
Brigham Young University
BYU ScholarsArchive

All Theses and Dissertations

2018-07-01

Genetic Basis for Elevated Rheumatic Heart
Disease Susceptibility in Samoa
John Bowen Allen
Brigham Young University

Follow this and additional works at: https://scholarsarchive.byu.edu/etd

Part of the Biology Commons

This Thesis is brought to you for free and open access by BYU ScholarsArchive. It has been accepted for inclusion in All Theses and Dissertations by an
authorized administrator of BYU ScholarsArchive. For more information, please contact scholarsarchive@byu.edu, ellen_amatangelo@byu.edu.

BYU ScholarsArchive Citation
Allen, John Bowen, "Genetic Basis for Elevated Rheumatic Heart Disease Susceptibility in Samoa" (2018). All Theses and Dissertations.
7006.
https://scholarsarchive.byu.edu/etd/7006

http://home.byu.edu/home/?utm_source=scholarsarchive.byu.edu%2Fetd%2F7006&utm_medium=PDF&utm_campaign=PDFCoverPages
http://home.byu.edu/home/?utm_source=scholarsarchive.byu.edu%2Fetd%2F7006&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsarchive.byu.edu?utm_source=scholarsarchive.byu.edu%2Fetd%2F7006&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsarchive.byu.edu/etd?utm_source=scholarsarchive.byu.edu%2Fetd%2F7006&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsarchive.byu.edu/etd?utm_source=scholarsarchive.byu.edu%2Fetd%2F7006&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/41?utm_source=scholarsarchive.byu.edu%2Fetd%2F7006&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsarchive.byu.edu/etd/7006?utm_source=scholarsarchive.byu.edu%2Fetd%2F7006&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsarchive@byu.edu,%20ellen_amatangelo@byu.edu


 
 

Genetic Basis for Elevated Rheumatic Heart Disease Susceptibility in Samoa 

 
 

 
 
 

 
John Bowen Allen 

 
 
 

 
 
 
 

A thesis submitted to the faculty of 
Brigham Young University 

in partial fulfillment of the requirements for the degree of 
 

Master of Science 
 
 
 
 

John S. Kauwe, Chair 
Richard A. Gill 
Perry G. Ridge 

 
 

 
 

Department of Biology 

Brigham Young University 

 
 
 
 
 
 
 

Copyright © 2018 John Bowen Allen 

All Rights Reserved 



 
 

ABSTRACT 

Genetic Basis for Elevated Rheumatic Heart Disease Susceptibility in Samoa 
 

John Bowen Allen 
Department of Biology, BYU 

Master of Science 
 
 Rheumatic heart disease is an inflammatory heart disease that affects millions of people 
around the world. Especially high rates of the disease can be found in Oceania, including the 
island nation of Samoa. Genetic studies of immune response genes have provided insight into a 
possible genetic link to increased susceptibility to rheumatic heart disease, including the genes 
that code for the toll-like receptor (TLR) protein family. One of the functions of TLR proteins is 
to recognize the presence of bacteria via identification of bacterial flagella. My evaluation of a 
Samoan family identified a variant in the TLR-5 gene that would inhibit this ability. However, 
further study showed this variant to not be statistically significant in relation to rheumatic heart 
disease susceptibility. My contribution to a regional genome-wide association study of Oceania 
resulted in the discovery of a variant in the IGHV4-61 gene affecting the ability of antibodies to 
properly bind to bacterial antigens. This variant was associated with a 1.4-fold increased risk of 
rheumatic heart disease development. The success of this study warrants further investigation of 
the IGHV4-61 variant in other populations and illustrates the benefits of utilizing a genome-wide 
association study to study rheumatic heart disease. 
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CHAPTER 1: INTRODUCTION 

Aim of Study  

 Several environmental characteristics have been identified as factors resulting in a higher 

risk of developing rheumatic heart disease. These factors include unsanitary living conditions, 

poor nutrition, and low socio-economic status (Kumar & Tandon, 2013). While these 

environmental factors can conclusively be linked with high rates of rheumatic heart disease, they 

may not be the only elements involved. Discrepancies between populations in Australia and New 

Zealand provide evidence to support the hypothesis that genetics also play a role in rheumatic 

heart disease development. In Australia, it is reported that the Indigenous population, comprised 

of Aboriginal and Torres Strait Islander people, has rates significantly higher than those of non-

Indigenous individuals. The rate of disease is 37 times higher for Indigenous Australians 

(22.1/1,000) than non-Indigenous Australians in the Northern Territory, 169 times higher 

(4.7/1,000) in Queensland, and 630 times higher (3.9/1,000) in Western Australia (Australian 

Health Ministers’ Advisory Council, 2017). While not as drastic, the Maori population in New 

Zealand has rates that are 7 times higher (6.5/1,000) than the non-Maori population (Bryant, 

Robins-Browne, Carapetis, & Curtis, 2009). Given that the indigenous and non-indigenous 

populations in Australia and New Zealand occupy the same geographical region, it can be 

reasonably concluded that there are many environmental factors that are common between them, 

discrediting the idea that environmental factors can entirely account for the differences in 

rheumatic heart disease rates. The genetic backgrounds of these groups are quite different with 

the indigenous populations having originated from Africa in contrast with the European origins 

of their non-indigenous counterparts (Malaspinas et al., 2016; Knapp et al., 2012). This diversity 

in origin would allow a genetic trait to develop and propagate in populations of African origin 
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without being present in populations of European descent, which supports the idea that a genetic 

factor can explain the differences in disease rates. 

 In addition to the rate differences found in Australia and New Zealand, an evaluation of 

data from Samoa provided further evidence to support a genetically-based hypothesis. During the 

years of 2011 and 2012, the Rheumatic Relief team traveled to multiple primary schools located 

on the two main islands of Samoa and screened children ages 5-15 for rheumatic heart disease. 

The data collected showed certain schools, generally attended by children belonging to the same 

village, had significantly higher rates of rheumatic heart disease when compared to other villages 

in the region, with multiple schools having disease rates over 10% (data obtained from 

unpublished Rheumatic Relief screening results). The children screened all share similar 

environments making it hard to use the environmental rationale to reconcile the disparity in rates. 

Additionally, Samoan villages are largely comprised of related individuals, meaning each village 

has a shared gene pool that differs from neighboring villages. A gene variant present in relatives, 

who make up a large percentage of one village, could explain why certain villages experience 

higher rates of the disease while others around it do not. 

The aim of the work in this thesis is to characterize the genetic basis of increased 

susceptibility for developing rheumatic heart disease. Here I describe two studies: first a family-

based approach, and second, our contribution to the Pacific Islander Rheumatic Heart Disease 

Network Genome-Wide Association Study. My efforts to support this work have centered 

around identification of subjects, obtaining consent, collecting tissue, isolating purified DNA, 

and performing genotyping for hundreds of subjects (Table 1). Theses samples are the basis of 

my additional efforts in DNA sequencing, DNA genotyping, and statistical analyses related to 

our family-based study (Chapter 2). In addition, the samples we contributed to the Pacific 
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Islander Rheumatic Heart Disease Network Genome-Wide Association Study were vital to 

establishing and validating the findings reported by Parks et al. (Chapter 3). 

Table 1: Timetable of Events. Dates, actions, and descriptions of actions performed during the course of this study. 
Date Action Description 

May 2013 DNA sample collection 13 DNA samples collected from related 
individuals to begin family study 

June 2013 DNA extraction DNA extracted from May 2013 samples for 
analysis 

May 2014 DNA sample collection 173 DNA samples collected for inclusion in 
genome-wide association study 

June 2014 DNA extraction DNA extracted from May 2014 samples, 
concentrations standardized 

June 2014 Sample delivery May 2014 samples were dried down and sent to 
collaborators lab for analysis and inclusion in 
genome-wide association study 

May 2015 DNA sample collection 106 DNA samples collected for contribution to 
research consortium  

June 2015 DNA extraction DNA extracted from May 2015 samples for 
further analysis 

May 2016 DNA sample collection 145 DNA samples collected for contribution to 
research consortium 

June 2016 DNA extraction DNA extracted from May 2016 samples for 
further analysis 

February 2018 DNA sample collection 6 DNA samples collected from additional 
individuals related to May 2013 samples 

March 2018 DNA extraction DNA extracted from February 2018 samples for 
further analysis 

March 2018 DNA sample analysis March 2018 samples analyzed for segregation of 
TLR-5 variant 

May 2018 DNA sample collection 106 DNA samples collected for contribution to 
research consortium 

June 2018 DNA extraction DNA extracted from May 2018 samples for 
further analysis 

July 2018 Sample delivery DNA concentrations standardized for May 2015, 
May 2016, and May 2018 samples, all samples 
dried down and sent to collaborators  
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CHAPTER 2: FAMILY STUDY 

Introduction 

Background 

 Rheumatic heart disease and its precursor, rheumatic fever, are global issues that affect 

an estimated 33.4 million people worldwide with an annual mortality rate of approximately 

320,000 (Watkins et al., 2017). The development of rheumatic heart disease begins with 

streptococcal pharyngitis (strep throat) due to a bacterial infection caused by Streptococcus 

pyogenes, a strain of group A streptococcus bacteria. Though the disease can be found in 

individuals across all age groups, the population most at-risk to develop rheumatic heart disease 

is children age 5-15 due to their developing immune system (Carapetis, Mayosi, & Kaplan, 

2006). If left untreated, the bacterial infection can then develop into rheumatic fever, an 

autoimmune disease characterized by inflammation resulting in arthritis, chorea, and carditis. 

