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1 Abstract 

Angioedema is a rare, potentially life-threatening adverse reaction to angiotensin-

converting enzyme inhibitors (ACEi) and angiotensin-II-receptor blockers (ARB), two 

commonly prescribed drug classes with an indication in antihypertensive therapy. Like 

hereditary angioedema (HAE), angioedema induced by an ACEi (ACEi-AE) or ARB (ARB-

AE) is mediated by bradykinin and thus non-allergic in nature. Findings from previous 

research suggest that individual susceptibility to ACEi/ARB-AE is shaped by a genetic 

predisposition and non-genetic risk factors. Several non-genetic risk factors have been 

reported and include for example, female sex, smoking and a history of seasonal 

allergies. In addition, recent genetic studies have identified the first genetic loci involved 

in ACEi/ARB-AE susceptibility. However, understanding of the exact pathophysiology 

remains limited. 

To further elucidate the genetic factors underlying ACEi/ARB-AE risk, this dissertation 

employed two strategies: (i) exploration of the potential involvement of pathogenic HAE-

associated variants and genes, and (ii) genome-wide investigation of the contribution of 

common variants. As groundwork for the abovementioned genetic studies, the vARIANCE 

study, the largest case collection of German/Austrian ACEi/ARB-AE patients to date, 

encompassing genetic material and comprehensive phenotypic data, was established. 

The first study was based on the observation that the most recently discovered HAE 

subtypes with normal C1-inhibtor levels share certain clinical features with ACEi/ARB-

AE, raising the possibility of an inaccurate diagnosis. To investigate this and to determine 

whether the genetic factors involved might converge in the same genes, targeted re-

sequencing of five then-known HAE-associated genes (SERPING1, F12, PLG, ANGPT1, 

and KNG1) was performed in a large cohort of 197 ACEi/ARB-AE patients. The study 

revealed that none of the patients carried a known causal HAE variant. In addition, no 

other common or rare variant in these five genes showed a significant association with 

ACEi/ARB-AE. These findings suggest that an underlying pathogenic HAE-associated 

variant in patients initially diagnosed with ACEi/ARB-AE is infrequent at best.  

The second study addressed the contribution of common variants by the means of a 

large-scale genome-wide association study meta-analysis that included, for the first time, 
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more than 1,000 ACEi-AE patients. Three genome-wide significant loci were identified, 

including a novel risk locus on chromosome 20q11.22. The other two loci mapped to 

1q24.2 and 14q32.2 and are consistent with two loci previously reported with exome- 

and genome-wide significance. Integrative secondary analyses highlighted previously 

reported genes (BDKRB2, F5) and biologically plausible novel candidate genes (PROCR, 

EDEM2). Cross-ancestry analyses involving European and African-American individuals 

revealed shared common variants with concordant effect directions and sizes, in 

particular at the three genome-wide significant risk loci. As such, the present findings 

indicate an involvement of bradykinin signaling, coagulation and fibrinolysis pathways in 

ACEi-AE pathophysiology. Interestingly, two of the three identified risk loci corresponded 

to loci associated with venous thromboembolism, an observation that should be further 

investigated in future studies. In addition, preliminary evidence suggested the relevance 

of the three genome-wide significant loci across different ancestries, thus underscoring 

their role in the pathophysiology of this adverse drug reaction.   

In conclusion, the present dissertation contributed considerably to the further 

understanding of the genetic background of ACEi/ARB-AE and provided important 

groundwork for future research in this field, not least via the establishment of a deeply 

phenotyped cohort of ACEi/ARB-AE patients (vARIANCE study).
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2 Introduction 

2.1 Angioedema and its classification  

The first mention of an acute localized edema dates back to 1848. However, it was 

German physician Heinrich Quincke’s report of a case series of swelling symptoms in 

1882 after which "angioedema" ("angioneurotic edema" or "Quincke's edema") was for 

the first time recognized as a distinct entity (Bruun, 1953). Since then, angioedema 

research has been characterized by periodic "leaps" of interest. Yet, overall, tremendous 

progress has been made, e.g., by the unraveling of mediators and signaling pathways 

involved (Reshef et al., 2016).  

 

Table 1 | Angioedema classification. 

 

 

 

 

 

*e.g., AE induced by gliptins or neprilysin inhibitors. Abbreviations: AAE-C1-INH, acquired 
angioedema due to C1-INH deficiency | ACEi-AE, angiotensin-converting enzyme inhibitor-induced 
angioedema | ARB-AE, angiotensin-II-receptor blocker-induced angioedema | AE, angioedema | 
C1-INH-HAE, hereditary angioedema with a deficiency/dysfunction of C1-INH | nC1-INH-HAE, 
hereditary angioedema with normal C1-INH. Table adapted from Maurer et al. (2022). 

 

Clinically, angioedema refers to a transient, limited swelling of subcutaneous or 

submucosal tissue that is caused by a rapid increase in blood vessel permeability, which 

in turn leads to local plasma extravasation (Kaplan and Greaves, 2005). Nowadays, an 

angioedema is most commonly classified according to its presumed mediator (Table 1). 

Thus, "allergic" angioedema triggered by mast cell mediators such as histamine is 

distinguished from "non-allergic" angioedema mediated by bradykinin (BK) and 

angioedema with an unknown mediator (Sharma et al., 2021; Maurer et al., 2022).  

The focus of the present dissertation is on the rare form of BK-induced angioedema (BK-

AE). Specifically, the acquired types of angioedema induced by the intake of an 

Bradykinin- 
induced AE 

C1-INH 
deficiency/dysfunction 

Inherited C1-INH-HAE 

Acquired AAE-C1-INH 

C1-INH 
normal 

Inherited nC1-INH-HAE 

Acquired 
ACEi-AE/ARB-AE 
other drug-induced AE* 

Mast cell mediator- 
induced AE 

IgE-mediated AE with anaphylaxis 
AE with/without wheals (urticaria) 

Non-IgE mediated AE with/without wheals (urticaria) 

Unknown mediator Idiopathic AE 
 
 



2 Introduction 

 16 

angiotensin-converting enzyme inhibitor (ACEi) or an angiotensin-II-receptor blocker 

(ARB) and, to some extent, the familial, hereditary forms of angioedema (HAE) are 

addressed. Therefore, the clinical features, underlying disease mechanisms known to 

date, and genetic findings of these types of angioedema will be discussed in more detail 

in the following parts of the introduction.  

2.2 Bradykinin-induced angioedema  

In general, BK-AE comprises inherited and 

acquired forms; moreover, they can be 

classified according to their antigenic and 

functional C1-esterase inhibitor (C1-INH) 

levels (Table 1; (Maurer et al., 2022)).  Most 

commonly affected by such angioedema are 

the skin, the gastrointestinal tract, and the 

upper respiratory tract, with slight subtype-

specific patterns regarding the frequency of 

affected sites (Cicardi et al., 2014). If the head 

and neck region is affected, as shown in Figure 

1, the angioedema can even progress into 

airway obstruction and thus become a life-threatening event (Caballero et al., 2011). BK-

AE are in general not accompanied by urticaria and/or pruritus, whereas angioedema 

triggered by mast cell mediators usually is (Cicardi et al., 2014). Given the non-allergic 

etiology underlying BK-AE, they do not respond to treatment with antihistamines, 

corticosteroids, and/or epinephrine, but rather require targeted therapy that addresses 

BK synthesis or BK receptor activity (Cicardi et al., 2016; Maurer et al., 2022).  

2.2.1 Bradykinin and its related pathways 

BK is a vasoactive peptide of the kinin family that has various physiological effects, 

including regulation of blood pressure and vascular permeability and the promotion of 

inflammatory symptoms like vasodilation and pain (Maurer et al., 2011). Most of these 

biological effects are exerted via activation of the bradykinin receptor B2 (B2-R), which 

has a high affinity for native kinins such as BK and is constitutively expressed on, for 

instance, endothelial and smooth muscle cells (Blais et al., 2000; Leeb-Lundberg, 2005). 

Figure 1 | Typical clinical picture of 
a bradykinin-induced angioedema. 

* derived from de Maat et al. (2018) under the terms  
  of the CC-BY-NC-ND License 

* 
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In contrast, expression of the second type of bradykinin receptor, the bradykinin receptor 

B1 (B1-R), is induced by states of tissue injury or inflammation. Moreover, B1-R is 

thought to interact mainly with the active metabolite des-Arg9-BK, rather than with BK 

itself (Moreau et al., 2005).  

 

Figure 2 | Main components and pathways involved in bradykinin formation, metabolism 
and signaling. 

Abbreviations: ACE, angiotensin-converting enzyme | APP, aminopeptidase P | B1-R, bradykinin 
receptor B1 | B2-R, bradykinin receptor B2 | BK, bradykinin | cHK, cleaved high molecular weight 
kininogen | CPN, carboxypeptidase N | DPPIV, dipeptidyl peptidase-4 | C1-INH, C1-esterase 
inhibitor | HAE, hereditary angioedema | HK, high molecular weight kininogen| NEP, neutral 
endopeptidase (neprilysin) | TIE-2, tie-2 tyrosine kinase receptor. Figure created with 
BioRender.com.  

 

A schematic overview of the interrelationships and major components involved in the 

formation, signaling, and metabolism of BK is provided in Figure 2. Briefly, components 

of several plasma enzyme cascades, such as contact activation/coagulation, kinin-

kallikrein, and the fibrinolytic system, are involved in the formation of BK. The three most 

important components are coagulation factor XII (FXII), prekallikrein and high molecular 

weight kininogen (HK), which are collectively referred to as the "bradykinin-forming 
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cascade" (Kaplan and Ghebrehiwet, 2010). Within this cascade, activated FXII will activate 

prekallikrein to form kallikrein, which eventually cleaves BK from HK (Schmaier, 2016). 

FXII is initially activated by slow auto-activation, after which the generated kallikrein leads 

to rapid feedback activation of FXII (Kaplan and Ghebrehiwet, 2010). In addition, plasmin 

can act as an FXII activator (Hofman et al., 2016). Another key component is the C1-INH, 

which controls BK formation as an irreversible inhibitor of FXII and kallikrein (Cicardi et 

al., 2005). BK itself has a very short plasma half-life (~15-17s) and is rapidly metabolized 

by plasma enzymes and enzymes along the surface of endothelial cells (Kaplan and 

Ghebrehiwet, 2010). Enzymes involved in the degradation of BK are the angiotensin-

converting enzyme (ACE), aminopeptidase P (APP), carboxypeptidase N and to some 

extent, neutral endopeptidase and dipeptidyl peptidase-4. However, ACE is the main 

metabolic enzyme in the degradation of BK (Blais et al., 2000; Moreau et al., 2005). At 

the endothelial cell, BK modulates among others vascular permeability and vasodilation 

via the B2-R (Maurer et al., 2011; Blaes and Girolami, 2013); processes that are 

counterbalanced by the angiopoietin-1/TIE-2 axis and its stabilizing effect on the 

vascular endothelium (Baffert et al., 2006; Ngok et al., 2012).  

In the context of BK-AE, perturbations in different pathways involved in the regulation of 

endothelial permeability might ultimately result in the tissue swelling observed in 

angioedema patients (Debreczeni et al., 2021). Such dysregulations may result from 

inhibition of BK degradation, as is thought to be the case in ACEi-induced angioedema 

(ACEi-AE), or may be the consequence of uncontrolled BK production or imbalanced BK 

signaling at the endothelial cell, as has been shown to be the case in HAE (Montinaro 

and Cicardi, 2020; Veronez et al., 2021).  

2.2.2 ACEi/ARB-induced angioedema  

The first report of an ACEi-AE was published two years after the world-wide launch of 

captopril, the first ACEi (Jett, 1984). Nowadays, angioedema is a recognized rare adverse 

drug reaction (ADR) of this class of drugs. The estimated 12-month population 

prevalence of ACEi-AE ranges from 0.004% to 0.026%, depending on the general 

population under study (Aygören-Pürsün et al., 2018), while the annual incidence rate 

of ACEi-AE is reported to be up to 0.7% in patients taking these drugs (Miller et al., 2008; 

Banerji et al., 2017). However, despite this rather low incidence, ACEi-AE is thought to be 
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the most common form of non-hereditary BK-AE. For instance, a study in the US reported 

that approximately one-third of all angioedema cases in the emergency department were 

caused by an ACEi (Banerji et al., 2008). This quite high number is attributable to the 

widespread use of ACEi, following their broad range of indications in the treatment of 

hypertension and other hypertensive-related disorders such as heart failure and chronic 

kidney disease (Williams et al., 2018; Unger et al., 2020). In addition, angioedema has 

also been observed as an adverse reaction to ARBs, another class of antihypertensive 

drugs. However, in contrast to ACEi-AE, ARB-induced angioedema (ARB-AE) presents 

with lower incidence rates (Makani et al., 2012; Rasmussen et al., 2019).  

Clinically, ACEi-AE is most commonly observed in the head and neck region, with 

frequent reports of lip or tongue swellings (Kostis et al., 2005; Rasmussen et al., 2017), 

whereas the gastrointestinal tract is rarely affected (Benson et al., 2013). Symptoms of 

ACEi-AE are usually mild, but life-threatening and even fatal cases caused by upper 

airway obstruction have been reported (Banerji et al., 2008). A particular challenge in 

ACEi-AE is the variable time-to-symptom onset, which can range from months to years 

after treatment initiation (Miller et al., 2008; Norman et al., 2013), thereby often 

obscuring and potentially delaying diagnosis. Of note, a delayed diagnosis is problematic 

as symptoms have been reported to worsen over time, especially if the ACEi is not 

discontinued (Brown et al., 1997; Mahmoudpour et al., 2015). The clinical data on ARB-

AE are not as comprehensive as those on ACEi-AE and are only based on single case 

reports (Chiu et al., 2001; Lo, 2002; Nykamp and Winter, 2007). However, on the basis 

of these data, it can be assumed that the clinical picture is quite similar to that seen for 

ACEi-AE.  

The main cause underlying ACEi/ARB-AE is thought to be an accumulation of BK, as 

increased BK levels have been found in patients taking either of the two drug classes 

(Campbell et al., 2005; Nussberger et al., 2002; Nussberger et al., 1998). ACEi and ARBs 

both target the renin-angiotensin system, which is closely connected to the kinin-

kallikrein system and, to some degree, counterbalances its effects (Bas et al., 2007). ACE 

is the enzyme that links both systems. While in the renin-angiotensin system it is the key 

enzyme responsible for the conversion of angiotensin I to the biologically active 

angiotensin II, it is also the major enzyme for the degradation of BK generated within the 

kinin-kallikrein system (Bas et al., 2015). Consequently, ACE inhibition in the context of 
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antihypertensive therapy with an ACEi leads to an increase in plasma levels of BK. In 

contrast, ARBs target the signaling of angiotensin II by blocking angiotensin-II-receptor 

type 1 activation. As such, they do not directly interfere with BK metabolism, and the 

exact mechanism underlying the observed BK accumulation during ARB intake has not 

yet been fully understood. However, it was suggested that, for example, activation of 

angiotensin-II-receptor type 2 may play a role (Bas, 2017).  

Considering the variable time-to-onset and the fact that not all patients receiving an 

ACEi/ARB develop an angioedema, an elevation in BK plasma levels cannot be the sole 

cause for the development of an ACEi/ARB-AE. In fact, research suggests that individual 

susceptibility to ACEi/ARB-AE is dependent on additional risk factors. One of the major 

risk factors for the development of an ACEi-AE seems to be the patient’s ancestry. Several 

epidemiological studies have reported individuals of African ancestry to be at a 3-6 times 

higher risk for ACEi-AE compared to individuals of European ancestry (Brown et al., 

1996; Kostis et al., 2005; Miller et al., 2008; Banerji et al., 2017; Reichman et al., 2017), 

thereby suggesting the involvement of a genetic predisposition. Other factors 

epidemiological studies have associated with a higher risk for ACEi-AE include female 

sex (Miller et al., 2008; Rasmussen et al., 2017; Kostis et al., 2018), advanced age (Kostis 

et al., 2005; Stauber et al., 2014; Mahmoudpour et al., 2016), a history of drug rash and 

seasonal allergies (Kostis et al., 2005; Mahmoudpour et al., 2016) or a concomitant 

coronary artery disease (Miller et al., 2008; Banerji et al., 2017). In contrast, it was found 

that patients with diabetes were less likely to be affected (Kostis et al., 2005; Byrd et al., 

2008; Miller et al., 2008). 

2.2.3 Hereditary angioedema  

HAE is a group of rare, heterogeneous genetic disorders with a complex pathophysiology 

(Germenis and Speletas, 2016). Patients suffering from HAE present with chronically 

recurrent episodes of angioedema with often great variability in clinical expression and 

severity (Caballero et al., 2011). To date, two types of HAE can be biochemically 

distinguished: HAE patients presenting with a deficiency/dysfunction in the C1-INH (C1-

INH-HAE) and HAE patients presenting with normal antigenic and functional C1-INH 

levels (nC1-INH-HAE) (Maurer et al., 2022). An overview of all HAE (sub)types known to 

date and their estimated frequency in relation to one another is provided in Figure 3. 
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About 80% of HAE patients are C1-INH-HAE cases (green). Of these, 85% are due to C1-INH 
deficiency (HAE-1), while the remaining 15% have reduced C1-INH function (HAE-2) (Ponard et al., 
2020). Patients with normal C1-INH levels and function (nC1-INH-HAE; orange) account for 
approximately 20% of all HAE cases (Marcelino-Rodriguez et al., 2019). Pathogenic variants in the 
genes F12 and PLG are the underlying cause of HAE-FXII and HAE-PLG. Both have been identified 
in several affected families (> 400 and > 100 patients, respectively) and are collectively found in 
about one third of all nC1-INH-HAE cases (Lepelley et al., 2020; Maurer and Magerl, 2021). 
Pathogenic variants in the genes ANGPT1, KNG1, MYOF and HS3ST6 are the underlying cause of 
HAE-ANGPT1, HAE-KNG1, HAE-MYOF and HAE-HS3ST6. To date, they are each associated with 
only single familial findings (Germenis et al., 2021) and likely explain less than 5% of the remaining 
nC1-INH-HAE cases (Marcelino-Rodriguez et al., 2019). Therefore, for the majority of nC1-INH-HAE 
cases the underlying genetic cause remains yet to be identified (HAE-UNK).   

 

C1-INH-HAE is the most common form of HAE, affects around 1 in 50,000 individuals 

worldwide (Maurer 2022) and is caused by several different pathogenic variants in 

SERPING1 (see Section 2.4.2; (Ponard et al., 2020)). Depending on the functional 

consequences of the underlying pathogenic variant, two different C1-INH-HAE subtypes 

are distinguishable. HAE-1 is characterized by low C1-INH concentration and function, 

whereas HAE-2 shows reduced C1-INH function but normal or even increased antigenic 

C1-INH levels (Caballero et al., 2011).  

An even rarer disorder in the spectrum of inherited BK-AE is nC1-INH-HAE. The clinical 

picture of nC1-INH-HAE very much resembles that of C1-INH-HAE (Maurer and Magerl, 

2021), although factors such as gender, age or hormones were found to influence the 

phenotype (Bork et al., 2020). In the absence of biomarkers for HAE beyond C1-INH, 

Figure 3 | HAE (sub)types and their relative frequencies known to date. 
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genetic testing is so far the only reliable method to diagnose nC1-INH-HAE and 

distinguish between its subtypes (Germenis et al., 2020). At the time of writing, variants 

in six different genes had been associated with nC1-INH-HAE (see Section 2.4.2), and 

depending on the affected gene, the following subtypes were distinguished: HAE-FXII, 

HAE-PLG, HAE-KNG1, HAE-ANGPT1, HAE-MYOF and HAE-HS3ST6. Besides these 

subtypes, there is a substantial proportion of nC1-INH-HAE cases for which the 

underlying genetic cause has not yet been identified (HAE-UNK; (Veronez et al., 2021)). 

Pathophysiologically, HAE disease-causing variants interfere with BK formation or 

signaling at the endothelial cell (see Figure 2). Briefly, in HAE-1/2 the absence or 

dysfunction of C1-INH, caused by variants in SERPING1, leads to inadequate control of 

plasma kallikrein and FXII, and consequently to uncontrolled BK formation (Cicardi et 

al., 2005). Variants causal for HAE-F12, HAE-PLG, and HAE-KNG1 lead to mutant FXII, 

plasminogen and HK proteins, ultimately resulting in excessive BK formation (Cichon et 

al., 2006; Bork et al., 2018, 2019). The pathogenic HS3ST6  variant is thought to lead to 

a disruption of the heparan sulfate biosynthesis, resulting in reduced endocytosis of HK 

and thus excessive amounts of HK becoming available for BK formation (Bork et al., 

2021). In contrast, HAE-ANGPT1 and HAE-MYOF, are caused by altered BK signaling at 

the vascular endothelium. The ANGPT1 variant disrupts the endothelium stabilizing 

effects of the angiopoietin-1/TIE-2 axis, leading to uncontrolled BK signaling (Cordisco 

et al., 2019). The variant identified in MYOF is suspected to cause an excessive increase 

in intracellular vascular endothelial growth factor signaling due to impaired 

ubiquitination and degradation of VEGF2-receptors (Ariano et al., 2020).   

