously. 

 

Chapter 4, in full, is currently being prepared for submission for publication of the material. 

DeForest, Natalie; Zhu, Zhiyi; Dron, Jacqueline S.; Natarajan, Pradeep; Flannick, Jason; 

Amariuta, Tiffany; Peloso, Gina M.; Majithia, Amit R. The dissertation author was the 

primary investigator and author of this paper.  
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CONCLUSION 

Insulin resistance poses a substantial public health concern, as insulin resistance 

often remains undetected but is responsible for causing major epidemic diseases globally, 

including type 2 diabetes, cardiovascular disease, and fatty liver disease. In this work, I 

present a framework to investigate the molecular mechanisms of insulin resistance 

related disorders and discover novel insulin resistance effector genes using human 

population genetics in combination with high-throughput functional genomics.  

Starting in Chapter 1, I detail how insulin resistance and more specifically, type 2 

diabetes, is a multifactorial and highly heritable syndrome. Through a comprehensive 

review of recent genetic association studies for type 2 diabetes, I demonstrate how 

human genetic studies have and continue to show great potential to identify therapeutic 

targets for insulin resistance and uncover novel mechanisms of disease progression. 

In Chapter 2, I exemplify how high-throughput functional genomics can be 

employed in combination with large-scale sequenced biobanks to characterize novel 

molecular mechanisms of insulin resistance related disorders. Specifically, by performing 

a deep mutational scan of the insulin resistance gene HNF1A and conducting clinical 

correlations with over half a million exome-sequenced individuals, we identify and 

characterize a novel class of function increasing variants which pleiotropically protect 

from diabetes through pancreatic mechanisms but promote a pro-atherogenic serum 

profile. In this work, we not only present an efficient strategy, rooted in human genetics, 

for elucidating molecular mechanisms of implicated metabolic disease genes, but also 

advance the field by characterizing novel gain-of-function mechanisms of HNF1A in 

driving metabolic disease. 
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In Chapter 3 I employ plasma proteome-wide Mendelian randomization to prioritize 

proteins casual for NASH, specifically identifying and characterizing RSPO3. In this work, 

I find RSPO3 causally increases NASH in part by causing a metabolically harmful fat 

distribution, and nominate potential tissues and cell types of action for ongoing functional 

characterization of RSPO3. This work advances the field of biomarker and target 

discovery for NASH by not only prioritizing RSPO3 as a potential NASH mediator, but 

also nominating 7 other secreted proteins with putatively causal effects on NASH from 

evidence directly from human participants. These proteins can be investigated further in 

downstream experiments to understand how each alters NASH pathogenesis and 

additionally can be evaluated for therapeutic potential as a biomarker or treatment for 

NASH. 

Furthermore in Chapter 4, I harness genome-wide association studies in 

combination with diverse genomic data resources to prioritize insulin resistance effector 

genes. By integrating independent genetic and genomic datasets, I further characterize 

directions-of-effect of prioritized genes on metabolic disease as well as provide insights 

into tissues of action. From this integrative workflow, I highlight two phospholipase 

encoding genes PLA2G12A and PLA2G6 which improve insulin sensitivity along with 

VGLL3, a transcriptional co-factor that increases insulin resistance partially through 

enhanced adiposity. From sex-specific dissection of insulin resistance, I additionally 

implicate the anti-apoptotic factor TNFAIP8 in insulin-sensitization specifically in females, 

which acts by increasing visceral adiposity. In summary, the work described in this 

chapter reports on GWAS of TG/HDL ratio at population scale, expanding knowledge of 

the genetic determinants of insulin resistance to include dozens of new loci/genes not 
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previously implicated. Further, I provide specific, testable hypotheses for future 

investigation to credential these nominated genes as potential new therapeutic targets 

and/or biomarkers for insulin resistance.  

In Chapters 3 and 4, I employ two different human genetic approaches to prioritize 

new modulators of insulin resistance which present strong evidence directly in humans 

for potential to serve as biomarkers or pharmacological targets of insulin resistance and 

its related disorders (Table 3.1, 4.1). These prioritized effectors identified through our 

comprehensive analyses not only advance the field of human genetic investigation of 

insulin resistance and its related disorders, but also provide a solid foundation for further 

investigation of top candidates in downstream experiments. For instance, building upon 

the findings presented in Chapter 3, research is currently underway to examine the effect 

of altered RSPO3 in liver spheroids, a physiologically represented liver system which 

encompasses the dynamic relationships between different cell types. This ongoing work 

seeks to understand the complex cell-type specific interplay of RSPO3 in the liver and 

aims to provide further insights into the direct role of RSPO3 in causing NASH.  

Additionally, to build upon the findings in Chapter 4, ongoing research is currently 

underway to develop disease-calibrated, high-throughput functional assays in liver 

(hepatocytes) and adipose (adipocytes) which can be used to further validate and 

investigate the effects of the prioritized insulin resistance genes on metabolic disease. 

For instance, prioritized insulin resistance genes with evidence suggesting liver as a 

tissue of action will be further investigated via gene ablation in an internally developed 

high-throughput image-based assay in human hepatocytes. This approach will facilitate 

understanding of the effect of nominated genes on key liver-specific metabolic processes, 
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specifically liver fat accumulation quantified by high-throughput microscopy. Additionally, 

for nominated insulin resistance genes which evidence points to adipose as a primary 

tissue of action, current research is underway to develop a disease-relevant, high-

throughput functional assay which will test the metabolic effect of gene knockout in 

adipocytes. Several pathophysiologically relevant readouts are currently being explored, 

such as quantifying the effects of gene knockout on adipocyte differentiation or lipid 

accumulation. Taken together, the work detailed in Chapter 3 and 4 sets the foundation 

for downstream research to further investigate the role of the prioritized proteins and 

genes in insulin resistance and metabolic disease pathogenesis, some of which may be 

promising candidates for future investigation using deep mutational scanning integrated 

with large-scale sequenced cohorts, as detailed in Chapter 2.  

In summary, in this work I demonstrate how this integrated approach, rooted in 

human genetics, offers promising avenues for the identification of novel biomarkers and 

therapeutic targets of metabolic disease, and ultimately advances the field of research to 

effectively manage and treat insulin resistance and its related disorders. 