The most serious complication associated with rheumatic fever is the development of rheumatic 

heart disease, which is the formation of valvular lesions in the heart from repeated, untreated 

bouts of rheumatic fever. Rheumatic heart disease develops in 30-45% of individuals who have a 

history of rheumatic fever (Guilherme, Kohler, & Kalil, 2012). 

While rheumatic fever and rheumatic heart disease are global issues, the diseases are not 

equally dispersed throughout the world. Developed countries with established, easily accessed 

healthcare systems have very low rates of rheumatic heart disease. For example, the United 

States has a positive rate of only 0.002%. Pockets with high rates of rheumatic heart disease can 

be found in regions including sub-Saharan Africa and Oceania (Figure 1; Bryant et al., 2009). In 

these regions countries including Sudan (1.02%), Zambia (1.25%), the Cook Islands (1.86%), 

and Samoa (7.78%) have all demonstrated exceptionally high rates of rheumatic heart disease.  
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Figure 1: Rates of RHD by Country. Disease rate of rheumatic heart disease listed by country and region. Data 
obtained from Bryant et al., 2009.   
 
Rheumatic Heart Disease: Genetics and the Immune Response 

Searching for a genetic connection to rheumatic heart disease is of interest due to the role 

genes play in the immune system as they provide the genetic information needed to produce 

proteins essential for an effective immune response (Figure 2). The immune system provides the 

primary source of protection from bacterial infection, which has been implicated with rheumatic 

heart disease. The innate immune response is first to mobilize against such an infection. This 

unspecific mechanism utilizes common markers found on foreign cells to identify them for 

destruction. The lack of specificity gives this initial response a vast reach and allows it to 

respond quickly. However, these benefits come at the cost of strength. The stronger adaptive 

immune response works to support the innate response. 
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Figure 2: Candidate Genes for Increased Rheumatic Heart Disease Susceptibility. As a Strep A infection progresses 
towards rheumatic heart disease, genes produce proteins to intervene at difference time points. Polymorphisms in 
several genes involved in this process have been associated with increased risk of rheumatic heart disease. Depicted 
are these candidate genes in the relative time position they are employed during an immune response. 
 

The adaptive immune response possesses greater specificity, making it more able to 

identify and kill invading cells in comparison to the innate immune response. This specificity 

results in a delayed response of several days. When a pathogen is introduced, various molecules 

present in the blood are ready to identify the foreign matter (i.e. antibodies, mannose-binding 

lectin, ficolins, etc.), which usually happens by recognizing and binding to a certain pattern on 

the surface of the invading cell. Once the pathogen has been tagged by the host immune system, 

other proteins are recruited to continue the process in order to eliminate the infection. These 

processes conclude with the death of the pathogen. Cell death occurs in various ways including 

the engulfment of the pathogen by a phagocytotic cell or the introduction of proteins to disrupt 

the pathogen’s cell wall (Chaplin, 2010). Many elements of both the innate and adaptive immune 

response systems are genetically controlled. Polymorphisms in genes involved in both processes 

have been proposed as possible sources for increased susceptibility to rheumatic heart disease.  

Role of Innate Immune Response Genes in Increased Susceptibility to Rheumatic Heart Disease 

 The innate immune response identifies pathogen-associated molecular patterns (PAMPs) 

on the surface of invading pathogens and utilizes these markers to designate these invading cells 

for elimination. Other cells and proteins are then recruited to kill the pathogen. The innate 
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immune response is comprised of multiple pathways. The pathway utilized is dependent upon the 

pathogen that has been introduced. The specific part of the innate immune response that is 

relevant to rheumatic heart disease susceptibility is the Lectin pathway. As one of the three 

branches comprising the complement system, the Lectin pathway is activated when Mannose-

binding lectin (MBL) or ficolins bind with their specific PAMPs. These molecules then bind 

MBL-associated serine proteases (MASPs). Once bound, the complex activates a cascade 

resulting in the formation of proteins that promote the opsonization and phagocytosis 

of the pathogen, bacterial lysis of the pathogen, and inflammation (Merle, Noe, Halbwachs-

Mecarelli, Fremeaux-Bacchi, & Roumenina, 2015). A proper balance of both MBL and MASP 

proteins is needed to maintain a healthy immune system. Deficiencies in these proteins can lead 

to increased susceptibility to infection and autoimmune diseases while overexpression can result 

in chronic inflammation and intracellular infections (Sorensen, Thiel, & Jensenius, 2005; Turner, 

2003; Schafranski, Stier, Nisihara, & Messias-Reason, 2004; de Messias-Reason et al., 2007). 

Specific polymorphisms in the genes controlling MBL and MASP, MBL2 and MASP2 

respectively, have resulted in both the over and under-expression of both proteins. These 

polymorphisms have been shown to be associated with individuals with rheumatic heart disease 

(Schafranski, Ferrari-Pereira, Scherner, Torres, Messias-Reason, 2008; Messias-Reason, 

Schafranski, Kremsner, Kun, 2009). 

Ficolins are another type of innate immune response protein that, like MBLs, recruit 

MASP proteins to ensure the continuation of the destructive process. Polymorphisms in one of 

the three genes coding for ficolins, FCN2, result in low levels of ficolin and, consequently, 

increase an individual’s risk for developing recurrent and/or more severe bacterial infections. 

Due to the similar functions of ficolins and MBLs, it stands to reason that these polymorphisms 
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presenting with under-expressed ficolin levels might predispose an individual to rheumatic heart 

disease (Messias-Reason, Schfranski, Kremsner, Kun, 2009). 

Candidate Genes Associated with both the Innate and Adaptive Immune Responses 

 Along with the innate immune response, the body utilizes the adaptive immune response 

to fight infection. The stronger, more specialized adaptive immune response functions in a 

similar manner to the innate immune response in that certain molecules target foreign cells for 

destruction based on protein patterns found on the pathogen’s cell wall. The adaptive immune 

response differs due to the specificity of the structures it utilizes. Instead of using PAMPs to 

identify pathogens like the innate immune response, adaptive response molecules are coded with 

specific patterns used to recognize specific antigens, allowing them to more precisely target and 

eliminate invading cells. The process is initiated when the adaptive immune response is 

presented with a pathogen. In the first of two adaptive immune response systems, B cells are 

activated to secrete antibodies, triggering an antibody response. The secreted antibodies contain a 

variable region that can be genetically rearranged in order to match the targeted antigen. Once 

the antibodies bind, the pathogen is then marked for destruction and more easily identifiable by 

phagocytotic cells. In a cell-mediated immune response, the second adaptive immune response, 

T cells are utilized to either kill the pathogen directly or summon macrophages to destroy cells 

they have phagocytosed (Alberts et al., 2002). 

 Toll-like receptors are sensor proteins that are able to identify cell-wall structures of 

invading bacterial infections, and by doing so, can initiate both the innate and adaptive immune 

responses (Hawn et al., 2003). While multiple toll-like receptor-coding genes exist, the TLR-2 

and TLR-5 genes have both been implicated as possible genes to confer increased susceptibility 

to rheumatic heart disease. These genes code for proteins that are able to identify structures 
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including lipoproteins and lipoteichoic acid (TLR-2) as well as bacterial flagellin (TLR-5) on 

bacteria (Hawn, 2003; Berdeli, Celik, Ozyurek, Dogrusoz, & Aydin, 2005). Polymorphisms in 

both genes have resulted in proteins with a diminished ability to recognize bacterial structures, 

suggesting their role to increase risk of rheumatic heart disease in an individual with that gene 

variant (Berdeli, 2005; TLR-5 polymorphism claim made from unpublished data). 

 Cytokines are a class of molecule produced by various cells during both immune 

responses. Tumor necrosis factor-alpha (TNF-α) is one such molecule and is used in cell 

signaling to promote the propagation of an immune response including the regulation of 

inflammation (Knight, Kwiatkowski, 2003). Several polymorphisms in the TNF-α gene have 

shown to disrupt the proper regulation of tumor necrosis factor molecules, which affects their 

ability to promote proper signaling and inflammation regulation while increasing an individual’s 

risk for developing rheumatic heart disease (Settin, Abdel_hady, El-Baz, & Saber, 2006). 

Transforming growth factor-beta (TGF-β) is another cytokine that has also been hypothesized to 

be involved in rheumatic heart disease susceptibility. TGF-β is involved in cell signaling and 

inflammation control, like tumor necrosis factor cells, but it is also involved in the differentiation 

of cardiac fibroblasts to myofibroblasts (Letterio & Roberts, 1998). Like the TNF-α gene, a 

polymorphism has been identified in the TGF-β1 gene that affects its cell signaling abilities 

(Kamal et al., 2010). An additional polymorphism in the TGF-β1 gene was identified implicating 

the gene’s differentiation functions in the pathogenesis of valvular fibrosis and calcification that 

occurs in rheumatic heart disease patients (Walker, Masters, Shah, Anseth, Leinwand, 2004). 

