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Maximizing the ability to detect modifying genetic factors of rare complex disorders – 
Fragile X-Associated Primary Ovarian Insufficiency and Down Syndrome - Congenital 
Heart Defects 
 
Abstract 
 
In order to better identify and understand the genetic architecture of complex traits, modern 

genomic methods are more focused on using the ample amount of data that has been collected 

over the last decade and examining the genome in different ways. However, prioritizing 

functional variants in this framework remains challenging. Strategies including faster and easier 

to use annotation and filtering methods are increasingly important for genomic analyses today. 

Selecting cohorts from genetically-sensitized populations or constructing a cohort from those 

with the extreme phenotypes of a complex trait are other strategies to maximize the ability to 

detect susceptibility variants. In this dissertation, I employ these strategies to study primary 

ovarian insufficiency (POI) in a cohort of women with a fragile X premutation (PM) and to study 

atrioventricular septal defects (AVSD) in a cohort of individuals with Down syndrome (DS). Both 

of these groups have these co-occurring traits at a much higher frequency than the general 

population - women with a PM are at a 20-fold increased risk for POI and individuals with DS 

are at a >2000 increased risk for AVSD.  

POI, which affects 1% of women in the general population, is a condition characterized 

by symptoms of early menopause and is a leading cause of infertility. About 20% of women who 

carry a PM, a CGG repeat expansion in the range of 55-200 repeats in the 5’UTR of the X-

linked FMR1 gene, are diagnosed with fragile X-associated POI (FXPOI). We hypothesize that 

there are genetic modifiers that contribute to the age of onset and severity of FXPOI. In order to 

test this, we conducted a case/control study among women with a PM taken from the extremes 

of the distribution of age at onset of FXPOI/menopause (onset before age 35 and after age 50). 

We compared whole genome sequencing (WGS) data in an untargeted way and examining 

candidate genes that are involved in the underlying mechanism of PM-associated disorders. 



 

Top ranked genes were then screened using the Drosophila model as a high-throughput, whole 

organism functional screen to gain further evidence of their involvement in ovarian dysfunction. 

AVSDs are a rare and severe form of congenital heart defects (CHD) and require 

surgery soon after birth. In general, CHDs occur in almost 1% of infants in the general 

population; AVSD occurs in about 1/10,000. Most genetic studies of CHD examine all forms, 

although there is strong evidence of etiological heterogeneity.  We took the same strategy as 

above and identified a genetically-sensitized population to increase the ability to identify risk 

variants of AVSD. About 20% of infants with Down syndrome, or trisomy 21, are born with an 

AVSD, an enormous increase in frequency over the general population. Thus, we based our 

study on 702 individuals with DS who did and did not have an AVSD, again, drawing from those 

with the extremes of heart development.  We used available whole exome sequencing, WGS, 

and/or array-based imputation data and took a variety of statistical approaches to examine risk-

associated genes and pathways and to examine the contribution of many common variants of 

small effect size using polygenic risk score (PRS) methods.  

Results from both studies that combined multiple statistical approaches of genetic data 

based on extreme phenotypes within genetically-sensitized cohorts proved successful. Identified 

candidate genes can now be moved to mammalian model systems to test for functional 

involvement. These studies benefit not only those with increased risk (i.e., women with a PM or 

people with DS), but may also be translated to those with idiopathic forms of the disorders.     
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I. Introduction 

 

I.I Understanding the genetic architecture of complex traits  

 

Identifying genetic factors that contribute to complex traits in the past decade has been 

primarily accomplished through genome-wide association studies (GWAS) (Visscher et 

al., 2017). All of the data gathered from these studies have been catalogued and are 

now available to use to further the research in different ways (Buniello et al., 2019). 

Similarly, data from large whole exome sequencing (WES) and whole genome 

sequencing (WGS) studies are now deposited in public, access-controlled databases 

(e.g., dbGaP) for general use. Projects like the ENCODE project have continuously 

helped to bring annotated information from these genomic studies together to make it 

easier to access (Luo et al., 2020).  Recent developments in statistical methods in 

genomics have been expanding more on the idea of grouping both common and rare 

variants into genes and pathways as an analytical unit rather than individual variants to 

better characterize the profile of genetic diseases and to obtain more power in genomic 

analyses (Moutsianas et al., 2015). Better genomic annotation methods facilitate the 

speed of these analyses and improved statistical methods to identify susceptibility 

variants bolster future studies overall. In addition to the improvement of genomic tools, 

annotation and statistical tools, new study designs are being considered to increase the 

ability to understand the genetic architecture of rare disorders.  

In this dissertation, I have taken advantage of cohorts of individuals from more 

sensitized populations to detect susceptibility variants that can potentially be translated 

https://www.zotero.org/google-docs/?QIG0bP
https://www.zotero.org/google-docs/?QIG0bP
https://www.zotero.org/google-docs/?KgVKNj
https://www.zotero.org/google-docs/?Vxn3f0
https://www.zotero.org/google-docs/?3AjXeU
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to those affected in the general population. More specifically, this strategy can be 

implemented in cohorts of individuals with rare disorders with a large-effect background 

mutation where co-occurring conditions are seen at a much higher rate than the general 

population. Examples include congenital heart defects in Down Syndrome and POI in 

women with the fragile X premutation (FXPOI). As we continue to work to identify the 

genetic background underlying complex disorders, these strategies will provide new 

information built on the resources generated from GWAS and gene annotation 

information. 

 

I.I.i. Gene set analyses 

To increase power for rare variant analyses, variants may be filtered to consider only 

those exceeding a certain severity threshold of predicted deleteriousness, and then 

grouped by gene or pathway and tested simultaneously in these variant sets. Burden 

tests are often used for this purpose, however a burden test assumes variants are 

contributing to a phenotype in the same direction - either protective or risk-associated.  

For biological phenotypes, this assumption may not be warranted as variants 

could be acting in either direction. In order to overcome this limitation, the sequence 

kernel association test (SKAT) may be applied (Wu et al. 2010), which allows for 

modeling of the joint effect of risk and protective alleles within a set via a logistic kernel-

machine-based test that can also include covariates. An optimal unified test (SKAT-O) 

maximizes the value in both types of combined variant testing (S. Lee et al. 2012) by 

modeling both SKAT and the burden test for each defined variant set and finding the 

optimal linear combination of both tests. Thus, it optimizes power for all scenarios. 
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SKAT-O also minimizes type I errors in smaller sample sizes by estimating the sample 

variance and kurtosis allowing for proper reference distribution (S. Lee et al. 2012). As 

well as rare variant testing, SKAT-O can also be employed for analysis of common 

variants within genes and pathways. 

 

I.I.ii. Understanding contribution of polygenes 
 

Extensive work has been done examining and cataloguing the common variants in 

complex traits (Buniello et al., 2019). One of the powerful tools that is now available 

given this body of work is being able to examine polygenic risk scores (PRS) in human 

genetics using public GWAS data. PRS are calculated as a weighted sum of risk alleles 

in which the weights are generated from a GWAS of the complex trait being measured 

as a discovery sample (Chatterjee et al., 2016). Thus far PRS analyses have primarily 

been used to better understand polygenic risk that was previously challenging to 

determine in various complex disorders (Chalmer et al., 2018; Cleynen et al., 2020; 

Escott-Price et al., 2017; Kauppi et al., 2015). PRS profiling is also being considered to 

determine if genome-wide polygenic risk can be used to improve screening for and 

identify individuals with genetic risk for common disorders (Khera et al., 2018; 

Torkamani et al., 2018). This approach to better understand underlying heritability and 

genetic risk is limited by the available GWAS data. In addition to this limitation, even 

when there are available GWAS data, the amount of variability that can be explained for 

any given polygenic trait is limited by the cohort size of the discovery GWAS set, which 

will often be small for rare diseases. 

 

https://www.zotero.org/google-docs/?o2xQHz
https://www.zotero.org/google-docs/?o9SUeF
https://www.zotero.org/google-docs/?BjFByq
https://www.zotero.org/google-docs/?BjFByq
https://www.zotero.org/google-docs/?fopZ0J
https://www.zotero.org/google-docs/?fopZ0J
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I.II Fragile X Primary Ovarian Insufficiency 

 

I.II.i. Prevalence of Primary Ovarian Insufficiency 

 

Primary Ovarian Insufficiency (POI) is a leading cause of female infertility and is 

characterized by cessation of menses for at least four months before the age of 40 and 

increased follicle-stimulating hormone (FSH) levels > 25 IU/l measured twice (Rudnicka 

et al., 2018; Webber et al., 2016). POI is present at 1% in the general population 

(Nelson, 2009). Women with POI are also at a greater risk of disorders associated with 

early estrogen-deficiency, such as osteoporosis, type 2 diabetes, cardiac disease, and 

all-cause mortality (Anagnostis et al., 2019; Jacobsen et al., 2003; Muka et al., 2016; 

Shuster et al., 2010). Multiple genes and chromosomal abnormalities including but not 

limited to Turner Syndrome/monosomy X, GALT, CHM, DIAPH2, POF1B, XPNPEP2, 

NXF5, USP9X, ZFX, BMP15, FMR1, FMR2, XIST, CENPI, PGMRC1, AR, FOXO4, 

AGTR2 and BHLHB9 have been associated with risk of POI (Fortuño & Labarta, 2014; 

Goswami & Conway, 2005). Despite these associations, etiology is unknown in the 

majority of POI cases (Vujovic, 2009). One important cause of POI is the fragile X 

premutation (PM) allele, a CGG repeat expansion in the 5’UTR of the FMR1 gene 

(Figure 1.1). Indeed, it is the most common single gene cause of POI. Among those 

with POI, the PM is identified in about 11% of women with a family history of POI and 

about 3% among isolated cases (Bussani et al., 2004; Marozzi et al., 2000; Murray, 

2000). The frequency of women who carry a PM allele in the general population is 

approximately 1/300 (Cronister et al., 2005; Hagerman, 2008; Hantash et al., 2011; 

https://www.zotero.org/google-docs/?DnjzgF
https://www.zotero.org/google-docs/?DnjzgF
https://www.zotero.org/google-docs/?LZqR6M
https://www.zotero.org/google-docs/?ORgQAH
https://www.zotero.org/google-docs/?ORgQAH
https://www.zotero.org/google-docs/?axp0zW
https://www.zotero.org/google-docs/?axp0zW
https://www.zotero.org/google-docs/?1qKyZS
https://www.zotero.org/google-docs/?RbNCkv
https://www.zotero.org/google-docs/?RbNCkv
https://www.zotero.org/google-docs/?9fk3pE
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Lévesque et al., 2009; Song et al., 2003). Among those women, the risk of POI is about 

20%, thus a 20-fold increased risk compared with the general population (Nelson, 2009; 

S. L. Sherman, 2000).  

 

I.II.ii. Risk factors for FXPOI 

 

Although there is a significant increase of POI among women with a PM, the majority of 

carriers go through menopause around 50 years of age. Several genetic and 

environmental factors have been studied to determine if they contribute to the 

incomplete penetrance in FXPOI. The repeat size of a PM itself confers risk non-

linearly, with the highest risk occurring at 80-100 repeats (Allen et al. 2007; Sullivan et 

al. 2005; Spath et al. 2011; Ennis, Ward, and Murray 2006). An additive genetic 

component separate from the PM that confers risk to FXPOI has been evaluated 

(Hunter et al., 2008; Spath et al., 2011). However, the specific modifying genes 

underlying the genetic background contribution to FXPOI outside of the PM have yet to 

be fully determined beyond studies that show there is a genetic background component 

contributing to incidence of FXPOI in women with the PM (Hunter et al., 2008).  

Another genetic factor that has been evaluated for its contribution to incidence of 

FXPOI is the genetic component of age at natural menopause (AOM). Thus far, there 

have been several GWAS studies of women who experience natural AOM in which over 

50 loci have been found to have an association with AOM (Day et al., 2015; Perry et al., 

2014; Stolk et al., 2012). Many of the associated variants were found in DNA damage 

response genes (Day et al., 2015; Perry et al., 2014; Stolk et al., 2012). The primary 

https://www.zotero.org/google-docs/?9fk3pE
https://www.zotero.org/google-docs/?rdvwgf
https://www.zotero.org/google-docs/?rdvwgf
https://www.zotero.org/google-docs/?zSkp0x
https://www.zotero.org/google-docs/?AgvAv2
https://www.zotero.org/google-docs/?EQq2tw
https://www.zotero.org/google-docs/?EQq2tw
https://www.zotero.org/google-docs/?Ou8O7J
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environmental factor considered for association with FXPOI is smoking, but any 

association has been found to be due to smoking impacting age at menopause for all 

women by reducing age at menopause (Allen et al., 2007; Spath et al., 2011). Genetic 

factors that have been determined to not be associated with risk of FXPOI are age at 

menarche, BMI, and skewed X-inactivation (Bione et al., 2006; Hunter et al., 2008; 

Rodriguez-Revenga et al., 2009; Spath et al., 2010; Tejada et al., 2008).  

 

I.II.iii. Mechanisms of the PM leading to FXPOI 

 

Mechanisms of Fragile X-associated disorders have primarily been discovered in 

studies of Fragile X-associated tremor/ataxia syndrome (FXTAS) (Aumiller et al., 2012; 

Sellier et al., 2010, 2013; Sofola et al., 2007; Todd et al., 2013). There are two primary 

mechanisms that have been identified for how the PM can lead to fragile X-associated 

disorders - repeat associated non-AUG (RAN) translation and sequestration of RNA 

binding proteins (Figure 1.2). RAN translation is a noncanonical process of translation in 

which translation machinery is stalled at a structure like the hairpin formed by the CGG 

repeats in the fragile X premutation and then translate small polypeptides, in this case 

polyalanine and polygycine products (Reddy & Pearson, 2013). RAN translation occurs 

in multiple repeat disorders (Ash et al., 2013; Mori et al., 2013; Zu et al., 2011). 

Sequestration of RNA binding proteins also involves the repeat mRNA forming 

structures but instead of generating a new genetic product, RNA binding proteins that 

directly bind CGGs and proteins bound to them are bound to the structures formed by 

https://www.zotero.org/google-docs/?yi0fTT
https://www.zotero.org/google-docs/?xgwJF4
https://www.zotero.org/google-docs/?xgwJF4
https://www.zotero.org/google-docs/?Jl3Bim
https://www.zotero.org/google-docs/?Jl3Bim
https://www.zotero.org/google-docs/?pwzw8u
https://www.zotero.org/google-docs/?t1bHRu
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the repetitive mRNA, resulting in a loss of function for those proteins (Sellier et al., 

2010, 2013).  

Drosophila has been a useful model for studies of Fragile X tremor-ataxia 

syndrome (FXTAS) (Jin et al., 2003). In favor of the sequestration model where RNA 

binding proteins are sequestered by the PM repeat, this model showed that specific 

CGG RNA binding proteins alter neuronal function, including hnRNP A2/A1, CUGPB1, 

and Pur-alpha (Aumiller et al., 2012; Sofola et al., 2007). Drosophila models of other 

repeat disorders have also been used to study potential repeat toxicity from RAN 

translation products (Koon & Chan, 2017). Drosophila studies related to ovarian function 

have focused primarily on germline stem cells with respect to FMR1, in which they 

found FMR1 played an important role in maintenance of germline stem cells and in 

repressing differentiation (L. Yang et al., 2007; Y. Yang et al., 2009).  

 

I.II.iv. Animal models for FXPOI 

 

Multiple animal models have been established for FXPOI (Reviewed in Sherman et al., 

2014). Thus far, there have been multiple murine models in which different ovarian 

pathologies have been observed (Buijsen et al., 2016; Ferder et al., 2013; Hoffman et 

al., 2012; Lu et al., 2012). Using these PM models has been useful to understand 

ovarian function in the presence of the PM alone. For reasons of sample access, 

determining whether ovarian function is perturbed at different stages of development is 

only possible using animal models (Hoffman et al., 2012; Lu et al., 2012). In the study 

by Lu et al., 2012, ovarian size and follicle count were evaluated at postnatal days (PD) 

https://www.zotero.org/google-docs/?8tpw5g
https://www.zotero.org/google-docs/?8tpw5g
https://www.zotero.org/google-docs/?awOUc3
https://www.zotero.org/google-docs/?ZfoHEL
https://www.zotero.org/google-docs/?6FKR6q
https://www.zotero.org/google-docs/?UP94II
https://www.zotero.org/google-docs/?kEZreh
https://www.zotero.org/google-docs/?kEZreh
https://www.zotero.org/google-docs/?kEZreh
https://www.zotero.org/google-docs/?kEZreh
https://www.zotero.org/google-docs/?u9Va86
https://www.zotero.org/google-docs/?u9Va86
https://www.zotero.org/google-docs/?mmAr7n
https://www.zotero.org/google-docs/?rhAvtc
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8 and 25, and at 9 and 16 weeks. It was determined that there is no perturbation of 

early primordial follicle pool or ovarian size at PD25 compared to wildtype, but was a 

reduction in ovarian size and mature follicles at 9 weeks (Lu et al., 2012). A similar 

result was found in the study by Hoffman et al., 2012 at four months. Morphological 

discoveries that have come from studies of these models include depletion of follicles in 

later stages of life, granulosa cell abnormalities and increased atresia. Gene expression 

is also being studied in these mouse models, with alterations in the Akt/mTOR pathway 

(Buijsen et al., 2016; Lu et al., 2012). The findings in these models have already given a 

better understanding of the disease pathology that may underly FXPOI and continue to 

be essential in examining mechanisms for modifying genes that are found through 

genomic studies in women with the PM. 

 

I.III Congenital Heart Defects in Down Syndrome 

 

I.III.i. Prevalence and variability in phenotype for DS 

 

Trisomy 21, also known as Down Syndrome (DS), is genetically complex and results in 

a variety of phenotypes including intellectual disability, congenital heart defects, and 

developmental delay (Antonarakis et al., 2020). Variation in phenotype can be attributed 

to many of the genes on the long arm of chromosome 21 (Antonarakis, 2017). Structural 

variants in this region as well as SNVs contribute to the global dysregulation of the 

transcriptome (Antonarakis, 2017). However, the trisomy and variants on chromosome 

21 do not fully explain all variation seen in DS. Specifically, genetic variation on non-

https://www.zotero.org/google-docs/?OOJr56
https://www.zotero.org/google-docs/?FfZTaK
https://www.zotero.org/google-docs/?KRxjUA
https://www.zotero.org/google-docs/?KLBikI
https://www.zotero.org/google-docs/?xP91Su
https://www.zotero.org/google-docs/?nUTwVC
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chr21 loci has also been shown to be an important component in explaining variability in 

DS clinical phenotypes (Antonarakis, 2017; Brown et al., 2019; Hertzberg et al., 2010; 

Sailani et al., 2013).  

Certain phenotypes are more homogenous in the DS population than you would 

find in other groups because of the strong background of a genetic risk (Antonarakis, 

2017; Karmiloff-Smith et al., 2016). One of the strategies that can be implemented to 

better understand the architecture of complex genetic traits such as CHD is to look at a 

population like DS in which there is a greatly increased occurrence of that trait. 

Congenital heart defects (CHD) occur in 80 out of 10,000 live births and it is the most 

common birth defect (Reller et al., 2008). In individuals with DS, the rate of congenital 

heart defects is over 40 fold higher than in the general population (Hartman et al., 

2011). Atrioventricular septal defects (AVSD), a severe CHD for which surgery around 

the time of birth is needed, is found in DS at a greater than 2,000 fold prevalence in DS 

compared to the general population (Hoffman et al., 2012; Mai et al., 2015; Sarısoy et 

al., 2018). AVSDs cover a wide spectrum of congenital heart defects that are 

characterized by structural defects allowing blood flow between the left and right atria 

and/or ventricles instead of the complete separation of left and right atria and/or 

ventricles needed for efficient delivery of oxygenated blood to the body (Craig, 2006).  

 

I.III.ii. Genetic studies of CHD 

 

Many subtypes of CHDs represent a spectrum of phenotypes, but cohorts are 

sometimes studied together because of the rareness of some of the specific defects 

https://www.zotero.org/google-docs/?dbANUz
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https://www.zotero.org/google-docs/?2mf77x
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(Cordell, Bentham, et al., 2013; Pierpont et al., 2007). The largest genomic cohort of 

CHDs to date includes 9,727 cases and includes seven CHD subtypes (Hoang et al., 

2018). Both SNVs and CNVs have been studied for the association with CHDs (Cordell, 

Bentham, et al., 2013; Soemedi et al., 2012). Studying trios with subtypes of CHDs 

together have revealed a genetic background of de novo mutations contributing about 

10% of severe CHDs (Zaidi et al., 2013). Common genetic variation was implicated in a 

GWAS of Tetralogy of Fallot (TOF), the most common severe CHD subtype (Cordell, 

Töpf, et al., 2013). CNVs have also been associated with TOF including CNVs in loci 

overlapping two genes, NOTCH1 and JAG1 (Greenway et al., 2009). Rare variant (MAF 

< 0.01) studies have revealed enrichment for missense variants in NR2F2, a gene that 

encodes a nuclear receptor that is part of a steroid hormone superfamily and plays a 

role in heart development (Al Turki et al., 2014; Lin et al., 2012; Pereira et al., 1999). 

Missense mutations in CRELD1 have also been implicated in the pathogenesis of 

AVSD (Robinson et al., 2003). 

  

I.III.iii. Genetic studies of DS CHD 

 

Both common and rare variants have been examined for genetic contribution to CHD in 

DS. So far, these studies have not found any large-effect common SNVs or CNVs that 

surpass genome-wide significance even with adequately powered studies 

(Ramachandran, Zeng, et al. 2015; Ramachandran, Mulle, et al. 2015; Rambo-Martin et 

al. 2018). Low to moderate effect common variants that require larger sample sizes to 

reach genome-wide significance have been proposed to be more likely in these cohorts 

https://www.zotero.org/google-docs/?ZWFixe
https://www.zotero.org/google-docs/?jzs8iN
https://www.zotero.org/google-docs/?jzs8iN
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https://www.zotero.org/google-docs/?KOUvrB
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(Sailani et al., 2013). The largest GWAS to date of DS-associated AVSD included a 

cohort of 210 complete AVSD cases with DS (DS+AVSD; diagnosed with full trisomy 

21) and 242 controls with DS and structurally normal hearts (DS+NH) (Ramachandran 

et al., 2015). Several candidate pathways have been reported to be associated with DS 

AVSD including the folate pathway (Locke et al., 2010), VEGF pathway (Ackerman et 

al., 2012), and the ciliome (Ripoll et al., 2012).  