2.3 Genetic basis and identification of disease-associated variants 

2.3.1 Mutational spectrum of bradykinin-induced angioedema 

ACEi-AE is characterized by a multifactorial pathogenesis (Liau et al., 2019) and the 

same is likely to be true for ARB-AE. As such, genetic factors in various combinations 

with non-genetic personal and/or environmental factors, are likely to be involved in the 

development of ACEi/ARB-AE (Ludwig et al., 2019). The genetic architecture of 

ACEi/ARB-AE is assumed to encompass the entire allelic spectrum from common 

variants with low to moderate penetrance (Figure 4, lower right corner) to rare, highly 

penetrant variants (Figure 4, upper left corner) (Ludwig et al., 2019).  
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Figure 4 | The spectrum of disease-associated variants. 

A common concept is to distinguish disease-associated variants based on their allele frequency 
and penetrance/effect size. The majority of these variants is likely to be found within the diagonal 
dashed lines and can be identified using NGS-based methods (rare, high penetrant variants, 
underlying rare Mendelian disorders) or GWAS (common variants with low to moderate effect size). 
Figure adapted from Manolio et al. (2009). Abbreviations: GWAS, genome-wide association study 
| NGS, next generation sequencing.  

 

This assumption is substantiated by the findings of the most recent genome-wide 

association studies (GWAS), which identified the first genetic risk loci for ACEi/ARB-AE 

harboring variants with moderate to low penetrance (Rasmussen et al., 2020; Ghouse et 

al., 2021). In addition, the results of a recent exome sequencing study suggested the 

contribution of rare deleterious variants in this ADR (Maroteau et al., 2020).  

In contrast, HAE is a rare genetic disorder, with an autosomal dominant Mendelian 

inheritance. The subtypes of HAE characterized to date (Figure 3) are caused by single 

rare variants (Figure 4, upper left corner) identified in several different genes. However, 

common variants have been shown to alter the phenotypic expression of C1-INH-HAE 

(Speletas et al., 2015; Gianni et al., 2017), while factors such as age or hormones have 

been found to influence certain nC1-INH-HAE subtypes (Bork et al., 2020). 

The identification of risk variants along the entire allelic spectrum now requires different 

approaches and methods. While GWAS have proven to be a highly effective tool in the 
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identification of common variants with low to moderate effect sizes, the discovery of rare, 

high penetrant variants usually requires the application of next generation sequencing 

(NGS) methods (see Figure 4). 

2.3.1.1 Common variants and GWAS 

Over the past decade, GWAS have revolutionized the identification of common genetic 

risk loci and variants, enabling a deeper understanding of the underlying biology of 

complex diseases and traits as well as translation towards new diagnostics and 

therapeutics (Visscher et al., 2017). In the field of pharmacogenomics, GWAS contributed 

to the identification of loci that influence drug response or susceptibility to an ADR (Daly, 

2010).  

In a GWAS, the allele frequencies of a set of genome-wide distributed markers, so-called 

single nucleotide polymorphisms (SNPs), are systematically examined to detect markers 

associated with a specific phenotype. Given the genome-wide scan, GWAS have the 

advantage of not needing any prior assumptions regarding the potential 

pathomechanisms underlying the phenotype under investigation. GWAS are usually 

carried out on the basis of whole-genome genotyping data. Following the results and 

data derived from the 1000 Genomes project (Auton et al., 2015) and the International 

HapMap Project (The International HapMap Consortium, 2005), whole-genome 

genotyping exploits the haplotype block structure of the human genome. A haplotype 

block is a genomic region characterized by a reduced occurrence of recombination 

events within its boundaries (Daly et al., 2001). This means that SNPs within the same 

haplotype block are usually inherited together, resulting in the so-called linkage 

disequilibrium (LD). LD is defined as the non-random association of alleles at 

neighboring loci within a population, meaning that SNPs with high LD harbor redundant 

information. As a result, the genotyping of relatively few so-called tagSNPs is sufficient 

to capture most of the genetic variation present within a certain population (The 

International HapMap Consortium, 2005). For example, around 550,000 tagSNPs are 

sufficient to capture ~ 90% of the genetic variation in the European population 

(Steemers and Gunderson, 2007). The non-random selection of informative tagSNPs 

together with available information on haplotype structure and LD patterns from 

reference data sets eventually enables the downstream imputation of SNPs not captured 
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by the array (Yun et al., 2009). Due to the ever decreasing sequencing costs, GWAS are 

nowadays increasingly performed on the basis of exome- or genome-wide sequence 

data, which offer, for example, the advantage of investigating rare variants in the context 

of a GWAS (Uffelmann et al., 2021). 

GWAS can be employed to examine both quantitative (e.g., height or body mass index) 

and binary (categorical) phenotypes (e.g., type 2 diabetes or ADRs). In the case of a 

binary phenotype, such as the ACEi-AE phenotype studied in this dissertation, GWAS are 

conducted using large case-control samples in which the allele frequency of each genetic 

variant is compared between unrelated cases and controls. Alleles with significantly 

different frequencies in cases and controls are considered to tag regions (“risk loci”) that 

are associated or involved in the etiology of the phenotype. Since allele frequencies are 

known to be highly dependent on the ethnicity of an individual, the use of an ethnically 

matched cohort is essential to avoid population stratification (systematic differences in 

allele frequencies between sub-populations due to non-random mating) (Freedman et 

al., 2004). 

In the scope of a GWAS, single marker association tests are performed for each individual 

genetic variant. For each of these tests, a p-value is returned that indicates the probability 

of a true association between the tested variant and the phenotype. However, given the 

large number of statistical tests performed there is a high probability that a significant 

result will be found only by chance. Therefore, a correction for multiple testing is 

required. In a GWAS of European individuals, approximately one million independent 

tests are performed, and thus the threshold for "genome-wide significance" is commonly 

defined as 5x10-8 (The International HapMap Consortium, 2005; Pe’er et al., 2008).   

To date, the NHGRI-EBI GWAS Catalog, a curated compilation of published GWAS in 

humans, contains roughly 400,000 SNP-trait associations derived from more than 

45,000 individual GWAS (Sollis et al., 2023). The vast majority of these associations are 

found in non-coding regions (Maurano et al., 2012; Visscher et al., 2017). In addition, 

the identified loci usually include multiple correlated variants, often spanning several 

genes, rendering identification of the actual causal SNP or gene within a GWAS risk locus 

quite challenging. Here, a commonly used approach is the integration of correlated 

GWAS SNPs with other available information such as regional LD patterns and functional 

genomic data sets generated by large-scale "-omics" sequencing projects such as 
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ENCODE (Encyclopedia of DNA elements; (Dunham et al., 2012)), Epigenome RoadMap 

(Roadmap Epigenomics Consortium et al., 2015), or GTEx (Genotype-Tissue Expression 

project; (Lonsdale et al., 2013)). The integration of additional data layers can be helpful 

to identify disease-relevant tissues or effects on gene expression, thereby ultimately 

facilitating the biological interpretation of GWAS results (Visscher et al., 2017; Cano-

Gamez and Trynka, 2020). Moreover, GWAS data can be used for secondary analyses 

such as the estimation of the SNP-based heritability (the proportion of phenotypic 

variance explained by the additive effects of common variants; (Yang et al., 2017)) of a 

given trait/disease or the investigation of shared genetic factors between different traits 

and diseases (Tam et al., 2019).  

Owing to the polygenic nature of complex traits and diseases, variants detected by GWAS 

usually have a small to moderate effect size. Thus, to achieve sufficient statistical power 

to detect even the most subtle effects, a very large number of individuals is required 

(Visscher et al., 2017). Combining multiple GWAS data sets in a meta-analysis has been 

proven to be an effective way to overcome this issue.  

Since the individual variants identified in a GWAS usually only contribute to a very small 

extent to the overall disease risk of the phenotype under study, the clinical implication 

of GWAS findings is limited. The calculation of a so-called polygenic risk score (PRS), on 

the other hand, reflecting the sum of risk alleles carried by an individual, allows the 

definition of individual genetic risk profiles. In the future, such genetic profiles may, for 

example, play a role in predicting an individual's disease risk (Khera et al., 2018). 

2.3.1.2 Rare variants and NGS 

Prior to the advent of NGS methods, linkage analyses were used to map genomic loci 

that co-segregated in pedigrees of families with Mendelian disorders. Subsequent Sanger 

sequencing of genes within the mapped loci was a quite effective, albeit tedious, method 

for identifying rare disease-causing variants that underlie Mendelian disorders (Teare 

and Koref, 2014). The completion of the Human Genome Project (Lander et al., 2001; 

Venter et al., 2001) and the subsequent seminal publication of the first fully annotated 

human genome in 2003 (The International HapMap Consortium, 2003) paved the way 

for the development of the more advanced NGS technologies. NGS is thereby an 

umbrella term for a variety of sequencing methods that can not only be used to sequence 
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DNA (whole exome sequencing (WES), whole genome sequencing (WGS)), but also to 

investigate regulatory mechanisms of the genome (e.g., chromatin immunoprecipitation 

sequencing (ChIP-seq)) or the transcriptome (ribonucleic acid (RNA)-seq, single-cell 

RNA-seq) (Goodwin et al., 2016). Today, these high-throughput sequencing technologies 

are the methods of choice for the systematic identification of the full spectrum of rare 

disease-associated variants in research and clinical practice (Claussnitzer et al., 2020). 

In NGS, millions of short read sequences are generated in a massively parallel and 

multiplexed manner, allowing the sequencing of entire genomes. Furthermore, the 

application of NGS-based targeted enrichment methods, such as single-molecule 

Molecular Inversion Probes (smMIPs) (see Section 3.5.2; (Hiatt et al., 2013)), enables 

cost-effective (re-)sequencing of single candidate genes or gene panels in large cohorts 

(Kanzi et al., 2020).  

Given their high-throughput nature, NGS methods generate large amounts of sequencing 

data that require bioinformatics tools and pipelines to convert raw sequence data into 

annotated variants. Several genetic resources and databases are available for the 

annotation of obtained sequence variants. These include databases such as gnomAD 

(genome aggregation database; (Karczewski et al., 2020)) and dbSNP (single nucleotide 

polymorphism database; (Sherry et al., 2001)) which provide information on variant 

frequencies in the general population, whereas ClinVar (Landrum et al., 2020) and HGMD 

(Human Gene Mutation Database; (Stenson et al., 2020)) are disease-specific databases 

collecting information on sequence variants in relation to human disease. To assess the 

functional consequences of the identified variants, different in silico prediction tools are 

available. Here, a commonly used one is the score CADD (combined annotation-

dependent depletion; (Rentzsch et al., 2021)), which integrates several different 

annotations to assess variant deleteriousness. To enable a comprehensive and consistent 

interpretation of variants, especially in the context of clinical genetic testing but also in 

research, the American College of Medical Genetics (ACMG) has published a guideline 

with standards for the interpretation of sequence variants. This guideline suggests 

several lines of evidence that should be considered when classifying sequence variants 

(Richards et al., 2015). 
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2.4 Genetic variation in bradykinin-induced angioedema 

2.4.1 Findings in ACEi/ARB-induced angioedema  

Over the last two decades, several genetic studies have sought to shed light on the 

underlying pharmacogenetics of ACEi/ARB-AE. At the time of writing, these included 

several candidate gene/SNP studies, three GWAS, and one exome sequencing study.  

Early candidate SNP studies focused primarily on the role of polymorphisms in genes 

involved in BK degradation as well as known polymorphisms of the B2-R. The first gene 

linked to ACEi-AE risk was XPNPEP2, which encodes APP, the main BK-degrading 

enzyme during ACE inhibition (Blais et al., 2000). A regulatory variant (c.-2399C>A, 

rs3788853) in the upstream region of XPNPEP2 was found to be significantly associated 

with lower APP activity and ACEi-AE (Duan et al., 2005) and later confirmed by two 

independent studies (Woodard-Grice et al., 2010; Cilia La Corte et al., 2011). 

Furthermore, one of the studies identified two additional variants upstream of XPNPEP2 

(c.-1612G>T, rs205011; c.-393G>A, rs2235444) that form a functional haplotype with 

rs3788853 which explains more variance in plasma APP levels and was associated with 

a greater increased risk for ACEi-AE (4.9-fold vs 3.3-fold) than rs3788853 alone (Cilia La 

Corte et al., 2011). An insertion/deletion (Indel) variant in the gene ACE (ACE I/D, 

rs4646994), known to alter the activity of the ACE (Rigat et al., 1990) showed no 

association with ACEi-AE in three independent studies (Gulec et al., 2008; Bas et al., 

2010; Moholisa et al., 2013). A 9 base pair (bp) tandem repeat in exon 1 of the BDKRB2 

gene, previously reported to affect BK-induced vasodilation during ACE inhibition, 

showed inconsistent results in two studies (Bas et al., 2010; Moholisa et al., 2013). These 

two studies further examined a regulatory SNP in the promoter region of BDKRB2 (c.-

58C>T, rs1799722), previously associated with ACEi-induced cough (Mukae et al., 2002), 

but did not identify a significant association between rs1799722 and ACEi-AE. The most 

comprehensive candidate study so far examined 33 candidate SNPs in 17 different 

genes with a priori evidence and identified a SNP in MME (rs989692) that showed a 

significant and replicated association (both P < 0.05) for an increased risk of ACEi-AE 

(Pare et al., 2013).  

Pare and colleagues (2013) were also the first to investigate the contribution of common 

genetic variation to ACEi-AE within the scope of a GWAS. In their study they examined 
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175 European and African-American ACEi-AE patients and 489 ethnically matched, 

ACEi-exposed controls yet they could not identify any SNPs at the level of genome-wide 

significance. An independent replication of SNPs identified at P < 10-4 revealed, however, 

two nominally significant SNPs (P < 0.05) in genes involved in immune regulation. 

Namely, these were rs500766 in PRKCQ and rs2724635 in ETV6 which were associated 

with decreased and increased risk of ACEi-AE, respectively. Since then, two additional 

GWAS have been conducted, each identifying one genome-wide significant risk locus. 

The second GWAS included 173 ACEi/ARB-AE patients and 4,890 population-based 

controls, both of Swedish ancestry, and revealed a genome-wide significant association 

between intronic variants in the gene KCNMA1 and ACEi/ARB-AE risk (Rasmussen et al., 

2020). The third GWAS examined 462 Danish ACEi-AE patients and 53,391 Danish ACEi-

treated controls and identified a genome-wide significant association between ACEi-AE 

risk and variants upstream of the gene BDKRB2 (Ghouse et al., 2021). Furthermore, 

based on the data of this latest study, the SNP-based heritability for ACEi-AE was 

estimated to be 21.7%. 

The contribution of rare variants to ACEi/ARB-AE was recently assessed in an exome-

wide sequencing study. Based on WES data from 408 ACEi/ARB-AE patients and 658 

ACEi-tolerant controls, the study identified common and rare variants in the gene F5 to 

be significantly associated with ACEi/ARB-AE. Notably, the strongest association was 

found for rs6025, also known as “Factor V Leiden” mutation (Maroteau et al., 2020).  

2.4.2 HAE-associated genes and pathogenic variants 

Pathogenic variants in SERPING1 are the underlying genetic cause of C1-INH-HAE 

(Stoppa-Lyonnet et al., 1987). To date, around 750 causative variants have been 

identified, underlining the great allelic heterogeneity of this HAE subtype (Ponard et al., 

2020). The HAE-associated SERPING1 variants are mainly comprised of small Indels 

(36.2%), missense variants (32.1%), and variants leading to splicing defects (13.9%), 

followed by nonsense variants (9%), large deletions and duplications (8.2%), and variants 

affecting the 5' or 3' untranslated regions (0.9%) (Ponard et al., 2020). Beyond that, two 

deep intronic variants were recently discovered (Hujová et al., 2020; Vatsiou et al., 2020). 

Moreover, the disease expression of C1-INH-HAE has been found to be influenced by 

common variants in BK-related genes. In particular, a functional polymorphism in the 
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promoter region of the F12 gene (-46C/T, rs1801020) and a functional variant in the 

KLKB1 gene (-428G/A, rs3733402) were significantly associated with age of disease 

onset either alone or in combination (Speletas et al., 2015; Gianni et al., 2017).  

 

Table 2 | Genes and pathogenic variants associated with nC1-INH-HAE. 

 

The group of nC1-INH-HAE is much more heterogeneous in terms of its underlying 

genetic causes. So far, pathogenic variants in six different genes have been associated 

with the phenotype (Table 2). Four different variants in the F12 gene are linked to HAE-

FXII, including two missense variants, one Indel and one duplication, all located within 

exon 9 or at its boundaries (Stieber et al., 2017). Moreover, recent WES studies led to 

the identification of five missense variants in the genes PLG, ANGPT1, KNG1, MYOF, and 

HS3ST6 each found to be associated with a different nC1-INH-HAE subtype (Veronez et 

al., 2021).  

Notably, several case reports indicated that some patients initially diagnosed with ACEi-

AE might actually be undiagnosed HAE cases as genetic screening subsequently revealed 

them to be carriers of pathogenic HAE-associated variants in the genes F12 (Veronez et 

al., 2017) and PLG (Germenis et al., 2018; Yakushiji et al., 2018).  

2.5 Aim of the dissertation 

The overall aim of the present dissertation was to further elucidate the genetic basis of 

ACEi/ARB-AE. As a resource for the genetic studies, a large, comprehensively phenotyped 

cohort of ACEi/ARB-AE patients (vARIANCE cohort) was recruited.  

HAE type Gene Pathogenic variant Amino acid change Initial description 

HAE-FXII F12 

c.1032C>A p.T328K Cichon et al., 2006; 
Dewald and Bork, 
2006 c.1032C>G p.T328R 

c.971_1018+24del72 Indel Bork et al., 2014 

c.892_909dup p.P298_P303dup Kiss et al., 2013 

HAE-PLG PLG c.988A>G p.K330E Bork et al., 2018 

HAE-ANGPT1 ANGPT1 c.807G>T p.A119S Bafunno et al., 2018 

HAE-KNG1 KNG1 c.1136T>A p.M379K Bork et al., 2019 

HAE-MYOF MYOF c.651G>T p.R217S Ariano et al., 2020 

HAE-HS3ST6 HS3ST6 c.430A>T p.T114S Bork et al., 2021 
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The first study intended to systematically investigate the presence of monogenic HAE 

subtypes in a cohort of ACEi/ARB-AE patients. In addition, the potential contribution of 

other variants in the HAE-associated genes to ACEi/ARB-AE susceptibility was examined. 

To this end, targeted re-sequencing of the five – at that time known – HAE-associated 

genes was performed in a large ACEi/ARB-AE cohort. Subsequently, the ACEi/ARB-AE 

patients were systematically screened for known HAE disease-causing variants, while in 

addition, single variant association analyses, and enrichment analyses of rare, potentially 

functional variants were carried out in a case-control setting. 

The second study aimed to identify common variants involved in ACEi-AE susceptibility. 

Here, GWAS data from the vARIANCE cohort were combined with seven other 

independent European case-control data sets in the most comprehensive GWAS meta-

analysis to date. Subsequently, bioinformatics follow-up analyses were performed based 

on the meta-analysis data. First, the consistency of the ACEi-AE phenotype definition 

across cohorts was examined in PRS analyses. Next, to obtain additional insights into 

the molecular mechanisms underlying ACEi-AE, statistical fine-mapping, integration of 

expression quantitative trait loci (eQTL) and chromatin interaction data, and gene- and 

pathway-based analyses were carried out. LD score regression (Bulik-Sullivan et al., 

2015) was performed to (i) estimate the SNP-based heritability, and (ii) examine the 

genetic overlap between ACEi-AE and a selection of associated traits and diseases. 

Finally, to investigate the extent of shared genetics and, in particular, the contribution of 

the associated loci to ACEi-AE across different ancestries, exploratory cross-ancestry 

analyses, including an additional GWAS cohort of African-American individuals were 

conducted.  
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3 Material and methods 

All equipment, chemicals, buffers, solutions, reagents, enzymes, commercial kits, 

consumables, primer, software and databases used throughout this dissertation are 

listed in APPENDIX A1.  

The studies included in the present work, investigated different patient and control 

cohorts, which are described in the following. With the exception of the CHB-CVDC/DBDS 

individuals, who provided scientific ethical approval, meaning they were informed about 

their samples being used for research purposes and have been given the possibility to 

opt out, all investigated individuals provided written informed consent prior to their 

inclusion. Studies described in this work were approved by the respective institutional 

ethic committees.  

3.1 Patients and controls with available DNA samples 

3.1.1 vARIANCE patients 

The vARIANCE study (Angioedema Risk under Angiotensin Converting Enzyme Inhibitors, 

www.variance-studie.info) is a case collection of ACEi/ARB-AE patients that was initiated 

in 2018 as a collaborative project between the Institute of Human Genetics of the 

University Hospital Bonn, Germany and the German Federal Institute for Drugs and 

Medical Devices (BfArM). The ongoing patient recruitment for the study was developed 

and implemented as part of this dissertation, and currently involves two strategies:  

 

(i) Recruitment via collaborating physicians  

Since 2018, collaborations with dermatology, ear-nose-throat, or angioedema-

specialized departments at different hospitals in Germany and Austria have been 

established (Figure 5). In addition, a small fraction of patients was enrolled by office-

based physicians. The general recruitment process is as follows: patients with a 

suspected diagnosis of ACEi/ARB-AE are clinically assessed by experienced physicians 

on site. If found to be eligible and if they consent to participate in the study, patients 

provide a DNA sample (EDTA blood or saliva) and complete a questionnaire that asks 

questions about the occurred angioedema, the suspected causal ACEi/ARB, possible 

other triggers, medical and family history as well as basic anamnestic data of the patient.   
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(ii) Recruitment via the study website/office in Bonn 

To inform additional patients about the study and the possibility to participate, the 

vARIANCE study website (www.variance-studie.info) was launched in May 2020. Patients, 

with a corresponding angioedema diagnosis and an interest in participating in the study 

can now get in direct contact with the study office in Bonn. Trained staff in the study 

office evaluates the inquiries and enrolls eligible patients into the study. For this purpose, 

study documents and DNA collection material (saliva kits) are provided per mail, while 

the study questionnaire as well as any other potential questions from the patients are 

addressed in a telephone interview. 