 To date, the literature has shown that genetically controlled proteins involved throughout 

the immune response process are associated with rheumatic heart disease. Notably, the most 

commonly affected trait in proteins coded by these genes is the ability to recognize a bacterial 
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pathogen. Given this fact, additional scrutiny should be given to mutations leading to a decreased 

ability to recognize a bacterial infection as we pursue our own investigation into what genetic 

factors contribute to increased susceptibility to rheumatic heart disease. However, due to the 

complex pathogenesis of rheumatic heart disease we should also be aware that alternative 

mechanisms may be involved.  

Approaches to Genetic Studies 

 Several approaches currently exist that can be utilized when studying the genetics behind 

a disease. The most common approach utilized in the evaluation of rheumatic heart disease is an 

association study where researchers statistically evaluate the occurrence of a known mutation in 

a pool of individuals diagnosed with rheumatic heart disease. This approach evaluates many of 

the previously mentioned mutations including those found in the TLR-2, MBL2, and MASP2 

genes, and is beneficial in that it allows researchers to simply evaluate the possible connection of 

one gene with a disease. However, because only a singular gene is evaluated it is a very limited 

approach. Researchers have also only utilized known mutations in their evaluations, eliminating 

the possibility of finding new and potentially more important mutations. The findings are also 

limited as the studies are performed on small sample sizes among individual populations. To 

mitigate these drawbacks researchers have begun to use meta-analysis, another approach to 

evaluate the findings of many association studies and consolidate the results into more impactful 

data (Shen et al. 2013). 

 The data reported in this study were obtain using two methods. The first approach used in 

our evaluation of the genetics of rheumatic heart disease was a family study. Family studies have 

been successfully used to find the genetic basis for heritable disease. These include studies 

evaluating cystic fibrosis, breast cancer, and Huntington’s disease (Tsui et al., 1985; Walsh & 
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King, 2007; Gusella et al., 1983). An advantages of this approach is the small sample size 

required to perform this type of study require fewer resources to collect and analyze data. 

Additionally, it is also possible to identify rare yet high impact variants in this type of study 

(Wang et al., 2016). The second method we utilized was a genome-wide association study 

(discussed further in Chapter 2). 

Methods 

To locate a family for inclusion in the study, I worked with the Rheumatic Relief medical 

team during the screening process of Samoan children (Allen et al., 2017). Families were 

identified for follow-up when children who tested positive for rheumatic heart disease disclosed 

that other members of her family also had the disease. We were able to identify a family in such 

a manner. After locating the family, all available family members were screened and diagnosed 

for rheumatic heart disease via echocardiogram. Family members included directly related 

parents, siblings, and cousins along with an aunt and uncle. In the family we identified, we 

determined that of the 13 individuals screened (including the proband child), 4 were positive for 

rheumatic heart disease (Figure 3). I obtained necessary consent to obtain DNA samples from all 

 
Figure 3: Initial Family Pedigree Chart. The relationships between the initially involved family members used in the 
study. Individuals positive for rheumatic heart disease are shaded. Individuals in black are shown for reference but 
were not used in the study. All other individuals were included. 
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the screened individuals. Saliva samples were collected using Oragene DISCOVER DNA 

collection kits. After transporting the saliva samples to the lab, Oragene prepIT L2P DNA 

extraction kits were used to extract the DNA from the saliva samples according to kit 

instructions. The extracted DNA was then sequenced using Ion Torrent semiconductor 

sequencing. The exome sequence was obtained with the Ion TargetSeq Exome Enrichment kit 

and the P1 chip on an Ion Proton. The exome sequence was analyzed using the Ingenuity Variant 

Analysis Pipeline. Variants were included if they were present in all cases and absent in all non-

affected individuals. Prioritization was conducted according to the following criteria: 

1. Variants kept with call quality at least 20.0 in cases or at least 20.0 in controls, with read 

depth of at least 10.0 in cases or at least 10.0 in controls, outside top 0.3% most 

exonically variable 100base windows in healthy public genomes (1000 genomes), and 

outside top 1.0% most exoniclly variable genes in healthy public genomes (1000 

genomes). 

2. Variants kept that are frameshift, in-frame indel, stop codon change, missense, or in an 

ENCODE transcription factor binding site overlapping the promoter region. 

3. Variants kept which are associated with gain of function, heterozygous, or compound 

heterozygous and occur in at least 3 of the case samples at the variant level but are not 

kept if associated with gain of function, heterozygous, compound heterozygous, 

homozygous, haploinsufficient, or hemizygous in at least 1 of the control samples. 

4. Variants kept that are known or predicted to affect genes associated with biologically 

relevant proteins (Supplementary Table 1) or diseases (Supplementary Table 2), 

including FCN2, TLR-2, MASP, TGF-β1, TNF-α, and MBL. 
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Results 

 We found nine variants that met the prioritization criteria (Table 2). Based on our 

evaluation of the literature, we selected the R392* variant in the TLR-5 gene for a more detailed 

investigation. This particular variant of the gene is predicted to be damaging to the TLR-5 

protein, preventing it from recognizing bacterial flagella, thus inhibiting it from fulfilling an 

important role during an immune response. Statistical analysis of segregation failed to detect 

significance (p=0.1667). In subsequent visits to Samoa we added 6 more individuals to the 

Table 2: List of Found Variants. List of variants found that complied with pipeline filters. 
Chromosome Position Gene Protein Variant Mutation Type 

1 144879339 PDEE4DIP V1371I, V1533I, 
V1508I, V1326I, 
V1327I, V1437I 

Missense 

1 223285200 TLR-5 R392* Stop Gain 
1 223285833 TLR-5 Q181K Missense 
2 219028932 CXCR1 R335C Missense 
2 219029843 CXCR1 M31R Missense 
6 26365702 BTN3A2 N/A Intronic 
6 31084433 CDSN P320fs*11 Frameshift 
6 31922441 NELFE R212fs*43 Frameshift 
19 389127765 FASGRP4 I17L Missense 

 

study, bringing the total to 19 family members (Figure 4). The DNA from the new samples was 

collected and extracted in the same manner as the original samples. After extraction, TaqMan 

assays were used to determine the DNA sequence and test for the TLR-5 variant. Of the six new 

samples, all were negative for rheumatic heart disease while only two of the six were carriers of 

the TLR-5 variant. Fisher’s exact test was again used to test for segregation. The test resulted in a    

p-value of 0.5962, providing another statistically non-significant value. 

 Based off the evidence provided from the analysis of the 19 DNA samples, I failed to 

detect evidence of segregation of the TLR-5 variant. However, it is possible that another variant 

listed in Table 2 could be associated with rheumatic heart disease. Of the other genes found the 
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CXCR1 gene is of interest. This gene codes for a cytokine receptor located almost exclusively on 

neutrophil cells, a key component of an early immune response (Artifoni et al., 2007). The 

 
Figure 4: Final Family Pedigree Chart. Pedigree chart showing the relationships between the original individuals and 
those added to the study. Individuals positive for rheumatic heart disease are shaded. Individuals in black are shown 
for reference but were not used in the study. 
 
R355C variant results in an incomplete formation of this receptor and has been linked previously 

to other diseases instigated by bacterial infections (Stillie, Farooq, Gordon, & Stadnyk, 2009; 

Smithson et al., 2005). These characteristics make this variant a potential starting point for future 

research. 

Conclusion 

Rheumatic heart disease is a devastating disease resulting from a Streptococcus pyogenes 

infection. Genes in both the innate and adaptive immune responses have been scrutinized for 

their potential role in increasing an individual’s risk for developing this disease. By studying the 

genes involved in both these responses we are not only better able to understand the influence 

genetics play in predisposition for rheumatic heart disease, but also the specific mechanism(s) 

involved. This information will allow us to better understand the pathogenesis of rheumatic heart 

disease and how to best prevent and treat the disease, whether through novel therapies or the 

development of a vaccine. 
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Impact of this Work 

The work we’ve done has greatly contributed to the overall understanding of the genetics 

of rheumatic heart disease. While the family-based association study did not yield statistically 

significant results, the data in nonetheless beneficial and contributory. Eliminating potential 

genetic variants from the list of candidate polymorphisms is one step closer to identify the 

gene(s) involved in rheumatic heart disease susceptibility. It will provide direction to future 

research to better gauge where resources should be allocated and what avenues of inquiry should 

be pursued. 
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CHAPTER 3: GENOME-WIDE ASSOCIATION STUDY 

Introduction 

Although genome-wide association studies are a relatively new method of research, these 

studies have proven to be useful tools in the field of medical genetics, having identified single 

nucleotide polymorphisms associated with complex medical conditions including Parkinson’s 

and Crohn’s disease (Chang et al., 2017; Liu et al., 2017). A unique advantage of a genome-wide 

association study is the ability to uncover polymorphisms spread across a population by 

evaluating the genome as a whole, without singling out and studying specific genes or 

polymorphisms exclusively. This provides a more comprehensive and unbiased approach. 

While presenting our initial findings on the TLR-5 variant, I was contacted by Tom Parks, 

PhD, from the University of Oxford. I was able to establish a connection with Dr. Parks that 

resulted in a collaboration with him and researchers at other institutions. Our efforts in sample 

collection, DNA extraction, and genotyping were an important part of the first genome-wide 

association study focused on rheumatic heart disease (Parks, et al., 2017; See Supplemental 

Figure 1). 