 

Figure 1.1. Expression of the FMR1 mRNA and translation into FMRP differs at different 
sizes of the CGG repeat in the 5’ UTR of the FMR1 resulting in different phenotypes. 
(Adapted from Berman et al., 2014) 

 

Figure 1.2. Potential mechanisms involved in CGG PM-related pathology. RNA binding 
proteins can be sequestered in hairpin-like structures of FMR1 mRNA and RAN 

https://www.zotero.org/google-docs/?YjNWIw
https://www.zotero.org/google-docs/?zhldQ5
https://www.zotero.org/google-docs/?zhldQ5
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https://www.zotero.org/google-docs/?RNCYsn
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translation can form potentially toxic polypeptides when stalled on mRNA structures 
(Adapted from Berman et al., 2014) 
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Abstract 
      
Primary ovarian insufficiency (POI) affects 1% of women in the general population and 

is characterized by symptoms of early menopause and infertility. If untreated, it leads to 

an increased risk of disorders related to early estrogen deficiency. Those who carry an 

FMR1 premutation, a CGG repeat expansion in the range of 55-200 repeats in the 

5’UTR of the X-linked FMR1 gene, are at a 20-fold increased risk for fragile-X 

associated POI (FXPOI). Although the risk for FXPOI is significant, not all carriers 

experience the disorder, and the range of severity is broad. We hypothesize that genetic 

variants, in addition to the premutation repeat number, modify the age of onset of 

FXPOI. To test this hypothesis, we compared WGS data from women with a 

premutation who experienced FXPOI before age 35 (cases; n=63) to those with a 

premutation who experienced age at menopause after age 50 (controls; n=51). Genetic 

variants were prioritized using a well-established pipeline, generating candidates 

through gene burden testing of rare variants. The top ranked genes (p<0.001) were then 

functionally screened using the Drosophila premutation model to test whether ovarian 

function was disrupted. Three candidate genes came to the forefront when knocked 

down: SUMO1 and KRR1, which appeared to play a synergistic role with the 

premutation, and PDHA2, which appear to have an additive effect. We suggest that 

these new candidate genes, once further studied in mammalian systems, will provide 

insight into the etiology of FXPOI and potentially point to targeted treatments.  

 

Introduction  
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Fragile X-associated primary ovarian insufficiency (FXPOI) is one of the 

disorders associated with the fragile X premutation repeat expansion (55-200 

unmethylated CGG repeats) located in the 5’UTR of the FMR1 gene. It is characterized 

by amenorrhea for at least 4 months before the age of 40 and altered hormone levels, 

specifically high follicle stimulating hormone (FSH) and low anti-Mullerian hormone 

(AMH), that are associated with diminished ovarian reserve (Welt, Smith, and Taylor 

2004; Nelson 2009). Women with a premutation (PM) are at a 20% risk of primary 

ovarian insufficiency (POI) compared to 1% of women in the general population (S. L. 

Sherman 2000; Nelson 2009), a 20-fold increased risk. However, not all women with a 

PM suffer from POI. Identification of risk factors for FXPOI, and POI in general, can help 

predict the potential of a shortened reproductive life span and provide possible 

interventions to help achieve family building plans and reduce the risk of untreated early 

estrogen deficiency.   

Genetic factors that have been investigated in women with a PM to explain the 

incomplete penetrance of POI include PM CGG repeat length, skewing of X-

chromosome inactivation (XCI), and genetic background. In women with a PM, repeat 

size is nonlinearly associated with FXPOI, with the greatest risk incurred at 80-100 

repeats rather than with the largest PM alleles (Allen et al. 2007; Sullivan et al. 2005; 

Spath et al. 2011; Ennis, Ward, and Murray 2006). To date, skewed XCI nor the 

increased percentage of active X chromosomes harboring a PM have not been 

associated with a higher risk for FXPOI (Tejada et al. 2008; Bione et al. 2006; 

Rodriguez-Revenga et al. 2009; Spath et al. 2010). Two studies have provided indirect 
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evidence for modifying genes being involved in explaining the risk of FXPOI. First, 

evidence for an additive genetic component, adjusting for repeat size, was identified in a 

large sample of PM carriers and noncarriers (Hunter et al. 2008). Second, the average 

age of menopause among first degree relatives of PM carriers was found to be 

associated with the risk for FXPOI (Spath et al. 2011). These findings suggest a 

significant polygenic component involved in the genetic architecture of onset of FXPOI. 

Indeed, evidence for polygenes comes from studies in the general population of women 

and natural age at menopause (Day et al. 2015; Stolk et al. 2012; Perry et al. 2014). For 

example, the large GWAS presented by Day et al. (2015) identified over 50 common 

variants associated with natural age of menopause (Day et al. 2015; Stolk et al. 2012; 

Perry et al. 2014).  

Environmental risk factors have been associated with idiopathic POI, including 

phthalates, bisphenol A, pesticides and tobacco use (Vabre et al. 2017). The primary 

environmental risk factor that has been identified for risk of FXPOI is smoking (Allen et 

al. 2007; Spath et al. 2011). The role of active smoking in decreasing natural age of 

menopause is also found among all women (Cooper, Sandler, and Bohlig 1999) and 

was found to have the same additive effect on age of onset of FXPOI (Allen et al. 2007). 

Use of oral contraceptives or hormone replacement treatment (HRT) does not appear to 

increase the risk of FXPOI, but can mask POI-associated symptoms, thus, complicating 

the diagnosis of FXPOI (Hunter et al. 2008). 

Increased repeat size within the PM range is associated with increased 

transcription of FMR1 mRNA, although FMRP levels are the same or reduced 

(Primerano et al. 2002; Tassone, Hagerman, Taylor, Gane, et al. 2000; Tassone, 
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Hagerman, Taylor, Mills, et al. 2000; Tassone and Hagerman 2003). Unlike the full 

mutation (>200 methylated CGG repeats) where the FMR1 gene is transcriptionally 

silenced leading to fragile X syndrome, the protein encoded by FMR1 (FMRP), is still 

produced by a PM allele (Pieretti et al. 1991; Kenneson et al. 2001). Much has been 

learned about potential PM-associated molecular mechanisms from fragile X-associated 

tremor/ataxia syndrome (FXTAS), the other well-established PM-associated disorder. 

For this neurodegenerative disorder, the toxic effect of the PM is found to be related to 

the long PM repeat track in the FMR1 mRNA. This repeat track has the potential to  

form secondary structures such as hairpins that cause subsequent altered processes 

(Handa, Saha, and Usdin 2003). Evidence for at least two mechanisms have been 

identified. First, increased FMR1 mRNA containing hairpin loops and other structures 

formed within the PM-size CGG repeats has been shown to sequester specific RNA 

binding proteins, altering their normal functions (Sellier et al. 2010; 2013; Handa, Saha, 

and Usdin 2003). Second, repeat-associated non-ATG (RAN) translation, caused by 

translation machinery becoming stalled on a structure like the hairpins that form in CGG 

mRNA, produce small potentially toxic polypeptides, in this case alanine or glutamine 

polymers (Todd et al. 2013; Sellier et al. 2017).  Presumably, these two mechanisms 

also play a role in FXPOI. Murine PM model systems have begun to unravel their 

importance. All PM models showed traits associated with reduced ovarian function. 

Overall, it appears that the original follicular pool is not disturbed, but that there is an 

increased rate of atresia/apoptosis. Evidence from these models indicate that the 

ovarian phenotype is due to the toxic effect of the FMR1 mRNA (Reviewed in Sherman 

et al. 2014).  
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 The Drosophila PM model system has proven to be an effective model for 

screening of neuronal phenotypes associated with FXTAS (Jin et al. 2003). For 

example, this model clearly showed that specific CGG RNA binding proteins, including 

hnRNP A2/A1, CUGPB1, and Pur-alpha, alter neuronal function via sequestration of 

these proteins (Sofola et al. 2007; Aumiller et al. 2012). Germline stem cells in 

Drosophila ovaries have also been evaluated with respect to FMRP (L. Yang et al. 

2007; Y. Yang et al. 2009). We took advantage of these established models and used 

them as a way to screen our genetic results from our whole genome sequencing (WGS) 

human studies. We used altered fecundity levels as a reporter of ovarian dysfunction to 

screen for multiple candidate genes, as this system has been established in studies of 

metabolic pathways (Daenzer et al. 2012; Armstrong 2020).  

 The goal of this study was to identify potential modifiers of FXPOI. We compared 

WGS data from women with a PM who experienced FXPOI before age 35 (cases; n=63) 

to those with a PM who experienced age at menopause after age 50 (controls; n=51) 

using gene-set analyses. Both an untargeted approach was used as well as a candidate 

gene approach, focusing of RNA-binding proteins known to bind to the FMR1 PM 

mRNA. Highly ranked genes were then screened using Drosophila as a whole-organism 

functional assay. 

 

Subjects and Methods 

 

Participants 
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Participants and samples were identified through three primary sources, all coordinated 

through the National Fragile X Center at Emory University. The majority were recruited 

through the Center’s infrastructure that identifies families with a history of fragile X-

associated disorders through national and international sources, including the Fragile X 

Clinics, general genetics clinics, Fragile X Clinic and Research Consortium, fragile X 

family conferences, fragile X listservs, and parent support groups. Once a family contact 

is identified, their other family members are screened for the fragile X mutation. Second, 

the Fragile X Research Registry, a national collaborative effort, used their resources to 

identify possible participants who then directly contacted the Emory team for consenting 

and recruiting. Once a participant was consented, a blood or saliva sample was 

collected and each completed a reproductive and health history questionnaire. Data 

included general demographics (e.g., age at interview, date of birth, race/ethnicity), 

lifestyle factors that might affect overall health (e.g., smoking, body mass index), and 

reproductive history (e.g., menstrual history, reason for cessation of menses, pregnancy 

history). Protocols and consent forms were approved by Emory University Institutional 

Review Board, and informed consent was obtained from all participants. Finally, de-

identified samples from other collaborators were also included if they met case/control 

definitions and had appropriate consent for sample sharing.   

 

For this study, all cases and controls included women who carried a premutation, 

defined as an FMR1 repeat allele with 55-199 unmethylated CGG repeats. Cases were 

further defined as those who had cessation of menses for one year prior to age 35 due 

to FXPOI. Controls were premutation carriers who went through natural menopause, or 
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cessation of menses for one year, after age 50 and who had no indications of infertility 

during her reproductive lifespan. We excluded women whose age at menopause could 

have been affected by FXPOI-unrelated medical conditions, including chemotherapy or 

radiation therapy, missing ovaries or ovarian or tubal surgery or an eating disorder. 

  

Laboratory Methods 

DNA extraction: DNA was extracted from biological samples using Qiagen Qiamp DNA 

Blood Mini Kit, Gentra Puregene extraction kit, or prepIT-L2P protocol from Oragene. 

  

FMR1 CGG repeat numbers: Premutation status was determined by a fluorescent 

sequencer method (ref-27).  For females with only one allele, a second polymerase 

chain reaction (PCR) protocol was used (ref-28).  The PCRs for FRAXA consisted of 1X 

PCR Buffer (Gibco/BRL), 10% dimethyl sulfoxide (DMSO), 370 μM deazaG, 500 μM 

d(ACT), 0.3 μM each primer, 15 ng T4 gene 32, and 1.05 U Roche Expand Long Taq . 

Primers for the FMR1 gene were C: 5′ GCTCAGCTCCGTTTCGGTTTCACTTCCGGT3′ 

, and F:5′AGCCCCGCACTTCCACCAGCTCCTCCA3′ (ref-29). 

 

Bioinformatic Analysis 

Whole genome sequencing (WGS) was performed on 68 cases and 55 controls for this 

preliminary analysis by HudsonAlpha (Huntsville, AL). FASTQ files from paired-end 

WGS reads were mapped and variants were called with PEMapper and PECaller, 

respectively (Johnston et al. 2017). Variants were annotated using Bystro (Kotlar et al. 

2018) (http://bystro.io). A total of 13,808,870 single nucleotide variants (SNV) were 
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detected by WGS across 68 cases and 55 controls. Mean coverage depth ± standard 

deviation (sd) of WGS was 30.783 ± 7.090 for samples and mean 

transition/transversion ratio ± sd was 2.056 ± 0.008.  

 

Sample failures were addressed by removing any individuals missing > 1% genotypes 

or failing PLINK1.9’s sex check (based on F statistics for X chromosome heterozygosity, 

which were also used to impute sex on individuals missing sex data) (Weir and 

Cockerham 1984; Chang et al. 2015, Purcell and Chang, n.d.). These filters identified 

no samples for exclusion. Variant filters included removing SNVs with missingness > 

10% and those failing the exact test for HWE at a p-value < 10-6. 

 

We then performed principal component analysis (PCA), using PLINK1.9 (Chang et al. 

2015) to identify population stratification. We used common SNPs (MAF > 0.05) and 

pruned SNPs in linkage disequilibrium with an r2 > 0.2, stepping along five SNPs at a 

time within 50kb windows. Through three rounds of PCA we identified a total of 9 outlier 

samples for removal. Following QC, the dataset contained 114 samples (63 cases, 51 

controls) and 13,663,751 SNVs for analysis and none of the PCs were significant in the 

model so they were not included as covariates. 

 

Common variant analysis 

Common variants defined as those with MAF > 0.05 from gnomAD genomes data. 

Logistic regression was performed with PLINK 1.9 of the common variants using age 

and repeat and repeat size squared as covariates. 
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Rare variant analysis 

Rare variants were defined at minor allele frequency less than 0.05 from gnomAD 

genomes data. Variants in which the reference allele was the minor allele were 

excluded. SKAT-O, SKAT and burden testing was done using the SKAT package in R 

(R: A Language and Environment for Statistical Computing 2017) and the genes with 

the lowest p-value were evaluated as candidate genes. No genes reached Bonferroni 

correction in any of the rare variant tests and were evaluated from a ranking perspective 

given the small sample size. For candidate gene ranking, genes with p-values < 0.001 

were checked for having fly orthologs, any literature references to ovarian phenotypes, 

and ovarian expression using GTEx.  

 

Polygenic Risk Score 

Our target dataset used to calculate polygenic risk scores (PRS) included 63 PM cases 

with early AOM and 51 PM controls with who began menopause after age 55. The 

same standard QC measures described above were used prior to analyzing this dataset 

as well as removing the major histocompatibility complex region (Chr6: 25-34 Mb, 

hg19), a region of extended high linkage disequilibrium that can overly influence PRS 

results. The final target dataset included 724,760 total variants. The discovery dataset 

used to calculate polygenic risk scores (PRS) was a large GWAS study that included 

69,360 women who experienced natural age at menopause (Day et al. 2015). PRSice-2 

software was used (Choi and O’Reilly 2019) to measure the proportion of variance in 

FXPOI case-control status explained (measured by Nagelkerke’s R2) by the PRS using 

https://www.zotero.org/google-docs/?EqQb3P
https://www.zotero.org/google-docs/?EqQb3P
https://www.zotero.org/google-docs/?EqQb3P
https://www.zotero.org/google-docs/?iR9d4F
https://www.zotero.org/google-docs/?ihpGX7
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different p-value thresholds derived from the GWAS study of Day et al 2015. The model 

also included repeat and repeat size squared as covariates.  

 

In order to obtain an independent set of SNPs for scoring PRSice performs clumping on 

the discovery dataset (clumping parameters: 500kb window, r2 threshold 0.10). These 

clumped SNPs are used to generate PRS, calculated by the following equation: 

 

 

 

in which the subscript i denotes a specific SNP contributing to the PRS, the subscript j 

denotes a particular individual in the target dataset, β is the estimated effect from the 

discovery GWAS (e.g., the natural logarithm of the odds ratio), EA is the number of 

effective alleles possessed by the target individual (0,1 or 2 for a disomic chromosome), 

and N is the total number of alleles considered for scoring. 

 

Generation of a stable line expressing 90 CGG in the Drosophila germline  

Drosophila with the PM repeat (90 CGG repeats) inserted on chromosome 2 were 

generated as described in P. Jin et al. 2003 obtained from Dr. Peng Jin’s lab. Progeny 

of PM repeat flies and a germline-expressing nanos>Gal4 line (Bloomington Stock 

#4442) were generated and crossed to a Sp/CyO stock to allow for capture of 

premutation, nanos>Gal4 recombinant chromosomes. Recombinant males were 

confirmed through PCR genotyping. Then, nanos>Gal4,90CGG/Sp males were crossed 

with a Sp/CyO, tubulin>Gal80 stock to obtain a stable, balanced line nanos>Gal4, 

https://www.zotero.org/google-docs/?zT7MQm
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90CGG/CyO,tubulin>Gal80. Based on candidate gene selection guided by the human 

WGS rare variant analysis and from previously identified candidate RNA-binding 

proteins, Drosophila TRiP lines expressing RNAi constructs against candidate genes 

were obtained from the Bloomington Drosophila Stock Center (Table 2.1) . Stocks 

carrying these RNAi constructs were then crossed with both germline-expressing 

nanos>Gal4 alone and the nanos>Gal4, 90CGG premutation recombinant for fecundity 

experiments. 

 

Fecundity Testing 

All Drosophila stocks were raised at 25˚C on standard media. Fecundity was tested 

using cages with yeast-supplemented grape juice agar egg-laying plates with 5 females 

collected within 24 hours after eclosion. Plates were changed out at increments of 24 

hours for 10 days. At least three replicates were done per genotype for the initial 

screen. Control stocks and the stable 90 CGG premutation alone were both crossed 

with RNAi background stocks (attP docking site lines, Bloomington Stocks #36303 or 

#36304) to establish baseline fecundity. Candidate gene knockdown lines were crossed 

with either nanos>Gal4 alone or nanos>Gal4,90CGG/CyO,tubulin>Gal80, and non-CyO 

progeny were tested for fecundity. Each candidate gene knockdown was compared to 

the baseline fecundity values established with controls crossed with Bloomington TRiP 

background lines (Bloomington Stocks # 36303 or # 36304). To further examine top 

candidates from the initial screen, a followup screen was conducted with at least 10 

replicates to increase sample size to ensure robust results. Plates were imaged using a 

Nikon D3400 DSLR and processed and counted using Fiji (Schindelin et al. 2015) 

https://www.zotero.org/google-docs/?YmoES5
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image software. Critically, egg counting was conducted blind to the genotype of the fly. 

Specifically, plates were coded prior to imaging by a first experimenter and scored after 

imaging by a second experimenter. The outcome fecundity measure analyzed in 

subsequent regression models was the 10-day total egg count per cage. Experiments 

where one or more flies died during the course of the 10 days were excluded from the 

analysis. Due to the overdispersion observed in the data, a quasipoisson regression 

was used to test for altered fecundity compared with controls based on the main 

predictors of presence of the candidate gene knockdown, presence of the 90 CGG 

repeat, and the interaction term between those two genotypes.  

 

Results 

 

In the cohort of 114 PM women, WGS from 63 cases and 51 controls were analyzed. 

The mean age of menopause was 29.7 for cases and 51.6 for controls. The average 

PM repeat size was not significantly different between cases and controls (88.3 repeats 

for cases and 89.5 repeats for controls; p>0.10), although the SD was significantly 

larger for cases (Figure 2.1). The cohort consisted of women who identified as 

Caucasian. The mean repeat size is not statistically different between cases and 

controls but cases more often have alleles in the mid-range of 80-100, reflecting the 

high risk repeat range. 

 

Genome wide association study of common variants 
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3,055,728 single nucleotide polymorphisms with minor allele frequency (MAF) > 0.05 in 

gnomAD were tested for association to age of menopause in women with a premutation 

using logistic regression, adjusting for repeat and repeat size squared. The quantile-

quantile plot indicates there is no population stratification or other oddities of the data 

(Figure 2.2). As noted in Figure 2.2, no SNP exceeded Bonferroni-adjusted genome-

wide significance. 

 

Age at Menopause Polygenic Risk Score Analysis and its association with FXPOI 

 

Using data obtained through a large GWAS study of natural age at menopause (AOM) 

(Day et al., 2015), we used PRSice (Choi and O’Reilly 2019) to calculate a polygenic 

risk score (PRS) to test the hypothesis that the polygenic component associated with 

age at menopause may explain some of the variation in risk for FXPOI. The training set 

used to derive the PRS for AOM was composed of 69,360 women of European ancestry 

(Day et al 2015). In that study, 54 SNPs across 44 regions were found to be genome-

wide significant, with effect sizes ranging from 0.07 to 0.88 years/allele. Overall, 21% of 

the variance in age at menopause was explained using 30,000 SNPs with p<0.05. 

Using PRSice software, we calculated PRS based on SNPs in the discovery 

dataset at specific p-value threshold sets for association with AOM, adjusting for the first 

5 PCs and repeat size and repeat size squared. In this analysis, the maximum variance 

in risk for FXPOI explained by AOM-associated variants (Nagelkerke’s r2) was 7.5% 

based on the PRS using SNPs at p-values < 0.002 (Figure 2.3). About 17,000 SNPs 

have a p-value < 0.002 in the discovery GWAS set, which has 2,407,374 total SNPs. 

Odds ratios were calculated for quartiles defined by PRS scores of the target dataset. 

https://www.zotero.org/google-docs/?w3G0hQ
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Only the highest quartile of PRS scores was significant. In the top quartile, the 95% 

confidence interval spanned a range of 2.12 - 29.35, but the large confidence interval 

indicates a small sample size in which exact odds ratios are difficult to determine. 

 

Identifying modifying gene candidates with SKAT-O analysis 

 

For the rare variant analysis, we examined variants at MAF< 0.05 and used the kernel 

based approach SKAT-O that optimizes between burden testing and SKAT models 

(ref). We adjusted for repeat and repeat size squared. Overall, we interrogated 

6,752,810 variants in 25,404 genes. There were no genes that exceeded Bonferroni-

adjusted statistical significance that was based on the total number of genes tested. 34 

genes passed a threshold of nominal significance at p < 0.001 (Table 2.1).  