 

As of May 2023, the vARIANCE study had enrolled 153 ACEi/ARB-AE patients, of which 

133 were recruited via collaborating physicians and 20 were recruited via the study 

website/office (Table 3). For the two studies discussed in this dissertation, sub-cohorts 

were drawn from the vARIANCE cohort at two different time points. The candidate gene 

analysis included in total 67 ACEi/ARB-AE patients who were subjected to targeted 

sequencing and genotyping, while the vARIANCE GWAS cohort comprised genome-wide 
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Figure 5 | German and Austrian hospitals involved in patient recruitment for the 
vARIANCE study. 

*The German/Austrian map was created using the  
  R packages raster and ggplot2. 
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genotype data of 106 ACEi-AE patients. Inclusion criterion for both sub-cohorts was a 

“certain”, “probable/likely”, or “possible” causal relationship between the experienced 

angioedema and the intake of an ACEi or ARB as assigned by the enrolling physician. In 

case of a study inclusion via the study office in Bonn, causality was first self-assessed by 

the patient and later re-assessed by a clinical expert. A concomitant urticaria (self-

reported by the patient) at the time of the angioedema was considered an exclusion 

criterion. 

Table 3 | vARIANCE patients stratified by recruitment approach, gender and angioedema 
triggering drug class. 

NA, triggering drug class (ACEi or ARB) not known. 
 

3.1.2 Danish and Swedish patients 

DNA material and phenotypic data of Danish and Swedish ACEi/ARB-AE patients were 

kindly provided by Eva Rye Rasmussen and Mia Wadelius (Table 4). Detailed information 

on the recruitment and phenotype definitions can be found elsewhere (Rasmussen et al. 

2020).  

Table 4 | Danish and Swedish patients stratified by gender and angioedema triggering drug class. 

  Danish patients  Swedish patients 

Drug class  Female Male Total  Female Male Total 

ACEi  33 27 60  27 42 69 

ARB  4 3 7  3 5 8 

NA  0 1 1  0 0 0 

Total  37 31 68  30 47 77 
 NA, triggering drug class (ACEi or ARB) not known. 

 

Briefly, Danish patients were recruited from multiple Danish hospitals, as well as via a 

collaborating general practitioner. Swedish patients were drawn from Swedegene 

 
 

Recruitment via physicians  Recruitment via the study 
website/office  Overall recruitment 

Drug class  Female Male Total  Female Male Total  Female Male Total 

ACEi  49 59 108  5 6 11  54 65 119 

ARB  8 10 18  3 3 6  11 13 24 

ACEi/ARB  3 3 6  3 0 3  6 3 9 

NA  0 1 1  0 0 0  0 1 1 

Total  60 73 133  11 9 20  71 82 153 
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(www.swedegene.se), a nationwide biobank that contains clinical data and blood samples 

of various ADR patients.  

For both cohorts, the clinical diagnosis of an ACEi/ARB-AE was initially established by 

the enrolling physician and later on re-assessed and adjudicated by a clinical expert in 

allergology using pre-defined phenotype standardization criteria (Wadelius et al., 2014). 

According to these criteria, patients with a swelling in the head or neck region during 

ACEi/ARB treatment judged by a physician to be an angioedema were considered cases. 

Exclusion criteria comprised: (i) a concomitant urticaria, (ii) other suspected causes for 

the angioedema, and (iii) a history of HAE or acquired C1-INH deficiency.  

Patients in both cohorts underwent targeted sequencing and genome-wide genotyping. 

All 68 Danish and 77 Swedish patients were part of the candidate gene study, while the 

Danish and Swedish GWAS cohorts included 51 and 44 ACEi-AE patients, respectively. 

The other 9 Danish and 25 Swedish ACEi-AE patients were already part of other GWAS 

cohorts (CHB-CVDC/DBDS or Swedegene) and thus (in light of the downstream meta-

analysis) not included in the Danish or Swedish GWAS cohort, respectively.  

3.1.3 Control individuals  

For the candidate gene analysis control individuals (N = 352; “Buffy controls”) were 

drawn from an in-house cohort derived from volunteer blood donors recruited in Bonn, 

Germany (Birnbaum et al., 2009). As part of the study, all individuals were subjected to 

targeted sequencing, while genome-wide genotype data had already been generated 

previously. The selected Buffy controls were not screened for a potential diagnosis of an 

ACEi/ARB-AE or the intake of an ACEi/ARB.   

For the vARIANCE GWAS, genome-wide genotype data of 4,249 participants of the Heinz 

Nixdorf Recall (HNR) study (Erbel et al., 2012), which had been generated previously, 

were used as control data. The HNR individuals were not screened for an ACEi-AE 

diagnosis or the intake of an ACEi. 

3.2 Patients and controls with available individual-level genotypes  

3.2.1 VanMar cohort 

Genome-wide genotype data of 172 ACEi-AE patients and 485 controls from the “PGRN-

RIKEN: Identification of Genetic Predictors of ACE Inhibitor-Associated Angioedema 
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study” were obtained from dbGaP (study accession: phs000438.v1.p1). Details on the 

recruitment as well as the phenotype definition are published elsewhere (Pare et al., 

2013). Briefly, cases were defined as individuals who developed a swelling of the lips, 

pharynx, or face while taking an ACEi. Furthermore, cases ought never to have had an 

angioedema while not taking an ACEi. Treatment-matched individuals (intake of an ACEi 

for at least six months) who never developed an angioedema were considered controls. 

As the data set comprised cases and controls from different ancestries, individuals were 

stratified into two independent cohorts prior to the GWAS, resulting in (i) 107 cases and 

330 controls with a reported European ancestry (VanMarEUR) and (ii) 65 cases and 155 

controls with a reported African-American ancestry (VanMarAFR).  

3.2.2 UK Biobank cohort 

The UK Biobank (UKB) is a large-scale longitudinal biomedical database that collects 

comprehensive genetic and phenotypic information from approximately 500,000 UK 

citizens aged 40 to 69 years at recruitment (Bycroft et al., 2018). 

For the UKB GWAS, individuals with a suspected ACEi-AE diagnosis as well as treatment-

matched controls were extracted from the whole UKB data set. A comprehensive 

overview on the applied filter strategy and the data fields used is provided in Figure 6. 

Briefly, filtering of potential ACEi-AE patients was performed using hospital in-patient 

data on ICD-10 diagnoses (UKB field 41270) as well as self-reported data on (i) ancestry 

(UKB field 21000); and (ii) the use of antihypertensive medication/ACEi (UKB fields 

6153/6177 and 20003). To appraise causality, all individuals with a suspected ACEi-AE 

diagnosis were further evaluated to determine whether the reported use of the ACEi 

preceded the angioedema diagnosis in time by matching the respective angioedema 

diagnosis date (UKB field 41280) and all assessment center visit dates (UKB field 53) 

for which an ACEi use was reported (“causality filter”).  

Filtering of the UKB data set resulted in a total of 90 individuals with the diagnosis of an 

angioedema (T78.3 “angioneurotic edema”) and a chronologically related use of an ACEi. 

Subsequently, treatment-matched controls (N = 360) were selected on the basis of age 

and sex from the remaining individuals with a reported intake of an ACEi. All analyses 

were performed under the approved UKB project number 60928. 
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Figure 6 | Workflow to extract individuals with a suspected ACEi-AE diagnosis and        
treatment-matched controls from the UKB data set. 

Individuals with a reported T78.3 (“angioneurotic angioedema”) diagnosis and no diagnosis of any 
form of urticaria (L50.1-L50.9) or a defect in the complement system (D84.1) were considered as 
potential cases, while individuals without these case defining diagnoses were considered as 
potential controls. To estimate causality between the ACEi intake and the reported angioedema 
diagnosis, the potential cases were filtered for those whose reported ACEi intake preceded the 
angioedema diagnosis in time. Finally, the four-fold number of treatment-matched controls was 
matched on the basis of age and sex for all eligible patients.  

 

3.2.3 Control individuals 

The genome-wide genotype data of 1,628 healthy Danish blood donors was kindly 

provided by Vibeke Andersen and Signe Bek Sørensen and used as control data for the 

Danish GWAS. For the Swedish GWAS, genome-wide genotype data of 1,033 Swedish 

population-based controls (ANGI-SE(Community) sample), recruited in the context of the 

Anorexia Nervosa Genetics Initiative (Thornton et al., 2018)), were kindly provided by 
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Cynthia Bulik and Mikael Landén and used as a control data. None of these GWAS control 

cohorts was screened for an ACEi-AE diagnosis or the intake of an ACEi. 

3.3 GWAS summary statistics  

3.3.1 Swedegene  

The Swedegene cohort represents an ACEi-AE stratified version of the second GWAS 

published on ACEi/ARB-AE (Rasmussen et al., 2020), whose summary statistics were 

kindly provided by Mia Wadelius and Eva Rye Rasmussen. The cohort comprised 142 

ACEi-AE patients and 1,345 ACEi-treated controls, both of Swedish ancestry. More 

detailed information on the study cohort and phenotype definitions can be found in the 

original publication (Rasmussen et al., 2020). Briefly, ACEi-AE patients were drawn from 

the Swedegene database (www.swedegene.se) and subsequently screened and 

adjudicated using published phenotype standardization criteria (Wadelius et al., 2014). 

Control subjects had received at least two ACEi prescriptions and had not been 

diagnosed with angioedema or laryngeal angioedema.  

3.3.2 CHB-CVDC/DBDS  

The GWAS summary statistics of the third published GWAS on ACEi-AE, including 462 

ACEi-AE cases and 53,391 treatment-matched controls, both of Danish ancestry, were 

kindly provided by Jonas Ghouse. Details on the study cohort and the phenotype 

definitions can be found in the original publication (Ghouse et al., 2021). Briefly, 

individuals of the cohort were drawn from the Copenhagen Hospital Biobank-

Cardiovascular Disease Cohort/Danish Blood Donor Study (CHB-CVDC/DBDS; (Laursen 

et al., 2021)). Cases were defined as individuals who had been diagnosed with 

angioedema, while being treated with an ACEi within at least 180 days before the 

angioedema event. Individuals who had been treated with an ACEi for at least 2 years 

and had no history of angioedema were defined as controls.  

3.3.3 Estonian Biobank  

The Estonian Biobank (EstBB) is a population-based biobank that today covers about 

20% of the adult population of Estonia (https://genomics.ut.ee/en/content/estonian-

biobank). Besides different levels of genetic data, the biobank withholds information on 

health status, lifestyle and diet. In addition, it is linked to different national registries like 
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hospital databases, and the database of the national health insurance fund. Leveraging 

the data of the EstBB, Lili Milani, Kristi Krebs and colleagues conducted a GWAS in 82 

ACEi-AE cases and 15,787 treatment-matched controls, whose summary statistics they 

kindly provided us with. For the GWAS, individuals diagnosed with an ICD-10 code T78.3 

("angioneurotic edema") after treatment with an ACEi (C09A*) were defined as cases, 

whereas individuals with at least three ACEi purchases and no case-defining ICD-10 

diagnosis were considered controls.  

3.4 Basic molecular biological methods 

The following molecular biological methods were performed in the context of the present 

dissertation. A detailed overview of which patient/control cohort with available DNA 

samples (see Section 3.1) underwent which method can be found in Table S3 in 

APPENDIX A2. 

3.4.1 Isolation and organisation of DNA samples 

Lymphocyte DNA was extracted from EDTA anti-coagulated venous blood using the 

Chemagic DNA Blood 10k Kit H12 and the Chemagic Magnetic Separation Module I 

according to the manufacturer’s instructions. In case of saliva samples, DNA was 

manually isolated from saliva lymphocytes and epithelial cells using the Oragene prepIT 

L2P kit. Subsequently, two working solutions (20ng/µl and 100ng/µl) were prepared 

from each DNA stock and managed using the FluidX system, which is based on a 

scannable 2D barcode linking the dilution to its specific DNA stock.   

3.4.2 Determination of DNA quantity and quality 

The FluidX working solutions were prepared based on DNA concentration measurements 

performed with a NanoDrop spectrophotometer. Here, 1.5 µl was applied for each DNA 

sample. The calculation of the DNA concentration was performed automatically by the 

NanoDrop software based on a modified version of the Beer-Lambert Equation and 

purity of the DNA samples was evaluated based on purity ratios. Samples with a 260/280 

ratio of ~ 1.8 and a 260/230 ratio between 1.8 – 2.2 are generally considered as "pure" 

DNA. Deviations from these values are indicative of DNA contamination by, for example, 

proteins or salts. While DNA quantification based on UV absorption, as performed with 

the NanoDrop, is sufficient for applications such as polymerase chain reaction (PCR; see 
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Section 3.4.3) and genotyping (see Section 3.5.3), it is too insensitive for NGS methods 

which require uniform amounts of high-quality double-stranded DNA (dsDNA). DNA 

samples subjected to sequencing using smMIPs (see Section 3.5.2) were thus re-

measured using the Quant-iT PicoGreen dsDNA reagent, which relies on a DNA-binding 

fluorescent dye that specifically binds to dsDNA. Depending on the number of measured 

samples the assay read out was performed with either a Qubit 2.0 fluorometer (single 

samples) or the Tecan GENios Pro Microplate Reader (96-well plates) using standard 

fluorescein wavelengths with an excitation of 485 nm and an emission of 535 nm. The 

actual dsDNA concentration of the sample was then calculated using a standard curve 

of lambda DNA dilutions with known concentrations.  

3.4.3 Polymerase chain reaction 

PCR is a widely used in vitro method for the specific amplification of DNA segments. The 

method is based on repetitive thermal cycles, that enable denaturation of the DNA 

double strand, primer annealing to the DNA single strands and enzyme-driven DNA 

replication (Mullis et al., 1986). Given that this reaction is repetitive, the amount of PCR 

product within the reaction mixture increases exponentially with each subsequent cycle. 

The specificity of the amplification is ensured by the use of two primers (commonly 18 

– 25 bp), that are flanking the region of interest and have a complementary sequence to 

the template DNA strand. The primer used in the scope of this dissertation were designed 

using the publicly available online tool Primer3 (Untergasser et al., 2012). A standard 

PCR mix was generated using Taq DNA Polymerase and 10x Extra Buffer (see Table S4 

in APPENDIX A2). Moreover, thermal cycling was performed using a touchdown PCR, to 

increase sensitivity, specificity and efficiency of the PCR (Korbie and Mattick, 2008).  

3.4.4 Electrophoretic separation of DNA fragments 

Gel electrophoresis is a well-established method for separation and fragment length 

determination of DNA molecules and thus commonly used to verify the efficiency and 

specificity of a PCR reaction. It exploits the negative charge of the DNA molecules, which 

migrate through a polysaccharide matrix towards the anode (positive pole) when an 

electric field is applied. The migration velocity depends on the polysaccharide 

concentration, the applied voltage and ultimately the size of the DNA fragments. Thus, 

the DNA fragments migrate anti-proportional to their size. In the present dissertation, 
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2% agarose matrices with 1% ethidium bromide were used. Ethidium bromide, a 

substance that intercalates into the DNA double helix and is excited by UV light, was 

added to later visualize the DNA bands in the intas GelStick imager. The fragment size 

of the amplified product was determined using a DNA ladder (100 bp or 1 kilobase (kb)) 

as a length standard.  

3.5   DNA sequencing and genotyping methods 

In the framework of the present dissertation, genetic data sets were acquired by genome-

wide genotyping as well as different sequencing methods, which are described in more 

detail in the following. A detailed overview of which patient/control cohorts with available 

DNA samples (see Section 3.1) underwent which method can be found in Table S3 in 

APPEDNDIX A2. 

3.5.1 Sanger sequencing 

Dating back to the late 1970’s, Sangers’ chain-termination sequencing method is a still 

widely used technology for detecting the exact base sequence of DNA segments (Sanger 

et al. 1977). For Sanger sequencing performed in the context of the present dissertation, 

the DNA was first amplified using standard PCR (Table S4 in APPENDIX A2), and PCR 

products were purified using Agencourt AMPure XP magnetic beads. Following that, cycle 

sequencing of the purified PCR products was performed according to standard 

procedures using the 5X Big Dye Terminator Cycle Sequencing Kit 3.1, which contained 

deoxynucleotide triphosphates (dNTPs) and fluorescent-labeled dideoxynucleotide 

triphosphates (ddNTPs) (Table S5 in APPENDIX A2). During a standard PCR reaction, 

the individual nucleotides get linked to each other via their 3’-hydroxyl group. As labeled 

ddNTPs lack these 3’-hydroxyl groups, their incorporation leads to the termination of the 

PCR. Statistically, this occurs at least once at each position of the DNA fragment, resulting 

in a mixture of fragments of different lengths, each carrying a fluorescently labeled 

ddNTP at the end. The cycle sequencing products were then purified using the Agencourt 

CleanSEQ Kit and, after dilution (1.5 µl product + 10 µl HPLC water), loaded onto a 

SeqStudio Genetic Analyzer. In the analyzer, fragments were separated according to their 

length by capillary electrophoresis and the last incorporated nucleotide of each fragment 

was identified by a laser. Using the analyzer’s built-in software, the detected signals were 

then converted into sequence information.  
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3.5.2 Next generation sequencing – single-molecule Molecular Inversion Probes  

In the last 20 years, NGS methods have been adopted into research and clinical practice. 

These methods have the ability to sequence many millions of DNA fragments in a 

massively parallel fashion, thereby enabling capture of the entire exome or even genome 

(Goodwin et al., 2016). Beyond that, NGS-based enrichment methods, such as smMIPs, 

which were used in the scope of the candidate gene analysis in the present dissertation, 

provide an easily scalable and cost-effective tool for targeted (re-)sequencing studies 

(Hiatt et al., 2013).  

 

Figure 7 | Schematic overview of the single-molecule Molecular Inversion Probe method. 

(A) An smMIP comprises two DNA complementary targeting arms (extension and ligation arm) 
that are connected by a common backbone. The backbone incorporates two PCR primer sites 
alongside a molecular tag that is unique to the individual probe and enables the downstream 
detection of PCR artefacts. (B) PCR amplified DNA sequences with two added sample-specific 
barcodes. Abbreviation: gDNA, genomic DNA. 

 

The targeting arms of an smMIP are complementary to the DNA, flanking the region of 

interest, so that upon hybridization of the probes to the DNA specific parts (e.g., the 

exons of a gene) are targeted (Figure 7A). The obtained gaps are filled using a 

polymerase/ligase reaction, resulting in fragments that are amplified in a PCR and 

eventually sequenced on an NGS platform (Hiatt et al., 2013). Pooling hundreds to 

thousands of smMIPs and the use of up to two sample-specific indices during the 

amplification step eventually enables a multiplex reaction and massively parallel 

sequencing of large cohorts (Figure 7B).  
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3.5.3 Genome-wide genotyping using Illumina BeadArray technology 

Another breakthrough technology in the field of genomics was whole-genome 

genotyping, which emerged around 2004 and paved the way for GWAS. A highly efficient 

method for the genotyping of SNPs is the Infinium BeadArray technology. The basis of 

this technology is the so-called BeadChip, which harbors randomly immobilized beads. 

Each bead is linked to a 50-mer locus-specific primer that captures one SNP and 

contains 30 bases which are used for positional mapping on the array (decoding) 

(Gunderson et al., 2006). Moreover, to increase the overall coverage per SNP, the beads 

on an array are redundant (Steemers and Gunderson, 2007). 

The genotyping reaction itself involves three main steps (Figure 8). First, the amplified 

genomic DNA (gDNA) is hybridized to the bead-connected probes. Then, enzymatic 

primer extension is performed, either via allele-specific primer extension or single base 

extension. The use of two different primer extension assays is necessary to (i) ensure 

adequate coverage of all potential polymorphisms, including AT and GC polymorphisms, 

and (ii) increase the overall efficiency of the array. Finally, after extension of each target 

sequence, the labeled nucleotides are detected by immunohistochemical sandwich 

staining (Steemers and Gunderson, 2007).  

For the present dissertation, genome-wide genotyping was performed using the Illumina 

Global Screening Array (GSA) v2.0 and v3.0, the Infinium HTS Assay and the BeadArray 

platform. The Infinium workflow was performed according to the manufacturer’s 3-day 

protocol using 200ng DNA as input and comprised the following steps: (i) gDNA 

amplification (day 1); (ii) enzymatic fragmentation and precipitation of the gDNA, 

resuspension and hybridization to the BeadChip (day 2); and (iii) primer extension and 

immunohistochemical staining (day 3). Read out of the fluorescents signals was 

performed using the Illumina iScan system. Finally, Illumina's GenomeStudio v2 software 

and a manifest file of the respective array were used to convert the raw intensity files 

into SNP genotype calls. For further processing, the obtained SNP genotypes were 

exported in PLINK format (Chang et al., 2015).  
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Figure 8 | Schematic overview of the Infinium BeadArray-technology. 