Genome-Wide Association Study Contribution   

There are certain advantages to a genome-wide association study, as well as drawbacks. 

One of these drawbacks in the need for a sufficiently large sample size. One of our major 

contributions to the study was contributing to the sample pool. All samples from Samoa in the 

Parks et al. manuscript came from our collection work as we continued to work with the 

Rheumatic Relief medical team during their annual visits to Samoa. During the course of each 

visit, the medical team screens approximately 5,000 Samoan children. Of these children, between 

100 and 150 children are suspected of having rheumatic heart disease. After receiving parental 
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permission for each child, we collected a DNA sample from each one of these cases. Similar to 

the family study, we extracted the DNA from these samples. Since the analysis of the samples 

was to be performed off-site, the samples had to be prepared for shipment.  We determined the 

concentration of DNA for each of the samples and standardized all the samples to 50µL of 

100ηg/µL each. The samples were dried down and supplied to our collaborators, where they 

were then included in the study. We have continued to collect and contribute additional DNA 

samples to the collaboration (2015 n=106; 2016 n =145; 2018 n =106).  

Genome-Wide Association Study Results 

The study analyzed 3,412 DNA samples collected from countries in Oceania. Of the 

samples included, 156 samples (70 positive and 86 controls) came from my efforts working in 

Samoa during 2014. The study utilized the Illumina HumanCore platform to establish 239,990 

initial variants. Further filtering decreased the number of variants to six, all found in the second 

exon of the IGHV4-61 gene. Sanger sequencing was then used to further evaluate the variants. 

From this data the IGHV4-61*2 variant was determined to result in a 1.4-fold increased risk of 

rheumatic heart disease. This variant is thought to lead to an increased risk of disease as it results 

in an improper alignment between the heavy chain variable domain and light chain variable 

domain sections of antibodies, thus inhibiting their ability to properly function during an immune 

response. The findings of the first phase of our collaborative study were subsequently published 

in Nature Communications (Supplemental Figure 1). Since the article’s publication, the work has 

been cited several times in other publications and received international news coverage. This 

coverage includes an article published in the New York Times and an interview with one of the 

authors on The Health Report on ABC Radio National, one of Australia’s most respected health 

journalism programs (McNeil Jr., 2017; Swan, 2017). 
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Conclusion 

To my knowledge, the only GWAS conducted in relation to the genetics of rheumatic 

heart disease was performed by my consortium and successfully identified variants of the 

IGHV4-61 gene. While not only providing more information on another candidate gene, this 

study also reported to what extent the polymorphisms mentioned affected an individual’s 

predisposition for rheumatic heart disease. Research done on other genes merely reports an 

association of certain polymorphisms to rheumatic heart disease without detailing how 

significant the polymorphisms are in terms of disease development. 

The research that has so far been conducted in trying to link an individual’s genetics to 

their risk of developing rheumatic heart disease has produced excellent data. However, the 

current knowledge we have of these genes needs to be expanded and synthesized. The data we 

produced is valuable, but it has been obtained through limited experimentation on populations 

from the same genetic background. Greater efforts need to be made to expand the scope with 

which these genes are evaluated in regard to their connection with rheumatic heart disease 

predisposition through repetition on varied populations to allow us to identify universally shared 

characteristics, as has been successfully done with other candidate polymorphisms (Shen et al., 

2013). Additionally, efforts need to be made to explore gene/gene as well as gene/environment 

interactions. To my knowledge, the idea to study these relationships has been suggested but not 

acted upon (Ramawawmy et al, 2007). Rheumatic heart disease is a complex disease and its 

development involves many genetic and environmental factors that have thus far been studied 

individually. By evaluating how these many factors influence and interact with each other we 

will have a better understanding of how rheumatic heart disease develops and operates.  
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SUPPLEMENTARY INFORMATION 

 
Supplemental Table 1: Biologically Relevant Proteins with Associated Genes 

Protein Affected Gene(s) 
FCN2 FCN2 
FC Gamma RII FCGR2A, FCGR2B, FCGR2C 
HLA Class I B2M, HLA-A, HLA-B, HLA-C, HLA-E, 

HLA-F, HLA-G 
IRAK4 IRAK4 
MASP MASP10 
MBL-C MBL2 
MIF MIF 
Nfatc NFATC, NFATC2, NFATC3, NFATC4 
TNF-Alpha TNF 
TLR TLR1, TLR10, TLR2, TLR3, TLR4, TLR5, 

TLR6, TLR7, TLR8, TLR9 
 

Supplemental Table 2: Biologically Relevant Diseases with Associated Genes 
Disease Affected Genes 

Autoimmune Disorder Initiation CCL3, CD200, PLP1 
Rheumatic Disease of Heart 
Valve 

ACTA1, ACTA2, ACTC1, BGLAP, CD68, COL10A1, 
COL11A2, COL18A1, COL1A1, COL1A2, COL2A1, 
COL3A1, COL5A3, MYO3A, PDGFC, PGF, PROK1, 
SPP1, VEGFA, VEGFB, VEGFC, VEGFD, VWF 

Rheumatic Heart Disease ANXA1, CYP2C9, F10, IL17A, IL17F, MC2R, MEFV, 
NR3C1, USP4 

Autoimmune Disorder 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A1BG, ABCA1, ABCB1, ABCB10, ABCB8, ABCC1, 
ABCC2, ABCC8, ABCF1, ABCG1, ABCG2, ABHD16A, 
ABL1, ABT1, ACAD10, ACAN, ACE, ACHE, ACKR2, 
ACKR4, ACLY, ACO1, ACOX2, ACP5, ACSL1, ACTA1, 
ACTA2, ACTB, ACTC1, ACTG1, ACTG2, ACTL6A, 
ACTN4, ACVR1, ACVR1B, ACVR1C, ACVR2A, 
ACVR2B, ADA, ADA2, ADAD1, ADAM10, ADAM11, 
ADAM12, ADAM15, ADAM17, ADAM18, ADAM19, 
ADAM2, ADAM20, ADAM21, ADAM22, ADAM23, 
ADAM28, ADAM29, ADAM30, ADAM33, ADAM8, 
ADAM9, ADAMTS1, ADAMTS13, ADAMTS2, 
ADAMTS4, ADAMTS5, ADAMTS6, ADAMTS7, 
ADAMTS8, ADAMTS9, ADAR, ADARB1, ADCY8, 
ADD2, ADGRA1, ADGRE5, ADGRG6, ADH1B, 
ADIPOQ, ADIPOR1, ADIPOR2, ADM, ADORA2A, 
ADORA2B, ADRA2A, ADRA2B, ADRA2C, ADRB1, 
ADRB2, ADRB3, ADSS, AFF3, AFG3L2, AGER, AGFG1, 
AGO2, AGPAT1, AGRN, AGT, AGTR1, AGTR2, AHI1, 
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Autoimmune Disorder (cont.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