Two additional analyses were conducted on subsets of variants. First, SKAT-O 

analyses were done filtering on variants located in exon-UTR regions; this included 

281,828 variants in 18,975 genes. Second, we filtered on rarer variants at MAF < 0.01; 

these analyses were based on 4,784,690 variants and 25,346 genes. Sixteen and 31 

genes, respectively, passed the nominal statistical significance threshold of p < 0.001 

(Table 2.2). Genes that passed the threshold from the three analyses were ranked 

based on p-value, literature evidence of ovarian function or fertility, and having a fly 

ortholog and TRiP line stock available. Out of the 78 candidate genes from the SKAT-O 

analyses, 13 genes that met these criteria were chosen for further screening using the 

Drosophila PM model (Table 2.3).  
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Drosophila fecundity as a whole organism functional study 

 

We first examined whether fecundity was altered in the 90 CGG repeat model 

compared with controls (Figure 2.4). The controls that were examined included wildtype 

(OregonR) alone as well as the cross progeny with the nanos>Gal4 alone and with the 

90 CGG repeat, and the cross progeny of the two Bloomington TRiP background lines 

(Bloomington Stocks # 36303 and # 36304) with the nanos>Gal4 alone and with the 90 

CGG repeat (Figure 2.4).  Of the 18 TRiP lines available for knockdown (KD) of the 13 

candidate genes, six lines did not produce viable progeny when crossed with the 

germline-expressing nanos>Gal4 line (Figure 2.5). Thus, further studies were not 

performed on these 6 lines, and we proceeded with the remaining 12 lines. Four 

genotypes per candidate gene were tested: background control with nanos>Gal4 alone, 

control with 90 CGG repeat, knockdown of the candidate gene alone, and double 

mutant containing both 90 CGG repeat and KD of the candidate. A genetic screen with 

at least three replicate cages, each containing five female flies, for each genotype was 

performed and the total number of eggs laid was measured over 10 days (see 

Methods). Out of 9 genes that met the top candidate criteria tested and had viable cross 

progeny, 3 had the greatest differences between the candidate gene KD alone and 

candidate gene KD with 90 CGG expressed in the germline (Figure 2.5).  

 

To confirm the apparent differences observed in the initial screen, follow-up 

experiments of these 3 candidates— SUMO1, KRR1, and PDHA2— were conducted 

and included at least 10 replicate cages per genotype (Figure 2.6) .Two background 
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controls for the TRiP lines were used as controls for these replicates (Bloomington 

#36303 and #36304) depending on which line the candidate gene KD was generated 

from. Based on the follow-up experiments, we confirmed a significant increase in 

fecundity for the double mutant containing the 90 CGG repeat and a SUMO1 KD 

compared with each of the other genotypes (Figure 2.6). Using a quasipoisson 

regression model, there was no evidence for an effect of 90 CGG repeat alone or the 

SUMO1 KD alone compared with controls; however, the interaction term related to the 

effect of both mutant genotypes together was statistically significant (p<0.05) (Table 

2.4). This same pattern was observed for KRR1, where the interaction term associated 

with the effect of the double mutant was statistically significant (p<0.03) (Table 2.4).  For 

PDHA2, a different pattern was observed. In this case, the effect of the KD itself 

significantly increased fecundity compared with controls (p<0.0001). There was no 

evidence for an interaction between the PDHA2 KD and 90 CGG (p>0.10) (Table 2.4). 

 

Fecundity of RNA binding proteins 

 

Literature candidates for the RNA sequestration mechanism involved in fragile-X 

associated disorders (Sellier et al. 2013; 2010) were included in the fecundity screen to 

compare to the candidates generated in the SKAT-O analysis. Fecundity was measured 

in the same way as the candidate gene screen. Overall for these RNA binding protein 

genes, fecundity in both KDs alone and KD/90 CGG double mutants was lower than in 

their respective background controls. Effects were even more pronounced in some 

cases. For CUGB1 RNAi and one of two Drosha RNAis, total and near-total loss of 

https://www.zotero.org/google-docs/?8HrkDz
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fecundity, respectively, were induced by expression in both KD alone and the 

corresponding double mutant (Figure 2.7). These results align with the previous studies.  

 

Discussion 

 

 In this study, we took the first step to identify genetic variants that play a role in 

the variable expression of ovarian insufficiency among the women who carry a fragile X 

PM. Previous work suggested that modifying genetic risk factors do influence age at 

onset of FXPOI, in addition to the effect of the PM repeat size. Hunter et al. (2008) 

showed a statistically significant contribution of an additive genetic component to 

explain risk of FXPOI and Spath et al. (2011) showed an association of the average age 

of menopause among first degree relatives of women with a PM and the risk for FXPOI, 

both studies adjusting for the known association of FXPOI with PM repeat size. These 

findings, combined with studies showing associations of genetic variants for natural age 

at menopause (Day et al. 2015; Perry et al. 2014; Stolk et al. 2012) and for idiopathic 

POI (Rossetti et al. 2017; M. Jin, Yu, and Huang 2012) in the general population, 

motivated us to take a novel strategy that combined WGS and Drosophila genetics to 

identify highly ranked candidate genes that are primed for further study in mammalian 

systems. We based our studies on women who carried a PM and experienced 

FXPOI/age at menopause at the extreme tails of the onset distribution: <35 years 

(cases) and >50 years (controls) of age.  

 Based on studies that show a significant genetic component related to age at 

natural menopause, we examined a polygenic risk score (PRS) derived from common 

https://www.zotero.org/google-docs/?Xj2Jxd
https://www.zotero.org/google-docs/?hslbct
https://www.zotero.org/google-docs/?hslbct
https://www.zotero.org/google-docs/?ciFhjF
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variants associated with lower age at natural menopause identified through a large 

GWAS study (Day et al. 2015). We found that the PRS explained about 7.5% of the 

variance in risk for early onset FXPOI, adjusting for PM repeat size and repeat size 

squared. This result is consistent with our previous findings of an additive genetic 

component involved in the onset of FXPOI (Hunter et al. 2008; Spath et al. 2011). This 

suggests that, even on the background of a large single genetic effect, that combined 

effect of common genetic variants is important as a modifier of severity. 

 Our next strategy was to examine more rare variants as modifiers of age of onset 

of FXPOI. We took an untargeted approach and compared WGS variants using several 

different filtering criteria. 14 genes were highly ranked using gene-set analyses (SKAT-

O). Based on a Drosophila genetic screen using altered fecundity as an indicator of 

possible ovarian dysfunction, the germline knockdown of SUMO1 and KRR1 were 

identified as having an interaction with the PM and the germline knockdown of PDHA2 

alone was shown to have an impact on fecundity. 

PDHA2 is not directly implicated in ovarian function in its known functions, but 

variants in PDHA2 have been linked to male infertility (Sarkar et al. 2019; Yıldırım et al. 

2018) and dysregulation of PDHA2 allows noncanonical expression in somatic tissues 

(Pinheiro et al. 2016). KRR1 is an RNA binding protein gene and has previously been 

identified in studies of polycystic ovarian syndrome (Zheng et al. 2014; Jones and 

Goodarzi 2016). SUMO1’s role in the regulation of granulosa cell apoptosis via 

sumoylation is particularly interesting because the fragile X-associated PM mouse 

model was shown to have fewer granulosa cells than wildtype and a faster loss of 

follicles overall (Hoffman et al. 2012). Reduced ovarian follicular reserve has also been 

https://www.zotero.org/google-docs/?XhaWlT
https://www.zotero.org/google-docs/?TJptlZ
https://www.zotero.org/google-docs/?oppqAv
https://www.zotero.org/google-docs/?oppqAv
https://www.zotero.org/google-docs/?Hc5KCU
https://www.zotero.org/google-docs/?vhYByl
https://www.zotero.org/google-docs/?vhYByl
https://www.zotero.org/google-docs/?M6S6TJ
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observed in a mouse model of the premutation (Lu et al. 2012). Phenotypes that have 

been observed in mouse models of FXPOI include inclusions in granulosa cells and 

early reduction of the follicular pool (Lu et al. 2012; Conca Dioguardi et al. 2016; 

Hoffman et al. 2012). Since SUMO1 is knocked down in this fecundity experiment, it is 

possible that apoptosis in the follicles of the fly ovaries has been reduced resulting in 

increased egg laying. However, in this study we aimed to use changes in fecundity in a 

non-specific reporter, so the mechanism by which reduction in expression of SUMO1 or 

KRR1 combined with the PM could disrupt ovarian function remains a topic for further 

research. 

In addition to taking an untargeted approach, we also tested RNA binding 

proteins that had previously been associated with the sequestration mechanism 

associated with fragile X-associated disorders. We found no evidence for these genes 

playing a modifying role in onset of FXPOI based on our WGS studies. Nonetheless, we 

further examined the consequences of knocking down each gene using our fecundity 

screen. The results for the RNA binding protein KDs overall exhibited lower fecundity 

compared to controls and to the candidate KD with 90 CGG repeat flies. This may be 

due to a different mechanism of ovarian dysfunction for the candidates found in this 

study that may not be directly involved in the sequestration method by which the 

previously established RNA binding proteins confer pathogenesis, but further research 

would be necessary to fully understand these mechanisms. Ovarian morphology studies 

in Drosophila or in the mouse model may help to better understand differences in 

mechanism. 

https://www.zotero.org/google-docs/?vYebsc
https://www.zotero.org/google-docs/?Kurzg2
https://www.zotero.org/google-docs/?Kurzg2
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Further study of larger cohorts of PM women will generate more candidate genes 

that help explain the incomplete penetrance and variable expressivity seen in FXPOI. 

Through fecundity screening as performed in this study, and through potential future 

molecular analyses, the Drosophila PM model serves as a functional assay providing 

guidance for genes found in WGS analysis. Results from this model serve as a 

foundation for further research that will be required to determine the mechanism by 

which these genes interact with the PM.  

 

Tables and Figures 
 
Figure 2.1. Distribution of cohort - A) Distribution of repeat size amongst cases and controls.  B) 
Distribution of age of menopause. All recruited cases experienced menopause before age 35 
and range from 16-35. All recruited controls started menopause after age 50.  
 

 
 
Figure 2.2. Manhattan Plot of SKAT-O results.  Each dot represents the p-value for a gene. This 
is a representative SKAT-O test which is the unified test that weighs between burden test and 
SKAT for each gene. The red line represents Bonferroni significance, which in this case is less 
than 1.8x10^-6.  The QQ plot shows the results don’t deviate from expectation of the null 
hypothesis. This plot is organized by gene names – it includes 18,000 genes that had rare 
variants (MAF < 0.01) in cases and controls.  
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Figure 2.3. PRS analysis reveals a Nagelkerke’s R2 of 7.5% at a threshold of p-values < 0.002 
in the discovery set (Day et al. 2015). From left to right, there are increasing numbers of SNPs.  

 
 
Figure 2.4 Fecundity of Drosophila Controls. Controls included wildtype, wildtype with 
the cross progeny with nanos>Gal4 and nanos>Gal4 90 CGG, and the cross progeny of 
the two Bloomington TRiP background lines (Bloomington Stocks #36303 and #36304) 
with the nanos>Gal4 alone and with the 90 CGG repeat.  
 

https://www.zotero.org/google-docs/?rm3PhL
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Figure 2.5. Initial screen for top WGS candidate genes. At least three replicates were run for 
each genotype. Total fecundity represents the egg counts over the 10 days that the experiment 
ran. The left bar in each pair represents either the control—for the first pair— or KD alone. The 
right bar in each pair represents either germline expression of 90 CGG alone—for the first 
pair—or germline expression of 90 CGG along with the candidate gene KD. From this, there 
were a few possible candidates we compared if the KD alone is different from the double 
mutant.  
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Figure 2.6. Follow-up fecundity testing on top three WGS candidates. Controls included 
here are the cross progeny of the corresponding Bloomington TRiP background line 
(Bloomington Stocks # 36303 and # 36304) with the nanos>Gal4 alone and with the 90 
CGG repeat. The number of replicates for each genotype is indicated by ‘n.’ 
 



 
 

54 

 

 
 
Figure 2.7. Fecundity screen of RNA binding proteins previously associated with Fragile-X 
associated disorders. Controls included here are the cross progeny of the corresponding 
Bloomington TRiP background line (Bloomington Stocks #36303 and #36304) with the 
nanos>Gal4 alone and with the 90 CGG repeat. There is a trend towards reduction of fecundity 
overall for these lines. 
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Table 2.1. Bloomington TRiP RNA interference stocks and corresponding human gene 
orthologs. From a total of 29 ordered stocks, 18 were intended for knockdown of candidate 
genes identified in this study while the remaining 11 were intended to test previously implicated 
RNA binding proteins. Of these two groups, 12 stocks and 11 stocks, respectively, produced 
viable progeny when crossed with nanos>Gal4 (Bloomington Stock #4442). 
 
Bloomington 
Stock 

Human 
Gene 

Viable cross 
progeny? 

34806 DCP2 no 

57029 KRR1 yes 

31317 STAT1 yes 

31318 STAT1 no 

33637 STAT1 no 

35600 STAT1 yes 

36125 SUMO1 yes 

28035 TIA1 yes 

32472 TIA1 yes 

31715 CYR61 yes 

41913 CYR61 yes 

http://bdsc.indiana.edu/stocks/34806
https://bdsc.indiana.edu/stocks/31317
https://bdsc.indiana.edu/stocks/31318
https://bdsc.indiana.edu/stocks/33637
https://bdsc.indiana.edu/stocks/35600
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55281 SLC39A4 yes 

55345 PDHA2 yes 

43155 TIMM44 no 

28535 ITGAX yes 

65245 MYBPH yes 

60388 RBPMS2 no 

35759 TLE6 no 

34896 Sam68 yes 

36849 Pur alpha yes 

67267 Pur alpha yes 

31303 HnrnpA2B1 yes 

32351 HnrnpA2B1 yes 

35394 Cugbp1 yes 

44483 Cugbp1 yes 

27704 DROSHA yes 

35233 DROSHA yes 

26293 DGCR8 yes 

33972 DGCR8 yes 

 
  
 
Table 2.2. Odds ratios for PRS Quartiles. Odds ratios were calculated for different ranges of 
PRS with 28 or 29 individuals per quartile.  
 
PRS 

Quartile Odds Ratio CI.Upper CI.Lower Number of individuals 

1 1 1 1 29 

2 2.07 6.16 0.69 28 

https://bdsc.indiana.edu/stocks/28535
https://bdsc.indiana.edu/stocks/65245
https://bdsc.indiana.edu/stocks/60388
https://bdsc.indiana.edu/stocks/35759
https://bdsc.indiana.edu/stocks/34896
https://bdsc.indiana.edu/stocks/36849
https://bdsc.indiana.edu/stocks/67267
https://bdsc.indiana.edu/stocks/31303
https://bdsc.indiana.edu/stocks/32351
https://bdsc.indiana.edu/stocks/35394
https://bdsc.indiana.edu/stocks/44483
https://bdsc.indiana.edu/stocks/27704
https://bdsc.indiana.edu/stocks/35233
https://bdsc.indiana.edu/stocks/26293
https://bdsc.indiana.edu/stocks/33972
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3 1.15 3.57 0.37 28 

4 7.89 29.35 2.12 28 

 
Table 2.3. Top candidate genes from SKAT-O analysis. These genes all meet three criteria as 
they: are top hits in SKAT-O, have fly orthologs, and have roles in ovarian function or fertility.  
 

Gene 
P-value 
SKAT-O Gene function 

CYR61 3.87E-04 
Involved in angiogenesis processes within reproductive systems (Winterhager and 
Gellhaus 2014) 

DAZL 4.81E-04 
Germ cell-specific RNA-binding proteins that are implicated in translational regulation of 
several transcripts (Smorag et al. 2014) 

ITGAX 7.46E-05 

Essential part of the immune cells that are involved in expansion of the cumulus-oocyte 
complex, release of the ovum from the ovarian follicle, formation of a functional corpus 
luteum, and enhanced lymphangiogenesis (Cohen-Fredarow et al. 2014) 

KRR1 2.59E-04 RNA binding protein, associated with PCOS (Zheng et al. 2014) 

MYBPH 4.65E-04 
Reduction of MYBPH mRNA associated with BPA-induced germ cell death (Yin et al. 
2016) 

PDHA2 1.27E-04 
Typically only active in male germ cells, but demethylation can lead to expression in 
other tissues (Pinheiro et al. 2016) 

RBPMS2 5.42E-04 
RNA binding protein that interacts with molecules that are essential to reproduction and 
egg patterning (Kaufman et al. 2018) 

SLC39A4 6.31E-04 
Transmembrane protein that serves as a zinc uptake protein, zinc levels are heavily 
associated with fertility (Ford 2004) 

STAT1 5.45E-04 Regulates granulosa cell function (Benčo et al. 2009) 

SUMO1 3.15E-04   Involved in apoptosis in granulosa cells (Shao et al. 2006; Liu et al. 2013) 

TIA1 7.68E-04 mRNA binding protein associated with programmed cell death (Wigington et al. 2015) 

TLE6 8.32E-04 
Maternal effect gene that encodes a member of the subcortical maternal complex in 
mammalian oocytes, mutations in this gene have associated with sterility in females 
(Alazami et al. 2015) 

https://www.zotero.org/google-docs/?SkiwuJ
https://www.zotero.org/google-docs/?SkiwuJ
https://www.zotero.org/google-docs/?hI2WT7
https://www.zotero.org/google-docs/?Tezdis
https://www.zotero.org/google-docs/?7HGPoj
https://www.zotero.org/google-docs/?tKSczR
https://www.zotero.org/google-docs/?qYCWAo
https://www.zotero.org/google-docs/?TkE2gW
https://www.zotero.org/google-docs/?6RG1Y6
https://www.zotero.org/google-docs/?aYD2rI
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Table 2.4. Quasipoisson regression model for top three candidates. The independent 
variables in the model included presence of the CGG, presence of a knockdown, and 
the interaction term between those two. 
 

SUMO1      

Coefficients:          

  Estimate Std. Error t value Pr(>|t|)  

(Intercept) 6.2299 0.1591 39.166 <2e-16  

CGG 0.1534 0.203 0.756 0.4534  

KD 0.1213 0.2071 0.586 0.5608  

CGG*KD 0.5314 0.2615 2.032 0.0476  
 
 

KRR1     

Coefficients:         

  Estimate Std. Error t value Pr(>|t|) 

(Intercept) 5.5987 0.1439 38.912 <2e-16 

CGG -0.1724 0.2368 -0.728 0.4693 

KD 0.1185 0.2211 0.536 0.594 

CGG*KD 0.7373 0.3291 2.24 0.0288 
 

PDHA2       
 

Coefficients:         

  Estimate Std. Error t value Pr(>|t|) 

(Intercept) 5.59874 0.13301 42.091 
< 2.00E-
16 

CGG -0.17242 0.21889 -0.788 0.434 
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KD 1.01195 0.16246 6.229 3.53E-08 

CGG*KD 0.04095 0.2605 0.157 0.876 
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ABSTRACT 
 
Atrioventricular septal defects (AVSD) are a severe congenital heart defect present in 

individuals with Down syndrome (DS) at a >2,000-fold increased prevalence compared 

to the general population. This study aimed to identify risk-associated genes and 

pathways and to examine a potential polygenic contribution to AVSD in DS. We 

analyzed a total cohort of 702 individuals with DS and with or without AVSD, with 

genomic data from whole exome sequencing, whole genome sequencing, and/or array-

based imputation. We utilized sequence kernel association testing and polygenic risk 

score (PRS) methods to examine rare and common variants. Our findings suggest that 

the Notch pathway, particularly NOTCH4, as well as genes involved in the ciliome 

including CEP290 may play a role in AVSD in DS. These pathways have also been 

implicated in DS-associated AVSD in prior studies. A polygenic component for AVSD in 

DS has not been examined previously. Using the largest discovery GWAS of congenital 

heart defects available (2,594 cases and 5,159 controls; all general population 

samples), we found PRS to be associated with AVSD with odds ratios ranging from 1.2 

to 1.3 per standard deviation increase in PRS and corresponding liability r2 values of 

approximately 1%, suggesting at least a small polygenic contribution to DS-associated 
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AVSD. Future studies with larger sample sizes will improve identification and 

quantification of genetic contributions to AVSD in DS. 

 

INTRODUCTION 

 Congenital heart defects (CHD) are present in over 40% of infants with Down 

syndrome (DS), with the vast majority being septal defects (Ferencz et al. 1989). 

Among septal defects, atrioventricular septal defects (AVSD) are the most severe, 

requiring surgery early in life. Approximately 20% of those with DS have an AVSD, 

compared to only 1 in 10,000 in the non-DS population (Hartman et al. 2011). This 

>2,000-fold increase in AVSD prevalence strongly suggests that trisomy 21 and 

resulting dysregulation of the genome significantly increase the risk for this disorder. 

Furthermore, it is likely that other genetic variation across the genome contributes to 

DS-associated AVSD; however, identification remains elusive. Efforts to clarify the 

genetic basis of AVSD in DS are important, as improved understanding of genetic 

causes may inform future work that facilitates a decrease in AVSD burden among the 

DS community; moreover, it has potential to shed light on fundamental biology relevant 

to the formation of CHD generally, which could yield benefits that extend beyond those 

with DS.  

There have been several studies of the role of common variants in DS-

associated AVSD, including the largest GWAS to date with 210 complete AVSD cases 

with DS (DS+AVSD; diagnosed with full trisomy 21) and 242 controls with DS and 

structurally normal hearts (DS+NH). These studies have not identified any common 

variants (SNPs or CNVs) exceeding genome-wide significance, despite adequate 
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sample sizes for detecting common variants with large effect sizes (Ramachandran, 

Zeng, et al. 2015; Ramachandran, Mulle, et al. 2015; Rambo-Martin et al. 2018). This 

suggests that large-effect common variants (e.g., odds ratios > 2.0) do not play a 

significant role in DS-associated AVSD. However, low to moderate-effect common 

variants including SNVs and structural variants may be contributing to risk, perhaps in a 

cumulative way (Sailani et al. 2013).  