(A) The ASPE reaction involves two allele-specific SNP probes, thereby enabling the detection of all 
SNP classes, including G/C and A/T SNPs, as labeled nucleotides are only incorporated in the case 
of a complementary base pairing ("perfect match"). (B) In the SBE reaction, the two alleles are 
detected with the same probe. Due to indifferent labeling of A and T as well as G and C nucleotides, 
SBE reactions cannot distinguish G/C and A/T SNPs. (C) Immunohistochemical sandwich assay 
for the detection of the incorporated nucleotides. The measured intensities eventually enable 
conclusions regarding the allelic distribution in each SNP. Abbreviations: Ab, antibody | ASPE, 
allele-specific primer extension | gDNA, genomic DNA | Pol, polymerase | SNP, single nucleotide 
polymorphism | SBE, single base extension.  

 

3.6 ACEi/ARB-AE candidate gene analysis 

3.6.1 Candidate gene selection and study cohort 

For the candidate gene study, genes carrying previously described pathogenic HAE 

variants were identified using the professional version of the HGMD (query mid-2019; 

Stenson et al., 2020). Moreover, a literature search was performed to identify any 

additional genes with reported HAE-causing variants that at the time of the query might 

not (yet) have been listed in the HGMD. Eventually, five genes were selected: SERPING1, 

F12, PLG, ANGPT1 and KNG1.  

The study cohort comprised 212 ACEi/ARB-AE patients from Germany/Austria (Section 

3.1.1), Denmark and Sweden (Section 3.1.2), and 352 German controls (Section 3.1.3).  

T

ASPE-reaction
(Infinium I technology) 

Pol

BA

C G
T

T

CG

A
G G

T
T

C
G A

gDNA gDNA

Pol

SNP
Allele A

SNP
Allele B

Pol

G
T

gDNA

SNP
C

T

G
A

SBE-reaction
(Infinium II technology)

T C CA G

Immunohistochemic staining

= 2,4-dinitrophenol(DNP)-label ;      = biotin-label;          =  Ab against DNP;         = Ab against biotin

A) B) C)



3 Material and methods 

 45 

3.6.2 Pre-sequencing QC: removal of relatives, ethnic, and population outliers 

Kinship analysis was used to identify related individuals, while principal component 

analyses (PCA) were performed to remove ethnic and population outliers in order to 

avoid any potential biases due to population stratification in the downstream analyses. 

Both, kinship analysis and PCA, were performed on the basis of genome-wide genotype 

data as the in-study gene panel did not cover enough markers. As patients and controls 

of the candidate gene study were genotyped on different versions of the Illumina GSA 

(v2.0 and v3.0, respectively), all pre-sequencing analyses were carried out using the 

overlapping SNP content only (in total, 701,178 SNPs). Of all kinship pairs up to the 3rd 

degree (kinship coefficient > 0.0442) as identified by KING (Kinship-based INference for 

GWAS; Manichaikul et al., 2010), one individual was excluded from further analyses. If 

applicable for the pairs, controls were removed for the benefit of patients. For the 

subsequent PCA, SNPs were filtered for: (i) a call rate > 0.98; (ii) Hardy-Weinberg 

equilibrium (HWE) P < 1x10-3; and (iii) a minor allele frequency (MAF) > 0.01, and then 

pruned (r2 < 0.2) using PLINK1.9 (Chang et al., 2015). The ancestry of the study cohort 

was inferred using KING and the 1000 Genomes (Auton et al., 2015) as reference data. 

After the removal of individuals with an assigned Non-European ancestry, an in-sample 

PCA was performed using PLINK1.9 (Chang et al., 2015) to account for potential 

population outliers. Here, all individuals deviating more than six standard deviations from 

the mean in any of the first ten principal components (PC) were removed.    

3.6.3 SmMIP design, library preparation and sequencing  

The smMIPs for the five genes were designed in the context of a larger HAE candidate 

gene panel (in total 29 genes, Table S6 in APPENDIX A3) using an in-house pipeline 

(Thieme et al., 2021) based on the MIPgen software (Boyle et al., 2014). Target region 

were all coding exons (±6 bp flanking sequence) based on the human reference genome 

build 19 (hg19) and chromosomal positions according to NCBI Reference Sequence 

(RefSeq) definitions (O’Leary et al., 2016). Obtained smMIPs were evaluated for (i) the 

presence of SNPs with a MAF > 0.01 (according to gnomAD v2.1.1; Karczewski et al., 

2020; Non-Finnish Europeans) in either of the two target arms, (ii) their individual logistic 

score, and (iii) the product of their target arm copy number. For smMIPs with SNPs in 

either target arm, ambiguous coding was used to obtain a primer mixture that captures 
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all possible alleles at the respective base. SmMIPs with a low logistic score (< 0.6) and/or 

a high copy number (> 20) were subjected to a re-design. To ensure proper exon 

coverage the final smMIP design was visually validated using the UCSC Genome Browser 

(Kent et al., 2002). The sequences of the 116 smMIPs capturing the five genes 

investigated in the present candidate gene study are listed in Table S1 of APPENDIX A1.  

For the smMIPs library preparation DNA concentration of the individual samples was 

measured using a Quant-iT PicoGreen dsDNA Assay (see Section 3.4.2). Final input was 

50ng dsDNA per sample, resulting in an smMIP to DNA ratio of 1600:1. The library 

preparation was performed as described elsewhere (Eijkelenboom et al., 2016; Thieme 

et al., 2021). Briefly, this included pooling and phosphorylation of smMIPs, hybridization 

of smMIPs to the DNA, exonuclease treatment, and PCR amplification with the 

introduction of sample-specific barcodes (see Tables S7.1-4 in APPENDIX A3 for reaction 

mixes and thermocycler programs). To adjust for over- and underperforming smMIPs 

within the panel, two (re-)balancing runs were performed in six and two test samples, 

respectively, using an Illumina MiSeq platform. The results of these (re-)balancing runs 

are depicted in Figures S1 and S2 in APPENDIX A3. Upon amplification, the PCR 

products were pooled in a plate-wise manner and purified using 0.8x volume of 

Agencourt AMPure XP beads. The purity and fragment length were validated on an 

Agilent 2200 TapeStation system using High Sensitivity D1000 ScreenTapes. The 

individual purified pools were combined into two mega-pools containing 111 samples 

(patients only) and 440 samples (92 patients, 348 controls), respectively. Eventually, 

paired-end sequencing was performed in two NextSeq550 runs (2 x 150 bp; mid-output 

mode) using costume sequencing primers (O’Roak et al., 2012).   

3.6.4 SmMIP analysis pipeline and data quality control 

The sequencing base call files were first demultiplexed and converted to FASTQ files 

using the bcl2fastq conversion software. The obtained FASTQ files were then subjected 

to an in-house smMIP analysis pipeline (Thieme et al., 2021), which involved several 

bioinformatics steps as described elsewhere (Hiatt et al., 2013). In brief, paired-end reads 

were merged and aligned to the hg19 reference genome using PEAR (Paired-End reAd 

mergeR; Zhang et al., 2014) and Burrows-Wheeler Aligner (BWA-MEM; Li and Durbin, 

2009). Following that, the reads were trimmed and collapsed using available MIPgen 
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scripts (Boyle et al., 2014). In this step, molecular tags, introduced as five degenerate 

bases during the synthesis of the smMIPs, were used to collapse individual reads 

carrying the same molecular tag. As a result, reads with high consensus sequences were 

generated, while PCR artifacts were reduced. Variants were called using the Genome 

Analysis Toolkit (GATK) UnifiedGenotyper (Van der Auwera et al., 2013) and then 

annotated using ANNOVAR (Wang et al., 2010). The threshold for the homozygous and 

heterozygous occurrence of a variant was set to alternative alleles occurring in > 75% or 

> 25% of reads, respectively.  

Quality control (QC) of the sequencing data was carried out using data on the bp-wise 

coverage of the whole target region, derived from BAM files generated by the analysis 

pipeline. The QC included two stages and was performed separately for patients and 

controls. In stage one, low-quality samples (mean coverage < 50x and/or total coverage 

£ 15x in > 10% of the target region) and low-quality variants (GATK hard filter criteria: 

QUAL < 30 and QD < 10) were excluded. In addition, the coverage of all known 

pathogenic HAE variants, as listed in the professional version of the HGMD (version 

04.2020; Stenson et al., 2020), was examined. For known HAE-associated variants with 

a mean coverage < 20x in either first run or second run patients or controls, re-

sequencing was performed using Sanger sequencing (see Section 3.6.5). In stage two, 

an additional variant filter was applied (total coverage of > 15x in ³ 90% of sequenced 

individuals) to only obtain high-confidence variants. Finally, all post-QC variants were 

merged between patients and controls for the subsequent analyses. To ensure 

comparability between the two sequencing runs, the mean coverages were evaluated 

using a Kruskal-Wallis rank sum test (kruskal.test() function of the R stats package; R 

Core Team, 2020).  

3.6.5 Re-sequencing of low coverage regions using Sanger sequencing 

Sanger sequencing (see Section 3.5.1) was performed for two exons (exon 9 of F12 and 

exon 3 of SERPING1). In total, 195 of 197 patients and all 346 controls which remained 

after sample QC were subjected to re-sequencing. Due to a lack of DNA material, two 

Danish patients could not be re-sequenced. The sequences of the used primer are listed 

in Table S2 of APPENDIX A1. All steps subsequent to the standard PCR (Table S4 in 

APPENDIX A2) were performed by GENEWIZ’ Sanger sequencing service (GENEWIZ 
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Europe by Azenta Life Science, Leipzig Germany). The generated sequences were 

analyzed using the SeqMan II software. All identified variants were aligned to the hg19 

reference genome using the BLAT tool of the UCSC Genome Browser and then jointly 

analyzed with the variants obtained via smMIP sequencing.   

3.6.6 Variant evaluation, prioritization and statistical analysis  

To screen for known pathogenic HAE variants, all variants identified in patients after QC 

stage one were individually queried in the HGMD (version 04.2020; Stenson et al., 2020). 

Variants remaining after QC stage two were further prioritized for rare (MAF < 0.05), 

potentially functional (CADD ³ 10) variants. Fisher exact tests were calculated using the 

fisher.test() function of the R Stats package (R Core Team, 2020) to (i) test all QC stage 

two variants individually for a statistically significant association with ACEi/ARB-AE, and 

(ii) test whether the number of samples carrying at least one prioritized variant was 

significantly different between patients and controls. For the latter, the enrichment of the 

prioritized variants was tested at the single gene level and for all five genes combined. 

P-values < 0.05 were considered nominally significant. In order to correct for multiple 

testing, adjusted p-values (Padjust) were calculated using the Bonferroni method taking 

into account the number of individual variants that were identified (n = 85) or the 

number of investigated genes plus the entire gene panel (n = 5 + 1 = 6), respectively.  

3.6.7 Power and sample size calculation 

The R package genpwr (Moore et al., 2020) was used to (i) assess the overall power in 

the final study cohort (Ntotal = 543, case rate = 0.36) to detect rare variants (MAF < 0.05 

or < 0.01) within a range of different effect sizes, and (ii) determine the number of 

individuals required to detect variants with a MAF < 0.05 and an odds ratio (OR) below 

the one achievable with the present study cohort. All analyses were based on an additive 

genetic model with a significance level of 0.05.  

3.7 ACEi-AE GWAS meta-analysis 

The main meta-analysis investigated eight independent GWAS cohorts of European 

ancestry, totaling 1,060 ACEi-AE patients and 77,799 controls (metaEUR). Moreover, a 

second cross-ancestry meta-analysis (metaALL) was conducted, which included an 
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additional African-American cohort. Hence, the metaALL analysis comprised 1,123 ACEi-

AE patients and 77,948 controls. A summary of all GWAS cohorts is provided in Table 5. 

Table 5 | GWAS meta-analysis cohorts. 

Total sample size of the metaEUR analysis was N = 78,859 individuals;  
the metaALL analysis comprised in total N = 79,071 individuals. 

 

Cohort 
Recruitment 

site 
Ancestry Patients Controls 

Number of 
SNPs 

Available data 
level 

Meta-
analysis 

vARIANCE 
Germany/ 

Austria 
European 95 4,135 9,418,075 Genotype data 
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Denmark Denmark European 45 1,489 9,415,505 Genotype data 

Sweden Sweden European 42 975 9,472,108 Genotype data 

VanMarEUR* USA European 106 321 9,456,972 Genotype data 

UKB* UK European 86 356 7,620,921 
Imputed genotype 

data 

Swedegene* Sweden European 142 1,345 7,523,168 Summary statistics 

EstBB* Estonia European 82 15,787 8,734,929 Summary statistics 

CHB-
CVDC/DBDS* 

Denmark European 462 53,391 7,490,822 Summary statistics 

VanMarAFR* USA African-
American 

63 149 16,156,332 Genotype data 
 

The number of individuals and SNPs refers to those available post-QC. *Cohorts with treatment-
matched controls. Abbreviations: GWAS, genome-wide association study | SNP, single nucleotide 
polymorphism.   
 

3.7.1 Genome-wide genotyping, quality control, imputation, and association analysis  

Given the availability of individual-level genotype data, the GWAS for six of the nine 

cohorts (vARIANCE, Denmark, Sweden, VanMarEUR, VanMarAFR and UKB) were conducted 

in the scope of this dissertation. The analysis of these data is described in more detail in 

the following. For the other three cohorts, GWAS were performed externally and results 

were provided as summary statistics. For the Swedegene and CHB-CVDC/DBDS cohorts 

more detailed information is provided in the respective original publication (Rasmussen 

et al., 2020; Ghouse et al., 2021). The analysis of the EstBB cohort is described in 

APPENDIX A4. 

Genome-wide genotyping 

Genotyping of the DNA samples was performed using the Illumina GSA v2 and v3 

(vARIANCE, Denmark and Sweden), the Illumina 610Quadv1.B Array (VanMarEUR, 

VanMarAFR) or the Affymetrix UK Biobank Axiom Array (UKB). The vARIANCE cohort and 

the Danish and Swedish patients were genotyped as described in Section 3.5.3 at the 
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Institute of Human Genetics of the University Hospital Bonn, Germany. Genotype-level 

data of the Danish and Swedish controls were obtained through collaborations. The 

VanMarEUR and VanMarAFR genotype data as well as the already imputed UKB genotype 

data were obtained upon applications to dbGaP and UKB, respectively.  

QC and imputation 

QC was performed separately for each cohort using PLINK1.9 (Chang et al., 2015). 

During genotype QC, variants with a (i) low call rate (< 0.95), (ii) MAF < 0.01, (iii) high 

difference in missingness between cases and controls (> 0.02), or (iv) deviation from 

HWE (P < 10-10 for patients, P < 10-6 for controls) were excluded. QC at the sample level 

comprised the exclusion of individuals with a low call rate (< 0.98) or a deviation in 

autosomal heterozygosity (FHET ± 0.20). In addition, the relatedness and population 

structure within each cohort were analyzed using PLINK1.9 (Chang et al., 2015), KING 

(Manichaikul et al., 2010) and an independent subset of SNPs subjected to LD pruning 

(r2 < 0.2). Hereafter, one member of each pair of cryptically related individuals (up to 3rd 

degree, kinship coefficient > 0.0442) was removed. This was done randomly or, if 

applicable in the pairs, controls were removed before patients. Ancestral outliers were 

identified in a PCA by projecting each cohort against the five superpopulations of the 

1000 Genomes Project (Auton et al., 2015), while population outliers were identified by 

two iterations of in-sample PCA. Only individuals with an assigned European ancestry 

and individuals who deviated no more than six standard deviations from the mean in 

any of the first ten PCs were retained for further analysis. To generate the PCs used as 

covariates in the association analysis, the PCA was repeated with the final set of 

individuals. 

To harmonize the SNP set across the individual studies and facilitate downstream meta-

analysis, all post-QC genotypes – with exception for the already imputed UKB genotypes 

- were imputed. To this end, the genotype data from each cohort were phased using 

Eagle (Loh et al., 2016) and imputed against the 1000 Genomes reference panel using 

minimac3 (Das et al., 2016). Details on the imputation of the UKB cohort can be found 

in the original publication (Bycroft et al., 2018). 

In summary, QC led to the exclusion of 356 individuals (26 patients, 330 controls); the 

final number of patients and controls per cohort is given in Table 5. More detailed 
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information on the number of excluded individuals per cohort as well as the reason 

behind their exclusion is provided in Table S8 in APPENDIX A4.  

Both, pre-imputation QC and imputation, were performed by Dr. Carlo Maj (Institute for 

Genomic Statistics and Bioinformatics, University of Bonn, Germany).   

Single marker association analysis  

For each individual cohort, association analysis was performed using SAIGE (Zhou et al., 

2018), which accounts for inflated type I error rates in the presence of unbalanced case-

control ratios using a generalized mixed model. Prior to the analysis, all post-imputation 

variants were filtered for a MAF ³ 0.01 and an imputation score ³ 0.3. Sex and the first 

four PCs were included as covariates into the model.  

3.7.2 Meta-analysis (metaEUR) 

Preceding the meta-analysis, all GWAS summary statistics were harmonized. This 

included filtering of SNPs for a MAF ³ 0.01 and an imputation score ³ 0.3, the removal 

of duplicated and multiallelic SNPs, and the alignment of SNP IDs. Subsequently, a fixed-

effects meta-analysis was conducted using METAL (V.2011-02-25; Willer et al., 2010), 

by weighting the effect size estimates with the inverse of the corresponding standard 

error under genomic control correction. For all downstream analyses, only SNPs 

analyzed in the patients of the CHB-CVDC/DBDS cohort and the patients of at least four 

other cohorts were considered. Consequently, all variants contained in the metaEUR 

analysis were investigated in at least 67.1% of all patients and 92.5% of all controls. 

Genome-wide significance was defined at P < 5x10-8. Loci that reached a p-value of less 

than 1x10-5 were considered suggestive (Lander and Kruglyak, 1995). Heterogeneity 

between the meta-analysis cohorts was assessed using the heterogeneity scores 

Cochrans Q and I2 index as implemented in METAL. Significant heterogeneity between 

studies is reflected in a heterogeneity p-value (HetP) < 0.05.  

3.7.3 Leave-one-out polygenic risk score analysis  

PRS were calculated for all cohorts with available individual-level genotype data (Table 

5). Given the lack of a large independent GWAS sample, the analyses were performed in 

a leave-one-out setting. This means that the PRS for each individual of a given cohort 

(target data) was based on effect size estimates derived from a meta-analysis of the 

remaining cohorts (base data). 
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QC of target and base data was performed according to published parameters (Choi et 

al., 2020). In short, for the effect size estimation, a set of highly informative SNPs was 

derived by filtering variants for (i) a MAF ³ 0.01, (ii) an imputation score ³ 0.8, and (iii) 

by removing duplicated and ambiguous SNPs. Finally, the remaining SNPs were 

clumped by discarding SNPs within a 500 kb window that showed LD (r2 > 0.1) with 

another more significant marker. QC of the target data comprised (i) standard GWAS QC, 

(ii) removal of duplicated SNPs, and (iii) removal of related samples (up to 3rd degree 

kinship, kinship coefficient > 0.0442). PRS were calculated using the “C+T” approach 

(SNP clumping/p-value thresholding) as implemented in PRSice-2 (v2.3.3 (2020-08-05); 

Choi and O’Reilly, 2019). According to this approach, PRS were calculated at ten different 

p-value thresholds (5x10-8, 1x10-6, 1x10-4, 0.001, 0.01, 0.05, 0.1, 0.2, 0.5 and 1.0) based 

on the weighted sum of clumped variants. To test the association between the calculated 

PRS and ACEi-AE case-control status, standard logistic regression including the same 

covariates as in the single marker association testing (sex, PC1-4) was performed. Finally, 

to calculate the proportion of variance explained (Nagelkerke’s R2), scores from a full 

model (covariates and PRS) and a reduced model (covariates only) were compared.  

3.7.4 Identification of risk loci, functional annotation, and gene prioritization  

The FUMA platform (FUnctional Mapping and Annotation of GWAS; version 1.4.1; 

Watanabe et al., 2017) was used to define genomic risk loci, functionally annotate the 

SNPs within these loci, and prioritize the most likely causal genes.  

First, independent significant SNPs were defined as those that were genome-wide 

significant (P < 5x10-8) and independent at r2 < 0.6. For this, LD structures derived from 

pre-calculated LD scores of the European 1000 Genome reference population (Auton et 

al., 2015) were used. In a second step, all SNPs with an r2 > 0.6 in relation to any of the 

identified independent SNPs were included into the risk locus (“candidate variants”). 

Subsequently, independent significant SNPs that were independent at r2 < 0.1 were 

defined as independent lead SNPs within the locus. Moreover, LD blocks of independent 

significant SNPs less than 250 kb apart from each other were merged into one risk locus. 

Suggestive risk loci were defined accordingly except for the p-value thresholds which 

were set to P < 1x10-5 for independent significant SNPs and P < 0.05 for candidate 

SNPs. Functional annotation of all SNPs within the pre-defined genome-wide significant 
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and suggestive risk loci was performed using ANNOVAR (Wang et al., 2010), CADD scores 

(scores > 12.37 indicate suggestive deleterious SNPs; Kircher et al., 2014; Amendola et 

al., 2015), RegulomeDB scores (lower scores indicate a higher potential of a regulatory 

function; Boyle et al., 2012), and chromatin state annotations based on five chromatin 

marks for 127 cell/tissue types in the Roadmap Epigenomics Project (scores £ 7 indicate 

higher accessibility of the genomic regions, Roadmap Epigenomics Consortium, 2015). 