AHR, AHSG, AIF1, AIM2, AIRE, AK2, AK9, AKAP13, 
AKR1A1, AKR1B1, AKR1D1, AKT1, ALAS2, ALB, 
ALCAM, ALDH1L1, ALDH2, ALDOA, ALG14, ALG2, 
ALOX12, ALOX15, ALOX15B, ALOX5, ALOX5AP, 
ALPI, ALPK2, ALPL, ALPP, ALPPL2, AMACR, AMBP, 
AMOT, AMPD1, ANG, ANGPT1, ANKRD55, ANLN, 
ANXA1, ANXA4, ANXA5, AOC3, AP4B1, APC, APCS, 
APH1A, APH1B, APLP2, APOA1, APOA2, APOA4, 
APOB, APOBR, APOC1, APOC2, APOC3, APOC4, 
APOD, APOE, APOF, APOH, APOL1, APOM, AQP4, 
AQP9, AR, ARAP2, ARCN1, AREG, ARF1, ARG1, 
ARHGAP15, ARHGAP24, ARHGAP33, ARHGAP45, 
ARHGDIB, ARHGEF6, ARHGEF9, ARID5A, ARID5B, 
ARIH1, ARL16, ARNT, ARRB1, ART1, ASAP1, 
ASB3/GPR75-ASB3, ASIC1, ASNS, ATAT1, ATF6B, 
ATG5, ATIC, ATM, ATP11A, ATP1B1, ATP2B1, 
ATP2C1, ATP2C2, ATP4A, ATP4B, ATP5G1, ATP8A1, 
ATP8B4, ATXN1, ATXN2, AXIN2, AXL, AZGP1, AZU1, 
B2M, B3GALT4, BACH2, BAG6, BAK1, BANK1, BATF, 
BAX, BCHE, BCL11B, BCL2, BCL2L1, BCL2L11, BCL6, 
BDKRB2, BDNF, BGLAP, BGN, BHLHE40, BHMT, BID, 
BIRC5, BLK, BLNK, BMF, BMI1, BMP1, BMP4, BMP5, 
BMPR2, BORCS6, BPI, BRAF, BRAP, BRCC3, BRD2, 
BRMS1, BSG, BTC, BTG2, BTK, BTLA, BTN1A1, 
BTN2A1, BTN3A1, BTN3A2, BTN3A3, BTNL2, 
C10orf99, C12orf10, C19orf57, C1QA, C1QB, C1QC, 
C1QTNF6, C1R, C1S, C1orf162, C2, C3, C3AR1, C3orf62, 
C3orf67, C4A/C4B, C5, C5AR1, C5orf30, C5orf56, C6, 
C6orf10, C6orf15, C6orf47, C6orf48, C6orf62, C7orf13, 
C8A, C9, C9orf152, C9orf3, C9orf72, C9orf78, CA1, 
CA10, CA2, CA3, CACNA1A, CACNA1C, CACNA1D, 
CACNA1E, CACNA1F, CACNA1S, CACNA2D1, 
CACNA2D2, CACNA2D3, CACNA2D4, CACNB1, 
CACNB2, CACNB3, CACNB4, CACNG1, CACNG2, 
CACNG3, CACNG4, CACNG5, CACNG6, CACNG7, 
CACNG8, CALCB, CALCR, CALCRL, CALD1, 
CALHM6, CALM1 (includes others), CALML3, CALML5, 
CALR, CAMK2B, CAMK2D, CAMK4, CAMLG, CAMP, 
CAPG, CAPN1, CAPN10, CAPN11, CAPN2, CAPN3, 
CAPN5, CAPN6, CAPN7, CAPN8, CAPN9, CAPNS1, 
CAPSL, CARD8, CARD9, CASC3, CASP1, CASP10, 
CASP3, CASP4, CASP8, CASP9, CASR, CAST, CAT, 
CAV1, CBFB, CBLB, CBS/CBSL, CCAR2, CCDC59, 
CCDC7, CCHCR1, CCL1, CCL11, CCL13, CCL14, 
CCL15, CCL16, CCL17, CCL18, CCL19, CCL2, CCL20, 
CCL21, CCL22, CCL23, CCL24, CCL25, CCL26, CCL27, 
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Autoimmune Disorder (cont.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CCL28, CCL3, CCL3L1, CCL3L3, CCL4, 
CCL4L1/CCL4L2, CCL5, CCL7, CCL8, CCNA1, CCNA2, 
CCNB1, CCND1, CCND3, CCR1, CCR2, CCR3, CCR4, 
CCR5, CCR6, CCR7, CCR8, CCR9, CCRL2, CCSER2, 
CD14, CD151, CD180, CD19, CD1A, CD1B, CD1C, 
CD1D, CD1E, CD2, CD200, CD200R1, CD22, CD226, 
CD24, CD244, CD247, CD27, CD274, CD276, CD28, 
CD2AP, CD300A, CD300C, CD300LF, CD33, CD34, 
CD36, CD38, CD3D, CD3E, CD3G, CD4, CD40, CD40LG, 
CD44, CD46, CD47, CD5, CD52, CD55, CD59, CD6, 
CD68, CD69, CD7, CD70, CD72, CD74, CD79A, CD79B, 
CD80, CD83, CD84, CD86, CD8A, CD96, CD99, CD99L2, 
CDA, CDC42, CDC42EP3, CDH1, CDH11, CDH13, 
CDH17, CDH26, CDK13, CDK2, CDK4, CDK6, CDKAL1, 
CDKN1A, CDKN1B, CDKN2D, CDSN, CEACAM1, 
CEACAM16, CEACAM18, CEACAM19, CEACAM20, 
CEACAM21, CEACAM3, CEACAM4, CEACAM5, 
CEACAM6, CEACAM7, CEACAM8, CEBPB, CEBPG, 
CELA3B, CELF2, CELF4, CEMIP, CEP57, CERS6, CETP, 
CFB, CFD, CFH, CFHR5, CFI, CFL1, CFLAR, CFTR, 
CGA, CHAT, CHCHD2, CHD7, CHEK2, CHI3L1, 
CHMP1A, CHRFAM7A, CHRM1, CHRM2, CHRM3, 
CHRM4, CHRM5, CHRNA1, CHRNA10, CHRNA2, 
CHRNA3, CHRNA4, CHRNA5, CHRNA6, CHRNA7, 
CHRNA9, CHRNB1, CHRNB2, CHRNB3, CHRNB4, 
CHRND, CHRNE, CHRNG, CHST8, CHUK, CIITA, 
CINP, CISH, CKLF, CLEC12A, CLEC16A, CLEC1B, 
CLEC2B, CLEC2D, CLEC4A, CLEC4D, CLEC4E, 
CLEC5A, CLEC6A, CLEC9A, CLIC2, CLSTN2, CLU, 
CLYBL, CMAHP, CNDP1, CNEP1R1, CNGB3, CNR2, 
CNTF, CNTN2, CNTNAP4, COCH, COG6, COL10A1, 
COL11A2, COL12A1, COL13A1, COL16A1, COL18A1, 
COL1A1, COL1A2, COL27A1, COL2A1, COL3A1, 
COL4A1, COL4A2, COL4A3, COL4A4, COL4A5, 
COL4A6, COL5A3, COL6A1, COL6A2, COL6A3, 
COL7A1, COLQ, COMP, COPA, COPS5, COPS8, COQ6, 
COQ8B, CORO1A, CORT, COTL1, COX10, COX15, 
COX6A1, CPA5, CPT1A, CR1, CR2, CREB1, CREG2, 
CRH, CRISP3, CRP, CSF1, CSF2, CSF2RB, CSF3, CSF3R, 
CSGALNACT1, CSHL1, CSK, CSMD1, CSN3, CSNK2B, 
CST3, CST5, CTGF, CTH, CTLA4, CTNNA3, CTNNB1, 
CTNS, CTRB1, CTSA, CTSB, CTSC, CTSD, CTSG, 
CTSH, CTSL, CTSS, CTSV, CTSW, CUBN, CUX2, 
CWF19L2, CX3CL1, CX3CR1, CXCL1, CXCL10, 
CXCL11, CXCL12, CXCL13, CXCL14, CXCL16, 
CXCL17, CXCL2, CXCL3, CXCL5, CXCL6, CXCL8, 
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CXCL9, CXCR1, CXCR2, CXCR3, CXCR4, CXCR5, 
CXCR6, CYB5D1, CYBA, CYBB, CYC1, CYP11B2, 
CYP19A1, CYP1A2, CYP24A1, CYP27B1, CYP2B6, 
CYP2C19, CYP2C9, CYP2D6, CYP2J2, CYP2R1, 
CYP3A4, CYP3A5, CYP4F3, CYR61, CYSLTR1, CYTL1, 
CYYR1, DAB2IP, DAPL1, DAXX, DCD, DCK, 
DCLRE1C, DCUN1D1, DDB1, DDC, DDIT3, DDOST, 
DDR1, DDX25, DDX39B, DDX60, DEAF1, DEDD2, 
DEF6, DEFA1 (includes others), DEFA4, DEFB1, 
DEFB4A/DEFB4B, DEK, DEPDC5, DHCR7, DHFR, 
DHODH, DHPS, DHX16, DHX34, DIABLO, DICER1, 
DIO1, DIO2, DIP2C, DKK3, DLG5, DLL1, DLL4, 
DNAJA4, DNAJC4, DNASE1, DNASE1L3, DNASE2, 
DNM1, DNM1L, DNMT1, DNMT3A, DNMT3B, 
DNMT3L, DOCK8, DOK6, DOK7, DPAGT1, DPCR1, 
DPP4, DPP9, DQX1, DRAIC, DRD2, DRD3, DSG1, 
DSG3, DSP, DTNA, DUSP1, DUSP10, DUSP12, DUSP14, 
DUSP2, DYM, DYNLL1, DYSF, E2F1, E2F2, E2F3, EBI3, 
ECE2, ECEL1, ECHDC1, ECM1, EDN1, EDN3, EDNRA, 
EDNRB, EEF1A1, EEF1E1, EEF1G, EEF2, EFNB1, EGF, 
EGFL8, EGR2, EGR3, EHD4, EHMT2, EIF1, EIF1B, 
EIF2AK3, EIF3E, EIF5A, ELANE, ELAVL1, ELF1, 
ELMO1, ENAH, ENG, ENO1, ENOX1, ENPEP, ENPP1, 
ENTPD7, EOMES, EPAS1, EPHA4, EPHB6, EPHX2, 
EPO, ERAP2, ERBB3, ERCC1, ERCC6, ERG, ERH, ESR1, 
ESR2, ETFA, ETS1, ETV5, ETV7, EVC, EVI2A, EXO1, 
EYA2, EYA4, F10, F11R, F12, F13A1, F2, F2RL1, F3, F5, 
F7, FABP4, FABP7, FADS2, FAF1, FAM13A, FAM167A-
AS1, FAN1, FAS, FASLG, FASN, FASTK, FAU, FBL, 
FBLN1, FBXL7, FCAR, FCER1G, FCER2, FCGR1A, 
FCGR1B, FCGR2A, FCGR2B, FCGR2C, 