Rare variant studies of AVSD have yielded some positive results, both among 

those with DS and those with non-syndromic AVSD. In a targeted sequencing study of 

26 AVSD candidate genes among 141 DS+AVSD cases and 141 DS+NH controls, rare 

variants with predicted deleterious effects were found to be enriched in cases for genes 

involved in the vascular endothelial growth factor pathway (Ackerman et al. 2012). A 

CNV analysis of the aforementioned 210 DS+AVSD cases and 242 DS+NH controls 

identified a suggestive enrichment of large rare deletions in ciliome genes among cases 

(Ramachandran, Mulle, et al. 2015). A more recent study of 198 DS+AVSD cases and 

211 DS+NH controls, a subset of those analyzed by Ramachandran et al., investigated 

CNVs on the trisomic chromosome 21. The investigators found controls self-identifying 

as African-American to have more bases covered by rare deletions than African-

American cases, while cases self-identifying as Caucasian had more genes intersected 

by rare duplications than Caucasian controls (Rambo-Martin et al. 2018).  

Among those with nonsyndromic AVSD, a rare variant exome study (MAF < 0.01) 

involving 13 parent-offspring trios of probands and 112 unrelated controls revealed 

cases to be enriched for missense variants in NR2F2, a gene that encodes for a nuclear 

receptor that is part of a steroid hormone superfamily and has been shown to play a role 

https://www.zotero.org/google-docs/?AG3pup
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in heart development in mouse studies (Al Turki et al. 2014; Lin et al. 2012; Pereira et 

al. 1999). These findings suggest that rare variants may play an important role in DS-

associated AVSD, warranting further study with larger sample sizes. 

 The limited success in identifying AVSD-associated sequence variants, both 

common and rare, may be due to small sample sizes that inhibit discovery. It is also 

possible that the genetic architecture of CHD is more complex than originally 

hypothesized. For common complex disorders such as schizophrenia and 

cardiovascular disease, it is now understood that there is a polygenic component to risk, 

whereby hundreds or thousands of common variants each incrementally increase risk 

for the phenotype (Schizophrenia Working Group of the Psychiatric Genomics 

Consortium 2014; Khera et al. 2018). AVSD may similarly have a polygenic component 

contributing to risk, which could be especially relevant when combined with a genomic 

background in which many genes are dysregulated due to trisomy 21. This polygenic 

component can be quantified using a polygenic risk score (PRS) methodology, which 

examines the extent to which common variants (MAF > 0.05) may be collectively 

contributing to a phenotype.  

 Rare variants may also play an important role in AVSD. When working with a 

rare disorder such as DS+AVSD, it is essential to maximize the power of small sample 

sizes, as it is anticipated that many mutations will be private or ultra-rare. This notion 

supports the use of burden tests or the sequence kernel association test (SKAT) (Wu et 

al. 2010), which group rare variants into those occurring in genes or pathways. Use of 

the optimal unified test (SKAT-O) maximizes the advantages of both types of combined 

variant testing (Lee et al. 2012) by modeling both SKAT and the burden test for each 

https://www.zotero.org/google-docs/?LcZeHp
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defined variant set and finding the optimal linear combination of both tests, thus 

optimizing power for the test. SKAT-O can be employed for analysis of common 

variants within genes and pathways as well as for rare variant testing (Ionita-Laza et al. 

2013). 

While the PRS and SKAT-O approaches are not designed to pinpoint individual 

genetic variants as associated with the target phenotype, they provide insight into the 

genetic underpinnings of the trait of interest that complements standard analyses of 

individual genetic variation. With this in mind, we implemented the PRS approach and 

SKAT-O in order to optimally examine whether common and rare variants may be 

contributing to DS-associated AVSD and to identify those genes and pathways that may 

be most relevant to this phenotype.  

 

METHODS 

Subjects 

Participant samples were obtained through two methods: the Down Syndrome Heart 

(Project) (DSHP) and the Pediatric Cardiac Genomic Consortium (PCGC). Through the 

DSHP, probands with trisomy 21 with and without heart defects were identified at 

multiple sites in the U.S., as described previously (Ramachandran, Mulle, et al. 2015; 

Ramachandran, Zeng, et al. 2015). PCGC probands were collected from multiple sites 

in the U.S. and U.K (Hoang et al. 2018; “The Congenital Heart Disease Genetic 

Network Study” 2013a). The PCGC parent study recruited probands with heart defects, 

and in these analyses we used data for the subset of those with heart defects who also 

had trisomy 21. Thus, the inclusion criteria were similar for all sites for both cohorts. All 

https://www.zotero.org/google-docs/?8Oo5iZ
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participants were diagnosed with full or translocation trisomy 21, with the vast majority 

documented by karyotype or medical records. Cases in both cohorts were defined as 

individuals with trisomy 21 and a complete, balanced AVSD diagnosed by 

echocardiogram or surgical reports. For the DSHP, a single cardiologist (K. Dooley) 

defined cases based on medical records. For the PCGC, details of CHD review are 

described in Hoang et al. 2018. Controls were classified as individuals from the DSHP 

with trisomy 21 and a structurally normal heart, patent foramen ovale, or patent ductus 

arteriosus (DS+NH). The majority of controls were defined based on echocardiograms. 

The PCGC case samples (n=47) were only included in the WGS dataset; none overlap 

with those obtained through the DSHP. Table 3.1 provides the sample sizes of the WES 

and WGS datasets. 

Institutional review boards at each enrolling institution approved protocols and 

informed consent was obtained from a custodial parent for each participant.  

 

Whole exome sequencing 

Whole exome sequencing (WES) was performed on 190 DS+AVSD cases and 

138 DS+NH controls by the NHLBI Resequencing and Genotyping Service at the 

University of Washington. FASTQ files from single-ended whole exome sequencing 

(WES) were mapped and variants were called with Emory’s PEMapper and PECaller, 

respectively (Johnston et al. 2017). Variants were annotated using Bystro (Kotlar et al. 

2018) (http://bystro.io). A total of 331,935 single nucleotide variants (SNVs) were 

detected by whole exome sequencing across the 190 cases and 138 controls. Mean 

https://www.zotero.org/google-docs/?TCKK6w
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coverage depth ± standard deviation (sd) of exome sequencing was 1.57 ± 0.39 for 

samples and mean transition/transversion ratio ± sd was 2.7 ± 0.15.  

Sample failures were addressed by removing any individuals missing > 1% 

genotypes or failing PLINK1.9’s sex check (based on F statistics for X chromosome 

heterozygosity, which were also used to impute sex on individuals missing sex data) 

(Weir and Cockerham 1984; Chang et al. 2015, Purcell and Chang). These filters 

identified no samples for exclusion. Variant filters included removing SNVs with 

missingness > 10% and those failing the exact test for HWE at a p-value < 10-6. 

We then performed principal component analysis (PCA), using PLINK1.9. We 

used common SNPs (MAF > 0.05) and pruned SNPs in linkage disequilibrium with an r2 

> 0.2, stepping along five SNPs at a time within 50kb windows. Through three rounds of 

PCA we identified a total of 28 outlier samples for removal. Following QC, the WES 

dataset contained 300 samples (174 cases, 126 controls) and 330,287 SNVs for 

analysis. 

 

Whole genome sequencing 

Paired-ended whole genome sequencing (WGS) was performed on 169 

DS+AVSD cases and 39 DS+NH controls by Hudson Alpha (Huntsville, AL) to a target 

depth of 30x. Raw FASTQ data were mapped and variants were called using PEMapper 

and PECaller, respectively, and variants were annotated using Bystro. In total, 

12,302,231 SNVs were detected by whole genome sequencing across 169 cases and 

39 controls. Mean coverage depth ± sd was 30.2 ± 4.1. Mean transition/transversion 

ratio ± sd was 2.05 ± 0.007. 

https://www.zotero.org/google-docs/?uxdYYZ
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Sample failures were addressed by removing samples with theta < 3 sd below 

mean theta, transition/transversion ratio < 3 sd below mean transition/transversion ratio, 

heterozygosity/homozygosity ratio > 4 sd above mean heterozygosity/homozygosity 

ratio, missing > 1% of genotypes, or failing PLINK1.9’s sex check, and excluding one 

sample from each pair of related samples (based on PLINK1.9 PI_HAT > 0.1875). 

These steps resulted in the removal of 16 poor quality WGS samples. We also excluded 

one WGS sample identified as a duplicate of a WES sample. Variant QC involved 

removing SNVs with missingness > 10%, and those failing the exact test for HWE 

among cases and controls combined at a p-value < 10-12. 

We performed PCA in the same manner as described for the WES dataset. 

Three rounds of PCA identified a total of 16 additional WGS samples as outliers for 

removal. After these QC steps, the WGS dataset contained 175 samples (148 cases 

and 27 controls) and 12,279,101 variants.   

 
Samples with imputed genotypes based on microarray 
 

Affymetrix Genome-Wide Human SNP 6.0 array genotype data were available for 

459 DS samples (211 DS+AVSD cases, 248 DS+NH controls), including 198 (100 

cases, 98 controls) of the 328 WES samples and 95 (all cases) of the 208 WGS 

samples described above. Array data for these 459 DS samples were originally 

generated and analyzed in the prior GWAS and CNV analysis of DS-associated AVSD 

(Ramachandran, Mulle, et al. 2015; Ramachandran, Zeng, et al. 2015). We applied 

standard GWAS QC and PCA procedures to these data (see Supplemental Methods for 

details) using PLINK1.9 and R (version 3.4.1) (R: A Language and Environment for 

Statistical Computing 2017), which yielded a dataset with 207 cases and 234 controls, 
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all of European ancestry, and 612,125 autosomal SNPs (excluding the trisomic 

chromosome 21). 

For these samples, we performed genotype imputation using the Michigan 

Imputation Server (Das et al. 2016). Genotype imputation was based on the Haplotype 

Reference Consortium (HRC) panel (version r1-1 2016) (McCarthy et al. 2016), which 

includes 32,470 samples predominantly of European ancestry. The post-imputation files 

included 38,596,402 autosomal variants (all SNPs). Mean correlation between true and 

imputed genotypes for the ~600,000 genotyped SNPs was 0.990, suggesting high 

quality imputation. For this dataset (referred to as the “imputed dataset”), we excluded 

variants with MAF < 0.01, those missing for more than 2% of samples, those with a 

maximum imputed genotype probability < 0.80, and those with imputation r2 < 0.80. 

We then applied standard GWAS QC to the imputed dataset (see Supplemental 

Methods for details). We also removed variants with A/T, T/A, C/G, and G/C alleles 

which can be difficult to match between datasets due to strand ambiguity; this was done 

in preparation for merging this imputed dataset with unique WGS samples, to create a 

larger sample for the PRS analyses (these steps are explained in detail in the PRS 

Analysis section). This left an imputed dataset with 440 samples (206 cases, 234 

controls) and 5,079,537 autosomal SNPs. 

 

Analyses 

 

SKAT-O variant analysis 
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All variants in both the WES and WGS datasets were filtered using Bystro (Kotlar 

et al. 2018) to include only exonic and UTR regions of the genome for any transcript as 

defined by RefSeq (hg38). Variants in multiple overlapping genes were included in each 

gene separately. They were further filtered using Bystro to only include SNVs. Separate 

analyses were conducted for variants within the specified minor allele frequency (MAF) 

categories (Table 3.2). GnomAD MAFs were used to define eligible variants for rare or 

common analyses. In order to capture variants at a very low population MAF in our 

dataset, variants missing from gnomAD were included in the rare analysis. As an 

additional step to ensure those missing variants were truly at a low MAF, the variants 

that were missing allele frequency information in gnomAD were filtered based on the 

WES or WGS dataset at MAF < 0.02. In contrast, for the ultra-rare analysis we excluded 

the variants missing from gnomAD in order to test whether well-defined ultra-rare 

variants could be driving the top rare results. MAFs from gnomAD were used as weights 

in the rare and ultra-rare variant analyses (Table 3.2). Records where the reference 

allele was the minor allele were excluded. Variants in chromosome 21 were excluded. 

SKAT-O testing was done using the SKAT package in R using sex and the first five 

principal components of ancestry as covariates. For the SKAT-O analysis, the WES 

dataset was analyzed first. Genes with a resulting p < 0.001 (small-sample adjusted) 

were then evaluated in the WGS dataset by SKAT-O. The genes with the lowest p-value 

were evaluated as candidate genes. Candidate genes were checked for cardiac 

phenotypes and heart expression using GTEx. 

 
Rare variant pathway analysis 

 

https://www.zotero.org/google-docs/?7BOV8R
https://www.zotero.org/google-docs/?7BOV8R
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As a follow-up to the gene-based SKAT-O tests, two pathways that our top 

candidate genes belong to were evaluated due to their reported involvement in heart 

development: 1) ciliome gene set (van Dam et al. 2013) and 2) Notch pathway 

(Kanehisa 2000). Each was evaluated as a single gene set. For the ciliome, 3,573 

SNVs identified in 301 genes found in the van Dam Ciliome gene list (van Dam et al. 

2013) were evaluated. For the Notch pathway, 487 SNVs identified in 48 genes in the 

Notch pathway defined by KEGG (Kanehisa 2000) were analyzed. All variants within a 

defined MAF-filtered category (common, rare, and ultra-rare) were analyzed with SKAT-

O. 

 

Polygenic Risk Score (PRS) analyses 

 

         We have grouped the PRS analyses into primary and secondary analyses. The 

primary analyses had the goal of examining the genome-wide polygenic contribution to 

DS-associated AVSD, while the secondary analyses had the goal of estimating the 

additional polygenic contribution specifically due to the trisomic chromosome 21. These 

primary and secondary PRS analyses utilized slightly different target datasets and 

slightly different processes for generating and analyzing the PRS (as described below), 

but employed the same discovery datasets for weighting alleles in the PRS. 

  

 

 

 

https://www.zotero.org/google-docs/?T70ru6
https://www.zotero.org/google-docs/?srLf7c
https://www.zotero.org/google-docs/?Y4jY17
https://www.zotero.org/google-docs/?Y4jY17
https://www.zotero.org/google-docs/?JmcKRz
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Target dataset for primary analyses 

  

The target sample for our primary PRS analyses included 245 DS+AVSD cases 

and 242 DS+NH controls and represents a combination of the WGS and imputed 

datasets. We prepared the WGS dataset (175 samples) for merger with the imputed 

dataset (440 samples) by removing variants with MAF < 0.01, those missing for > 2% of 

samples, and indels (filters which had already been applied to the imputed dataset). We 

then merged these datasets and subjected the resulting 615 samples and 2,366,788 

SNPs to standard QC measures. An identity-by-descent (IBD) check identified 90 

sample duplicates and 1 sample pair with a sibling or child/parent relation. Each of 

these related pairs involved a WGS sample and an imputed sample (i.e., the duplicates 

were the result of each sample being represented in both the imputed and WGS 

datasets). For these samples, we kept the data from the WGS dataset as it appeared to 

be of slightly better quality overall, and we dropped the imputed duplicates. No 

additional variants required removal. Note that because imputed data were not available 

for the trisomic chromosome 21 (methods for imputing trisomic genotypes are lacking), 

this target dataset for the primary analyses did not include chromosome 21 variants. 

This intermediate data set included 524 samples (263 cases, 261 controls) and 

2,366,788 autosomal SNPs.  

            We then performed PCA, first anchoring our dataset in the HapMap3 

(International HapMap Consortium 2005) dataset and constructing PCs (using 

PLINK1.9) to identify and remove DS samples with PC values outside of the HapMap3 

CEU cluster (in order to match the European ancestry of the discovery datasets), and 

https://www.zotero.org/google-docs/?pMFBCa
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then removing the HapMap samples and performing further outlier removal based only 

on the DS samples (see Supplemental Methods for details). This PCA process identified 

37 sample outliers for removal. 

As a final step in preparing the DS target dataset for PRS analysis, we removed 

the major histocompatibility complex region (Chr6: 25-34 Mb, hg19), which is a region of 

extended high linkage disequilibrium that can overly influence PRS results. Our final 

data set included 487 samples (245 DS+AVSD cases, 242 DS+NH controls) and 

2,351,951 autosomal SNPs (excluding chromosome 21). The multiple steps involved in 

generating this final data set for the primary PRS analyses are presented as a flowchart 

in Supplemental Figure 2. 

  

Target dataset for secondary PRS analyses 

  

Our secondary PRS analyses examined the contribution by alleles on the 

trisomic chromosome 21 to a polygenic component for DS-associated AVSD. We were 

able to do this because, while imputed data were not available for chromosome 21, all 

imputed samples did have SNP array genotypes for chromosome 21. Furthermore, the 

WGS samples had sequencing data for chromosome 21. For all target samples 

analyzed in the primary analyses (245 cases, 242 controls), we therefore obtained SNP 

array data for the trisomic chromosome 21, and likewise limited all other chromosomes 

to SNPs available on the Affymetrix Genome-Wide Human SNP 6.0 array. 

We processed the chromosome 21 data separately from the other chromosomes 

due to the trisomic nature of these data. Prior to merging chromosome 21 data for the 
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imputed and WGS samples, we applied certain QC filters (see Supplemental Methods 

for details). We subsequently merged the array and WGS chromosome 21 data, leaving 

3,984 chromosome 21 SNPs and 487 samples. 

   

Discovery data used to define weights for the PRS 

  

For discovery datasets, there were no GWAS of AVSD or other congenital heart 

defects (CHD) among individuals with DS that were independent of our target dataset 

nor were there any GWAS specifically for non-syndromic AVSD. Thus, we used results 

from two of the largest available independent GWAS of mixed CHD, diagnosed among 

those without DS who were ancestrally matched to our target samples. 

The first discovery dataset was a GWAS of 2,594 cases with a mixture of CHD 

diagnoses (see Table 3.3) and 5,159 population-based controls, all of European 

ancestry. Genotyping was performed using the Illumina Human660W-Quad array for 

cases and the Illumina 1.2M chip for controls. The GWAS results included summary 

statistics for 501,899 autosomal SNPs. Summary level results for this GWAS are 

available upon request through Dr. Heather Cordell. GWAS of particular diagnostic CHD 

subsets of this dataset have been published previously (Cordell, Töpf, et al. 2013; 

Cordell, Bentham, et al. 2013). 

The second discovery dataset was a GWAS of 406 mixed CHD cases (Table 3.4) 

and 2,976 pediatric controls, all recruited from the same hospital and self-reporting as 

non-Hispanic Caucasian (Agopian et al. 2017). Samples were genotyped with Illumina 

arrays (550 v1/v3, 610, or 2.5M chip), and genome-wide imputation was then carried 

https://www.zotero.org/google-docs/?Hlg6Ex
https://www.zotero.org/google-docs/?Hlg6Ex
https://www.zotero.org/google-docs/?zFTn0o
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out using the 1000 Genomes Project data as a reference. The GWAS results included 

summary statistics for 4,612,359 autosomal SNPs, all of which had imputation r2 > 0.80. 

Summary results from this GWAS are available upon request through Dr. A.J. Agopian.  

We used each of these discovery datasets separately as training data for the 

PRS analyses. We also meta-analyzed the summary results from these two GWAS 

using GWAMA (Mägi and Morris 2010), and used the resulting estimates as training 

data.  

  

Generating PRS for the primary analyses 

  

            For the primary PRS analyses, PRSice-2 (Choi and O’Reilly 2019) (version 

2.1.6) was used to generate PRS for each sample in the target dataset. Prior to PRS 

construction, PRSice performs clumping on the discovery dataset in order to obtain a 

set of independent SNPs for scoring (clumping parameters: 500kb window, r2 threshold 

0.10). The clumped SNPs are then used to generate PRS, which are calculated as 

 

 

 

where the subscript i denotes a specific SNP contributing to the PRS, the subscript j 

denotes a particular individual in the target dataset, β is the estimated effect from the 

discovery GWAS (e.g., the natural logarithm of the odds ratio), EA is the number of 

effective alleles possessed by the target individual (0,1 or 2 for a disomic chromosome), 

https://www.zotero.org/google-docs/?wVfLxz
https://www.zotero.org/google-docs/?cIYgFj
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and N is the total number of alleles considered for scoring. To facilitate interpretation of 

results, we applied an option in PRSice to standardize the PRS. 

We constructed multiple PRS for each target individual using different subsets of 

the set of clumped SNPs, with subsets determined by applying different p-value 

thresholds to the discovery GWAS results (e.g., PRS may be constructed using SNPs 

with discovery p-value < 1x10-6, < 0.05, < 1). Given the relatively small sample sizes for 

each discovery GWAS, we were concerned that effect estimates for SNPs with lower 

MAFs may be particularly subject to error. To address this, we applied a range of MAF 

filters (from 0.10 to 0.40) to the discovery datasets prior to generating the PRS, 

excluding those SNPs with MAF below the threshold. Thus, for each discovery dataset, 

we constructed PRS and performed separate analyses for each combination of MAF 

filter and discovery p-value threshold. 

  

Generating PRS for the secondary analyses 

  

For the secondary PRS analyses, which involved analyses both with and without 

the trisomic chromosome 21 data, we constructed PRS using PLINK1.9. The PLINK1.9 

binary, which is the file format that we used in conjunction with PRSice for the primary 

PRS analyses, is not able to represent trisomic genotype data. However, we were able 

to modify the chromosome 21 genotype data to fit the PLINK1.9 dosage file format, 

which can be used in conjunction with PLINK’s allelic scoring flag to generate PRS. This 

involved dividing each allele count by 3 and thereby converting allele counts of 0, 1, 2 

and 3 to values of 0, 1/3, 2/3 and 1 (interpreted by PLINK as dosages ranging from 0 to 
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1). We then used this chromosome 21 dosage format file in combination with the 

clumped training data (clumped using PRSice) to generate PRS, which were generated 

by PLINK as a simple sum score (a sum of the products of SNP weight times 

transformed allele count for each scoring SNP). Finally, we multiplied each outputted 

PRS by 3, yielding PRS that accurately reflected allele counts of 0, 1, 2 and 3 for the 

trisomic chromosome 21. 

Separately, we used PLINK1.9 to construct PRS for the remaining autosomes. 

Given that these remaining autosomes were diploid, we were able to use the standard 

PLINK1.9 binary in combination with the allelic scoring flag to generate PRS. To be 

consistent with the chromosome 21 PRS, we used an option to generate these PRS as 

sum scores. For the analyses including chromosome 21, we then summed the 

chromosome 21 PRS and the PRS for the remaining autosomes for each target 

individual, yielding a PRS based on alleles from all autosomes combined. The analyses 

excluding chromosome 21 only utilized the PRS based on all autosomes minus 

chromosome 21. As for the primary PRS analyses, we standardized the final PRS, and 

generated multiple PRS for each target individual based on different discovery GWAS 

p-value and MAF thresholds. 