Gene prioritization at the genome-wide significant risk loci was performed employing 

three different approaches embedded in FUMA: (i) positional mapping, (ii) eQTL 

mapping, and (iii) 3D chromatin interaction mapping. Positional mapping was performed 

on the basis of potential deleterious SNPs using ANNOVAR annotations and CADD 

scores. In the case of intergenic SNPs, a maximum distance of 10 kb was set to assign 

SNPs to genes. Using eQTL information from 44 tissue types (GTEx v8; Lonsdale et al., 

2013) SNPs within the risk loci were assigned to genes within a distance of up to one 

megabase (cis-eQTLs). Here, SNP-gene pairs with a false discovery rate (FDR) < 0.05 

were considered significant. Lastly, 3D DNA-DNA interactions between SNPs at the risk 

loci and other regions (genes) in the genome were explored using Hi-C data derived from 

21 different tissue and cells type (Schmitt et al., 2016). The significance threshold here 

was set at an FDR < 1x10-6. 

3.7.5 Gene-based tests, gene-set and tissue expression analyses 

To analyze the joint effects of the genetic markers detected in the GWAS meta-analysis 

gene- and gene-set analyses were performed using MAGMA (Multi-maker Analysis of 

GenoMic Annotation v1.08; de Leeuw et al., 2015) as implemented FUMA. In data pre-

processing, SNPs were assigned to genes within a window size of 35 kb upstream and 

10 kb downstream of a protein-coding gene to also include regulatory regions 

(O’Dushlaine et al., 2015). SNPs mapping within the pre-defined window were then used 

to compute gene-based p-values (SNP-wise mean model). Taking into account the 

number of tested protein-coding genes (n = 18,983) the genome-wide significance 

threshold for the gene-based test was defined at a p-value of 2.63x10-6 (= 0.05/18,983). 

Following that and based on the obtained gene-level p-values, genes were further 

aggregated to the level of gene sets and using a competitive gene-set analysis jointly 

tested for association. Gene-sets included in the analysis were obtained from MSigDB 
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(Molecular signatures database v7.0; Subramanian et al., 2005; Liberzon et al., 2011) 

and comprised “curated gene sets” (n = 5,500) as well as “GO (gene ontology) terms” 

(n = 9,996). For the gene-set analysis a Bonferroni-corrected p-value of 3.23x10-6 (= 

0.05/15,496) was considered genome-wide significant. In addition, to determine if the 

assigned genes showed tissue-specific expression levels, a gene property analysis in 53 

GTEx tissues (v8 release; Lonsdale et al., 2013) was performed. 

3.7.6 Statistical fine-mapping analysis  

Summary statistics based fine-mapping was performed using SuSiE (Sum of single 

effects; Wang et al., 2020; Zou et al., 2022), as implemented in PolyFun (Polygenic 

functionally informed fine-mapping; Weissbrod et al., 2020). As individual-level genotype 

data were not available for all meta-analysis cohorts, fine-mapping was performed using 

two different LD correlation matrices for comparison. These were (i) pre-computed LD 

scores derived from a large-scale UKB data set (N = 337K un-related British ancestry 

individuals; as provided by PolyFun), and (ii) LD scores derived from the Danish GWAS 

cohort (N = 1,542; obtained from PLINK files using LDstore 2.0), as this ethnicity is 

representative for the majority of all meta-analysis individuals. The model was based on 

a fine-mapping window of one megabase surrounding the respective lead SNP and N = 

5 as the maximum number of causal SNPs per locus.   

3.7.7 LD score regression analyses 

LD score regression (Bulik-Sullivan et al., 2015)  was used to (i) estimate the SNP-based 

heritability of ACEi-AE, and (ii) evaluate the genetic overlap between ACEi-AE and a 

selection of associated traits and diseases. Both analyses were performed using LDSC 

(v.1.0.1; Bulik-Sullivan et al., 2015) and were based on an ACEi-AE meta-analysis without 

genomic control correction, additionally filtered for high confidence variants (imputation 

score ³ 0.8).  

Heritability estimates were determined on the liability scale taking into account the 

sample prevalence as well as the lower and upper limit of the 12-month population 

prevalence estimate for ACEi-AE (0.004% to 0.026%; Aygören-Pürsün et al. 2018). 

Cross-trait LD score regression was performed using publicly available GWAS summary 

statistics (Table S9 in APPENDIX A4). Overall, nine traits were tested including five ACEi-

AE associated traits and diseases (hypertension, asthma, blood clot in the leg (deep vein 
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thrombosis (DVT)), blood clot in the lung, intake of renin angiotensin-agents), three 

reported risk factors (smoking (Morimoto et al., 2004), hay fever/allergic rhinitis (Kostis 

et al., 2005; Mahmoudpour et al., 2016) and coronary artery disease (Miller et al., 2008)) 

and one reported protective factor (diabetes (Kostis et al., 2005; Byrd et al., 2008; Miller 

et al., 2008)). To address the potential influence of hypertensive or ACEi-related 

association signals, arising from the population-based controls present in three of the 

GWAS cohorts (~ 8.5% of all controls), (nominally) significant results were re-analyzed 

using a stratified metaEUR analysis that included only cohorts with treatment-matched 

controls (Ncase/Ncontrol = 878/71,200; Table 5). To account for multiple testing, the 

obtained p-values were Bonferroni corrected for the number of investigated trait pairs (n 

= 9) and the re-analysis of three nominally significantly associated traits (Padjust = 

0.05/12 = 0.0041).  

3.7.8 Cross-ancestry comparison and meta-analysis (metaALL) 

The available African-American GWAS cohort (VanMarAFR) was used to explore whether 

ACEi-AE shares common genetic variants across different ancestries.  

First, the collective contribution of common variants in African-American individuals was 

assessed by PRS. For this, PRS were calculated as described in Section 3.7.3 using effect 

size estimates derived from the European individuals (metaEUR data). Next, a fixed-effects 

meta-analysis under genomic control correction was performed between the VanMarAFR 

and metaEUR data using METAL (metaALL). Subsequently, the obtained variants were 

filtered and grouped into genomic risk loci as has been done for the metaEUR data (see 

Sections 3.7.2 and 3.7.4). Finally, the effect sizes and effect allele frequencies of the 

metaEUR lead SNPs were compared between the two ancestries. To this end, effect alleles 

were aligned and Pearson correlation coefficients were calculated.  
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4 Results 

4.1 Candidate gene analysis in an ACEi/ARB-AE cohort 

The results of this study have been published as an original article in Frontiers in Genetics 

(Mathey et al., 2022).  

4.1.1 Pre-sequencing, sample and variant QC 

To ensure a homogeneous study cohort with comparable genetic variant profiles (e.g., in 

terms of allele frequencies), kinship, ancestry and population stratification were 

investigated.  

The kinship analysis revealed five pairs of first-degree relatives (one pair of patients, four 

pairs of controls), for each of which one individual was excluded from the study cohort. 

The subsequent PCA revealed four patients with an assigned Non-European ancestry 

(Figure 9), and an additional four patients were identified as population outliers within 

the study cohort (Figure S3 in APPENDIX B1).  

 

 

Figure 9 | Ancestry inference using 1000 Genomes as a reference data set. 

Individuals of the 1000 Genomes data set are represented by circles and colored according to their 
assigned superpopulation. Individuals of the study cohort are represented by black triangles filled 
with the color corresponding to their inferred ancestry. In total, four individuals were identified as 
outlying: three individuals with African ancestry (red triangles) and one individual with Ad Mixed 
American ancestry (light blue triangle). Abbreviations: AFR, African | AMR, Ad Mixed American | 
EAS, East Asian | EUR, European | PC, principal component | SAS, South Asian | NA, not available.  
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Removal of all outlying individuals resulted in a total number of 203 patients and 348 

controls which ultimately underwent smMIP sequencing.  

Sequencing was performed in two separate runs which achieved mean coverages of 

245x and 239x, respectively. A stratified comparison of the mean coverages revealed no 

significant inter-run differences between patients and controls sequenced in different 

runs. However, patients sequenced in the first and controls sequenced in the second run 

showed a significantly higher coverage compared to the patients sequenced in the 

second run (Figure S4 in APPENDIX B1). Given that the mean coverage in each of the 

three groups was well above 220x, this should not have impacted downstream variant 

detection.  

The sample-level QC criteria were met by 543 individuals (> 98%, 197 patients and 346 

controls). Variant annotation was performed separately for patients and controls and 

resulted in a total of 74 identified variants in patients and 104 identified variants in 

controls. During variant-level QC 24 variants in patients (18 in QC stage one, six in QC 

stage two) and 31 variants in controls were excluded. Finally, merging of the post-QC 

variants resulted in a total of 85 independent variants.  

4.1.2 Clinical characteristics of the final analysis cohort 

The final study cohort included 197 ACEi/ARB-AE patients (46.5% females, 53.5% 

males) and 346 controls (55.8% females, 44.2% males). The mean age for the 

development of the angioedema (age at event) was 65.1 years (54-71 years, interquartile 

range). In over two thirds of all patients (73.1%), more than one year elapsed between 

the first intake of an ACEi/ARB and the onset of the angioedema (time-to-onset).  

The angioedema was caused by an ACEi in 87% of all investigated patients, whereas 

ARBs were reported as causal in 13% of patients. However, the most frequently reported 

ACEi/ARB differed between the cohorts. While Ramipril was the most frequently 

suspected drug in the vARIANCE patients (66% of all ACEi-AE), it was Enalapril in the 

Danish and Swedish patients (67.3% and 92% of all ACEi-AE, respectively). Among all 

ARB-AE cases, Candesartan was the most frequently reported drug in the vARIANCE and 

Swedish patients (45.5% and 62.5% of all ARB-AE, respectively), while in the Danish 

patients it was Losartan (83.3% of all ARB-AE). A detailed overview of the baseline and 

clinical characteristics of the three patient cohorts is given in Table 6. 
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Table 6 | Baseline and clinical characteristics of all post-QC patients stratified per cohort. 

 

 vARIANCE 
(N = 64) 

Denmark 
(N = 62) 

Sweden 
(N = 71) 

Female : Male  
(%) 50.0 : 50.0 51.6 : 48.4 38.0 : 62:0 

Age at event  
(years, IQR) 63 (54-70) 65 (55-75) 67 (63-71) 

Time-to-onset 
(N, %) 

1-3d 2 (3.2%) 3 (9.1%) 4 (6.5%) 

4-14d 4 (6.5%) - 3 (4.8%) 

2w-2m 2 (3.2%) - 3 (4.8%) 

2m-1y 5 (8.1%) 3 (9.1%) 16 (25.8%) 

> 1y 49 (79.0%) 17 (81.8%) 36 (58.1%) 

Suspected ACEi,  
N (%) 

Total, 50 (82.0): Total, 55 (90.2): Total, 63 (88.7): 
Ramipril, 33 (66.0) 
Lisinopril, 10 (20.0) 
Enalapril, 7 (14.0) 

Enalapril, 37 (67.3) 
Ramipril, 8 (14.5) 

Trandolapril, 4 (7.3) 
Lisinopril, 3 (5.5) 

Perindopril, 1 (1.8) 
NA, 1 (1.8) 

Enalapril, 58 (92.1) 
Ramipril, 5 (7.9) 

Suspected ARB, 
N (%) 

Total, 11 (18.0): Total, 6 (9.8): Total, 8 (11.3): 
Candesartan, 5 (45.5) 

Valsartan, 3 (27.3) 
Telmisartan, 2 (18.2) 

Irbesartan, 1 (9.1) 

Losartan, 5 (83.3) 
Irbesartan, 1 (16.7) 

Candesartan, 5 (62.5) 
Losartan, 3 (37.5) 

Age at event was not available for one patient of the vARIANCE cohort and two patients of the 
Denmark cohort. For two vARIANCE, 29 Danish and nine Swedish patients, no data on the time-to-
onset was available. Percentages were therefore calculated on the basis of N = 62, N = 33 and N 
= 62 for the vARIANCE, Danish and Swedish patients, respectively. Data on the suspected 
angioedema triggering ACEi/ARB are only based on N = 61 patients for the vARIANCE and Danish 
cohort, as for one Danish patient no information on the suspected drug was available and for three 
vARIANCE patients two different suspected drugs were reported. Abbreviations: ACEi, angiotensin-
converting enzyme inhibitor | ARB, angiotensin-II-receptor blocker | d, days | IQR = interquartile 
range | m = months | N, number of individuals | NA = not available | w = weeks | y = years.  

 

4.1.3 ACEi/ARB-AE patients: screening for pathogenic HAE-associated variants 

Overall, 56 variants were identified in the ACEi/ARB-AE patients after QC stage one. 

Evaluation of these variants in the HGMD revealed that none of them represents a known 

pathogenic HAE variant. In fact, only one missense variant identified in exon 6 of the F12 

gene (rs35515200; NM_000505.4:c.418C>G; p.L140V), was listed in the HGMD and 

reported as associated with deep vein thrombosis (Lotta et al., 2012). In the present 

study, this particular variant was identified in a heterozygous state in two patients and 

three controls and showed no significant association (P > 0.999) with ACEi/ARB-AE. 

Moreover, a re-evaluation of the variant according to the ACMG guidelines (Richards et 
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al., 2015) indicated the variant to be of uncertain significance. As such, the relevance of 

this finding is not readily apparent. 

4.1.4 Patients vs. controls: single variant association and enrichment analyses  

Of the 85 independent variants identified in patients and controls, 15 were common 

(MAF ³ 0.05) and 70 were rare (MAF < 0.05). With the exception of two variants, all rare 

variants were found in a heterozygous state. One variant in the F12 gene and one variant 

in the PLG gene, however, occurred homozygously in one patient and in one control, 

respectively.  

A Fisher’s exact test at the single variant level revealed that none of the identified variants, 

common or rare, showed a significant association (P < 0.05) with ACEi/ARB-AE. The top 

five rare variants, which showed the lowest p-value are listed in Table 8.  

The further prioritization of rare (MAF < 0.05), potentially functional (CADD ³ 10) 

variants, resulted in 42 variants. Across all genes, the number of individuals who carried 

at least one prioritized variant was statistically higher in controls than in patients (P = 

0.015). However, this finding was no longer significant after correction for multiple 

testing (Padjust = 0.091). The same trend was observed at the level of single genes. The 

difference, though, was only nominally significant for the F12 gene (P = 0.033) and again 

this finding did not withstand correction for multiple testing (Padjust = 0.199). The 

complete results of the enrichment analyses are summarized in Table 7.  

 

Table 7 | Enrichment analyses of rare, potentially functional variants. 

 

 

 

 

Nominal significant values are written in bold. Abbreviations: N, number of individuals |P, p-value 
| Padjust, Bonferroni adjusted p-value. 

 
 Patients carrying  

³ 1 prioritized variant 
 Controls carrying  

³ 1 prioritized variant 
 

  

Gene  N %  N %  P Padjust 

ANGPT1  8 4.1  22 6.4  0.330 >0.999 

F12  4 2.0  21 6.1  0.033 0.199 

KNG1  21 10.7  57 16.5  0.075 0.448 

PLG  19 9.6  37 10.7  0.770 >0.999 

SERPING1  1 0.5  5 1.4  0.425 >0.999 

Whole panel  47 23.9  118 34.1  0.015 0.091 
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Table 8 | Top five rare variants identified in re-sequencing. 

 

Abbreviations: AA, amino acid | AC cases/ctrls, allele count in the cases/controls (total sample = 197 cases, 346 controls) | Alt, alternative allele | Chr, chromosome | CADD, 
Phred-scaled combined annotation dependent depletion score; version 1.6 | HGVS, human genome variant society | P,  p-value | Padjust, Bonferroni corrected p-value | Pos, 
genomic position according to the Genome Reference Consortium human build 37 (GRCh37/hg19) | Ref, reference allele | rsID, reference SNP cluster ID | SNV, single 
nucleotide variant.

Gene Chr 
Pos 

(hg19) 
Ref/Alt 

AA 
change 

rsID 
(dbSNP155) 

Consequence 
HGVS 

nomenclature 
CADD 
(v1.6) 

AC 
cases/ 
ctrls 

P Padjust 

PLG 6 161152905 C/T R523W rs4252129 
Non-synonymous 

SNV 
NM_000301.5: 

c.1567C>T 
19.54 0/8 0.057 >0.999 

F12 5 176831826 C/G A207P rs17876030 
Non-synonymous 

SNV 
NM_000505.4: 

c.619G>C 
13.18 2/14 0.064 >0.999 

KNG1 3 186461524 C/T 
R376X, 
R412X 

rs76438938 Stopgain 

NM_001166451.2: 
c.1126C>T, 

NM_000893.4: 
c.1234C>T 

16.28 6/24 0.081 >0.999 

PLG 6 161134069 G/A R153R rs144153702 Synonymous 
SNV 

NM_000301.5: 
c.459G>A 

11.19 2/0 0.131 >0.999 

PLG 6 161137790 G/A R261H rs4252187 Non-synonymous 
SNV 

NM_000301.5: 
c.782G>A 

27.70 4/3 0.263 >0.999 
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4.1.5 Power and sample size analyses 

The candidate gene analysis included all ACEi/ARB-AE patients available to us at that 

time. Given the non-significant results, a power analysis was performed to determine its 

overall power to detect variants with a MAF < 0.05 or < 0.01. The analysis revealed 80% 

power to detect variants with an OR of 2.2 and a MAF < 0.05. For even rarer variants 

(MAF < 0.01) an OR of only 6.2 would have been detectable (Figure 10A). In turn, the 

detection of variants with a MAF < 0.05 and an OR below 2.2 would have required a 

substantial increase in sample size. For instance, with an approximately 2-fold increase 

in total sample size (Ntotal = 1,082), variants with an OR of ~ 1.75 would have been in 

the detectable range (Figure 10B). 

 

 
Figure 10 | Power analysis and sample size calculation results. 

(A) Power calculation on the basis of the final sample size (Ncase/Ncontrol = 197/346), a 
significance level of 0.05 and an additive genetic model. (B) Calculation of the total number of 
samples (Ntotal) that would have been required to detect variants with odds ratios lower than the 
odds ratios that could be detected with the present study cohort. The model was based on a case 
rate of 0.36, variants with a MAF < 0.05 and assumes an additive genetic model, a significance 
level of 0.05 as well as a power of 80%. The sample size of the present study cohort is represented 
by the grey triangle. Abbreviations: MAF, minor allele frequency | N, number of individuals.  
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4.2 Genome-wide meta-analysis of ACEi-AE  

The results of this study have been published as an original article in The Journal of 

Allergy and Clinical Immunology (Mathey et al., 2024).  

4.2.1 ACEi-AE risk loci: single marker association results (metaEUR) 

The metaEUR analysis included a total of 1,060 ACEi-AE patients and 77,799 controls 

from eight independent GWAS cohorts, all of European ancestry (Table 5). By analyzing 

~ 6.99 million markers, the meta-analysis identified three genome-wide significant risk 

loci, mapping to 1q24.2, 14q32.2, and 20q11.22 (Figure 11, Table 9). The locus on 

chromosome 20q11.22 represent a novel risk locus for ACEi-AE, whereas the other two 

loci have been described previously. The 14q32.2 locus was first identified as genome-

wide significant in the GWAS by Ghouse et al. (2021), whose discovery cohort was part 

of the present meta-analysis. The 1q24.2 locus was identified in the study by Maroteau 

et al. (2020), although the association in this previous study was exome-wide significant 

only (P < 1x10-6). 

The most significant association in the present analysis, that is the locus with the lowest 

p-value, was identified at chromosome 14q32.2 (top SNP rs35136400, P = 1.28x10-12, 

OR = 1.50). SNP rs35136400 is located approximately 50kb upstream of the gene 

BDKRB2 (Figure 12B). Moreover, the SNP was found to be in near-perfect LD with 

rs34485356 (r2 = 0.971), the most significant SNP in the GWAS in which this locus was 

first reported (Ghouse et al., 2021). 

The second most significant association was found on chromosome 1q24.2. Top SNP at 

this locus was rs6687813 (P = 2.67x10-10, OR = 1.70), an intergenic variant 

approximately 5.8 kb downstream of the gene F5 (Figure 12A). In the previous study the 

coding variant rs6025, also known as Factor V Leiden mutation, was reported as the lead 

SNP at this locus (Maroteau et al., 2020). The SNP rs6025 was also among the genome-

wide significant SNPs in the present meta-analysis (P = 5.81x10-9) and was found to be 

only in low LD with rs6687813 (r2 = 0.172).  

The third most significant association mapped to chromosome 20q11.22, a locus that 

had not yet been reported as associated with ACEi-AE risk. Top SNP at this locus was 

rs6060237 (P = 3.47x10-8, OR = 0.70), an intergenic variant approximately 9 kb 

downstream of the gene EDEM2 (Figure 12C). 
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Manhattan plot displaying the -log10 association p-values (vertical axis) against the genomic position (horizontal axis) of all analyzed SNPs. The 
threshold for genome-wide significance (P = 5x10-8) is indicated by the gray dotted line. Loci reaching genome-wide significance are highlighted 
(lead SNP ±500 kb) in red (novel locus) and orange (previously reported loci). Abbreviations: kb, kilobase | SNP, single nucleotide polymorphism. 