FCGR3A/FCGR3B, FCGRT, FCMR, FCN1, FCRL1, 
FCRL3, FDPS, FEM1B, FEN1, FES, FGA, FGB, FGF10, 
FGF14, FGF2, FGF9, FGFBP3, FGFR1, FGFR1OP, 
FGFR2, FGFR3, FGG, FGL1, FGL2, FIP1L1, FKBP1A, 
FKBP5, FKRP, FLOT1, FLT1, FLT3, FLT3LG, FLT4, 
FMN2, FN1, FOLR2, FOS, FOSB, FOXD3, FOXJ1, 
FOXO1, FOXO3, FOXP3, FPGS, FPR1, FPR2, FPR3, 
FRY, FRZB, FSTL4, FTH1, FTO, FUBP1, FUK, FURIN, 
FUT10, FUT2, FXR1, FXYD5, FZD5, G0S2, G6PD, GAA, 
GAB1, GABBR1, GABRA1, GABRA2, GABRA3, 
GABRA4, GABRA5, GABRA6, GABRB1, GABRB2, 
GABRB3, GABRD, GABRE, GABRG1, GABRG2, 
GABRG3, GABRP, GABRQ, GABRR1, GABRR2, 
GABRR3, GAD2, GADD45A, GADD45B, GALNT1, 
GALNT2, GALNT6, GANAB, GANC, GAR1, GART, 
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GAS6, GATA3, GBA, GBP1, GBP2, GBP4, GBP6, GC, 
GCA, GCG, GCGR, GCK, GCLC, GCLM, GDF15, GFAP, 
GFI1, GFPT1, GGH, GGT1, GGT2/LOC102724197, 
GGT5, GGT6, GGT7, GH1, GHR, GHRH, GHRHR, 
GHRL, GID4, GIMAP1, GIMAP2, GIMAP4, GINS2, GIP, 
GJA4, GLA, GLB1, GLIPR2, GLIS3, GLP1R, GLRA1, 
GLRB, GLRX5, GLUL, GMPPB, GNAQ, GNB2, GNB3, 
GNL1, GNLY, GNRH1, GOLPH3, GOT1, GOT1L1, 
GOT2, GP1BA, GP6, GPANK1, GPC4, GPC5, GPHN, 
GPNMB, GPR141, GPR15, GPR174, GPR18, GPR183, 
GPR65, GPSM3, GPT, GPT2, GPX4, GRAMD1A, GRB10, 
GREM1, GRHL2, GRIA1, GRIA2, GRIA3, GRIA4, 
GRIK4, GRIN1, GRIN2A, GRIN2B, GRIN2C, GRIN2D, 
GRIN3A, GRIN3B, GRINA, GRK5, GRM4, GRN, GRP, 
GSDMB, GSDMC, GSDMD, GSN, GSR, GSS, GSTP1, 
GTF2H4, GTF3C1, GUCY2C, GUSB, GYPA, GYS1, 
GZMA, GZMB, H1F0, H1FX, H3F3A/H3F3B, HAAO, 
HACD2, HAMP, HAVCR1, HAVCR2, HBA1/HBA2, 
HBB, HBD, HBE1, HBEGF, HBG1, HBG2, HBQ1, HBZ, 
HCAR3, HCG22, HCG26, HCG27, HCG4, HCG9, HCK, 
HCLS1, HCP5, HCST, HDAC1, HDAC10, HDAC11, 
HDAC2, HDAC3, HDAC4, HDAC5, HDAC6, HDAC7, 
HDAC8, HDAC9, HDC, HELZ2, HERC6, HES1, HES5, 
HEXA, HEXB, HEXDC, HFE, HGF, HGFAC, HHEX, 
HIF1A, HIPK1, HIST1H1A, HIST1H1B, HIST1H1C, 
HIST1H1D, HIST1H1E, HIST1H1T, HIST1H2AC, 
HIST1H2BF, HIST1H2BO, HIST1H3B, HIST1H3C, 
HIST1H3I, HIST1H4J, HIST1H4L, HIST2H3C, HIST3H3, 
HLA-A, HLA-B, HLA-C, HLA-DMA, HLA-DMB, HLA-
DOA, HLA-DOB, HLA-DPA1, HLA-DPB1, HLA-DQA1, 
HLA-DQA2, HLA-DQB1, HLA-DQB2, HLA-DRA, HLA-
DRB1, HLA-DRB3, HLA-DRB4, HLA-DRB5, HLA-E, 
HLA-F, HLA-G, HLA-J, HLA-L, HMGB1, HMGCR, 
HMGN4, HMOX1, HNF1A, HNF1B, HNF4A, HNMT, 
HNRNPA1, HNRNPA3, HOXB4, HOXC4, HP, HPR, 
HPRT1, HPS1, HPSE, HPX, HRAS, HRH1, HRH2, HRH3, 
HRH4, HRNR, HSD11B1, HSD17B8, HSP90B1, 
HSPA1A/HSPA1B, HSPA1L, HSPA5, HSPA8, HSPB8, 
HSPD1, HSPE1, HTR1A, HTR2A, HTR3B, HTR4, HTT, 
HYAL1, HYAL2, HYAL3, HYAL4, IAPP, ICA1, ICAM1, 
ICAM2, ICAM3, ICAM4, ICAM5, ICOS, 
ICOSLG/LOC102723996, ID1, ID2, IDE, IDO1, IFI16, 
IFI27, IFI30, IFI44, IFI6, IFIH1, IFIT1, IFIT1B, IFIT2, 
IFIT3, IFITM1, IFITM2, IFITM3, IFNA1/IFNA13, 
IFNA10, IFNA14, IFNA16, IFNA17, IFNA2, IFNA21, 
IFNA4, IFNA5, IFNA6, IFNA7, IFNA8, IFNAR1, 
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IFNAR2, IFNB1, IFNE, IFNG, IFNGR1, IFNGR2, IFNK, 
IFNL2, IFNW1, IFRD1, IGF1, IGF1R, IGF2-AS, IGF2BP2, 
IGFBP4, IGFBP5, IGFBP6, IGFBP7, IGHMBP2, IGSF5, 
IKBKB, IKBKG, IKZF1, IKZF3, IKZF4, IL10, IL10RA, 
IL10RB, IL11, IL12A, IL12B, IL12RB1, IL12RB2, IL13, 
IL15, IL16, IL17A, IL17B, IL17C, IL17D, IL17F, IL17RA, 
IL17RB, IL17RC, IL18, IL18BP, IL18R1, IL18RAP, IL19, 
IL1A, IL1B, IL1F10, IL1R1, IL1R2, IL1RAP, IL1RAPL1, 
IL1RAPL2, IL1RL1, IL1RL2, IL1RN, IL2, IL20, IL20RB, 
IL21, IL21R, IL22, IL23A, IL23R, IL24, IL25, IL26, IL27, 
IL27RA, IL2RA, IL2RB, IL2RG, IL3, IL33, IL36A, IL36B, 
IL36G, IL36RN, IL37, IL4, IL4R, IL5, IL5RA, IL6, IL6R, 
IL6ST, IL7, IL7R, IL9, IL9R, ILK, IMPDH1, IMPDH2, 
INF2, INHA, INPP5D, INS, INSL3, INSR, IP6K3, IPCEF1, 
IRAK1, IRAK3, IRAK4, IRF1, IRF4, IRF5, IRF6, IRF7, 
IRF8, IRGM, IRS1, IRS2, ISG15, ITCH, ITFG1, ITGA1, 
ITGA2, ITGA3, ITGA4, ITGA5, ITGA6, ITGA9, ITGAE, 
ITGAL, ITGAM, ITGAX, ITGB1, ITGB2, ITGB3, ITGB7, 
ITGB8, ITIH4, ITK, ITPA, ITPR1, ITPR3, IVD, IYD, 
JAG1, JAK1, JAK2, JAK3, JAM3, JAML, JAZF1, 
JMJD1C, JMJD6, JUN, JUNB, JUP, KAZN, KCNA3, 
KCNAB3, KCNE3, KCNH7, KCNJ11, KCNJ15, KCNJ2, 
KCNJ6, KCNK2, KCP, KCTD20, KDR, KEL, KHSRP, 
KIAA0087, KIAA1109, KIAA1549, KIF5A, 
KIR2DL1/KIR2DL3, KIR2DL2, KIR2DL4, KIR2DL5A, 
KIR2DL5B, KIR2DS3, KIR2DS4 (includes others), 
KIR3DL1, KIR3DL2, KIR3DL3, KIR3DS1, KIT, KITLG, 
KL, KLF12, KLF13, KLF3, KLF4, KLRB1, KLRC1, 
KLRC4-KLRK1/KLRK1, KMO, KMT2B, KNG1, KRAS, 
KRT15, KRT16, KRT17, KRT20, KRT5, KRT6A, 
KRTAP9-9, L1CAM, L3MBTL4, LACC1, LAMA5, 
LAMB2, LAP3, LAPTM5, LAT, LAX1, LBH, LBP, LBX2, 
LCAT, LCE3D, LCK, LCN2, LCOR, LCP1, LCP2, LDHA, 
LDHB, LDHC, LDLR, LDLRAD3, LEF1, LEMD2, LEP, 
LEPR, LGALS1, LGALS3, LGALS8, LGALS9, LHB, LIF, 
LILRA4, LILRB3, LILRB4, LIMK2, LIN9, LINC00922, 
LINC01104, LIPC, LMNB2, LMO4, LMX1B, LNPEP, 
LPA, LPIN2, LPL, LPP, LRBA, LRFN1, LRP1, LRP1B, 
LRP2, LRP4, LRP5, LRP6, LRP8, LRRC32, LRRC34, 
LRRK2, LSM2, LSM7, LSR, LST1, LTA, LTB, LTB4R, 
LTBR, LTC4S, LTF, LTK, LY6D, LY6E, LY6G5B, 
LY6G5C, LY6G6C, LY6G6D, LY86, LY9, LY96, LYN, 
LYRM4, LYST, LYZ, MAFB, MAGEE2, MAGI1, MAGI3, 
MALT1, MAML1, MAML3, MAOA, MAOB, MAP2K2, 
MAP2K4, MAP3K1, MAP3K2, MAP3K8, MAP4K1, 
MAP4K4, MAPK1, MAPK10, MAPK11, MAPK12, 
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MAPK13, MAPK14, MAPK3, MAPK8, MAPK9, 
MAPKAP1, MAPKAPK5, MAPKAPK5-AS1, MAPRE1, 
MAPT, MARK2, MATK, MAZ, MBD1, MBD2, MBL2, 
MBP, MC1R, MC2R, MCCD1, MCF2, MCF2L2, MCL1, 
MCTP2, MDC1, MDGA2, MDK, MDM2, MECP2, 
MED16, MEFV, MEN1, MERTK, METTL1, MFGE8, 
MFHAS1, MGAM, MGAT5, MGLL, MIA3, MICA, MICB, 
MIF, MINK1, MIPEP, MIPOL1, MIR17HG, MITF, 
MKI67, MLLT6, MLN, MLPH, MME, MMEL1, MMP1, 
MMP10, MMP11, MMP12, MMP13, MMP14, MMP2, 
MMP21, MMP3, MMP7, MMP8, MMP9, MNAT1, 
MOB3B, MOG, MOGS, MPC1, MPEG1, MPG, MPL, 
MPO, MPZ, MR1, MRC1, MRFAP1, MRPL53, MRPS15, 
MRPS28, MRPS36, MS4A1, MS4A2, MS4A6A, MS4A7, 