  

Testing association of PRS with DS+AVSD 

  

            We used logistic regression to test associations of PRS with the outcome; this 

was performed by PRSice for the primary analyses and within R for the secondary 

analyses. We included sex, platform (WGS vs. imputed), and the top five principal 
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components of ancestry as covariates in the analyses. Given the multiple testing 

involved in these PRS analyses (394 tests for different combinations of MAF filter, p-

value threshold, and discovery and target datasets, considering the primary and 

secondary PRS analyses together), we employed the p-ACT (Conneely and Boehnke 

2007) method to generate p-values corrected for multiple correlated tests.  

 

RESULTS 

 

Gene discovery using SKAT analyses 

 

Three separate SKAT-O analyses were conducted at different MAF filtering 

thresholds. All of the p-values for SKAT-O analyses derived from the WES dataset fell 

within expected or slightly deflated values, likely due to the small sample size (Figure 

3.1). No gene was significant following Bonferroni correction for the total number of 

genes in each set, although 19 genes in the common variant analysis (MAF > 0.05), 10 

genes in the rare variant analysis (MAF < 0.01 or missing in gnomAD) and one gene in 

the ultra-rare variant analysis (MAF < 0.001) displayed nominal significance levels of p-

value < 10-3 (Tables 3.5-3.7). Of those genes with nominal significance in the WES 

dataset, three were supported in the WGS dataset. Two of those genes, NOTCH4 and 

CEP290, have been reported as being involved in heart development. NOTCH4 is 

expressed in the developing heart and has previously been identified as playing a role 

in early artery and endothelial-to-mesenchymal transformation, which is critical for 

endocardial cushion differentiation (Noseda et al. 2004; Wythe et al. 2013). CEP290 

https://www.zotero.org/google-docs/?hHqtcq
https://www.zotero.org/google-docs/?hHqtcq
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codes for a centrosomal protein involved in cilia development that has been found to 

have differential expression between the left and right ventricles of the heart in newborn 

piglets, and which may play a role in remodeling of the ventricular myocardium 

postnatally (Torrado et al. 2010). The third gene, ZNF318, has not previously been 

implicated in heart defects. 

As a follow-up of these results, we conducted gene-set analyses based on genes 

in the ciliome (van Dam et al. 2013) and those in the Notch pathway (Kanehisa 2000) 

using the WES dataset. We used SKAT-O, combining all variants identified in each 

pathway and again filtering on MAF thresholds, and found moderate significance of p < 

0.05 in the set of rare variants (MAF < 0.01 or missing in gnomAD) (Table 3.8). 

 
 
CHD polygenic risk score and its association with DS+AVSD 

  

 Primary analyses indicate a non-significant association of the CHD-based PRS with 

DS+AVSD 

  

         Over a range of MAF filters and discovery GWAS p-value thresholds for 

constructing PRS, the analyses using the GWAS of 2,594 mixed CHD cases and 5,159 

controls as the discovery dataset (501,899 autosomal SNPs) tended to yield maximum 

odds ratios (ORs) of 1.2 to 1.3 for association of PRS with AVSD among those with DS, 

meaning that a 1 standard deviation (SD) increase in PRS was associated with a 20-

30% greater odds of having AVSD in the DS target sample (Figure 3.4). Corresponding 

Nagelkerke’s r2 values ranged from 0.75-1.25% (calculated as Nagelkerke’s r2 for the 

model with PRS and covariates minus Nagelkerke’s r2 for the model with only 
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covariates), with p-values that were non-significant following adjustment for multiple 

correlated tests (adjusted p-values > 0.15; unadjusted p-values approximately 0.01-

0.09). These maximum results were most evident at higher MAF filters (i.e., MAF ≥ 

0.30, ≥ 0.35, ≥ 0.40) and discovery GWAS p-value thresholds between 0.001 and 0.3. 

Figure 3.2 and Table 3.9 present results when PRS are constructed using SNPs with 

MAF ≥ 0.35, which are representative of the maximum PRS results achieved when 

using this particular discovery dataset. 

     PRS results when using the GWAS of 406 CHD cases and 2,976 pediatric 

controls as the discovery dataset (4,612,359 autosomal SNPs) exhibited a different 

pattern than when using the GWAS of 2,594 mixed CHD cases and 5,159 controls as 

training data. Across various MAF filters and p-value thresholds, ORs tended to hover 

near the null and on both sides of the null, indicating that these PRS were minimally 

associated with AVSD (Figure 3.5). A few results were stronger, with ORs in the 1.2 to 

1.3 range (adjusted p-values > 0.15); these results occurred when using MAF filters of ≥ 

0.10 and ≥ 0.15 in combination with the smallest discovery GWAS p-value thresholds 

for selecting scoring SNPs. 

     We also performed a meta-analysis of the two GWAS datasets, yielding a single 

discovery dataset with association estimates for 4,684,854 autosomal SNPs, of which 

429,336 SNPs had estimates based on both studies (meta-analysis sample size of 

3,000 CHD cases and 8,135 controls), while the remainder had estimates based on just 

one of the two studies. In constructing PRS based on this meta-analysis discovery 

dataset, we applied an inverse variance weighting approach such that SNP association 

estimates based on a larger sample size (e.g., two studies) were weighted more 
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heavily. Using the meta-analysis dataset in this manner produced results which, as 

might be expected, were a mixture of the PRS results obtained when using each 

discovery GWAS dataset separately (Figure 3.6). In general, maximum ORs for 

association of AVSD in DS with PRS and corresponding Nagelkerke’s r2 values were 

slightly attenuated compared with results when using the GWAS of 2,594 mixed CHD 

cases and 5,159 controls as the discovery dataset. 

  

Adding data from chromosome 21 into the PRS calculation did not change the 

association with DS+AVSD 

  

     We performed the secondary analyses using only the training dataset derived 

from 2,594 mixed CHD cases and 5,159 controls, since using these training data 

produced the best results for the primary PRS analyses. The results from PRS analyses 

including and excluding chromosome 21 were essentially the same, with only slight 

fluctuations in ORs and corresponding Nagelkerke’s r2 values (Figures 3.7 and 3.8). 

These results generally followed a similar pattern to those observed for the primary PRS 

analysis using the same discovery dataset (Figure 3.4), wherein use of greater MAF 

filters yielded larger associations. However, the results from these secondary analyses 

fluctuated more across discovery GWAS p-value thresholds and included more outlier 

OR estimates, which was likely a result of the smaller number of SNPs used for scoring 

in the secondary analyses (which were limited to SNPs on the Affymetrix array). 

 
 
DISCUSSION 
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Previous studies of AVSD in DS have had limited success in identifying rare 

variant contributions and have failed to clarify the role of common variants (Sailani et al. 

2013; Ramachandran, Zeng, et al. 2015). In the current study, we examined the role of 

rare and common SNVs in DS-associated AVSD by analyzing data from whole exome 

sequencing, whole genome sequencing, and genome-wide SNP imputation in cases 

with DS+AVSD and DS+NH controls. We used SNV-set analyses (grouping variants 

into genes and pathways) to examine both rare and common variant associations and 

polygenic risk score methods to investigate the combined effect of common variants 

across the genome.   

In the genome-wide variant-set analyses which grouped SNVs by gene, we 

obtained preliminary support for 3 genes, 2 of which have been reported previously as 

genes involved in heart development. Prior studies in AVSD and other heart defects 

have identified cilia as a major factor in heart development (Burnicka-Turek et al. 2016; 

Klena, Gibbs, and Lo 2017) and the ciliome has been identified as a pathway enriched 

in DS+AVSD for rare deletions and differential gene expression (Ripoll et al. 2012; 

Ramachandran, Zeng, et al. 2015). In our analyses, NOTCH4 and CEP290, whose 

roles in heart development and the ciliome have been previously described (Noseda et 

al. 2004; Torrado et al. 2010), were found to have a nominally significant enrichment 

among DS+AVSD cases in both WES and WGS datasets. CEP290 was also recently 

identified as potentially associated with non-syndromic CHD (including any type of heart 

defect) by a targeted sequencing study of 406 candidate genes involved in heart 

development (Alharbi et al. 2018).  

https://www.zotero.org/google-docs/?RUGS3d
https://www.zotero.org/google-docs/?RUGS3d
https://www.zotero.org/google-docs/?MCWoQJ
https://www.zotero.org/google-docs/?MCWoQJ
https://www.zotero.org/google-docs/?4exTiN
https://www.zotero.org/google-docs/?4exTiN
https://www.zotero.org/google-docs/?3lLkYS
https://www.zotero.org/google-docs/?3lLkYS
https://www.zotero.org/google-docs/?azWprQ
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Investigating rare variants in the Notch pathway and ciliome genes as a whole 

also displayed a moderate enrichment in our dataset. These results provide further 

support for the involvement of the Notch pathway and ciliome in heart development, and 

suggest a specific link between these pathways and AVSD in DS. Considering the small 

sample sizes of the WES and WGS datasets and the case-control imbalance in the 

WGS dataset, a larger balanced WGS dataset should enable greater power to detect 

individual genes in these pathways that contribute to AVSD in DS.  

The PRS analyses are the first such analyses of AVSD in DS, and to the best of 

our knowledge they are also the first use of PRS methods to examine polygenicity of 

CHD generally. Our analyses of PRS calculated from GWAS studies of non-syndromic 

CHD suggest at minimum a small polygenic contribution to AVSD among individuals 

with DS. When using dense SNP data (WGS or imputed data) for the 487 individuals in 

the target sample and excluding chromosome 21, a single standard deviation increase 

in PRS was associated with a 20-30% increased odds for having AVSD, with 

Nagelkerke’s r2 values for PRS of around 1% (Figure 3.2; Figure 3.4); this occurred 

when using the larger of the two independent discovery datasets. Assuming a 

population prevalence of 20% for AVSD among those with DS, these Nagelkerke’s r2 

values are quite similar to the corresponding liability scale r2 values (correcting for case-

control ascertainment). For instance, the PRS analyses depicted in Figure 3.2 yielded a 

Nagelkerke’s r2 of 1.03% when applying MAF ≥ 0.35 and discovery GWAS p-value ≤ 

0.001 thresholds; the corresponding liability r2 estimate is 1.11% (S. H. Lee et al. 2012). 

As demonstrated by the PRS results presented in Figures 3.7 and 3.8, which involved 

the use of array SNPs only, inclusion of dense genotype data for chromosome 21 is 
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unlikely to substantially alter these estimates for the association of PRS with DS-

associated AVSD; SNPs on chromosome 21 are perhaps not a key factor driving AVSD 

in DS.  

Given the small sample sizes for the discovery GWAS datasets and prior 

research demonstrating that variance explained by PRS tends to increase as discovery 

GWAS sample size increases (Schizophrenia Working Group of the Psychiatric 

Genomics Consortium 2014), which is attributable to increased accuracy of the SNP 

effect estimates used as weights for the PRS, it seems likely that the use of a larger 

discovery GWAS of CHD will uncover a greater polygenic contribution to AVSD in DS. 

Furthermore, use of a large discovery GWAS that only includes the particular CHD 

subtypes which are most closely genetically related to AVSD (perhaps a GWAS 

including only AVSD and septal defect cases) may reveal a polygenic contribution to 

DS-associated AVSD that exceeds what we have identified. We demonstrate this in 

Figure 3.9, showing that under reasonable assumptions, using a discovery GWAS of 

phenotypes that are highly genetically correlated with the target phenotype (AVSD) will 

result in PRS r2 values that increase as discovery GWAS sample size increases; the 

discovery samples similar in size to those used for the current PRS analyses are only 

able to capture a portion of the true polygenic component (plots generated using the 

‘avengeme’ R package; Dudbridge 2013). 

The finding of an association of AVSD in DS with PRS constructed based on 

SNPs identified as having some measure of association with CHD in mixed CHD 

samples suggests the possibility of genetic overlap between AVSD and various other 

subtypes of CHD. This is consistent with the potential for investigating DS-associated 

https://www.zotero.org/google-docs/?vkWp0J
https://www.zotero.org/google-docs/?vkWp0J
https://www.zotero.org/google-docs/?N4IaZH
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AVSD to shed light on fundamental biology relevant to CHD more generally. To further 

examine this potential genetic overlap, including which CHD subtypes may have the 

greatest shared genetic architecture with AVSD, it will be important to utilize large 

GWAS datasets of specific CHD subtypes rather than a mixture of CHD types. 

     We observed that PRS constructed based on the discovery GWAS of 2,594 

mixed CHD cases and 5,159 controls consistently yielded ORs > 1 (indicating, as 

expected, that increased PRS was associated with increased AVSD risk). In contrast, 

PRS constructed using the discovery GWAS of 406 CHD cases and 2,976 pediatric 

controls yielded OR estimates generally quite close to the null, and on both sides of the 

null. One possible reason for this difference is that the smaller-sized discovery GWAS 

had more imprecisely estimated SNP associations, leading to less informative PRS. 

Another possibility is that particular CHD diagnoses included within the larger discovery 

GWAS may be more genetically related to AVSD in DS than the CHD diagnoses in the 

smaller discovery GWAS. Indeed, the larger GWAS included 73 cases with AVSD, while 

in the smaller GWAS there were only seven instances of AVSD (six of the cases with 

double outlet right ventricle also had AVSD, and a single case had tetralogy of Fallot 

with atrioventricular canal septal defect). 

     In conclusion, while our analyses yielded no statistically significant findings 

following multiple testing correction, the results suggest that rare variation in certain 

pathways and common variants acting through a polygenic component may play roles 

in increasing risk for AVSD among those with DS. The use of larger sample sizes, 

including a larger DS+AVSD/DS+NH sample as well as larger discovery GWAS 

samples for PRS construction, is important as it will enable greater power for identifying 



 
 

95 

 

and quantifying rare variant and polygenic contributions. It is also possible that genetic 

effects on DS-associated AVSD are particularly pronounced in the presence of certain 

environmental factors. This could be investigated in future studies by examining 

environmental interactions with potentially involved genetic factors including variation in 

the Notch pathway and ciliome as well as PRS. 

 

Availability of data: 

Affymetrix Genome-Wide Human SNP 6.0 array genotype data are available for 

437 DS samples (DS+AVSD cases and DS+NH controls) via the Gene Expression 

Omnibus [GEO] data repository, accession number GSE60607. Genotypes for some of 

the samples described in this paper were excluded from GEO due to privacy concerns. 

WES data is available on request. 

WGS data results from the PCGC samples can be accessed through the PCGC 

dbGaP study (https://www.ncbi.nlm.nih.gov/projects/gap/cgi-

bin/study.cgi?study_id=phs001194.v2.p2). 

  

https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs001194.v2.p2
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs001194.v2.p2
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Supplemental Methods 

 

Target dataset for primary PRS analysis 

 

Imputed samples: 

There originally were 459 DS samples (211 DS+AVSD cases, 248 DS+NH 

controls) with Affymetrix Genome-Wide Human SNP 6.0 array genotype data, including 

the 210 cases and 242 controls analyzed in the prior GWAS of DS-associated AVSD 

(Ramachandran et al. 2015). Using PLINK1.9 (version 1.90b6.6)(Chang et al. 2015; 

Purcell and Chang, n.d.) and R (version 3.4.1)(R: A Language and Environment for 

Statistical Computing 2017), we applied standard GWAS QC procedures, excluding 

subjects for sex discordance, outlier heterozygosity rates (+/- 3 SDs from the mean), 

missing > 3% of genotypes, and one subject from each pair having IBD > 0.1875. 

Variant filters included missing for > 5% of samples, MAF < 0.01, HWE mid-p-value < 

0.00001 (among controls), and significantly different rates of missingness in cases 

versus controls (p < 0.00001). We then used principal component analysis (PCA) to 

identify and remove any population outliers, which involved identifying and removing 

non-European samples using the HapMap3 (International HapMap Consortium 2005) 

dataset as a population reference (we identified ancestral outliers based on the 

Anderson et al. 2010 protocol). All together, these QC steps yielded a dataset with 207 

DS+AVSD cases and 234 DS+NH controls, and 612,125 autosomal SNPs (excluding 

chromosome 21). 

https://www.zotero.org/google-docs/?pCEXA7
https://www.zotero.org/google-docs/?pCEXA7
https://www.zotero.org/google-docs/?qA5tlI
https://www.zotero.org/google-docs/?qA5tlI
https://www.zotero.org/google-docs/?qA5tlI
https://www.zotero.org/google-docs/?qA5tlI
https://www.zotero.org/google-docs/?lYJAWa
https://www.zotero.org/google-docs/?nKr8YB
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For these samples, we then performed genotype imputation using the Michigan 

Imputation Server (Das et al. 2016). Prior to imputation, all alleles were aligned to the 

(+) strand, and we used a program (Rayner) written by the McCarthy Group to check 

our dataset against the Haplotype Reference Consortium (HRC) panel and ensure that 

our data were properly configured for imputation using the HRC panel. We then 

submitted the DS dataset to the Michigan Imputation Server, for imputation based on 

the HRC panel (version r1-1 2016)(McCarthy et al. 2016), which includes 32,470 

samples predominantly of European ancestry. 

The post-imputation files included 38,596,402 autosomal variants (all SNPs). 

Mean correlation between true and imputed genotypes for the ~600,000 genotyped 

SNPs was 0.990, suggesting high quality imputation. Considering all post-imputation 

variants, those with MAF ≥ 0.05 (5,349,403 variants) had mean imputation r2 = 0.971, 

those with 0.01 ≤ MAF < 0.05 (2,300,344 variants) had mean r2 = 0.882, and those with 

MAF < 0.01 (30,946,655 variants) had mean r2 = 0.180. This indicates good imputation 

quality for variants with common or moderate MAF. We decided to drop variants with 

MAF < 0.01, those missing for more than 2% of samples, those with a maximum 

imputed genotype probability < 0.80, and those with imputation r2 < 0.80. 

We then applied standard GWAS QC to the imputed dataset. We dropped one 

sample with an outlying heterozygosity rate (> 3 SDs below the mean). No samples 

were dropped for excess missing genotypes (all had < 1% missingness). Following 

removal of the single sample, we again excluded variants missing for > 2% of 

individuals and those with MAF < 0.01, and also dropped variants with HWE mid-p-

value < 0.00001 and those with significant differences in missing genotype rate between 

https://www.zotero.org/google-docs/?bDxoHX
https://www.zotero.org/google-docs/?YgSKcG
https://www.zotero.org/google-docs/?c0mmLu
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cases and controls (p < 0.05). We also removed variants with A/T, T/A, C/G, and G/C 

alleles which can be difficult to match between datasets due to strand ambiguity. This 

left a dataset with 440 samples (206 DS+AVSD cases, 234 DS+NH controls) and 

5,079,537 autosomal SNPs. 

  

WGS samples: 

Starting from the previously described post-QC WGS dataset, which included 

175 samples (148 DS+AVSD cases, 27 DS+NH controls), we applied additional variant 

filters in order to more closely match the variant QC procedures which had been applied 

to the imputed dataset. We removed variants with MAF < 0.01, those missing for > 2% 

of samples, and indels, leaving a WGS dataset with 175 samples and 4,173,676 

autosomal SNPs (excluding chromosome 21).  

 

Merging WGS and imputed samples: 

         Coordinates for the WGS dataset were based on hg38, while those for the 

imputed dataset were based on hg19. Prior to merging the datasets, we used the UCSC 

Genome Browser (Kent et al. 2002) LiftOver tool to convert the WGS data coordinates 

from hg38 to hg19, and also modified rsIDs as needed using an external file based on 

HRC panel variants containing hg19 rsIDs and coordinates. We chose to convert the 

WGS data to hg19 rather than converting the imputed data to hg38 as a matter of 

convenience, given the PRS training files we used had hg19 coordinates. 

 As one additional step prior to merging the WGS and imputed datasets, we 

compared allele frequencies for SNPs in each dataset in order to identify any instances 
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where allele frequency for a SNP in one dataset differed significantly from its allele 

frequency in the other dataset, which could indicate genotyping error for the variant. We 

identified and removed 77 SNPs with allele frequencies that differed by at least 0.20 

between the WGS and imputed datasets. 

         We then merged the WGS and imputed datasets on rsID, position, and alleles 

(using PLINK1.9), yielding a single dataset with 615 samples and 2,366,788 SNPs. For 

all 615 samples missingness was < 1%. An identity-by-descent (IBD) check identified 90 

sample duplicates and 1 sample pair with a sibling or child/parent relation. Each of 

these related pairs involved a WGS sample and an imputed sample (i.e., the duplicates 

were the result of each sample being represented in both the imputed and WGS 

datasets). For these samples, we kept the data from the WGS dataset as it appeared to 

be of slightly better quality overall, and we dropped the imputed duplicates. No 

additional variant QC filters were needed -- all SNPs had missingness ≤ 2% among all 

samples and ≤ 3% among both cases and controls, all had MAF approximately ≥ 1% 

(we applied stricter MAF filters during PRS construction), and no SNPs required 

dropping for HWE violation. Thus, this intermediate data set included 524 samples (263 

cases, 261 controls) and 2,366,788 autosomal SNPs.  

         We next performed PCA, first anchoring our dataset in the HapMap3 dataset and 

constructing PCs to identify and remove DS samples with PC values outside of the 

HapMap3 CEU cluster (in order to match the European ancestry of the discovery 

datasets), and then removing the HapMap samples and performing further outlier 

removal based only on the DS samples. We constructed PCs for just the DS samples, 

and removed samples with values > 3 SD from the mean for PC1 or PC2 (which 
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explained most of the genetic variation in the sample). We then reconstructed PCs for 

the remaining samples and again identified 3 SD outliers for removal, repeating this 

PCA process until all substantial outliers had been identified and removed. This PCA 

approach identified 37 sample outliers for removal. 

            As a final step in preparing the DS target dataset for PRS analysis, we removed 

the major histocompatibility complex region (Chr6: 25-34 Mb, hg19), which is a region of 

extended high linkage disequilibrium that can overly influence PRS results. Our final 

data set included 487 samples (245 DS+AVSD cases, 242 DS+NH controls) and 

2,351,951 autosomal SNPs (excluding chromosome 21). The multiple steps involved in 

generating this final data set for the primary PRS analyses are presented as a flowchart 

in Figure 3.3. 