Figure 11 | Manhattan plot of the metaEUR analysis. 
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Regional association plots displaying the genomic region (±400 kb) surrounding the top SNP at 
each of the genome-wide significant loci. In each plot, the top SNP is denoted by the purple 
diamond, all other SNPs are colored according to their linkage disequilibrium (r2) with the 
respective top SNP: red (0.8 < r2 < 1), orange (0.6 < r2 £  0.8), green (0.4 < r2 £  0.6), light blue (0.2 
< r2 £ 0.4), and dark blue (r2 £ 0.2). Abbreviations: kb, kilobase | SNP, single nucleotide 
polymorphism.  

Figure 12 | LocusZoom plots for the 1q24.2 (A), 14q32.2 (B), and 20q11.22 (C) risk loci. 
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4 Results 

 65 

The risk loci on chromosomes 1q24.2 and 20q11.22 showed effect sizes and effect 

directions that were consistent across studies (HetP = 0.723 and HetP = 0.201, 

respectively), whereas a nominally significant in-between study heterogeneity (HetP = 

0.024) was observed at the previously reported 14q32.2 locus. This is probably 

attributable to the opposite effect direction observed in one of the eight GWAS cohorts 

(Figure S5 in APPENDIX B2). 

 

Table 9 | Genome-wide significant risk loci identified in the metaEUR analysis. 

Abbreviations: Chr, chromosome | Pos, genomic position (hg19) | A1/A2, effect allele/other allele | FreqA1, 
effect allele frequency in the combined case-control cohort | OR, odds ratio of the effect allele | CI, 
confidence interval | P, p-value |Het I2, heterogeneity I2| HetP, heterogeneity p-value.  

 

Besides the three genome-wide significant loci, 20 additional loci showed a borderline 

association (P < 1x10-5) with ACEi-AE. These loci mapped to chromosome 2 (2p22.2, 

2q24.1, 2q36.1), chromosome 3 (3p24.1), chromosome 5 (5p15.2, 5q12.3, 5q13.3, 

5q23.1), chromosome 7 (7p15.2, 7p15.1, 7q22.1), chromosome 8 (8p23.3, 8q12.2, 

8q24.3), chromosome 10 (10p12.1), chromosome 12 (12q23.3), chromosome 19 

(19p13.2, 19q13.2 (2x)) and chromosome 21 (21q22.12). More detailed information on 

the lead SNPs of these suggestive loci are provided in Table S9 in APPENDIX B2.  

4.2.2 Leave-one-out polygenic risk score analysis 

The consistency of the ACEi-AE phenotype across the metaEUR cohorts was assessed in 

leave-one-out PRS analyses. Naturally, this was only possible for cohorts with available 

individual-level genotype data, i.e., for five out of the eight GWAS meta-analysis cohorts 

(see Table 5).  

Overall, the PRS analyses revealed a positive direction of the polygenic signal alongside 

a significant prediction of the ACEi-AE case-control status in all five investigated GWAS 

cohorts (Figure 13, left panel). The maximum variance explained by the PRS ranged from 

1.10% (vARIANCE) to 5.37% (VanMarEUR).   

Lead SNP Chr Pos A1/A2 FreqA1 OR 95% CI P Het I2 HetP 

rs6687813 1 169477574 A/C 0.083 1.70 1.54-1.87 2.67x10-10 0 0.723 

rs35136400 14 96619480 A/G 0.774 1.50 1.39-1.61 1.28x10-12 56.5 0.024 

rs6060237 20 33694210 A/G 0.855 0.70 0.57-0.83 3.47x10-8 28.5 0.201 
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Figure 13 | Polygenic risk score analysis results. 

Leave-one-out PRS results of the five European GWAS cohorts (left panel) in comparison to the 
PRS results of the African-American GWAS cohort (right panel), which were based on the effect 
sizes derived from the metaEUR data. For each cohort, PRS across the ten tested p-value thresholds 
are displayed. The statistical significance of the variance explained (R2) by the PRS is depicted 
above each bar: 1* = P < 0.05 | 2* = P < 0.01 | 3* = P < 0.005 | 4* = P < 1e-4. Abbreviations: 
GWAS, genome-wide association study | PRS, polygenic risk score.  

 

4.2.3 Bioinformatics follow-up analyses  

4.2.3.1 Functional annotation of lead and candidate SNPs 

Overall, 231 SNPs with a p-value < 1x10-5 were found to be in moderate to high LD (r2 

> 0.6) with a lead SNP and thus considered "candidate SNPs" at the three genome-wide 

significant loci. As is typical for GWAS findings, SNPs within the risk loci were almost 

exclusively found to be located in the non-coding regions of the genome. In addition, the 

functional annotation results of several SNPs indicated their potential involvement in 

gene regulation and/or regulatory effects on transcription factor binding.  

Only five of the SNPs mapped to exonic regions of the genome. Of these five SNPs, three 

were found to have high CADD scores thereby indicating a potential deleterious effect 

on protein function: rs6025 (“Factor V Leiden”; located in exon 10 of F5, CADD = 18.92); 

rs867186 (located in exon 4 of PROCR, CADD = 16.65); and rs80109502 (located in 

exon 38 of MYH7B, CADD = 17.02). The annotation results of all candidate SNPs at the 

genome-wide significant loci are provided in Table S10 in APPENDIX B2.  
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4.2.3.2 Gene prioritization  

To pinpoint the most likely causal genes at the three genome-wide significant loci, all 

lead and candidate SNPs within these loci were assigned to genes based on their 

genomic location and deleteriousness, effect on gene expression and 3D chromatin 

interactions.  

Altogether, 84 genes were prioritized at the three risk loci. Broken down by locus, 32 

genes were mapped at 1q24.2, 21 genes were mapped at 14q32.2, and 31 genes were 

mapped at 20q11.22. Broken down by method, five genes were prioritized by deleterious 

SNPs in their physical distance, for 21 genes significant eQTL effects were identified, 

while 80 genes were found to have significant chromatin interactions with the tested 

SNPs. A total of 21 genes were supported by at least two lines of evidence (Figure 14, 

Table S11 in APPENDIX B2).  

 

Locus-wise overview of all genes that were prioritized by at least two mapping strategies: positional 
mapping of deleterious SNPs (posMap), effects on gene expression (eQTLMap), or chromatin 
interactions (ciMap).  

 

At the 1q24.2 locus, two genes (NME7, SLC19A2) were prioritized by all three mapping 

strategies. Moreover, six additional genes were supported by two strategies: eQTL effects 

and chromatin interactions were found for three genes (C1orf112, METTL18, SELE), while 

another three genes (ATP1B1, CCDC181, F5) were tagged by positional and chromatin 

Figure 14 | Prioritized genes at the genome-wide significant loci. 
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interaction mapping. Gene mapping at 14q32.2 revealed two genes (BDKRB1, BDKRB2), 

which were prioritized by two lines of evidence, eQTL and chromatin interactions. At the 

20q11.22 locus, four genes (EDEM2, MYH7B, PROCR, TRPC4AP) were prioritized by all 

three strategies, while another six genes (ACSS2, EIF6, FAM83C, GGT7, MAP1LC3A, 

MMP24) were supported by the mapping of eQTL effects and chromatin interactions. 

4.2.3.3 Fine-mapping analysis 

Statistical fine-mapping revealed one 95% credible set at each genome-wide significant 

locus. The 95% credible sets comprised 15, 40, and 120 SNPs at the 1q24.2, 14q32.2 

and 20q11.22 locus, respectively.  

 

 

Figure 15 | Fine-mapping results of the genome-wide significant loci. 

Results of the fine-mapping analysis using (i) an external UK Biobank sample (upper panels), or 
(ii) the Danish GWAS cohort (middle panels) as LD reference. In the lower plots the GWAS 
association results are displayed. SNPs contained in the 95% credible set are highlighted in purple. 
Abbreviations: GWAS, genome-wide association study | LD, linkage disequilibrium | PIP, posterior 
inclusion probability | P, p-value.   

 

Irrespective of the LD reference used – pre-calculated UKB LD scores or LD scores 

derived from the internal Danish GWAS cohort – the exact same SNPs (with the exception 

of one SNP at the 20q11.22 locus) were retrieved. Moreover, the posterior inclusion 

probabilities (PIPs) obtained with either LD reference panel were virtually identical with 

only subtle differences in decimal places (Figure 15). The retrieved PIPs were in general 
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rather low. For instance, the maximum PIP was 12.5%, detected at the 20q11.22 locus, 

while the other two loci showed a maximum PIP of only 8.1% (1q24.2 locus) and 3.5% 

(14q32.2 locus).  

4.2.4 Gene-based tests, gene-set, and tissue enrichment analyses  

In aggregating the association results to the level of genes, two genes were found to be 

significantly associated with ACEi-AE after correction for multiple testing (Figure 16). 

These were TMEM119 (P = 7.66x10-6), and EDEM2 (P = 2.39x10-6).  

Moreover, the 50 genes with the lowest p-value (Table S12 in APPENDIX B2) included 

two genes previously reported in the context of ACEi-AE: BDKRB2 (P = 8.74x10-5); and 

F5 (P = 3.08x10-4). In addition, another potentially interesting gene, namely KNG1 (P = 

1.65x10-3), was identified among the top 50 genes. KNG1 is known to harbor a 

pathogenic variant associated with an HAE subtype (HAE-KNG1, see Table 2) and may 

therefore be a biologically plausible candidate gene for ACEi-AE. 

 

 

Figure 16 | Gene-based analyses results. 

Manhattan plot displaying the -log10 association p-values of the gene-based test (vertical axis) 
against the genomic position of the respective gene (horizontal axis). The dotted line indicates the 
Bonferroni corrected threshold for genome-wide significance (P = 2.63x10-6).  

 

The gene-set enrichment analysis did not reveal any significantly associated gene-sets. 

However, 607 gene-sets with a nominally significant enrichment were identified, 
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including biologically plausible pathways such as “go_endothelial_cell_activation”. Table 

S13 in APPENDIX B2 lists all gene-set that reached a p-value < 10-3.  

Similarly, a tissue enrichment analysis of the genes identified by MAGMA only revealed 

nominally significant associations for eight of the 53 tested GTEx tissue types (Figure S6 

in APPENDIX B2).  

4.2.5 SNP-based heritability  

Using LD score regression (Bulik-Sullivan et al., 2015), the liability-scale SNP-based 

heritability for ACEi-AE was estimated to range between 4.2% (±2.6%) and 5.2% (±3.2%), 

taking into account the lower and upper bounds of the population prevalence estimate 

for ACEi-AE (Aygören-Pürsün et al., 2018).  

4.2.6 Genetic correlation analyses 

Cross-trait LD score regression (Bulik-Sullivan et al., 2015) revealed no significant genetic 

correlation between ACEi-AE and any of the four tested previously reported risk or 

protective factors.  

Table 10 | Genetic correlation analyses results. 

Genetic correlation was tested for all nine traits using the metaEUR data (Ncase/Ncontrol = 
1,060/77,799). Further, all nominally significant associated traits were re-assessed using a 
stratified metaEUR analysis comprising only cohorts with treatment-matched controls (Ncase/Ncontrol 
= 878/71,200). The displayed p-values are uncorrected. Nominal significant results are shown in 
bold font. Abbreviations: DVT, deep vein thrombosis | rg, genetic correlation | PLDSC, p-value 
obtained from LDSC | SE, standard error. 

 

Among the other five investigated traits nominally significant, positive genetic 

correlations were found for ACEi-AE and hypertension (rg = 0.268, SE = 0.122), asthma 

  metaEUR  Stratified metaEUR 

Trait  rg SE PLDSC  rg SE PLDSC 

Hypertension  0.268 0.122 0.028 
 

0.160 0.099 0.107 

Asthma  0.419 0.200 0.036 
 

0.409 0.214 0.056 

Blood clot leg (DVT)  0.028 0.257 0.912 
 

- - - 

Blood clot lung  0.107 0.267 0.689 
 

- - - 

Intake of renin-angiotensin agents  0.281 0.127 0.027 
 

0.145 0.105 0.168 

Coronary artery disease  0.147 0.195 0.453 
 

- - - 

Hayfever/Allergic rhinitis  0.080 0.162 0.621 
 

- - - 

Smoking  0.121 0.088 0.166 
 

- - - 

Type 2 diabetes  0.197 0.110 0.073 
 

- - - 
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(rg = 0.419, SE = 0.200), and the intake of renin-angiotensin agents (rg = 0.281, SE = 

0.127). However, these nominally significant results did not withstand a re-evaluation 

using a stratified metaEUR analysis that included only treatment-matched controls (Table 

10, Figure S7 in APPENDIX B2). Especially for hypertension and the intake of renin-

angiotensin agents, the genetic correlations were substantially lower in the re-analysis. 

In contrast, asthma showed a comparable correlation using either the metaEUR or 

stratified metaEUR data. As such, the correlations observed for hypertension and the 

intake of renin-angiotensin agents might have been confounded by underlying 

hypertension-related genetic factors given the unscreened controls present in the 

metaEUR data (~ 8.5% of all controls; see Table 5). In turn, the stable genetic correlation 

seen for asthma might be reflective of actual shared genetic factors between those two 

traits.  

4.2.7 Explorative cross-ancestry comparison and meta-analysis (metaALL) 

The PRS results of the VanMarAFR cohort showed an overall positive signal with a 

maximum variance explained of 2.1% (Figure 13, right panel). As such, the variance 

explained by the PRS is comparable to that found in the European cohorts, despite the 

non-significant prediction of the ACEi-AE case-control status. 

The comparable and highly correlated effect size estimates (R = 0.7, Figure 17A) of the 

metaEUR lead SNPs in the metaEUR and VanMarAFR data, respectively, suggested that the 

risk loci contribute to ACEi AE risk in both ancestries. Moreover, a near-perfect positive 

correlation was observed for the lead SNPs effect allele frequencies (R = 0.99, Figure 

17B). 

The meta-analysis of the metaEUR data and the VanMarAFR cohort (metaALL) totaled 1,123 

ACEi-AE patients and 77,948 controls and identified three genome-wide significant loci 

(Table 11, Figure 18). These three loci were concordant with those identified in the 

metaEUR analysis, however, two of them were marked by a different lead SNP. The top 

SNP at the 14q32.2 locus was rs12888576 (P = 3.53x10-13, OR = 1.50), while the 

20q22.11 locus was marked by the SNP rs141521143 (P = 2.32x10-8, OR = 0.67).  
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Table 11 | Lead SNPs identified in the metaEUR and metaALL analysis. 

 

Note: At the risk locus on chromosome 1, the lead SNP was the same in both analyses. Otherwise, the lead SNPs are marked according to the respective meta-analysis: 
°metaEUR lead SNP; °°metaALL lead SNP. The effect directions are denoted as positive (+), negative (-), or SNP not present (?). The order of the GWAS cohorts is as follows; 
metaEUR: vARIANCE, Denmark, Sweden, VanMarEUR, Swedegene, CHB-CVDC/DBDS, UKB, EstBB; metaALL: vARIANCE, Denmark, Sweden, VanMarEUR, Swedegene, CHB-
CVDC/DBDS, UKB, EstBB and VanMarAFR. Abbreviations: Chr, chromosome | Pos, genomic position (hg19) | A1/A2, effect allele/other allele | FreqA1, effect allele 
frequency in the combined case-control cohort | OR, odds ratio | CI, confidence interval | P, p-value |Het I2, heterogeneity | HetP, heterogeneity p-value.  

 

 

     metaEUR 
 

metaALL 

Lead SNP Chr Pos A1/A2  FreqA1 OR 95% CI Direction P Het I2 HetP 
 

FreqA1 OR 95% CI Direction P Het I2 HetP 

rs6687813 1 169477575 A/C  0.083 1.70 
1.54 – 
1.87 

++++++++ 2.67x10-10 0 0.723  0.086 1.70 
1.54 – 
1.86 

+++++++++ 1.03x10-10 0 0.808 

rs35136400° 14 96611391 A/G  0.774 1.50 
1.39 – 
1.61 

+++++++- 1.28x10-12 56.5 0.024  0.769 1.47 
1.36 – 
1.58 

+++++++-+ 3.63x10-12 55.9 0.020 

rs12888576°° 14 96619480 A/G  0.775 1.50 
1.38 – 
1.61 

+++++++- 1.53x10-12 56.4 0.025  0.776 1.50 
1.39 – 
1.61 

+++++++-+ 3.53x10-13 50.3 0.041 

rs6060237° 20 33694210 A/G  0.855 0.70 
0.57 – 
0.83 

-+-----+ 3.47x10-8 28.5 0.201  0.854 0.71 
0.58 – 
0.83 

-+-----+- 5.65x10-8 25.8 0.215 

rs141521143°° 20 33723455 A/AATAAT  0.890 0.66 
0.51 – 
0.81 

-------? 6.79x10-8 0 0.838  0.879 0.67 
0.52 – 
0.81 

-------?- 2.32x10-8 0 0.904 
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Each dot represents a lead SNP that reached genome-wide significance in the metaEUR analysis. 
Horizontal and vertical lines in the left panel represent 95% confidence intervals of the effect 
estimates. Abbreviations: EAF, effect allele frequency | p, p-value | R, Pearson correlation 
coefficient | SNP, single nucleotide polymorphism.   

 

 

 
Manhattan plot displaying the -log10 association p-values (vertical axis) against the genomic 
position (horizontal axis) of all analyzed SNPs. The threshold for genome-wide significance (P = 
5x10-8) is indicated by the grey dotted line. Loci that reached genome-wide significance are 
highlighted (lead SNP ±500 kb) in red (novel locus) and orange (previously reported loci). 
Abbreviations: kb, kilobases | SNP, single nucleotide polymorphism.   

Figure 17 | Comparison of effect estimates (A) and effect allele frequencies (B) 
between the European (metaEUR) and African-American (VanMarAFR) data. 

Figure 18 | Manhattan plot of the metaALL analysis. 
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5 Discussion 

5.1 The role of HAE-associated genes and variants in ACEi/ARB-AE 

ACEi/ARB-AE and HAE are two distinct types of BK-AE that may, however, overlap in 

certain clinical symptoms. In particular, recently characterized subtypes of nC1-INH-

HAE, such as HAE-PLG and HAE-ANGPT1, are often associated with a negative family 

history and an advanced age of onset and may thus hamper differential diagnosis (Bork 

et al., 2020). In the absence of any biomarkers to clearly distinguish between nC1-INH-

HAE and ACEi/ARB-AE (Kaplan and Maas, 2017; Bindke et al., 2021), genetic testing is 

nowadays the only reliable way to detect such missed HAE cases, as illustrated by the 

example of a recent case report of an HAE-FXII case originally diagnosed as ACEi-AE 

(Veronez et al., 2017). Besides that, case reports indicated ACEi as a trigger factor in the 

case of a HAE-PLG carrier state (Germenis et al., 2018; Yakushiji et al., 2018), which can 

result in the inaccurate diagnosis of an ACEi-AE. 

To further investigate this, systematic molecular genetic screening of HAE-associated 

variants in a large cohort of ACEi/ARB-AE patients was performed. Overall, five genes 

(SERPING1, F12, PLG, ANGPT1, and KNG1), for which at least one pathogenic variant was 

known at the time of the present study, were investigated.  

Evaluation of known pathogenic HAE variants in ACEi/ARB-AE patients 

A systematic evaluation of the identified variants in the HGMD revealed that none of the 

197 investigated ACEi/ARB-AE patients carried an HAE-associated variant. 

This confirms the findings of a previous, smaller study conducted by Carucci et al. (2020) 

who screened 33 ACEi-AE patients for known HAE disease-causing variants in SERPING1, 

ANGPT1, F12 (p.T328K only) and PLG (p.K330E only) and did not identify any such 

variants as well. Overall, the present results together with the findings of the previous 

study suggest that pathogenic HAE variants appear to be, at best, a very rare cause of 

ACEi/ARB-AE.  

Involvement of HAE-associated genes in ACEi/ARB-AE susceptibility 

Although the investigated patients were not found to carry a known pathogenic HAE 

variant, other (rare) variants in these genes might still contribute to the pathophysiology 

of ACEi/ARB-AE. This hypothesis was further investigated in a case-control setting.  
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An association analysis at the individual variant level did not reveal any variants that 

showed a significant difference between patients and controls. This was true for both, 

rare (MAF < 0.05) and common (MAF ³ 0.05) variants. As such the present results seem 

to be in line with those of a previous exome sequencing study, which did not report 

variants in the genes studied here among the top 20 associated ones (Maroteau et al., 

2020). Yet, given the limited sample size of the present study the absence of any 

statistically significant findings might very well be attributable to a lack in statistical 

power (see limitations of the candidate gene analysis).  

Overall, a nominally significant enrichment for rare, potentially functional variants (MAF 

< 0.05, CADD ³ 10) was found in controls compared to patients. This was true in a 

combined enrichment analysis across all five genes and at the single-gene level for F12. 

Although neither of these associations withstood a multiple testing correction, they might 

still indicate the existence of protective variants in the context of ACEi/ARB-AE.  