MSC, MSH5, MSRA, MSRB2, MT-CO3, MT-ND2, MT-
ND4, MT-TF, MT-TL1, MT2A, MTA2, MTAP, MTHFD1, 
MTHFD1L, MTHFD2L, MTHFR, MTHFS, MTOR, MTR, 
MTRR, MTTP, MUC1, MUC2, MUC21, MUC22, MUCL1, 
MUSK, MVK, MX1, MX2, MYBPC1, MYBPC2, 
MYBPC3, MYCBP2, MYCT1, MYD88, MYH1, MYH10, 
MYH11, MYH13, MYH14, MYH2, MYH3, MYH4, 
MYH6, MYH7, MYH7B, MYH8, MYH9, MYL1, 
MYL12A, MYL2, MYL3, MYL4, MYL5, MYL6, MYL6B, 
MYL7, MYL9, MYLK, MYO1C, MYO1E, MYO1F, 
MYO9A, MYO9B, MYOM1, MYSM1, MZB1, NAA16, 
NAA25, NADSYN1, NAGLU, NAMPT, NANOS3, NBN, 
NBR1, NCF1, NCF2, NCF4, NCOA2, NCR1, NCR3, 
NCSTN, NDUFA3, NDUFB10, NEBL, NECTIN1, NEIL1, 
NEK9, NELFE, NELL1, NEUROD1, NEUROG3, NFAT5, 
NFATC1, NFATC2, NFE2L2, NFIA, NFKB1, NFKB2, 
NFKBIA, NFKBIE, NFKBIL1, NFKBIZ, NGF, NGFR, 
NIM1K, NINJ1, NKAPL, NLRP1, NLRP10, NLRP14, 
NLRP2, NLRP3, NLRP5, NMNAT2, NMT2, NOD2, 
NOM1, NONO, NOS1, NOS2, NOS3, NOTCH1, NOTCH2, 
NOTCH3, NOTCH4, NPAS3, NPHS1, NPHS2, NPPA, 
NPY, NR1H3, NR3C1, NR4A1, NR4A2, NR4A3, NRAS, 
NRG1, NRG3, NRM, NRP1, NRSN1, NRSN2, NT5E, 
NTF3, NTF4, NTRK1, NTRK2, NUDCD2, NUMB, 
NUP107, NUP155, NXN, NXPE3, OAS1, OAS2, OAS3, 
OASL, OCA2, OFD1, OGG1, OLAH, OPRD1, OPRK1, 
OPRL1, OPRM1, OR11A1, OR12D2, OR12D3, OR2B3, 
ORM1, ORM2, OS9, OSM, OTUD7B, P2RX7, P2RY10, 
P2RY13, P4HB, PADI2, PADI4, PANK2, PAPPA, 
PAPPA2, PARD3B, PARP1, PARP14, PAX1, PAX4, 
PAX8, PAXIP1, PBLD, PBX2, PCBD1, PCDH15, PCM1, 
PCNA, PCSK9, PCYOX1, PDCD1, PDCD1LG2, PDCD4, 
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PDE10A, PDE11A, PDE4A, PDE4B, PDE4C, PDE4D, 
PDE4DIP, PDGFA, PDGFB, PDGFC, PDGFRA, PDGFRB, 
PDGFRL, PDIA3, PDLIM1, PDYN, PDZD2, PECAM1, 
PELI1, PER1, PF4, PFAS, PFKFB3, PFN1, PGAP3, PGF, 
PGK1, PGLYRP1, PGM1, PGM3, PGR, PHACTR3, 
PHF19, PHF20, PHIP, PHLDB2, PHRF1, PHTF1, PIAS3, 
PIGR, PIK3C2B, PIK3CG, PILRB, PIP, PKHD1, PKM, 
PLA2G2A, PLA2G4A, PLA2G7, PLA2R1, PLAC4, PLAT, 
PLAUR, PLBD1, PLCE1, PLCG1, PLCG2, PLCL2, PLD4, 
PLEC, PLEK, PLP1, PLTP, PLXND1, PMF1/PMF1-
BGLAP, PML, PMP2, PMP22, PNLIPRP1, PNMA5, 
PNPLA3, POLA1, POLB, POLD1, POLG, POLR2L, 
POLR2M, POMC, PON1, PON2, PON3, POU5F1, 
POU6F2, PPARA, PPARD, PPARG, PPARGC1A, PPAT, 
PPBP, PPID, PPIL6, PPM1H, PPP1CA, PPP1R11, PPP1R7, 
PPP1R8, PPP2CA, PPP2R2B, PPP3CA, PPP3CB, PPP3CC, 
PPP3R1, PPP3R2, PPT2, PPTC7, PRDM1, PRDX1, 
PRDX2, PRDX3, PRDX5, PREP, PREPL, PRF1, PRIM1, 
PRIM2, PRKAA1, PRKAA2, PRKAR1A, PRKCA, 
PRKCB, PRKCD, PRKCE, PRKCQ, PRL, PRMT1, 
PRMT3, PRNP, PROC, PROK1, PRR5, PRRC2A, PRRT1, 
PRSS1, PRSS16, PRSS2, PRSS3, PRTN3, PRUNE2, 
PSEN1, PSEN2, PSENEN, PSMA1, PSMA2, PSMA3, 
PSMA4, PSMA5, PSMA6, PSMA7, PSMA8, PSMB1, 
PSMB10, PSMB11, PSMB2, PSMB3, PSMB4, PSMB5, 
PSMB6, PSMB7, PSMB8, PSMB9, PSMC1, PSMC2, 
PSMC3, PSMC4, PSMC5, PSMC6, PSMD1, PSMD10, 
PSMD11, PSMD12, PSMD13, PSMD14, PSMD2, PSMD3, 
PSMD4, PSMD5, PSMD6, PSMD7, PSMD8, PSMD9, 
PSME1, PSME2, PSME3, PSME4, PSMF1, PSMG3-AS1, 
PSORS1C1, PSRC1, PSTPIP1, PTAFR, PTGER1, 
PTGER2, PTGER3, PTGER4, PTGES, PTGFR, PTGIR, 
PTGIS, PTGS1, PTGS2, PTH, PTH1R, PTH2R, PTK2, 
PTK2B, PTMA, PTPN1, PTPN11, PTPN2, PTPN22, 
PTPN6, PTPRC, PTPRE, PTPRN, PTPRN2, PTPRO, 
PTPRZ1, PVR, PXDNL, PXK, PXN, PYCARD, QKI, 
R3HDM2, RAB10, RAB1B, RAB27A, RAB2A, RAB31, 
RAB5A, RAB5B, RAD51B, RAET1G, RAG1, RAG2, 
RALB, RALGDS, RAMP1, RAMP2, RAMP3, RAPSN, 
RARRES2, RASGRF1, RASGRP1, RASGRP3, RASGRP4, 
RASSF8, RB1, RBM17, RBM38, RBP3, RBP4, RBP7, 
RBPJ, RC3H1, RCAN1, RCSD1, RECK, REG1A, REG1B, 
REL, RELA, RELB, REN, RERE, RET, RETN, REV3L, 
RFC1, RFLNB, RFTN1, RFX3, RFX6, RGCC, RGL2, 
RGS1, RGS18, RGS6, RHOBTB3, RIDA, RIMS1, RINL, 
RMDN3, RNASE2, RNASE3, RNASE6, RNF128, RNF14, 
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RNF149, RNF169, RNF39, RNF5, RNPEPL1, ROCK2, 
RORA, RORC, RPL11, RPL15, RPL18A, RPL19, RPL31, 
RPL32, RPS13, RPS16, RPS17, RPS18, RPS24, RPS3, 
RPSA, RRAS, RRM1, RRM2, RSBN1, RSPO4, RTFDC1, 
RTKN2, RTP4, RUNX1, RUNX3, RXFP1, RXRB, RYR1, 
S100A1, S100A10, S100A12, S100A2, S100A4, S100A6, 
S100A7, S100A8, S100A9, S100PBP, S1PR1, SAA1, 
SAA2, SAA2-SAA4, SAA4, SAFB, SAMD9L, SAMHD1, 
SCAP, SCARF1, SCD, SCGB3A2, SCML1, SCN10A, 
SCN4A, SCN5A, SCUBE1, SDC1, SDC2, SDC3, SDC4, 
SDHD, SDR16C6P, SEC14L3, SEC24B, SEC61A1, 
SEC62, SEL1L, SELE, SELENOS, SELENOT, SELL, 
SELP, SEMA4A, SEMA4D, SERINC2, SERINC3, 
SERPINA1, SERPINA10, SERPINA12, SERPINA3, 
SERPINA4, SERPINA5, SERPINA6, SERPINA7, 
SERPINA9, SERPINB13, SERPINB5, SERPINC1, 
SERPINE1, SERPINF1, SERPINF2, SERPING1, SETD7, 
SETDB1, SEZ6L, SF3B6, SFRP1, SFRP2, SFRP4, SFRP5, 
SGCD, SGCZ, SGF29, SGK1, SGPL1, SH2B1, SH2B3, 
SH2D1A, SH2D1B, SH2D2A, SHB, SHC1, SHCBP1, 
SHMT1, SIAE, SIGLEC1, SIGLEC10, SIL1, SIRPB1, 
SIRPG, SIRT1, SIT1, SKIV2L, SLAMF6, SLAMF7, 
SLC10A1, SLC11A1, SLC12A3, SLC14A1, SLC15A4, 
SLC17A3, SLC17A4, SLC18A1, SLC18A2, SLC18A3, 
SLC19A1, SLC1A2, SLC22A4, SLC26A4, SLC2A1, 
SLC30A8, SLC3A2, SLC44A4, SLC46A1, SLC5A2, 
SLC5A7, SLC6A11, SLC6A2, SLC6A3, SLC6A4, 
SLC6A5, SLC7A1, SLC7A11, SLC7A2, SLCO1B1, 
SLFN12L, SLFN5, SLURP1, SMAD1, SMAD2, SMAD3, 
SMAD4, SMAD5, SMAD7, SMARCAL1, SMG7, 
SMIM20, SNAI2, SNAP25, SNCA, SND1, SNORD3A, 
SNRNP200, SNTB2, SOCS1, SOCS2, SOCS3, SOCS4, 
SOD2, SORL1, SOS2, SOWAHD, SOX18, SOX2, SOX5, 
SOX6, SP1, SPAG16, SPAM1, SPATS2L, SPHK1, SPI1, 
SPIB, SPINK1, SPN, SPNS2, SPOCK1, SPP1, SPPL2C, 
SPRED1, SPRED2, SPRY2, SPSB1, SPTA1, SQLE, SRC, 
SRP14, SRSF1, SRSF2, SSC5D, ST6GAL1, 
ST6GALNAC4, STAP1, STAT1, STAT2, STAT3, STAT4, 
STAT5A, STAT5B, STAT6, STEAP4, STIM1, STIM2, 
STK17B, STK19, STK3, STK4, STN1, STXBP2, 
SULT1A2, SUMO1, SUMO3, SUMO4, SURF1, SUV39H1, 
SUV39H2, SWT1, SYK, SYNE1, SYNGR1, SYNGR2, 
SYT2, SYT3, SYT6, SYT7, TAAR1, TAC1, TACO1, 
TAF13, TAGAP, TAL1, TALDO1, TANK, TAP1, TAP2, 
TAPBP, TARP, TBC1D10C, TBC1D9, TBCD, TBK1, 
TBRG1, TBX1, TBX21, TCF19, TCF24, TCF4, TCF7, 