 

Target dataset for secondary PRS analysis 

  

Our secondary PRS analyses examined the contribution by alleles on the 

trisomic chromosome 21 to a polygenic component for DS-associated AVSD. To do 

this, we compared PRS results based on polygenic scores generated using all 

autosomes (including chromosome 21) to PRS results based on scores using all 

autosomes except for chromosome 21. 

We analyzed the same set of target samples as for the primary analyses (245 

DS+AVSD cases, 242 DS+NH controls), 158 of whom had WGS data for chromosome 

21, and 329 of whom had Affymetrix Genome-Wide Human SNP 6.0 array genotype 

data for chromosome 21 (given the complexities of imputing trisomic genotypes, we did 
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not have imputed data for these 329 samples). Given that trisomic data cannot be 

represented by the PLINK1.9 binary format, we handled these chromosome 21 data 

separately from the other chromosomes. Prior to merging chromosome 21 data for 

these WGS and array samples, we applied certain QC filters. None of the 158 WGS 

samples nor the 329 array samples had an excess of missing genotypes for 

chromosome 21 (all had approximately 5% or less missingness). For variant QC, we 

excluded SNPs missing for > 5% of samples, as well as SNPs with A/T, T/A, C/G, and 

G/C alleles which can be difficult to match between datasets due to strand ambiguity. 

We also removed SNPs with significantly different allele frequencies between the WGS 

and array datasets (we determined that a frequency difference of ≥ 0.125 was an 

appropriate threshold for these chromosome 21 datasets). Post-merger, we removed 

SNPs with excess missingness specifically among cases or controls (missing for > 3% 

of cases or > 3% of controls), and we also excluded SNPs that were monoallelic in the 

full sample. These steps yielded a merged chromosome 21 dataset with 487 samples 

and 3,984 SNPs. 

We then took the dataset used for the primary analyses (487 samples and 

2,351,951 autosomal SNPs, excluding chromosome 21), and limited it to SNPs on the 

Affymetrix Genome-Wide Human SNP 6.0 array, leaving 389,544 SNPs. This was done 

since the chromosome 21 data were also necessarily limited to the array SNPs. We 

used these array-based genotype data, both with and without the chromosome 21 data, 

in order to perform the secondary PRS analyses. 
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Tables 
 
Table 3.1. Summary of cohort for SKAT-O analysis 
 
WES  Cases Controls WGS Cases Controls 

Total  190 (174) 138 (126) Total 169 (148) 39 (27) 

Caucasian 152 (152) 101 (101) Caucasian 161 (148) 35 (27) 

African American 34 (18) 37 (25) African American 7 (0) 4 (0) 

Ad-mixed American 2 (2) 0 Ad-mixed American 0 0 

East Asian 2 (2) 0 East Asian 0 0 

Hispanic 0 0 Hispanic 1 (0) 0 

 
Total cohort numbers after QC and PCA used for SKAT-O analyses in parentheses.  

 
Table 3.2. Summary of genes analyzed using SKAT-O, based on variants in exons and UTR regions. 
 

SKAT-O 
analysis 

MAF filter Genes  SNVs MAF 
weighting 
in SKAT 

WES - 
common  

MAF > 0.05 10,228  25,355 no 

WES -  
rare 

MAF < 0.01 
and missing 
in gnomAD 

17,318 142,006 yes 

WES - 
ultra-rare 

MAF < 
0.001 

14,898 59,092 yes 

 
Table 3.3: First discovery dataset: diagnoses for 2,594 mixed CHD cases (Cordell, Bentham, et al. 2013; 
Cordell, Töpf, et al. 2013) 

CHD diagnosis Number (%) of samples 

Tetralogy of Fallot 835 (32.2) 

https://www.zotero.org/google-docs/?uARsvB
https://www.zotero.org/google-docs/?uARsvB
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Left-sided malformations 387 (14.9) 

Ostium secundum atrial septal defect 340 (13.1) 

Transposition of the great arteries 207 (8.0) 

Ventricular septal defect 191 (7.4) 

Conotruncal malformations 151 (5.8) 

Double outlet right ventricle 96 (3.7) 

AVSD (partial and complete) 73 (2.8) 

Other CHD* 314 (12.1) 

*For a more complete list of included CHD diagnosis, see (Cordell, Bentham, et al. 2013; Cordell, 
Töpf, et al. 2013)  
 

Table 3.4: Second discovery dataset: diagnoses for 406 mixed CHD cases (Agopian et al., 2017) 
 

CHD diagnosis Number (%) of samples 

Tetralogy of Fallot 134 (33.0) 

Ventricular septal defect 109 (26.8) 

D-transposition of the great arteries 80 (19.7) 

Double outlet right ventricle 25 (6.2) 

Isolated aortic arch anomalies 22 (5.4) 

Truncus arteriosus 19 (4.7) 

Other CHD 17 (4.2) 

  

https://www.zotero.org/google-docs/?8FMz1q
https://www.zotero.org/google-docs/?8FMz1q
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Table 3.5. SKAT-O results of common variants: Common variants are defined as MAF > 0.05 in gnomAD. 
All genes were tested in the WES dataset; only the top-ranked genes (p<0.001) were tested in the WGS 
dataset as a replication set. Common variant SKAT-O analyses were not weighted by MAF. 
 

Gene  Loci 
p-value - 
WES 

Variants 
Tested 

p-value - 
WGS 

Variants 
Tested 

AMOT 
chrX:112,774,503-
112,840,815 8.21E-04 1 0.849 6 

CEP290 
chr12:88,049,016-
88,142,088 1.88E-04 3 0.064 3 

CTDSP1 
chr2:218,399,755-
218,405,941 8.82E-04 2 0.392 3 

DNAJA4 
chr15:78,264,086-
78,282,196 2.37E-04 2 0.296 7 

GABRE 
chrX:151,953,124-
151,974,676 2.49E-04 1 0.339 6 

HHAT 
chr1:210,328,252-
210,676,296 6.39E-04 3 0.576 5 

HJURP 
chr2:233,836,702-
233,854,535 8.49E-04 7 0.592 10 

MEFV chr16:3,242,028-3,256,627 7.18E-04 8 0.388 12 

MRGPRX3 
chr11:18,120,955-
18,138,480 6.07E-04 3 0.808 6 

MYO5B 
chr18:49,822,789-
50,195,147 2.72E-04 5 0.263 14 

NEK10 chr3:27,110,904-27,369,392 8.52E-04 3 0.092 8 

NR0B2 chr1:26,911,489-26,913,975 5.91E-04 1 0.83 3 

PLEKHM3 
chr2:207,821,288-
208,025,527 3.48E-04 2 0.826 10 

SAG 
chr2:233,307,816-
233,347,055 3.35E-04 3 0.527 3 

TRMT9B chr8:12,945,673-13,029,777 6.22E-05 8 0.627 40 

WDR61 
chr15:78,283,235-
78,299,609 5.98E-04 1 0.414 2 

WDR87 
chr19:37,884,932-
37,906,677 8.81E-05 4 0.198 13 

ZNF571 
chr19:37,562,392-
37,594,790 8.60E-04 3 0.203 5 
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ZNF573 
chr19:37,738,302-
37,779,590 7.08E-04 2 0.148 3 

 
Table 3.6. SKAT-O results of rare variants: Rare variants are defined as MAF < 0.01 or missing in 
gnomAD with an additional dataset MAF filter < 0.02. All genes were tested in the WES dataset; only the 
top-ranked genes (p<0.001) were tested in the WGS dataset as a replication set. 
 

Gene  Loci 
p-value - 
WES 

Variants 
Tested 

p-value - 
WGS 

Variants 
Tested 

ALG11 
chr13:52,012,398-
52,033,600 9.66E-04 6 0.543 6 

CST4 
chr20:23,685,640-
23,689,040 6.21E-04 8 0.815 5 

NOTCH4 chr6:32,194,843-32,224,067 6.66E-04 9 0.031 10 

PODNL1 
chr19:13,933,957-
13,953,302 7.86E-04 5 0.568 14 

RBM12 
chr20:35,648,925-
35,664,900 9.04E-04 3 0.523 8 

RNF135 
chr17:30,971,039-
30,999,911 9.14E-04 6 0.651 5 

RNF152 
chr18:61,808,067-
61,893,007 5.06E-04 7 0.701 7 

SLIT3 
chr5:168,661,740-
169,301,129 7.30E-04 23 0.484 23 

TRIM56 
chr7:101,085,481-
101,097,967 4.73E-04 8 0.836 6 

VCX3A chrX:6,533,618-6,535,118 9.07E-04 4 0.69 4 
 
 
Table 3.7. SKAT-O results of ultra-rare variants: Ultra-rare variants are defined as MAF < 0.001 in 
gnomAD without variants missing in gnomAD to test whether the well-defined ultra-rare variants are 
driving the top rare results. All genes were tested in the WES dataset; only the top-ranked genes 
(p<0.001) were tested in the WGS dataset as a replication set.  
 

Gene  Loci 
p-value - 
WES 

Variants 
Tested 

p-value - 
WGS 

Variants 
Tested 

ZNF318 
chr6:43,336,070-
43,369,647 8.07E-04 17 0.042 2 

 
 
Table 3.8. SKAT-O results in WES dataset for the two pathways suggested by the single gene test results 
and by previous literature. 
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Gene p-value - 
rare 

Variants 
Tested 

p-value - ultra-
rare 

Variants 
Tested 

p-value - 
common 

Variants 
Tested 

Cilia pathway 0.04 3542 0.80 1490 0.77 674 

Notch pathway 0.03 487 0.39 222 0.24 73 

 
 
 
Table 3.9. PRS results using discovery GWAS of 2,594 mixed CHD cases and 5,159 controls and SNPs 
with MAF ≥ 0.35. ‘Threshold’ indicates that SNPs with discovery GWAS p-values below the threshold 
were used for PRS construction, and ‘No. SNP’ is the corresponding number of SNPs used for scoring. 
OR: Odds ratio per standard deviation increase in PRS, CI: Confidence interval, Nag. r2: Nagelkerke’s r2, 
Punadj: Uncorrected p-value, Padj: P-value corrected for multiple correlated tests. 
 

Threshold No. SNP OR 95% CI Nag. r2 Punadj Padj 

1e-05 1 1.12 0.91-1.38 0.24% 0.278 > 0.15 

1e-04 5 1.19 0.96-1.47 0.54% 0.107 > 0.15 

0.001 93 1.27 1.03-1.57 1.03% 0.027 > 0.15 

0.005 328 1.25 1.01-1.54 0.91% 0.037 > 0.15 

0.01 597 1.35 1.09-1.67 1.61% 0.006 > 0.15 

0.05 2,421 1.25 1.02-1.54 0.95% 0.033 > 0.15 

0.1 4,275 1.28 1.03-1.57 1.09% 0.023 > 0.15 

0.2 7,590 1.22 0.99-1.50 0.75% 0.059 > 0.15 

0.3 10,432 1.18 0.96-1.46 0.54% 0.108 > 0.15 

0.4 12,982 1.11 0.91-1.37 0.22% 0.303 > 0.15 

0.5 15,197 1.12 0.91-1.38 0.25% 0.278 > 0.15 

1 22,507 1.09 0.89-1.34 0.15% 0.389 > 0.15 
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Figures 
 
Figure 3.1. Representative SKAT-O Manhattan plot and QQ plot of common variants. Each dot 
represents a gene in the SKAT-O analysis, ordered by chromosome. No gene reached Bonferroni 
significance (red horizontal line), however 30 genes showed a nominal significance level of p < 0.001 
(blue horizontal line). 
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Figure 3.2. PRS results using discovery GWAS of 2,594 mixed CHD cases and 5,159 controls and SNPs 
with MAF ≥ 0.35. Plot shows odds ratio per standard deviation increase in PRS, with corresponding 95% 
confidence interval. ‘P-value threshold’ indicates that SNPs with discovery GWAS p-values below the 
threshold were used for PRS construction. Padj is the p-value after correction for multiple correlated tests. 
 

 
 
 
Figure 3.3. Flowchart showing the multiple steps involved in generating the final data set for the primary 
PRS analyses. 
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Figure 3.4.  PRS results using discovery GWAS of 2,594 mixed CHD cases and 5,159 controls and 
various MAF thresholds. MAF thresholds were applied to the discovery GWAS; SNPs with MAF below the 
threshold were excluded from PRS construction. Top row: Each plot displays odds ratio per standard 
deviation in PRS and the corresponding 95% confidence interval (y-axis) for PRS constructed based on 
particular discovery GWAS p-value thresholds (x-axis). Padj are adjusted p-values (corrected for multiple 
correlated tests). 95% CIs correspond to unadjusted p-values. Bottom row: Each plot displays 
Nagelkerke’s r2 (y-axis) for PRS constructed based on particular discovery GWAS p-value thresholds (x-
axis). Numbers above each r2 bar are the number of SNPs used to construct PRS at that particular p-
value threshold and MAF filter combination. 
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Figure 3.5. PRS results using discovery GWAS of 406 mixed CHD cases and 2,976 controls and various 
MAF thresholds. MAF thresholds were applied to the discovery GWAS; SNPs with MAF below the 
threshold were excluded from PRS construction. Top row: Each plot displays odds ratio per standard 
deviation in PRS and the corresponding 95% confidence interval (y-axis) for PRS constructed based on 
particular discovery GWAS p-value thresholds (x-axis). Padj are adjusted p-values (corrected for multiple 
correlated tests). 95% CIs correspond to unadjusted p-values. Bottom row: Each plot displays 
Nagelkerke’s r2 (y-axis) for PRS constructed based on particular discovery GWAS p-value thresholds (x-
axis). Numbers above each r2 bar are the number of SNPs used to construct PRS at that particular p-
value threshold and MAF filter combination. 
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Figure 3.6. PRS results using meta-analysis of two GWAS as discovery dataset and employing inverse 
variance weighted SNP effects for scoring, for various MAF thresholds. MAF thresholds were applied to 
the discovery GWAS; SNPs with MAF below the threshold were excluded from PRS construction. Top 
row: Each plot displays odds ratio per standard deviation in PRS and the corresponding 95% confidence 
interval (y-axis) for PRS constructed based on particular discovery GWAS p-value thresholds (x-axis). Padj 
are adjusted p-values (corrected for multiple correlated tests). 95% CIs correspond to unadjusted p-
values. Bottom row: Each plot displays Nagelkerke’s r2 (y-axis) for PRS constructed based on particular 
discovery GWAS p-value thresholds (x-axis). Numbers above each r2 bar are the number of SNPs used to 
construct PRS at that particular p-value threshold and MAF filter combination. 
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Figure 3.7. PRS results for all autosomes excluding chromosome 21. These analyses used the discovery 
GWAS of 2,594 mixed CHD cases and 5,159 controls. Various MAF thresholds were applied to the 
discovery GWAS; SNPs with MAF below the threshold were excluded from PRS construction. Top row: 
Each plot displays odds ratio per standard deviation in PRS and the corresponding 95% confidence 
interval (y-axis) for PRS constructed based on particular discovery GWAS p-value thresholds (x-axis). Padj 
are adjusted p-values (corrected for multiple correlated tests). 95% CIs correspond to unadjusted p-
values. Bottom row: Each plot displays Nagelkerke’s r2 (y-axis) for PRS constructed based on particular 
discovery GWAS p-value thresholds (x-axis). Numbers above each r2 bar are the number of SNPs used to 
construct PRS at that particular p-value threshold and MAF filter combination. 
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Figure 3.8. PRS results for all autosomes including chromosome 21. These analyses used the discovery 
GWAS of 2,594 mixed CHD cases and 5,159 controls. Various MAF thresholds were applied to the 
discovery GWAS; SNPs with MAF below the threshold were excluded from PRS construction. Top row: 
Each plot displays odds ratio per standard deviation in PRS and the corresponding 95% confidence 
interval (y-axis) for PRS constructed based on particular discovery GWAS p-value thresholds (x-axis). Padj 
are adjusted p-values (corrected for multiple correlated tests). 95% CIs correspond to unadjusted p-
values. Bottom row: Each plot displays Nagelkerke’s r2 (y-axis) for PRS constructed based on particular 
discovery GWAS p-value thresholds (x-axis). Numbers above each r2 bar are the number of SNPs used to 
construct PRS at that particular p-value threshold and MAF filter combination. 
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Figure 3.9 Maximum variance in target phenotype that can be explained by PRS (y-axis: liability scale r2) 
given a range of training sample sizes (x-axis: number of cases in thousands). Assumptions: training 
sample with case:control ratio of 1:2 (same as ratio for larger of the two independent CHD discovery 
datasets); target sample with case:control ratio of 1:1 (same as ratio for DS target dataset); prevalence of 
CHD in training population is 1%; prevalence of AVSD in DS target population is 20%; 100,000 
independent variants in the training SNP panel; genetic effects for training and target samples are 
identical (correlation = 1); proportion of SNPs in the training set panel that affect the training phenotype is 
1%, 10% or 100%. For plot A, amount of variance in the training phenotype explained by the training set 
SNP panel (Vgtrain) is 15%; for plot B Vgtrain is 25%; for plot C Vgtrain is 35%. Solid black horizontal line 
marks the maximum r2 that can be explained by PRS using an infinitely large training sample size (given 
the assumed parameters). Vertical orange line marks the number of CHD cases in the larger of the two 
independent discovery datasets (2,594 cases). 
 
A.

B. 
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Background 
 
While genome-wide association studies (GWAS) and whole-exome sequencing (WES) 

remain important components of human disease research, the future lies in whole-

genome sequencing (WGS), as it inarguably provides more complete data. The central 

challenge posed by WGS is one of scale. Genetic disease studies require thousands of 

samples to obtain adequate power, and the resulting WGS datasets are hundreds of 

gigabytes in size and contain tens of millions of variants. Manipulating data at this scale 

is difficult. To find the alleles that contribute to traits of interest, two steps must occur. 

First, the variants identified in a sequencing experiment need to be described in a 

process called annotation, and second, the relevant alleles need to be selected based 

on those descriptions in a procedure called variant filtering. 

Annotating and filtering large numbers of variant alleles requires specialty software. 

Existing annotators, such as ANNOVAR (Chang & Wang, 2012), SeqAnt (Shetty et al., 

2010), VEP (McLaren et al., 2016), and GEMINI (DeFreitas et al., 2016) have played an 

important research role, and are sufficient for small to medium experiments (e.g.,10s to 

100s of WES samples). However, they require significant computer science training to 

use in offline, distributed computing environments, and have substantial restrictions in 

terms of performance and the maximum size of the data they will annotate online. 

Existing variant filtering solutions are even more limited, with most analyses requiring 

https://www.zotero.org/google-docs/?H6hafT
https://www.zotero.org/google-docs/?M3N9u6
https://www.zotero.org/google-docs/?M3N9u6
https://www.zotero.org/google-docs/?eUBXMT
https://www.zotero.org/google-docs/?2rUa7p
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researchers to program custom scripts, which can result in errors that impact 

reproducibility (Sandve et al., 2013). Therefore, annotation and filtering are not readily 

accessible to most scientists, and even bioinformaticians face challenges of 

performance, cost and complexity. 

Here we introduce an application called Bystro that significantly simplifies variant 

annotation and filtering, while also improving performance by orders of magnitude and 

saving weeks of processing time on large data sets. It is the first program capable of 

handling sequencing experiments on the scale of thousands of whole-genome samples 

and tens of millions of variants online in a web browser, and integrates the first, to our 

knowledge, publicly-available, online natural-language search engine for filtering 

variants and samples from these experiments. The search engine enables real-time 

(sub-second), nuanced variant filtering, both across all samples and per sample, using 

simple phrases and interactive, web-based filters. Bystro makes it possible to efficiently 

find alleles of interest in any sequencing experiment without computer science training, 

improving reproducibility while reducing annotation and filtering costs. 

Results 

To compare Bystro’s capabilities with other recent programs, we submitted 1000 

Genomes (Auton et al., 2015) Phase 1 and Phase 3 VCF files for annotation and 

filtering (Figure 2.1). Phase 1 contains 39.4 million variants from 1,092 WGS samples, 

while Phase 3 includes 84.9 million alleles from 2,504 WGS samples. We first evaluated 

the online capabilities of the web-based versions of Bystro, wANNOVAR (Chang & 

Wang, 2012), VEP, and GEMINI (running on the Galaxy (Goecks et al., 2010) platform). 

Bystro was the only program able to complete either 1000 Genomes Phase 1 or Phase 

https://www.zotero.org/google-docs/?X9qQMT
https://www.zotero.org/google-docs/?NT5nEm
https://www.zotero.org/google-docs/?zKQg0m
https://www.zotero.org/google-docs/?zKQg0m
https://www.zotero.org/google-docs/?qPQgGz


 
 

129 

 

3 online, and was also the only application to handle a 6x106 variant subset of Phase 3, 

a size representative of modest whole-genome experiments. When tested with 5x104 – 

1x106 variant subsets of 1000 Genomes Phase 3, Bystro was approximately 144 – 212x 

faster than GEMINI/Galaxy in generating a downloadable annotation and searchable 

result database, and was significantly easier to use, as it did not require a separate 

annotation step (Figure 2.2). When tested on a small trio data set, Bystro was able to 

identify de novo variants without any additional software, and was 45x faster than 

GEMINI’s de_novo tool (Additional file 2.1: Table S2.1). Bystro and GEMINI/Galaxy 

produced similarly detailed outputs, with Bystro offering fewer, but more complete and 

recent sources, as well as more detailed annotations for some classes of data 

(Additional file 2.1: Table S2.2 ; Additional file 2.2). Notably GEMINI was found to work 

only with the hg19 human genome assembly, whereas Bystro supports hg19, hg38, and 

a variety of model organisms. 

We next tested offline performance on identical servers to gauge performance in the 

absence of web-related file-size and networking limitations. Bystro was 113x faster than 

ANNOVAR and up to 790x faster than VEP, annotating all 8.5x107 variants and 2,504 

samples from Phase 3 in less than 3 hours (Table 2.1). Furthermore, ANNOVAR was 

unable to finish either Phase 1 or Phase 3 annotations due to memory requirements 

(exceeding 60GB of RAM), and VEP annotated Phase 3 at a rate of 10 variants per 

second, indicating that it would need at least 98 days to complete. Critically, Bystro’s 

run time grew linearly with the number of submitted genotypes, suggesting that it could 

handle even hundreds of thousands of samples within days. 
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While offering significantly faster performance, Bystro also provided 3.5x the number of 

annotation output fields as ANNOVAR and 5.6x that of VEP (Additional file 2.3). 