Additional evidence for the role of protective effects might be provided by a missense 

variant in PLG that showed the lowest p-value in the single variant association tests. The 

variant (rs4252129; NM_00301.5:c.1567C>T; p.R523W) was identified exclusively in 

controls. Similar to the HAE-associated PLG variant (p.K330E), p.R523W is located in a 

kringle domain of PLG, which facilitates the binding of plasminogen to large surfaces, 

such as fibrinogen, while additionally contributing to the arrangement and thus protein 

function of plasminogen (Castellino and Ploplis, 2005). In a previous GWAS, rs4252129 

has been associated with altered plasma plasminogen levels in as much as the variant’s 

minor T allele was associated with a decrease in plasminogen levels (average decrease 

of 14.6% per T allele; Ma et al., 2014). Plasminogen is the precursor of the protein 

plasmin, which is involved in the activation of the kinin-kallikrein system and 

subsequently also plays a role in the formation of BK (Figure 2; De Maat et al., 2018). 

Therefore, in view of the results of the above-mentioned GWAS, a plausible hypothesis 

in the context of ACEi/ARB-AE might be that individuals carrying this particular variant 

are protected from BK accumulation during ACEi/ARB treatment because their BK levels 

are naturally lower due to lower plasminogen levels. It must be noted, however, that aside 

from the non-significant results for this variant, the present study was additionally limited 

by the use of unscreened controls (see limitations of the candidate gene analysis). 
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Therefore, further studies are warranted to investigate the variant’s presence in 

treatment-matched controls. 

Interestingly, the top five identified variants also included a stopgain variant in KNG1 

(rs76438938; NM_00893:c.1234C>T; p.R412X). The gene KNG1 encodes kininogen, the 

precursor for HK and low molecular weight kininogen (LK) which are produced via 

alternative splicing. HK and LK share the first four N-terminal domains, encoding the 

heavy chains (exon 1-9) and the 9 bp BK sequence (parts exon 10). The remaining bp 

of exon 10 encode the unique light chain of HK which is critical for the “contact 

activation” properties of HK, whereas the unique light chain of LK is encode by exon 11 

(Kaplan et al., 2022). The HAE-associated KNG1 variant (p.M379K) is located in exon 10 

of the gene and directly affects the N-terminal cleavage sites of BK located between the 

amino acids p.Lys380/Arg381 (Bork et al., 2019). In contrast, the here identified variant 

p.R412X is located within exon 11 and thus affects the light chain of LK, whose exact 

function is not yet fully understood (Colman and Schmaier, 1997). Any possible effects 

of p.R412X on protein function are therefore not readily apparent and would require 

further functional studies. 

Limitations of the candidate gene analysis 

Overall, the candidate gene analysis had four major limitations.  

First and foremost, the sample size of the study was limited. Although it represents the 

largest study to systematically investigate HAE-associated genes in an ACEi/ARB-AE 

cohort to date, it was underpowered in the detection of statistically significant 

associations for variants with small to moderate effects. As illustrated in Figure 10, a 

substantially larger sample size would have been required to detect such variants.  

Second, the five genes studied here do not explain the entire HAE phenotype. In fact, 

pathogenic variants in two additional genes (MYOF, (Ariano et al., 2020) and HS3ST6, 

(Bork et al., 2021)) have been associated with two new nC1-INH-HAE subtypes during 

the course of this study. Besides that, there is a significant proportion of HAE patients 

for whom the underlying genetic cause has not yet been identified (HAE-UNK, see Figure 

3). In addition, the present study solely focused on exonic and flanking (±6 bp) regions. 

Thus, deep intronic or regulatory variants, which have recently been reported for the 

SERPING1 gene (Hujová et al., 2020; Ponard et al., 2020; Vatsiou et al., 2020), would 
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have been missed. Besides the genes harboring disease-causing variants, variants in, for 

example, KLKB1 have been shown to influence certain aspects of the phenotypic 

variation observed in HAE (Gianni et al., 2017). While such disease-modifying genes 

might be interesting candidate genes with regard to ACEi/ARB-AE susceptibility, their 

analysis was beyond the scope of the present investigation.  

Third, an unscreened and nontreatment-matched control cohort was used. Considering 

that the 12-month population prevalence of ACEi/ARB-AE was estimated to be less than 

1% (Aygören-Pürsün et al., 2018), the use of unscreened controls should not have had 

a major impact on the overall power of the present analyses (Moskvina et al., 2005). 

Nonetheless, the possibility that individuals in the control cohort may be susceptible to 

angioedema when taking an ACEi or ARB cannot be completely ruled out. In addition, as 

noted above, the use of nontreatment-matched controls hampers the interpretation of 

certain results, e.g., with regard to protective effects.  

Fourth, the sequencing data of the present analysis were not comprehensive enough to 

investigate possible population stratification within the generated data itself. For this 

reason, the corresponding analyses were based on available genome-wide genotyping 

data and thus common variants. However, this approach may not have fully accounted 

for all ancestry-related differences in the study cohort, as stratification patterns may 

differ between common and rare variants (Mathieson and McVean, 2012).  

Pathogenic HAE variants in ACEi/ARB-AE are rare; findings beyond need further 

follow-up 

In summary, targeted genetic screening of a large ACEi/ARB-AE cohort (N = 197 patients 

and 346 controls) revealed no patients who carried a known pathogenic HAE-associated 

variant in SERPING1, F12, PLG, ANGPT1 or KNG1. Although described in the literature 

(Veronez et al., 2017), the diagnosis of an HAE as an ACEi/ARB-AE seems to be an 

extremely rare event, at best. Moreover, none of the identified individual variants – 

common or rare – showed a significant association with ACEi/ARB-AE.  

However, a missense variant in PLG (p.R523W) identified only in controls might be an 

interesting candidate variant as it has been associated with decreased plasma 

plasminogen levels in an earlier study (Ma et al., 2014) and thus may potentially indicate 

a protective effect against ACEi/ARB-AE. Future studies should therefore encompass 
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larger sample sizes to increase statistical power and ideally include screened and 

treatment-matched controls to allow definite conclusions about the role of rare and in 

particular protective variants in HAE genes.  

5.2 The role of common variants in ACEi-AE 

By 2022, two genome-wide significant risk loci for ACEi-AE had been identified 

(Rasmussen et al., 2020; Ghouse et al., 2021). Moreover, one exome-wide significant risk 

locus marked by the common Factor V Leiden mutation was reported (Maroteau et al., 

2020). However, only one of these loci could be replicated so far (Ghouse et al., 2021) 

and the overall understanding of the pathophysiology of ACEi-AE is still limited.  

To gain further insights into the underlying genetics of ACEi-AE a comprehensive GWAS 

meta-analysis was conducted within the scope of the present dissertation. By combining 

GWAS data from eight independent European cohorts, totaling for the first time over 

1,000 ACEi-AE patients, the present meta-analysis identified three genome-wide 

significant risk loci (Figure 11). These loci included a novel risk locus located on 

chromosome 20q11.22 (Figure 12C), and two previously reported loci on chromosomes 

1q24.2 (Figure 12A) and 14q32.2 (Figure 12B), respectively.  

Genetic factors implicated in ACEi-AE pathophysiology 
In recent years, research has shown that dysregulation in endothelial cell permeability is 

a key factor in the formation of BK-AE (Debreczeni et al., 2021). While BK itself is involved 

in the regulation of vascular permeability and has been proven to be elevated during the 

intake of an ACEi (Nussberger et al., 2002; Nussberger et al., 1998), its increased plasma 

levels cannot be the sole cause for the development of an ACEi-AE. This is evident from 

the fact that not all patients taking these drugs are affected. Rather it seems plausible 

that other, additional factors – presumably also involved in the regulation of endothelial 

cell permeability – are contributing to ACEi-AE susceptibility. The risk loci identified in 

the present meta-analysis now provide (further) insights into these possible factors. 

The strongest association, i.e., the lowest p-value, was identified on chromosome 

14q32.2, a risk locus that has already been described for ACEi-AE (Ghouse et al., 2021). 

All SNPs at this locus were located in non-coding regions mapping upstream of the genes 

encoding the B2-R and B1-R. Based on two lines of evidence (eQTL and chromatin 

interactions, Figure 14), it seems plausible that regulatory effects involving the genes 
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BDKRB2 or BDKRB1 are what’s underlying the association signal at this locus. This is in 

line with the findings of the previous GWAS, in which the authors concluded that variation 

at this locus may lead to increased BK sensitivity and/or increased expression of B2-R 

(Ghouse et al., 2021).  

The second most significant association was found at the 1q24.2 locus, which 

corresponds to the F5 locus that was previously reported with exome-wide significance 

by Maroteau et al. (2020). In the present study this locus has now been identified as 

genome-wide significant (P < 2.67x10-10), thereby replicating its association with ACEi-

AE. While the results of the exome sequencing study suggested an association of 

common and rare variants within F5 and in particular the Factor V Leiden mutation, the 

results of the present meta-analysis are not as conclusive. Although the Factor V Leiden 

mutation was retrieved among the genome-wide significant SNPs at the locus (rs6025, 

P = 5.81x10-9, OR = 1.97), statistical fine-mapping of the data did not identify rs6025 

within the 95% credible SNP set of likely causal SNPs (Figure 15). It must be noted, 

however, that the fine-mapping analyses in general did not reveal any clearly prioritized 

variants (PIP > 0.5), probably due to insufficient statistical power or the unavailability of 

an ethnically more appropriate LD reference panel. As such, the results must be 

interpreted with caution. Similarly, the F5 gene was prioritized as a likely candidate gene 

at the locus, but other genes were supported with similar or even higher levels of 

evidence (Figure 14). Among those highly prioritized genes, NME7, SLC19A2, and 

ATP1B1 were retrieved. Variation in all three genes has been associated with venous 

thromboembolism (VTE) as well. In addition, the genes have been shown to form a 

haploblock with Factor V Leiden/the F5 gene (Heit et al., 2012), complicating the 

biological interpretation of the GWAS signal identified at this locus.  

Lastly, the locus identified at chromosome 20q11.22 represents a novel locus which has 

not yet been reported in relation to ACEi-AE. Notably, 20q11.22 is – like the F5 locus – a 

known risk locus for VTE (Lindström et al., 2019). In the present analysis, the locus 

encompassed several SNPs in high LD with the lead SNP, and spanned several genes. 

Based on the integration of additional data layers four highly prioritized genes emerged: 

EDEM2, PROCR, MYH7B and TRPC4AP. From a biological point of view, PROCR was the 

most plausible candidate gene among them. The gene PROCR encodes the endothelial 

protein C receptor (EPCR), a key component in the protein C pathway, inasmuch as its 



5 Discussion 

 80 

membrane-bound form significantly enhances the activation of protein C (Stearns-

Kurosawa et al., 1996). Activated protein C, in turn, is involved not only in 

anticoagulation/fibrinolysis (Dahlbäck and Villoutreix, 2005) but also in the stabilization 

of the endothelial barrier. The latter is presumably mediated by the angiopoietin-1/TIE-

2 axis (Minhas et al., 2010, 2017), which, when disrupted by specific pathogenic variants, 

has already been shown to cause another type of BK-AE, namely HAE-ANGPT1 (Bafunno 

et al., 2018; Cordisco et al., 2019). The effect of variants in or near PROCR on protein C 

levels has been demonstrated by several GWAS (Tang et al., 2010; Athanasiadis et al., 

2011; Oudot-Mellakh et al., 2012). Notably, among the candidate variants at the locus a 

well-known coding variant in PROCR was identified (p.Ser219Gly, rs867186, P < 

1.22x10-6). In the literature, this variant has been reported as a risk variant for VTE 

(Dennis et al., 2012; Medina et al., 2014), while it has further been shown to be 

associated with elevated levels of soluble EPCR (Reiner et al., 2008; Pintao et al., 2011), 

the latter being associated with an attenuated protein C activation (Kurosawa et al., 

1997). To add to this, another gene at the locus, EDEM2, has been reported as associated 

with altered protein C levels (Tang et al., 2010). EDEM2 was both among the most highly 

prioritized genes at the 20q11.22 locus and further identified as significantly associated 

in the gene-based tests. Assuming that a disrupted endothelial cell barrier may be a 

trigger of ACEi-AE, a reasonable hypothesis might be that variation at the 20q11.22 locus 

impairs PROCR and/or EDEM2, leading to decreased protein C activation and 

downstream loss of endothelial integrity, thereby ultimately promoting the development 

of angioedema.  

Heritability of ACEi-AE and consistency of the phenotype 

Based on the data from the previous GWAS by Ghouse et al. (2021) the SNP-based 

heritability of ACEi-AE was estimated to be approximately 20%. The common variants 

investigated in the present study, however, explained only 4.2 – 5.2% of the phenotypic 

variance of ACEi-AE. This considerable difference can possibly be explained by two 

reasons. First, different methods were used to obtain the heritability estimates. The 

previous estimate was derived from genotype-level data (Ghouse et al., 2021). Given that 

individual-level genotypes were not available for all individuals of the present meta-

analysis, summary-level data and the tool LDSC (Bulik-Sullivan et al., 2015) were used 
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to derive the SNP-based heritability estimate. However, based on heritability estimates 

derived for thousands of phenotypes using the UKB dataset, it was found that an effective 

sample size of at least 10,000 is required for LDSC to obtain reasonably reliable 

heritability estimates (rkwalters and Palmer, 2022). The rather low estimate obtained 

with the data of the present analysis may therefore possibly be the result of the small 

effective sample size of the GWAS meta-analysis, which was only 4,381. Second, given 

the setting of a meta-analysis, the present heritability estimate might have been 

influenced by slight differences in the ACEi-AE phenotype definitions, resulting in a more 

heterogeneous phenotype overall. This phenomenon – decreasing estimates of 

heritability in spite of larger samples in a meta-analysis – has been observed previously 

in, for example, psychiatric phenotypes (Anttila et al., 2018).   

As indicated by the positive signal and significant prediction of ACEi-AE case-control 

status in the PRS analyses (Figure 13), however, the phenotype definitions appear to be 

generally quite comparable. At least this is true for the five GWAS cohorts that could be 

investigated in the PRS analyses. For the individuals in the Swedegene, CHB-

CVDC/DBDS, and EstBB cohorts, no conclusions can be drawn on a genetic basis 

regarding their phenotype definitions. 

Of note, the variance explained by the PRS in the UKB cohort, which was derived solely 

on the basis of data on ICD-10 codes and self-reported medication use, was comparable 

to that of other cohorts, which included clinically assessed patient cohorts. This is an 

encouraging finding given the increasing availability of biobank-based patient data, 

which are generally a powerful tool for the enlargement of genetic data sets. However, 

one should keep in mind that the use of biobank-derived data may come at the expense 

of "minimal phenotyping", potentially leading to the identification of non-specific genetic 

factors (Cai et al., 2020). 

ACEi-AE and its genetic correlation with other traits 

Epidemiological studies have linked ACEi-AE risk to factors such as smoking, a history of 

hay fever/allergic rhinitis, a concomitant coronary artery disease or diabetes (see Section 

2.2.2). The results of the present genetic correlation analyses indicate that these 

observed relationships are most likely not due to shared genetic factors.  
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Additionally, the evaluation of the genetic correlation between ACEi-AE and an additional 

five selected traits from the spectrum of cardiovascular, allergic, and blood coagulation 

traits as well as medication use revealed only nominally significant genetic correlations. 

Furthermore, these nominally significant results were not stable in a re-analysis using 

only treatment-matched controls. This suggests that, in general, the results based on the 

metaEUR data may have been confounded by genetic effects attributable to factors 

associated with hypertension. As such, future analyses should be based on GWAS 

including only treatment-matched controls to obtain more robust results in this regard. 

Interestingly, asthma showed an almost equal genetic correlation in both analyses 

(41.9% and 40.9%). This could indicate a true genetic overlap, maybe due to BK-related 

factors implicated in the pathophysiology of both ACEi-AE and asthma (Ricciardolo et 

al., 2018). Future, larger studies will allow more definitive conclusions in this regard.  

Overall, the present analysis was the first to systematically investigate genetic factors 

that ACEi-AE might share with other phenotypically associated traits and diseases. 

Although the present results did not reveal significant correlations between ACEi-AE and 

the nine traits/diseases studied, the existence of single overlapping pathways cannot be 

excluded. Given the large standard errors, it may be that the obtained results reflect, at 

least to some extent, the limited power of the LDSC instrument given the small sample 

sizes (Bulik-Sullivan et al., 2015), and not a general absence of shared genetic factors. 

Future studies should therefore ideally encompass larger samples and also examine 

other traits/diseases to eventually obtain a comprehensive picture of possible 

overlapping genetic factors of ACEi-AE and other traits/diseases. 

Cross-population effects of ACEi-AE associated risk loci  

Although meaningful GWAS in diverse populations are becoming more frequent (e.g., 

Shrine et al., 2023; Tcheandjieu et al., 2022), the field of GWAS is still largely dominated 

by an abundance of European-based studies. That's despite the fact that studies 

involving individuals from multiple ancestries have proven to be very valuable, e.g., in 

terms of (i) an increased power to detect causal alleles that harbor great differences in 

frequencies across populations, (ii) the advantage of leveraging distinct LD patterns in 

fine-mapping of risk loci, and (iii) the possibility to assess PRS based on effect sizes from 

different ancestries thereby improving its predictive power (Martin et al., 2019).  
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The present GWAS meta-analysis combined all ACEi-AE GWAS cohorts known at the 

time. Consistent with the general picture seen in GWAS, the vast majority of these cohorts 

were of European ancestry, while only one smaller cohort of African-American ancestry 

was available. This cohort was used to perform an exploratory cross-ancestry 

comparison and meta-analysis (metaALL) to gain initial insights into generalizability of 

the identified ACEi-AE risk loci as well as the general contribution of shared common 

variants across different ancestries.  

The identified lead SNPs at the three risk loci showed matching effect directions (Table 

11) and comparable effect sizes (Figure 17A), thereby suggesting that the risk loci 

identified in the European cohorts contribute to ACEi-AE susceptibility in African-

American patients as well. Moreover, the positive and comparable polygenic signal that 

was observed for the VanMarAFR cohort in the PRS analysis (Figure 13) indicated the 

presence of further shared common variants beyond the already genome-wide 

significant loci. The subsequent cross-ancestry meta-analysis did not reveal any 

additional identified risk loci; however, it further supported the three loci identified in the 

metaEUR analysis. In this regard, the inability to identify any additional identified risk loci 

might very well be due to the relatively small sample size of the VanMarAFR cohort 

(Ncase/Ncontrol = 63/149).  

Limitations of the GWAS meta-analysis 

The present GWAS meta-analysis bears three major limitations.  

First, although this was the largest analysis to date to examine common variants 

associated with ACEi-AE, it had limited power to discover additional risk loci. In particular, 

risk loci with small effect sizes. Similarly, the non-significant results observed in some of 

the follow-up analyses, e.g., the pathway-based and genetic correlation analyses, are 

probably reflective of the still relatively small sample size of the metaEUR analysis.  

Second, the functional relevance of the presented findings was only supported by 

bioinformatic evidence. In order to determine the exact biological function and 

underlying mechanisms of the identified risk loci in vitro studies in relevant cell types, 

e.g., endothelial cells, would have been required.  

Third, the present meta-analysis focused exclusively on ACEi-AE. As such, the results do 

not equally extend to ARB-AE. In fact, it is controversial whether ACEi-AE and ARB-AE 
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can or should be considered and studied as one or rather two separate phenotypes. In 

recent genetic studies, one finds studies examining ACEi-AE alone (Pare et al., 2013; 

Ghouse et al., 2021) as well as those examining ACEi-AE and ARB-AE together (Maroteau 

et al., 2020; Rasmussen et al., 2020). Based on personal communication with Jonas 

Ghouse, who observed an attenuation of his GWAS results in the presence of ARB-AE 

cases, and based on the fact that several GWAS studies included in the present meta-

analysis were already limited to ACEi-AE, the present analysis was determined to focus 

solely on ACEi-AE. Provided that larger patient cohorts with an ideally reasonably even 

distribution of ACEi-AE and ARB-AE cases will become available in the future, stratified 

analyses are feasible and desirable to clarify whether and to what extent those two types 

of angioedema share a common genetic basis.   

GWAS meta-analysis provides further insights into ACEi-AE pathophysiology; 

functional follow-up studies are warranted 

To the extent of our current knowledge, the present GWAS meta-analysis represents the 

largest analysis of common variants in ACEi-AE to date. By investigating more than 1,000 

ACEi-AE patients, three genome-wide significant risk loci could be identified. While two 

of the loci represent previously associated loci, the present analysis was the first to 

identify 20q11.22 as a risk locus for ACEi-AE. Overall, the present results contributed to 

a deeper understanding of the pathophysiology underlying ACEi-AE by revealing novel, 

biologically plausible candidate genes (PROCR, EDEM2), implicating for the first time the 

involvement of the fibrinolysis pathway in the development of this ADR. The retrieval of 

previously reported candidate genes (BDKRB2, F5) further underscored the implicated 

role of bradykinin signaling and the coagulation pathway in ACEi-AE. Interestingly, two 

of the three risk loci coincide with known VTE risk loci, a finding that warrants further 

investigation using, for example, PRS analyses.  Furthermore, the cross-ancestry analyses 

provided some initial evidence that Europeans and African-Americans share common 

variants involved in ACEi-AE susceptibility. In particular, the analyses suggested that the 

three risk loci identified in the European individuals also contribute to ACEi-AE risk in 

individuals of African-American ancestry. At this point, functional studies need to follow 

to further elucidate the molecular mechanisms underlying the identified risk loci.   
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5.3 Conclusion and future perspectives 

The work and studies conducted within the scope of the present dissertation contributed 

significantly to the field of ACEi/ARB-AE research.  