34 
 

Autoimmune Disorder (cont.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

TCF7L2, TCIRG1, TCN2, TERC, TERT, TF, TFG, TFRC, 
TG, TGFA, TGFB1, TGFB2, TGFB3, TGFBI, TGFBR1, 
TGFBR2, TGFBR3, TGM2, TH, THADA, THBD, THBS1, 
THBS4, THEMIS, THPO, THRA, THRB, TICAM1, TIGIT, 
TIMP1, TIRAP, TJP1, TK2, TLE1, TLE3, TLR1, TLR10, 
TLR2, TLR3, TLR4, TLR5, TLR6, TLR7, TLR8, TLR9, 
TMEM116, TMEM127, TMEM135, TMEM140, 
TMEM161A, TMEM173, TMEM212, TMEM266, 
TMEM39A, TMEM51, TMEM59, TMEM71, TMF1, 
TMPO, TMPRSS6, TMTC1, TMX4, TNC, TNF, TNFAIP3, 
TNFAIP6, TNFRSF10A, TNFRSF10B, TNFRSF10C, 
TNFRSF10D, TNFRSF11A, TNFRSF11B, TNFRSF12A, 
TNFRSF13B, TNFRSF14, TNFRSF17, TNFRSF18, 
TNFRSF1A, TNFRSF1B, TNFRSF21, TNFRSF25, 
TNFRSF4, TNFRSF6B, TNFRSF8, TNFRSF9, TNFSF10, 
TNFSF11, TNFSF12, TNFSF12-TNFSF13, TNFSF13, 
TNFSF13B, TNFSF14, TNFSF15, TNFSF18, TNFSF4, 
TNFSF8, TNFSF9, TNIP1, TNK1, TNNC1, TNNC2, TNP2, 
TNPO3, TNRC6B, TNXB, TOB1, TOB2, TOPBP1, TP53, 
TP53BP2, TPBG, TPD52, TPGS2, TPH1, TPM2, TPO, 
TPP2, TPST1, TPTEP1, TRABD, TRADD, TRAF1, 
TRAF3, TRAF3IP2, TRAF5, TRAF6, TRAFD1, TRAK2, 
TRAM1, TRAM2, TRAPPC2L, TRDMT1, TREX1, 
TRIM10, TRIM15, TRIM21, TRIM25, TRIM26, TRIM27, 
TRIM28, TRIM31, TRIM40, TRIO, TRPC6, TRPM4, 
TRPV4, TSC22D3, TSFM, TSHR, TSLP, TSPAN8, TSPO, 
TTC21B, TTC31, TTC39C, TTC7A, TTR, TUBA4B, 
TUBB, TUBB4A, TUSC2, TWIST1, TWSG1, TXN, 
TXNDC2, TXNRD1, TXNRD2, TXNRD3, TYK2, TYMP, 
TYMS, TYR, TYRO3, TYROBP, U2AF1/U2AF1L5, 
UBAC1, UBAC2, UBASH3A, UBASH3B, UBB, UBD, 
UBE2H, UBE2L3, UBE2L6, UCHL1, UCP1, UCP2, UFL1, 
UHRF1BP1, UMOD, UNC13D, UNC93A, UQCC2, 
UQCRC2, USP15, USP17L9P, USP18, USP7, UTS2, 
VAMP1, VARS, VARS2, VASH1, VCAM1, VDR, 
VEGFA, VEGFB, VEGFC, VEGFD, VIM, VIP, VIPR1, 
VIPR2, VKORC1, VNN1, VPREB3, VPS13C, VPS37C, 
VPS52, VPS53, VRK1, VSIG10, VSIG4, VSIR, VTCN1, 
VTN, VWA7, VWF, WAS, WDFY4, WDR46, WDR66, 
WFS1, WHAMM, WNK1, WNT1, WNT10A, WNT10B, 
WNT11, WNT3, WNT5A, WNT7B, WNT9A, WT1, XAF1, 
XBP1, XCL1, XCL2, XDH, XIAP, XIRP2, XKR6, XPA, 
XPC, XRCC1, YIPF6, YTHDC2, ZAP70, ZBP1, ZBTB12, 
ZBTB22, ZBTB7A, ZBTB9, ZC3H12D, ZC3HC1, 
ZCCHC6, ZCRB1, ZFAT, ZFP36, ZFP57, ZKSCAN3, 
ZKSCAN4, ZKSCAN8, ZMIZ1, ZMYND11, ZNF134, 
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Autoimmune Disorder (cont.) 
 
 

ZNF143, ZNF148, ZNF165, ZNF214, ZNF215, ZNF230, 
ZNF280B, ZNF281, ZNF311, ZNF326, ZNF331, ZNF543, 
ZNF599, ZNF7, ZNF705A, ZNF728, ZNF784, ZNRD1, 
ZNRD1ASP, ZP3, ZPBP2, ZRANB1, ZSCAN12, 
ZSCAN31 
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Supplemental Figure 1: Nature Communications Article 
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