Notably, unlike ANNOVAR or VEP, Bystro annotated each sample relative to its 

genotype, reporting homozygosity, heterozygosity, missingness, sample minor allele 

frequency, and labeling each sample as homozygous, heterozygous, or missing. In 

contrast, ANNOVAR provided only sample minor allele frequency, while VEP reported 

no sample-level data. We note that VEP is capable of providing per-sample annotations 

(heterozygosity/homozygosity status), but we were unable to use this feature for 

performance reasons. A detailed comparison of the exact settings used is given 

(Additional file 2.2 ; Additional file 2.3). 

To investigate annotation accuracy, we next compared Bystro with ANNOVAR and VEP 

on a previously-analyzed synthetic dataset (Yen et al., 2017). Overall, excellent 

concordance between all methods was noted (Additional files 2.4, 2.5, and 2.6). For 

instance, in comparison with ANNOVAR, allele position (>98%), allele identity (100%), 

and variant effects (>99%) were highly consistent across all classes of variation, for 

sites that Bystro did not exclude for quality reasons (Additional file 2.4). 

In cases where the annotators disagreed, Bystro gave the correct interpretations. For 

instance, Bystro and VEP excluded reference sites (ALT: “.”), while ANNOVAR 

annotated such loci as “synonymous SNV”; it is of course incorrect to call reference 

sites variant (Additional file 2.4 ; Additional file 2.5). In cases of insertions and deletions, 

which are often ambiguously represented in VCF files due to the format’s padding 

requirements, Bystro always provided the parsimonious left-shifted representation, while 

ANNOVAR and VEP occasionally right-shifted variants (Additional file 2.4 ; Additional 

https://www.zotero.org/google-docs/?5xEcZ8
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file 2.5). This is evident at chr15:42680000CA>CAA, where both ANNOVAR and VEP 

called the insertion as occuring after the first “A”, with 2 bases of padding, rather than 

the simpler option after the first base, “C”, with 1 base of padding (Additional file 2.1: 

Table S2.3). Similar results were found at multiallelic loci with complex indels (Additional 

file 2.1: Table S2.4). 

Similarly, in cases where Bystro and ANNOVAR or VEP disagreed on variant 

consequences, Bystro always appeared correct relative to the underlying transcript set. 

For example, in the case of the simple insertion chr19:41123094G>GG, Bystro correctly 

identified all three overlapping transcripts 

(NM_003573;NM_001042544;NM_001042545), and noted the variant as coding 

(exonic) relative to all three. In contrast, ANNOVAR called the allele as disrupting a 

splice site, despite the fact that the nerest intron, and therefore splice site, was 37bp 

downstream (Additional file 2.1: Figure S2.1). 

Additionally, Bystro’s strict VCF quality control measures substantially improved 

annotation accuracy.This is evident in the case of gnomAD, a VCF-format dataset that 

represents the largest experiment on human genetic variation. While Bystro and 

ANNOVAR provided identical gnomAD data for 93.7% of tested alleles, the remaining 

6.3% were low-quality gnomAD results that were included in ANNOVAR and excluded 

from Bystro (Additional file 2.4). For instance, in the case of chr16:2103394C>T, 

ANNOVAR reported rs760688660, which failed gnomAD’s random forest quality control 

(QC) step. We note that a 6.3% false-positive rate is similar to the frequency of common 

variation, and significantly larger than the frequency of rare variants, making 
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ANNOVAR’s gnomAD annotations a potentially unreliable source of data for both 

common and rare variant filtering. 

         Next, we explored the Bystro search engine’s ability to filter the 84.9 million 

annotated Phase 3 variants. Bystro’s search engine was unique in its natural-language 

capabilities, and no other tested online program could handle the full Phase 3 dataset, 

or subsets as large as 6x106 variants (Figure 2.2). First, we used Bystro’s search engine 

to find all alleles in exonic regions by entering the term “exonic” (933,343 alleles, 0.030 

± .001 seconds, Table 2.2). The search engine calculated a transition to transversion 

ratio of 2.96 for the query, consistent with previously observed values in coding regions. 

To refine results to rare, predicted deleterious alleles, we queried “cadd > 20 maf < .001 

pathogenic expert review missense” (65 alleles, 0.029 ± 0.025s, Table 2.2). This search 

query could be written using partial words (“pathogen”), possessive nouns (“expert’s”), 

different tenses (“reviews”), and synonyms (“nonsynonymous”) without changing the 

results. 

To test the search engine’s ability to accurately match variants from full-text disease 

queries, we first searched “early-onset breast cancer”, returning the expected alleles in 

BRCA1 and BRCA2 (4,335 variants, .037 ± .020s, Table 2). Notably, the queried phrase 

“early-onset breast cancer” did not exist within the annotation, and instead matched 

closely-related RefSeq transcript names, such as “Homo sapiens breast cancer 2, early 

onset (BRCA2), mRNA.” We next explored Bystro’s ability to handle synonyms and 

acronyms. To test the hypothesis that Bystro could interpret common ontologies, we 

queried “pathogenic nonsense E.D.S”, where “nonsense” is a common synonym for 

“stopGain” (a term annotated by the Bystro annotation engine), and “E.D.S” is an 
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acronym for “Ehlers-Danlos Syndrome”. Bystro successfully parsed this query, returning 

a single PLOD1 variant found in 1000 Genomes Phase 3 that introduces an early stop 

codon in all three of its overlapping transcripts, and which has been reported in Clinvar 

as “pathogenic” for “Ehlers-Danlos syndrome, type 4” (1 variant, .038s ± .027s, Table 

2.2). 

Since no other tested program could load or filter the 1000 Genomes Phase 3 VCF file 

online, we next compared Bystro to GEMINI (running on the Galaxy platform) on 

subsets of 1000 Genomes Phase 3. In contrast with GEMINI’s structured SQL queries, 

Bystro enabled shorter and more flexible searches. For instance, to return all missense, 

rare variants with CADD Phred scores larger than 15, GEMINI required a 162 character 

SQL query, while Bystro needed only 36 characters. Bystro also demonstrated synonym 

support, returning identical results for “missense” and “nonsynonymous” queries. 

Critically, Bystro’s search engine enabled real-time (sub-second) filtering, performing 

approximately four orders of magnitude faster than GEMINI on Galaxy while searching 

and returning similar volumes of data (Table 2.3). 

To test the accuracy of Bystro’s search engine relative to the underlying annotation, we 

first compared Bystro’s natural-language queries with Bystro’s “Filters”, which provide a 

complimentary, exact-match filtering option. All results were identical between the two 

methods (Additional file 2.1: Table S2.5). To control for the possibility that Bystro’s 

“Filters” were biased, we created separate Perl filtering scripts that searched for exact 

matches within the underlying tab-delimited text annotation. Again, results were 

completely concordant (Additional file 2.1: Table S5). Finally, to control for the possibility 

that both Bystro’s “Filters” and the Perl scripts were biased due to the programmer, we 
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compared Bystro’s natural-language queries with Excel filters on a smaller dataset that 

could be manually examined. The queries were found completely specific in this 

comparison as well (Additional file 2.1: Table S2.6; Additional file 2.7). 

Discussion 

The Bystro annotation and filtering capabilities are primarily exposed through a public 

web application (https://bystro.io/), and are also available for custom, offline installation. 

To ensure data safety, Bystro follows industry recommendations for password 

management, in-transit data security, and at-rest data security. Input and output files 

are encrypted at rest on Amazon EFS file systems, using AES 256-bit encryption, and 

every request for annotation or search data is authenticated by the web server using 

short-lived identity tokens. To further protect user data, annotation and search services 

are not directly open to the Internet, but require routing and authentication through the 

web server. Furthermore, all web traffic is encrypted using TLS (HTTPS), and password 

hashing follows the National Institute of Standards and Technology (NIST) 

recommended PBKDF2-HMAC-SHA512 strategy. 

Creating an annotation online is as simple as selecting the genome and assembly used 

to make the variant call format (VCF) (Danecek et al., 2011) or SNP (Johnston et al., 

2017) format files, and uploading these files from a computer or Amazon S3 bucket, 

which can be easily linked to the web application. Annotation occurs in the cloud, where 

distributed instances of the Bystro annotation engine process the data and send the 

results back to the web application for storage and display (Figure 2.1). 

The Bystro annotation engine is open source, and supports diverse model organisms 

including Homo sapiens (hg19, hg38), M. musculus (mm9, mm10), R. macaque 

https://bystro.io/
https://www.zotero.org/google-docs/?omu2Ij
https://www.zotero.org/google-docs/?UsVMdz
https://www.zotero.org/google-docs/?UsVMdz
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(rheMac8), R. norvegicus (rn6), D. melanogaster (dm6), C. elegans (ce11), S. 

cerevisiae (sacCer3). To annotate, it rapidly matches alleles from users’ submitted files 

to descriptions from RefSeq (O’Leary et al., 2016), dbSNP (Sherry et al., 2001), PhyloP 

(Pollard et al., 2010), PhastCons (Pollard et al., 2010), Combined Annotation-

Dependent Depletion (CADD), Clinvar (Landrum et al., 2016), and gnomAD (Lek et al., 

2016). For custom installations, Bystro supports Ensembl, RefSeq, or UCSC Known 

Genes transcript sets, and can be flexibly configured include annotations from any files 

in genePredExt, wigFix, BED, or VCF formats. 

The annotation engine is aware of alternate splicing, and annotates all variants relative 

to each alternate transcript. When provided sample information, Bystro also annotates 

all variants relative to all sample genotypes. In such cases, at every site it labels each 

sample as homozygous, heterozygous, or missing, and also calculates the 

heterozygosity, homozogosity, missingness, and sample minor allele frequency. 

Furthermore, in contrast with current programs that require substantial VCF file pre-

processing, Bystro automatically removes low-quality sites, normalizes variant 

representations, splits multi-allelic variants, and checks the reference allele against the 

genome assembly. Critically, Bystro’s algorithm guarantees parsimonious (left-shifted) 

variant representations, even for multi-allelic sites containing complex insertions and 

deletions. 

The Bystro annotation engine is designed to scale to any size experiment, offering the 

speed of distributed computing solutions such as Hail (Ganna et al., 2016), but with less 

complexity. Current well-performing annotators - such as ANNOVAR and SeqAnt - load 

significant amounts of data into memory to improve performance. However, when these 

https://www.zotero.org/google-docs/?S1u9md
https://www.zotero.org/google-docs/?YhuLdw
https://www.zotero.org/google-docs/?bv2C4B
https://www.zotero.org/google-docs/?60bWgs
https://www.zotero.org/google-docs/?dxax9i
https://www.zotero.org/google-docs/?86ZRQY
https://www.zotero.org/google-docs/?86ZRQY
https://www.zotero.org/google-docs/?062U3T
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programs use multiple threads to take advantage of multicore CPUs they may exceed 

available memory (in some cases over 60GB), resulting in a sharp drop in performance 

or system crash. To solve this, Bystro annotates directly from an efficient memory-

mapped database (LMDB), using only a few megabytes per thread, and because 

memory-mapped databases naturally lend themselves to the caching frequently 

accessed data, Bystro achieves most of the benefits of in-memory solutions, but without 

the per-thread penalties. This approach allows Bystro to take excellent advantage of 

multicore CPUs, while also enabling it to perform well on inexpensive, low-memory 

machines. Critically, when multiple files are submitted to it simultaneously, the Bystro 

annotation engine can automatically distribute the work throughout the cloud (or a user-

configured computer cluster), gaining additional performance by processing the files on 

multiple computers (Figure 4.1). Furthermore, in reflection of the large sizes of both 

input sequencing experiments and the corresponding annotation outputs - on the order 

of terabytes for modern whole-genome experiments - Bystro accepts compressed input 

files, and directly writes compressed outputs. This ability to directly write compressed 

annotations with no uncompressed intermediate is critical given the rapid growth in 

sequencing experiment size. 

When the web application receives a completed annotation, it saves the data and 

creates a permanent results page. Detailed information about the annotation, such as 

the database version used for the annotation is stored in a log file that the user may 

download. Users may then explore several quality control metrics, including the 

transition to transversion ratio on a per-sample or per-experiment basis. They may also 

download the results as tab-delimited text to their computer, or upload them to any 
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connected Amazon S3 bucket. In parallel with the completion of an annotation, the 

Bystro search engine automatically begins indexing the results. Once finished, a search 

bar is revealed in the results page, allowing users to filter their variants using the search 

engine (Figure 4.1). 

Unlike existing filtering solutions, Bystro’s Elasticsearch-based natural-language search 

engine accepts unstructured, “full-text” queries, and relies on a sophisticated language 

parser to match annotated variants. This allows it to offer the flexibility of modern search 

engines like Google and Bing, while remaining specific enough for the precise 

identification of alleles relevant to the research question. The Bystro search engine 

matches terms regardless of capitalization, punctuation, or word tense, and accurately 

finds partial terms within long annotation values. Like the annotation engine, the search 

engine is also exceptionally fast, automatically distributing indexed annotations 

throughout the cloud, enabling users to sift through millions of variants from large 

whole-genome sequencing experiments in milliseconds. 

In order to provide flexible, but specific matches without relying on structured SQL 

queries, the search engine identifies the data type of every value in the annotation. Text 

undergoes stemming and lemmatization, which reduces the influence of grammatical 

variation, and is then tokenized into left-edge n-grams, which allows for flexible 

matching. Numerical data is stored in the smallest integer or float format that can 

accommodate it, allowing for rapid and accurate range queries. For complex queries, 

the search engine supports Boolean operators (AND, OR), regular expressions, and 

Levenshtein-edit distance fuzzy matches. It also has a built-in dictionary of synonyms, 

for instance equating “stopgain” and “nonsense”. 
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In some cases, text will match accurately, but not specifically; this most often happens 

with short, generic terms. For instance, querying “intergenic” alone may match the word 

“intergenic” in “long intergenic non-protein coding RNA” in refSeq’s description field, as 

well as “intergenic” in the refSeq’s siteType field. To help improve accuracy in such 

cases, Bystro provides three, closely related features: 1) “Aggregations” allows users to 

see the top 200 values for any text field, or equivalently the min, max, mean, standard 

deviation (and other similar statistics) for any numerical field. This allows users to 

quickly and precisely understand the composition of search results, as well as to 

generate summary statistics. 2) “Filters” allows users to refine queries, by forcing the 

inclusion or exclusion of any values found in any field. For instance, rather than query 

“intergenic”, it may be easier and more precise to simply click on the “refSeq.siteType” 

filter, and select the “intergenic” value. Any number of “Filters” may be combined with 

any natural-language query, containing up to 1 million words. 3) Bystro allows field 

names within a natural-language query for added specificity. For example, rather than 

searching for “intergenic”, the user could type “refSeq.siteType:intergenic”, to indicate 

that they wished to match “intergenic” specifically in the refSeq.siteType annotation 

field. 

Bystro’s search engine also includes several features to increase flexibility beyond the 

contents of the annotation: 1) “Custom Synonyms” allows users to define their own 

terms and annotations. Among other uses, this make it is possible to label trios, which 

can be used to easily identify de novo variants and test allele transmission models. 2) 

“Search Tools” are small programs, accessible by a single mouse click, that dynamically 

modify any query to generate complex result summaries. Some of their functions 
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include identifying compound heterozygotes. 3) “Statistical Filters” dynamically perform 

statistical tests on the variants returned from any query. For instance, the “HWE” filter 

allows users to exclude variants out of Hardy-Weinberg Equilibrium. This is an often-

needed quality control step. 

Most importantly, there is no limit to the number of query terms and “Filters” that can be 

combined, and users can save and download the results of any search query, which 

enables recursive filtering on a single dataset. The saved results are indexed for search, 

and hyperlinked to the annotations that they were generated from, forming permanent 

records that can be used to reproduce complex analyses. This multi-step filtering 

provides functionality similar to custom command-line filtering script pipelines, but is 

significantly faster, less error prone, and accessible to researchers without programming 

experience. 

While Bystro’s annotation and filtering performance is currently unparalleled by any 

other approach, other software (such as Hail (Ganna et al., 2016)) could achieve similar 

performance by implementing distributed computing algorithms like MapReduce (Taylor, 

2010), and spreading annotation workloads across many servers. Bystro demonstrates 

that these workarounds are unnecessary to achieve reasonable run-times for large 

datasets online or offline. Additionally, while Bystro’s natural-language search engine 

significantly reduces the difficulty of variant filtering, it does not handle language 

idiosyncrasies as robustly as more mature solutions like Google’s, and may return 

unexpected results when search queries are very short and non-specific, since such 

queries may have multiple correct matches. This is easily avoided by using longer 

phrases, by using “Custom Synonyms” to define more specific terms, by examining the 

https://www.zotero.org/google-docs/?Dqi51N
https://www.zotero.org/google-docs/?VXfjcv
https://www.zotero.org/google-docs/?VXfjcv
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composition of results using “Aggregations”, or by applying “Filters” to precisely filter 

results. Such considerations and options are well-documented in Bystro’s online user 

guide (https://bystrio.io/help). 

  

Conclusions 

To date, identifying alleles of interest in sequencing experiments has been time-

consuming and technically challenging, especially for whole-genome sequencing 

experiments. Bystro increases performance by orders of magnitude and improves ease 

of use through three key innovations: 1) a low-memory, high-performance, 

multithreaded variant annotator that automatically distributes work in cloud or clustered 

environments; 2) an online architecture that handles significantly larger sequencing 

experiments than previous solutions; and 3) the first publicly-available, general-purpose, 

natural-language search engine for variant filtering in individual research experiments. 

Bystro annotates large experiments in minutes, and its search engine is capable of 

matching variants within whole-genome datasets in milliseconds, enabling real-time 

data analysis. Bystro’s features enable practically any researcher – regardless of their 

computational experience - to analyze large sequencing experiments (e.g. thousands of 

whole-genome samples) within less than a day, and small ones (e.g. hundreds of 

whole-exome samples) in seconds. As genome sequencing continues the march toward 

ever-larger datasets and becomes more frequently used in diverse research settings, 

Bystro’s combination of performance and ease of use will prove invaluable for 

reproducible, rapid research. 

  

https://bystrio.io/help
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Methods 

Accessing Bystro 

For most users, we recommend the Bystro web application (https://bystro.io), as it gives 

full functionality, supports arbitrarily large datasets, and provides a convenient interface 

to the natural-language search engine. Users with computational experience can 

download the Bystro open-source package (https://github.com/akotlar/bystro). Using the 

provided installation script or Amazon AMI image, Bystro can be easily deployed on an 

individual computer, computational cluster, or any Amazon Web Services (AWS) EC2 

instance. Bystro has very low memory and CPU requirements, but benefits from fast 

SSD drives. As such we recommend at AWS instances with provisioned I/O EBS drives, 

RAID 0 non-provisioned EBS, or i2/i3-class EC2 instances. 

Detailed documentation on Bystro’s use, as well as example search queries can be 

found at https://bystro.io/help. 

  

Bystro Database 

Bystro databases were created using the open-source package 

(https://github.com/akotlar/bystro). The hg19 and hg38 databases contains RefSeq, 

dbSNP, PhyloP, PhastCons, Combined Annotation-Dependent Depletion (CADD), and 

Clinvar fields, as well as custom annotations (Additional file 2.8). A complete listing of 

the original source data is enumerated in the Git repository 

(https://github.com/akotlar/bystro/tree/master/config). Other organism databases contain 

https://bystro.io/
https://github.com/akotlar/bystro
https://bystro.io/help
https://bystro.io/help
https://github.com/akotlar/bystro
https://github.com/akotlar/bystro/tree/master/config
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a subset of these sources, based on availability. Pre-built, up-to-date versions of these 

databases are publicly available (https://github.com/akotlar/bystro). 

  

WGS Datasets 

Phase 1 and Phase 3 autosome and chromosome X VCF files were downloaded from 

http://www.internationalgenome.org/data/. Phase 1 files were concatenated using 

bcftools (Li, 2011) “concat” function. Phase 3 files were concatenated using a custom 

Perl script (https://github.com/wingolab-org/GenPro/blob/master/bin/mergeSnpFiles). 

The Phase 1 VCF file was 895GB (139GB compressed), and the Phase 3 data was 

853GB (15.6GB compressed). The larger size of Phase 1 can be attributed to the 

inclusion of extra genotype information (the genotype likelihood). The full Phase 3 

chromosome 1 VCF file (6.4x106 variants, 1.2GB compressed), and 5x104-4x106 variant 

allele subsets (8-655MB compressed) were also tested. All Phase 1 and Phase 3 data 

correspond to the GRCh37/hg19 human genome assembly. All data used are available 

(Additional file 2.9). 

  

Online annotation comparisons 

For online comparisons, the latest online versions offered at time of writing were used. 

Bystro beta10 (September 2017), wANNOVAR (April 2017), VEP (April 2017), and 

GEMINI (Galaxy version 0.8.1, released February 2016, latest as of October 2017) were 

tested online with the full 1000 Genomes Phase 1 and Phase 3 VCF files, unless they 

were unable to upload the files due to file size restrictions (Additional file 2.2). Bystro 

https://github.com/akotlar/bystro
http://www.internationalgenome.org/data/
http://www.internationalgenome.org/data/
http://www.internationalgenome.org/data/
https://www.zotero.org/google-docs/?6dkXxG
https://github.com/wingolab-org/GenPro/blob/master/bin/mergeSnpFiles
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was found to be the only program capable of uploading and processing the full Phase 1 

and Phase 3 data sets, or subsets of Phase 3 larger than 1x106 variants. 

To conduct Bystro online annotations, a new user was registered within the public 

Bystro web application (https://bystro.io/). Phase 1 and Phase 3 files were submitted in 

triplicate, one replicate at a time, using the default database configuration (Additional file 

2.2). Indexing was automatically performed by Bystro upon completion of each 

annotation. The Phase 3 annotation is publicly available to be tested 

(https://bistro.io/public). 

The public Bystro server was configured on an Amazon i3.2xlarge EC2 instance. The 

server supported 8 simultaneous users. Throughout the duration of each experiment, 

multiple users had concurrent access to this server, increasing experiment variance, 

and limiting observed performance. 

Online Variant Effect Predictor (VEP) submissions were done using the VEP web 

application (http://www.ensembl.org/info/docs/tools/vep/index.html). VEP has a 50MB 

(compressed) file size limit. Due to gateway timeout issues and this file size limit, data 

sets larger than 5x104 variants failed to complete (Additional file 2.2). 

Online ANNOVAR submissions were handled using the wANNOVAR web application. 

wANNOVAR could not accept the smallest tested file, the 5x104 variant subset of Phase 

3 chromosome 1 (8MB compressed) due to file size restrictions (Additional file 2.2). 

Galaxy submission was made using the public Galaxy servers. Galaxy provides 

ANNOVAR, but its version of this software failed to complete any annotations, with the 

error “unknown option: vcfinput”. Annotations on Galaxy were therefore performed using 

GEMINI, which provides annotations similar to Bystro’s. Galaxy has a total storage 

https://bystro.io/
https://bistro.io/public
http://www.ensembl.org/info/docs/tools/vep/index.html
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allocation of 250GB (after requisite decompression), and both Phase 1 and Phase 3 

exceed this size. Galaxy was therefore tested with the full 6.4x106 variant Phase 3 

chromosome 1 VCF file. Galaxy’s FTP server was able to upload the file; however, 

Galaxy was unable to load the data into GEMINI, terminating after running for 36 hours, 

with the message “This job was terminated because it ran longer than the maximum 

allowed job run time” (Additional file 2.2). Subsets of Phase 3 chromosome 1 containing 

5x104, 3x105, and 1x106 variants were therefore tested. Three repetitions of the 5x104 

variant submission were made. In consideration of the duration of execution, two 

repetitions were made of the 3x105 and 1x106 variants submissions. Since Galaxy does 

not record completion time, QuickTime was used to record each submission. 

Bystro, VEP, and GEMINI online annotation times included the time to generate both a 

user-readable tab-delimited text annotation and a searchable database. GEMINI 

required an extra step to do so, using the query SELECT * FROM variants JOIN 

variant_impacts ON variants.name = variant_impacts.name. 

  

Variant filtering comparisons 

After Bystro completed each annotation, it automatically indexed the results for search. 

The time taken to index this data was recorded. Once this was completed, the Bystro 

web application’s search bar was used to filter the annotated sequencing experiments. 

The query time, as well as the number of results and the transition to transversion ratio 

for each query, were automatically generated by the search engine and recorded. 

Query time did not take into account network latency between the search server and the 
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web server. All queries were run six times and averaged. The public search engine, 

which processed all queries, was hosted on a single Amazon i3.2xlarge EC2 instance. 

Since VEP, wANNOVAR, and Galaxy/GEMINI could not complete Phase 1 or Phase 3 

annotations, variant filtering on these data sets could not be attempted. For small 

experiments VEP and GEMINI can filter based on exact matches, while wANNOVAR 

provides only pre-configured phenotype and disease model filters. VEP could annotate 

and filter at most only 5x104 variants and was therefore excluded from query 

comparisons. 

Galaxy/GEMINI was tested with subsets of 1000 Genomes Phase 3 of 1x106 variants 

(the largest tested data set that Galaxy could handle), with the described settings 

(Additional file 2.2). In all GEMINI queries a JOIN operation on the variant_impacts table 

was used to return all variant consequences, and all affected transcripts, as Bystro does 

by default. Similarly, Bystro’s CADD query was restricted to single nucleotide 

polymorphisms (using alt:(A || C || T || G)), as its behavior diverges from GEMINI’s at 

insertions and deletions: Bystro returns all possible CADD Phred scores at such sites, 

whereas GEMINI returns a missing value. Bystro returns all values to give users added 

flexibility: its search engine can accurately search within arrays (lists) of data. 

Furthermore, as GEMINI on Galaxy only provided the Ensembl transcript set, for all 

query comparisons with GEMINI, Bystro was configured to use Ensembl 90, which was 

the latest version available at time of revision. It is important to note that the latest 

version of GEMINI on Galaxy (0.8.1) dates to February 2016, and its databases are 

several years older: CADD (v1.0, 2014), Ensembl (v75, February 2014), ExAc (v0.3, 

October 2014), whereas Bystro uses up-to-date resources. As a result of searching 
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more up to date Ensembl (v90), population allele frequency (gnomAD 2.0.1, the 

successor to ExAc 1.0), and CADD (v1.3) data, Bystro’s queries returned more data. 

Since Galaxy does not report run times, QuickTime software was used to record each 

run, and the query time was calculated as the difference between the time the search 

submission entered the Galaxy queue, to the time that it was marked completed. 

Galaxy/GEMINI queries were each run more than 6 times. Because run times varied by 

more than 17x, the fastest consecutive 6 runs were averaged to minimize the influence 

of Galaxy server load. 

All comparisons with the Bystro search engine are limited, because no other existing 

method provides natural-language parsing, and either rely on built-in scripts or require 

the user to learn a specific language (SQL). 

  

Filtering accuracy comparison 

The latest version of Bystro (beta 10, September 2017) was used. For the 1000 

Genomes query accuracy checks, the same underlying Ensembl-based Bystro 

annotation and search index was used as in the Bystro/GEMINI filtering comparison. 

Direct comparison to GEMINI were not made, in reflection of the age of the latest 

GEMINI Galaxy version (v0.8.1, with database sources dating to 2014). All Bystro 

queries from that comparison were saved, downloaded, and compared with Bystro 

“Filters”, which are exact-match alternatives to Bystro’s natural-language queries, as 

well as custom Perl filtering scripts that also require exact matches. A second query 

accuracy step was conducted, on the Yen et al 2017 VCF file. This file was annotated 

using the standard RefSeq Bystro database. The same queries used in the 
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Bystro/GEMINI comparison were re-created on this smaller annotation, saved, 

downloaded, and compared with Bystro “Filters” and Excel filters. Excel filters were 

created in Excel 2016 (Mac), and required exact matches. All Excel-filtered and all 

Bystro query results were manually inspected for concordance (Additional file 2.7). All 

scripts generated and used in the comparison may be found at 

https://github.com/akotlar/bystro-paper. 

  

Offline annotation comparisons 

To generate offline performance data, the latest versions of each program available at 

time of writing were used. Bystro beta10 (September 2017), VEP 86 (March 2017), and 

ANNOVAR (March 2017) were each run on separate, dedicated Amazon i3.2xlarge 

EC2 instances (Additional file 2.3). All programs’ databases were updated to the latest 

versions available as of March 2017 (VEP, ANNOVAR), or September 2017 (Bystro). All 

programs were configured to use the RefSeq transcript set. 

Each instance contained 4 CPU cores (8 threads), 60GB RAM, and a 1920GB NVMe 

SSD. Each instance was identically configured. All programs were configured to as 

closely match Bystro’s output as possible, although Bystro output more total annotation 

fields (Additional file 2.3). Each data set tested was run 3 times. The annotation time for 

each run was recorded, and averaged to generate the mean variant per second 

(variant/s) performance. Submissions were recorded using the terminal recorder 

asciinema, and both memory and cpu usage were recorded using the free and top 

commands set to a 30 second timeout. 

https://github.com/akotlar/bystro-paper
https://github.com/akotlar/bystro-paper
https://github.com/akotlar/bystro-paper
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VEP was configured to use 8 threads and to run in “offline” mode to maximize 

performance, as recommended (McLaren et al., 2016). In each of three recorded trials, 

VEP was set to annotate from RefSeq and CADD, and to check the reference assembly 

(Additional file 2.3). Based on VEP’s observed performance, adding PhastCons 

annotations was not attempted. VEP’s performance was measured by reading the 

program’s log, which records variant/second performance every 5x103 annotated sites. 

In consideration of time, VEP was stopped after at least 2x105 variants were completed, 

and the 2x105 variants performance was recorded. 

ANNOVAR was configured to annotate RefSeq, CADD, PhastCons 100way, PhyloP 

100way, Clinvar, avSNP, and ExAc version 0.3 (Additional file 2.3). ANNOVAR’s avSNP 

database was used in place of dbSNP, as recommended. We configured ANNOVAR to 

report allele frequencies from ExAc, because it does not do so from either avSNP or 

dbSNP databases. When annotating Phase 1, Phase 3, or Phase 3 chromosome 1, 

ANNOVAR crashed by exceeding the available 60GB of memory. It was therefore 

tested with the subsets of Phase 3 chromosome 1 that contained 1x106 – 4x106 

variants. 

Bystro was configured to annotate descriptions from RefSeq, dbSNP 147, CADD, 

PhastCons 100way, PhyloP 100way, Clinvar, and to check the reference for each 

submitted genomic position (Additional file 2.3). 

  

Annotation accuracy comparison 

         The latest version of Bystro (beta 10, September 2017), ANNOVAR (July 2017), 

and VEP (version 90) at the time of revision submission were used. All programs’ 

https://www.zotero.org/google-docs/?y9fP6v
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databases were updated to the latest version available. RefSeq-based databases were 

downloaded using each program’s database builder. All programs were compared on 

the Yen et al. 2017 VCF file for position, variant call, and variant effects, based on each 

programs’ respective RefSeq database. The Yen et al VCF file fileformat header line 

was modified to “VCFv4.1” to allow programs to recognize it as a valid VCF file. This 

modified file is available: https://github.com/akotlar/bystro-paper. For the SnpEff 

comparison, annotations were adapted from Additional File 1 of Yen et al. 2017. 

ANNOVAR was additionally configured with gnomAD genomes, gnomAD exomes, and 

CADD 1.3, and compared to Bystro on the corresponding values. 
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Figure 4.1 A | Bystro use overview . After logging in (https://bystro.io/), users upload one of 

more VCF or SNP-format files - containing alleles from a sequencing experiment - from a 

computer or a connected Amazon S3 bucket. Datasets of over 890GB, containing thousands 

of samples and tens of millions of variants are supported. The data is rapidly annotated in the 

cloud, using descriptions from public sources (e.g. RefSeq, dbSNP, Clinvar, and others). The 

annotated results can be filtered using Bystro’s natural-language search engine, and any 

search results can be saved as new annotations. Annotated experiments and saved results can 

be viewed online, downloaded as tab-delimited text, or uploaded back to linked Amazon S3 

buckets.  

https://bystro.io/
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Figure 4.1 B | Variant selection using Bystro. An example of using Bystro’s natural-

language search engine to filter 1000 Genomes Phase 3 (https://bystro.io/public). To 

do so, users may type natural phrases, specific terms, numerical ranges, or apply filters 

on any annotated field. Queries are flexible, allowing misspelled terms such as “earl-

onset” to accurately match. Complex tasks, such as identifying de novo variants can be 

achieved by using Boolean operators (AND, OR, NOT, +, -), exact-match filters, and 

user-defined terms. For instance, after labeling the “proband” and their “parents”, the 

user could simply search proband –parents, or combine with additional parameters for 

more refined queries, i.e. proband –parents missingness < .1 gnomad.exomes.af_nfe < 

.001. 

https://bystro.io/public
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Figure 4.2 | Online performance comparison of Bystro, VEP, wANNOVAR, and 

GEMINI. Bystro, wANNOVAR, VEP, and GEMINI (running on Galaxy) we run 

under similar conditions. Total processing time was recorded for 1000 Genomes 

Phase 3 WGS VCF files, containing either the full data set (2,504 samples, 8.49x107 

variant sites), or subsets (2,504 samples and 5x104, 3x105, 1x106, and 6x106 variants). 

Only Bystro successfully processed more than 1x106 variants online: wANNOVAR 

(not shown) could not complete the smallest 5x104 variant subset; VEP could not 

complete more than 5x104 variants; and GEMINI/Galaxy could not complete more 

than 1x106 variants. GEMINI and Bystro (but not VEP) outputted whole-genome 

CADD scores, while only Bystro also returned whole-genome PhyloP and PhastCons 

conservation scores. Bystro was faster than GEMINI/Galaxy by 144x-212x across all 

time points.  



 
 

153 

 

 

  

 

 

 

 
 
 

Table 4.1 | Bystro, VEP, ANNOVAR offline command-line performance. 
Software Dataset Samples Variants Variants/s vs Bystro 

Bystro 

1kG Phase 3 ch1 2504 1x106 8156 ± 195 - 
1kG Phase 3 ch1 2504 2x106 8484 ± 67.9 - 
1kG Phase 3 ch1 2504 4x106 8516 ± 57.2 - 
1kG Phase 3 ch1 2504 6.5x106 7779 ± 21.8 - 
1kG Phase 1 1092 3.9x107 5417 ± 76.8  
1kG Phase 3 2504 8.5x107 7904 ± 15.9 - 

VEP 
1kG Phase 1 1092 3.9x107 18.67 ± 0.58 290x 
1kG Phase 3 2504 8.5x107 10.00 ± 0.00 790x 

ANNOVAR 

1kG Phase 3 ch1 2504 1x106 74.67 ± 0.21 109x 
1kG Phase 3 ch1 2504 2x106 75.32 ± 0.06 113x 
1kG Phase 3 ch1 2504 4x106 75.15 ± 0.39 113x 
1kG Phase 3 ch1 2504 6.5x106 NA NA 
1kG Phase 1 1092 3.9x107 NA NA 
1kG Phase 3 2504 8.5x107 NA NA 

 

Bystro, VEP, and ANNOVAR were similarly configured with 8 threads on Amazon 

i3.2xlarge servers. “Dataset” refers to the VCF file used. “Variants/s” is the number 

of variants annotated per second, averaged across three trials. VEP performance 

was recorded after 2x105 sites in consideration of time. In runs of 1x106 or more 

annotated sites, VEP performance did not deviate from the 2x105 value. ANNOVAR 

could not complete the full Phase 1, Phase 3, or Phase 3 chromosome 1 datasets 

due to memory limitations. Thus, ANNOVAR was compared to Bystro on subsets of 

1000 Genomes Phase 3 chromosome 1. Bystro run times included time taken to 

compress outputs. 1000 Genomes Phase 1 performance reflects IO limitations. 
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Table 4.2 | Online comparison of Bystro and recent programs in filtering 

8.49x107 variants from 1000 Genomes 

Group   Search query Time (s) Variants Ts/Tv 
1 exonic 0.03 ± 0.03 993,343 2.96 

2 (a) cadd > 20 maf < .001 pathogenic expert 
review missense 

0.03 ± 0.01 65 1.71 

2 (b) cadd > 20 maf < .001 pathogenic 
expert’s review non-synonymous 

0.04 ± 0.02 65 1.71 

2 (c) cadd > 20 maf < .001 pathogen expert-
reviewed nonsynonymous 

0.04 ± 0.03 65 1.71 

3 (a) early onset breast cancer 0.05 ± 0.03 4,335 2.51 

3 (b) early-onset breast cancer 0.04 ± 0.02 4,335 2.51 

3 (c) Early onset breast cancers 0.03 ± 0.02 4,335 2.51 

4 (a) Pathogenic nonsense Ehlers-Danlos 0.04 ± 0.03 1 NA 

4 (b) pathogenic nonsense E.D.S 0.08 ± 0.09 1 NA 

4 (c) pathogenic stopgain eds 0.04 ± 0.02 1 NA 
 

The full 1000 Genomes Phase 3 VCF file (853GB, 8.49x107 variants, 2,504 samples) 

was filtered in the publicly-available Bystro web application using the Bystro natural-

language search engine. VEP, GEMINI, and wANNOVAR (not shown) were also 

tested, but were unable to annotate this data set or filter it. Bystro’s search engine 

uses a natural language parser that allows for unstructured queries: queries in 

groups 2, 3, and 4 show phrasing variations that did not affect results returned, as 

would be expected for a search engine that could handle normal language variation. 

“Ts/Tv” is the transition to transversion ratio automatically calculated for each query 

by the search engine. The transition to transversion ratio of 2.96 for the “exonic” 

query is close to the ~2.8-3.0 ratio expected in coding regions, suggesting that the 

search engine accurately identified exonic (coding) variants.  
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V. Discussion  
 
V.I Conclusions 
 
 
Modern methods in genomics have allowed us to explore the genetics of complex or 

rare incompletely penetrant disorders in different ways than the original concept of 

GWAS studies and to develop tools using the information gathered from these studies 

to prioritize candidates (Basu & Pan, 2011; Seunggeun Lee et al., 2012; Seunggeung 

Lee et al., 2014; Pan et al., 2015). GWAS studies over the past decade, specifically 

those primarily focused on common diseases, have revealed over 70,000 variant-trait 

associations, but there still remains a great deal of variation associated with many rare 

diseases that has yet to be explained (Buniello et al., 2019). Approaches that group 

variants into genes or pathways that take advantage of improved annotation of the 

genome give us a better understanding of overall burden that can be attributed to 

certain disorders (Seunggeun Lee et al., 2012). In addition, various study designs, 

combined with the new genetic tools, can be used to maximize the potential to identify 

risk variants. These include studying a complex trait in a genetically-sensitized 

population or establishing case and control definitions of a complex trait using the tails 

of the phenotypic distribution. In the work described here, we studied two separate 

disorders in sensitized populations - POI in PM women (FXPOI) and AVSD in DS (DS-

AVSD).  

 In the study of modifying genes associated with FXPOI, candidate genes were 

prioritized through a genomic-analysis pipeline including SKAT-O, followed by a whole 

organism functional study using a Drosophila model. This strategy identified two 
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candidate genes that appear to have a synergistic effect with the fragile X premutation 

(PM). These have not previously been associated with idiopathic POI or FXPOI - KRR1 

and SUMO1. A PRS study of this cohort also identified approximately 7% of the 

variability between women with the PM with and without POI could be attributed to 

variants associated with age at natural menopause. These analyses taken together 

show that these methods are useful to find complex trait associations in small sample 

sizes, in this case 65 cases and 51 controls and can be used to generate and screen 

candidates in FXPOI. Confirmation and further functional studies are now needed. 

 For the study of DS-CHD, a total cohort of 702 individuals with DS and with or 

without AVSD was analyzed using a similar strategy to examine genetic risk factors 

associated with DS-AVSD. This study took advantage of available WES and WGS data 

and, given the inability to combine these data, developed a strategy to follow the WES 

findings with the candidate-gene approach using the WGS data. Using this approach, 

two top gene candidates were found - NOTCH4 and CEP290, and their corresponding 

pathways were also found to be associated. The Notch pathway and the ciliome have 

previously been identified in playing a role in DS-associated AVSD, and these findings 

corroborate those results. The first PRS for AVSD was also done in this study. There 

was suggestive evidence that a PRS derived from associations with CHD in general 

explained some of the risk for DS-AVSD, with ORs ranging from 1.2 to 1.3 and 

corresponding Nagelkerke’s r2 values of approximately 1% (adjusted p-values > 0.15).  

 

V.II Limitations 
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 For these studies, two main genomic analyses were implemented - SKAT-O and 

PRS. For these types of analyses, variants are grouped into sets to either evaluate the 

burden of certain genes or pathways and overall polygenic risk, respectively. Being able 

to determine to which genes or pathways these variants belong, as well as knowing the 

corresponding tissues in which the genes are expressed, require these data to be 

annotated by previous work. One difficulty for determining whether genes are expressed 

in certain tissues is that gene expression information in humans is widely known for 

adults (GTEx Portal) but expression data for developmental stages is mostly limited to 

animal models. All genes found in genomic studies that are filtered through the 

annotations that are currently available may not include some of these genes, which is a 

limitation. As these data are determined by future studies and annotation methods make 

it easier to filter and sort through data quickly and effectively, more information will be 

revealed about complex traits. As more genomic studies start to include more complete 

WGS data instead of data derived by older sequencing methods, more rare variants will 

also be revealed in their association with complex disorders. 

 In the whole-organism functional assay for the SKAT-O results of the FXPOI 

study, top candidate genes were limited to genes that had an ortholog in Drosophila, so 

many genes that may be involved in ovarian dysfunction were not tested in a functional 

assay. Those genes could be further tested in cell culture or in mouse studies. Another 

limitation from the fecundity study is that given its purpose as a reporter of ovarian 

dysfunction, mechanism of any gene knockdown tested is difficult to determine from this 

assay alone and requires further work to understand the interaction between the 90 

CGG repeat and knockdown of the candidate genes. Individual mutations that were 
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found in the women with the PM were also not tested during this study, and could be an 

avenue for further study in the PM mice. 

 

V.III Implications and future directions 

 

Results from both studies form the foundation for confirmation studies and for 

specific hypothesis testing (e.g., further investigation of the Notch pathway). At this 

point, our results are too preliminary to suggest any clinical applications (e.g., screening 

women who carry a premutation for variants in SUMO1). Future directions for these 

studies include looking at confirmation cohorts of larger sample sets. In addition, it 

would be interesting to ask whether the identified variants are associated with the full 

spectrum of the disorder, not just the extremes. For example, a study of age at 

diagnosis of FXPOI/age at menopause among PM carriers will now be important to 

understand how much of the variation is explained. Similarly for the candidate genes 

associated with DS-AVSD, it is now important to ask whether these same genes are 

associated with the other forms of CHD associated with DS. Next, the study of these 

genes in cohorts that include individuals with idiopathic POI and nonsyndromic AVSD 

are warranted. Such studies may begin to identify subgroups of individuals with these 

particular disrupted pathways.  

Follow-up studies to understand the functional role of candidate genes is 

essential. Our use of the Drosophila PM model was simply to provide a secondary 

screen of highly ranked genes. Follow-up studies in mammalian systems can be used to 

understand mechanism. Thus, going forward with the results of the FXPOI study, 
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determining the mechanism of the top candidate genes from the analysis using one of 

the mouse models is the immediate next step. To follow up on the DS-CHD results, 

examining the top results of the analysis with a functional assay (e.g., zebrafish) and 

then conducting further studies of mechanism in the mouse model for DS are required.  

The approaches used in this dissertation that combined the statistical 

approaches of SKAT-O and PRS with a study design involving a genetically-sensitized 

population and using extreme phenotypes, has helped to maximize the limited sample 

size to identify candidate genetic risk factors. The use of a model organism as a whole-

organism functional assay to screen these candidates helped to prioritize research on 

the disease mechanisms. Such approaches can be applied to other complex disorders 

to further understand their genetic architecture and determine the potential to translate 

such findings to the clinical are. 
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