First of all, in a major collaborative effort (Figure 5) the vARIANCE cohort, the largest 

German/Austrian cohort of ACEi/ARB-AE patients to date (Table 3), has been 

established. This cohort encompasses not only genetic material and data but also 

comprehensive phenotypic data, making it a valuable resource for any future studies to 

be conducted in this field.  

Prior to the start of this work, susceptibility to ACEi/ARB-AE was already considered to 

depend on a genetic predisposition alongside non-genetic risk factors. However, little 

was known about the actual genetic factors involved in ACEi-AE pathophysiology, and 

the few known associations were derived from candidate gene or candidate SNP studies, 

the majority of which included only rather small sample sizes. Moreover, the degree to 

which ACEi/ARB-AE and HAE, another type of BK-AE with a strong genetic etiology, may 

share a common genetic basis had not been systematically investigated at that time.  

In performing systematic targeted re-sequencing of five genes harboring pathogenic 

HAE-associated variants, the present work did not identify any significantly associated 

variants – known or novel. Interestingly, however, KNG1, a gene sequenced in the 

candidate gene analyses, was identified as one of the top 50 genes in the gene-based 

analyses. Thus, for now it cannot be completely ruled out that the genetic factors 

underlying ACEi/ARB-AE and HAE converge, at least to some extent, in the same genes.  

While the studies included in this dissertation were being conducted, other large-scale 

studies led to the identification of two genome- and one exome-wide significant risk locus 

for ACEi/ARB-AE (Maroteau et al., 2020; Rasmussen et al., 2020; Ghouse et al., 2021), 

providing initial insights into the genetics underlying this ADR. Through the identification 

of another genome-wide significant risk locus the present GWAS meta-analysis now not 

only provides further profound insights into the biology/pathways possibly involved in 

ACEi-AE susceptibility but also emphasized its multifactorial etiology. In addition, initial 

findings obtained in the present study revealed for the first time the presence of common 

variants associated with ACEi-AE risk that are shared across different ancestral groups.  

Nevertheless, the current (genetics) knowledge regarding ACEi/ARB-AE is merely a first 

step on a long road to ultimately be able to predict whether or not a patient taking an 
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ACEi or ARB will develop an angioedema. To continue down this path, additional genetic 

factors associated with ACEi/ARB-AE alongside gene x environment and eventually gene 

x gene interactions need to be explored to obtain a comprehensive picture of the 

pathophysiology underlying ACEi/ARB-AE. Future studies will be able to address this with 

different strategies.  

Of utmost importance for all these future studies will be the expansion of the cohorts 

under study. Face-to-face recruitment of patients within the clinical setting and the use 

of comprehensive questionnaires will allow for an in-depth phenotyping of patients. In 

particular, such cohorts will enable the identification of additional environmental risk 

factors alongside the investigation of specific sub-phenotypic aspects, e.g., severity and 

localization of the angioedema. Furthermore, they are very well suited for the 

investigation of gene x environment interactions. However, such recruitment approaches 

tend to be quite tedious and time-consuming, making it very difficult to achieve a 

statistically meaningful number of patients within a reasonable timeframe. This is well 

exemplified by the recruitment statistics of our in-house vARIANCE cohort, which despite 

the joint efforts of several physicians only comprises about 150 patients to date. 

Additional innovative recruitment approaches, such as the online recruitment 

established for the vARIANCE study, can be very effective in increasing recruitment 

numbers but require consistent follow-up, e.g., through explicit advertising (Davies et al., 

2019). Besides, and as demonstrated by the metaEUR analysis, the continued use of 

available biobank data and the aggregation of the ever-increasing individual genomic 

data sets will greatly contribute to the enlargement of future study collectives. However, 

it is important to keep in mind that cohorts obtained through online recruitment and 

biobank data may come at the expense of "minimal phenotyping" and may thus lead to 

the identification of non-specific genetic factors (Cai et al., 2020).  

In GWAS, the continuous expansion of the study cohorts will allow the identification of 

further associated loci, in particular those with small effect sizes, alongside the 

uncovering of the most relevant biological pathways involved. Here, another key aspect 

will be the investigation of diverse populations as it will not only advance the discovery 

and elucidation of risk loci but will further allow the investigation of population-specific 

genetic factors (Liu et al., 2015). The latter is particularly interesting in light of the 

increased risk for ACEi/ARB-AE that has been reported for African individuals in 
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epidemiological studies (Brown et al., 1996; Kostis et al., 2005; Miller et al., 2008; Banerji 

et al., 2017; Reichman et al., 2017). In addition to the identification of novel genetic risk 

factors, the already known associated loci will have to be further elucidated. Here, 

advanced statistical methods and combination of GWAS data with, among others, eQTL, 

transcriptomics and/or epigenomics data are promising approaches to gain a deeper 

understanding of the biological mechanisms at play (Akiyama, 2021). In addition, the 

integration of such data sets can help to refine the number of likely causal variants/genes 

at a given locus which can then be more easily followed-up in functional studies. The use 

of even more sophisticated datasets, such as eQTLs derived from single-cell rather than 

bulk RNA sequencing data, promises to eventually provide an even more detailed picture, 

e.g., in terms of single cell types or cellular processes relevant in ACEi/ARB-AE 

(Jagadeesh et al., 2022; Zhang et al., 2022). 

To date, the investigation of rare sequence variants in the context of ACEi/ARB-AE is still 

in its infancy, with only one published WES study (Maroteau et al., 2020). Thus, to 

complement the GWAS findings, further studies encompassing the whole exome or even 

better whole genome are required to identify rare variants associated with ACEi/ARB-AE 

risk in a systematic manner.  

Finally, to unambiguously determine the actual causal variants, genes, regulatory 

elements, or molecular mechanisms underlying the associated risk loci functional 

studies are required. To this end, a wide variety of methods, such as CRISPR screens and 

analyses using animal models or induced pluripotent stem cells, are nowadays available 

(Rao et al., 2021; Bock et al., 2022).   

Additional insights into the underlying biology of ACEi/ARB-AE can be gained by a more 

comprehensive screening of genetic factors that ACEi/ARB-AE may share with other 

traits or diseases. Upon robust genetic correlation results, subsequent application of 

innovative methods such as summary-based Mendelian randomization will be possible 

and eventually provide deeper insights into the causal relationships underlying these 

shared genetic factors (Benn and Nordestgaard, 2018).  

Provided the availability of large enough sample sizes, genetic correlation analyses could 

also be used to quantify the genetic overlap between ACEi-AE and ARB-AE. This can be 

a potential first step in the clarification of whether or to what extent these two types of 

drug-induced angioedema actually share a common pathophysiology and thus should 
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be studied as one or rather two separate entities in future (genetic) studies (see 

limitations of the GWAS meta-analysis).  

One of the key considerations in ACEi/ARB-AE is the individual susceptibility and the 

extent to which genetic and non-genetic risk factors contribute to the development of 

this adverse effect. Here, the application of PRS may be a means to identify patients at 

increased risk. At present, only a very small portion of the observed phenotypic variance 

in ACEi/ARB-AE is explained by the PRS. However, with the integration of additional 

(common) variants, rare variants, and non-genetic risk factors, the predictive power of 

PRS is likely to increase, possibly making it a useful screening tool in the near future 

(Lewis & Vassos, 2020). In the long term, the further identification of the molecular 

genetic factors involved, together with functional studies, will unravel the precise 

mechanisms underlying ACEi/ARB-AE susceptibility. Ideally, this will ultimately result in 

the identification of molecular targets and pave the way for the development of novel 

prevention or intervention strategies for ACEi/ARB-AE. 
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APPENDIX A | Material and methods 

APPENDIX A1: List of equipment, chemicals, buffers, solutions, reagents, enzymes, 

commercial kits, consumables, primer, software and databases 

 

Equipment 

Balances: 

• TE3102S (Sartorius, Göttingen, Germany) 
 
Centrifuges: 

• Centrifuge 5920 R (Eppendorf SE, Hamburg, Germany) 
• Centrifuge 5720 (Eppendorf SE, Hamburg, Germany) 
• Mikrozentrifuge MiniStar silverline (VWR International, Radnor, PA, US) 

 
DNA isolation:  

• Chemagic Magnetic Separation Module I (Perkin Elmer Chemagen Technology, 
Baesweiler, Germany) 
 

DNA quantification and adjustment:  

• Agilent 2200 TapeStation (Agilent Technologies, Santa Clara, CA, US) 
• Agilent 4200 TapeStation (Agilent Technologies, Santa Clara, CA, US) 
• Concentrator plus (Eppendorf SE, Hamburg, Germany) 
• NanoDrop® ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, 

US) 
• NanoDrop® 8000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, US) 
• Qubit 2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, US) 
• Tecan GEnios Pro Microplate Reader (Tecan, Männedorf, Switzerland) 

 
Gel electrophoresis:  

• intas GelStick imager (intas Science Imaging Instruments GmbH, Göttingen, 
Germany) 

• SubCell Model 96 (Bio-Rad Laboratories GmbH, Feldkirchen, Germany) 
• PowerBac Basic Power Supply (Bio-Rad Laboratories GmbH, Feldkirchen, Germany) 

 
Genotyping platform:  

• iScan System (Illumina, San Diego, CA, US) 
 
Other:  

• AF 80 Flake ice machine (Scotsman Ice Systems, Milan, Italy) 
• Milli-Q Q-Pod® (Merck KGaA, Darmstadt, Germany)  
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Pipetting devices:  

• Eppendorf research® plus, 1-channel, variable (Eppendorf SE, Hamburg, Germany) 
• Transferpette® S-8, variable (Brand GmbH + CO KG, Wertheim, Germany) 
• CellMate II Pipet-boy S1 (Thermo Fisher Scientific, Waltham, MA, US) 
• Sartorius eLINE® Single Channel Electronic Pipettor (Sartorius, Göttingen, Germany) 

 
Sample management:  

• Impression Whole Rack 2D & 1D Code Scanner (Azenta Life Sciences, Griesheim, 
Germany)  

• FluidX 1.9ml Tri-Coded Tube, 48-format (Azenta Life Sciences, Griesheim, Germany)  
• FluidX LidLock rack, 48-format (Azenta Life Sciences, Griesheim, Germany) 
• FluidX LidLock low base rack, 96-format (Azenta Life Sciences, Griesheim, Germany)  
• FludiX 0.3ml, Dual-coded Tube (Azenta Life Sciences, Griesheim, Germany)  
• Fluidx TPE Septum Cap (Azenta Life Sciences, Griesheim, Germany) 
• SmartScan SoloTM 2D Barcode Reader (Thermo Fisher Scientific, Waltham, 

Massachusetts) 
 

Sequencing platforms:  

• MiSeq System (Illumina, San Diego, CA, US) 
• NextSeq 550 System System (Illumina, San Diego, CA, US) 
• SeqStudio Genetic Analyzer (Thermo Fisher Scientific, Waltham, MA, USA) 

 
Shakers and Heaters:  

• High-speed microplate shaker (Illumina, San Diego, CA, US) 
• IKA MS3 Vortexer (IKA-Werke GmbH & Co. KG, Staufen, Germany) 
• Are Heating Magnetic Stir (VELP Scientifica, Usumate, Italy) 
• Microwave MW 9625 (Severin, Sundern, Germany) 
• Vortex Genie 2 (Scientific Industries Inc., Bohemia, NY, US) 

 
Thermocycler: 

• Vapo.protect Mastercycler pro (Eppendorf SE, Hamburg, Germany) 
 
 

Chemicals, buffers, solutions, reagents and enzymes 

• 2x iProof HF Master Mix (Bio-Rad Laboratories GmbH, Feldkirchen, Germany) 
• Ampligase 10x Reaction Buffer (LGC Biosearch Techologies, Hoddesdon, UK) 
• Ampligase® DNA Ligase 100U/µl (LGC Biosearch Techologies, Hoddesdon, UK) 
• Biozym LE Agarose (Biozym Scientific, Hessisch Oldendorf, Germany) 
• Dimethyl Sulfoxide (DMSO) 100% (Bio-Rad Laboratories GmbH, Feldkirchen, 

Germany) 
• dNTP mix (dATP, dGTP, dCTP, dTTP) 10mM (Labomedic, Bonn, Germany) 
• Buffer EB (Qiagen, Hilden, Germany) 
• Ethanol (EtOH) absolute (Th. Geyer, Renningen, Germany) 
• Ethidium Bromide (EtBr) 1% (Merck KGaA, Darmstadt, Germany) 
• Exonuclease I; 20000 U/ml (New England Biolabs, Frankfurt am Main, Germany)  



APPENDIX A | Material and methods 

 108 

• Exonuclease III; 100000 U/ml (New England Biolabs, Frankfurt am Main, Germany)  
• Extra Buffer 10x; 15mM MgCl2 (VWR International, Radnor, PA, US) 
• Hemo KlenTaq® DNA Polymerase (New England Biolabs, Frankfurt am Main, 

Germany)  
• Loading Dye: 10 ml 10x TBE, 10 ml 0.1% bromophenol blue, 40 ml 20% Ficoll, 40 

ml H2O bidest. 
• T4 DNA Ligase Reaction Buffer 10x with 10mM ATP (New England Biolabs, Frankfurt 

am Main, Germany)  
• T4 Polynucleotid Kinase (New England Biolabs, Frankfurt am Main, Germany)  
• Taq DNA Polymerase (VWR International, Radnor, PA, US) 
• TBE Buffer 10x (AppliChem, Darmstadt Germany) 
• Ultra-pure water (H2O) (Merck KGaA, Darmstadt, Germany) 

 

Commercial kits 

• 5X Big Dye Terminator Cycle Sequencing Kit 3.1 (Thermo Fisher Scientific, Waltham, 
MA, US) 

• Agencourt AMPure XP (Beckman Coulter, Krefeld, Germany) 
• Agencourt CleanSEQ (Beckman Coulter, Krefeld, Germany) 
• Chemagic DNA Blood 10k Kit H12 (Perkin Elmer Chemagen Technology, Baesweiler, 

Germany) 
• DNA ladder; 100bp/1kb (AppliChem, Darmstadt, Germany)  
• Infinium HTS Assay Kit (Illumina, San Diego, CA, US) 
• MiSeq Reagent Nano Kit v2; 300 cycles (Illumina, San Diego, CA, US) 
• NextSeq Mid Output v2.5; 300 cycles (Illumina, San Diego, CA, US) 
• TapeStation D1000/High Sensitivity D1000 reagents (Agilent Technologies, Santa 

Clara, CA, US) 
• TapeStation D1000/High Sensitivity D1000 ScreenTapes (Agilent Technologies, 

Santa Clara, CA, US) 
• Oragene DNA OG-500 (DNA Genotek, Ottawa, Canada)   
• Oragene prepIT L2P kit (DNA Genotek, Ottawa, Canada) 
• Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, MA, US) 
• Qubit dsDNA BR/HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, US) 

 

Primer 

All primer used in the scope of this dissertation were ordered from IDT (Leuven, Belgium).  
 

Table S1 | SmMIP sequences of the five candidate genes. 

 
Primer Sequence Primer Name 

GTGGAGACGGGAGGCGGGATGGTGCGGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAGGGTGGGAGCTGGCT SERPING1_001 

ACTACGAGGCACAGTCCTCTAACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCCTCCAGGATGGGTTCAACGAAT SERPING1_002 

GACCTTCCCTTCGCCTCTGTCTTGCAAACCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGTGGGTTGGGTGGTGG SERPING1_003 

GCTCTGTGGTGGGTTGTGTGGTGGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAAATCTACCAAAGCATCC SERPING1_004 

CCCAACACGGCCTCTGTTGAATGACTCTCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCCAACAAATGACCTGG SERPING1_005 

CACGACCAAAGGTGTCACCTCAGTCTCTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTCCCCAACCCTCATTC SERPING1_006 

GTCCTGAGAGGACTCTGAAGGGGGACCCACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAACACCAAAACAAACC SERPING1_007 

GTCCTGAACACGTCGTTCTTTCCATGAGCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGTTGTTGGTGTTCTTG SERPING1_008 

GTTGGCGTCACTGTTGTTGCTTAGGACTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAAGAAGGACCCAGAATG SERPING1_009 
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GGAAGAGGTGGGAGGGTTGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGGAGAAGGAAAGGTTAAGAAC SERPING1_010 

GTCAATGAAATGGGCCACAGGGTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAGGAGAAAAGATAGGGTGG SERPING1_011 

GCCATCATGGAGAAACTGGAGATGTCCACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAGGAGAGAGATGCGGT SERPING1_012 

CAGAGGAGAAAGGGGGGATCCCTAAGATGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCCCTTCTGTTTTCAAG SERPING1_013 

GCAGGGTGCGGGCCACAGAGATGGCGGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTGAGGCTGGAGAGGTAG SERPING1_014 

GCATCGCAGAAACCTGAAGATCTGGGTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCCATGAAGACAGGGAA SERPING1_015 

CAGAGTCAGAAGCCAGCATGATACCCTCACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGAGATGGCGGAGGCTG SERPING1_016 

GTTTCCGACCCAGGGTGATTCCGGAGGCCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNATCCTCCATCCTCCCC F12_001 

GCGTGCCAGGTGAGCTCTTAGCCCGGTTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTGGGGTGTGAAGAAGG F12_002 

GCAACAAGCCAGGCGTCTACACCGATGTGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCAAATCTCAGGTCCAC F12_003 

GTGATTCCGCAGTGAGAGAGTGGCTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGCTGGTGTGTGAGGAC F12_004 

GAATGGGTGGCGCTGACCTGATGGGTTGTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCACGCTCTGCCAGGTG F12_005 

CTGCCGTCCGCATCCTCCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCTTCTTCCGCCTAACCCAGTGATCA F12_006 

CCGGGGCCCCAAGCTCTCTTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTGGCAGAGCGTGGTCTCGGAGGGT F12_007 

GCGGTAGGAGCGCACGGCCAACGTCTGGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTGAAGGCGCAACAGAG F12_008 

GCCACAAGCGTTCTGGGGAAGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTGCTGGTAGCTGACGGGCGAG F12_009 

GCCAACGACGCGGGTCATCGAAGACAGACCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCTGGGGCGGCTCTGGG F12_010 

GCACCCCTACATCGCCGCGCTGTACTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCTGCTCCTCCACAGCC F12_011 

GCGGCTCCGCAAGAGTCTGTCTTCGATGACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAGGAAGTGGGGGGGGG F12_012 

GCTGCGCGGGCATGAGTGGGACATGAAGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGGCAAGGCTGTGGAGG F12_013 

GCCTGGGTTGGGGTCTGGCACTGTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCTCTCGGCTCCTCCTT F12_014 

GCCACACGACGGGGCGCCGTTAGAGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGGCATGAGTGGGACATG F12_015 

GCTGGGAGTACTGCGACCTGGCACACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGGAACTGGGGACTGGG F12_016 

GCCTTGGTGTCTGAGGAGAAAGGGGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGGCAGAAGGCGTGGCC F12_017 

TGATGGCCGCGGGCTCAGCTACCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGTGGGTGAGTGAGGGTCTGGGG F12_018 

SCCTTCTGCGACGTGGGTGAGTGAGGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGGAGAGCTCTCTGGGG F12_019_SNP 

GATGAGAGGGAGGCAGGAGAGCCCACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTGCCTAGAGGTGGAGGG F12_020 

GTTGGGAACGGGCCAGGGAGGAGCGTCACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTATCCCTCTTTGTCCC F12_021 

GGTATAGAACTGAGCAAGCAGCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTGGGCGGGGTGCTGGGGG F12_022 

GCTGCAGTGGTCTGAGAGATGGACATGGTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTGTAGGCCCAGGGTTG F12_023 

GGGACCACTCCTTCCCAGAACTCTCCCTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGGCAGGGGCTGTGTTT F12_024 

GAGACAAGGCTTCCCTGCTCTACCCAGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGGTGTGTGGGGTCTGG F12_025 

GCCAGGCCCTCAGCCCTGGTAAGACTACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTTTTCCTGACCAGACC F12_026 

GGGTAGAGCAGGGAAGCCTTGTCTCTTTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNACAAATGTACCCACAA F12_027 

GTCTAGTCTAGTGCCTACCTGGTGCTAGGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTTCCCTGCCTTCTTCT F12_028 

GCTGTGGGAACCAGGATTGTCCCAGGATTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTCAGGAGGGCAGCTTG F12_029 

GTTTGTGGGTGGGGGTGAAATGAAGAGCTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCAGATCAATAGGACTG F12_ERE_030 

CAATCTCCCTCTAGGAGCTGAGGGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCTGGTTGTTACTTTGGTTTTG KNG1_001 

GCATCCACAGCTTTAAATAAATCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGGTGGTATGTGTGTGTGT KNG1_002 

GTATTGGCCATTCTTGGGCCTTCTGTYTTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTGGGTCAGTTGGATGA KNG1_003_SNP 

GCCAGGAACACAATCTTGACCAGGCTCTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTGATCTCTTTCTTTTCT KNG1_004 

GATCGCAATSAGCATTCGCATACACTGCCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTGTTGAGTGTTGTTGT KNG1_005_SNP 

GCCGTGTCTCAGAATGGGCTCCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAAAACACCACCAGCCATGCAA KNG1_006 

GTCCCTTTGGAATGGTGTAAGTAGGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCAGCGAATAATGTTTAAAC KNG1_007 

GCTGGGTGGGAAGACTGTCACGAAAAGTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCTCAATTGTGCAAACGA KNG1_008 

GGTCCCAGACAACTGGCTGAGTCTTTTCCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTTTAACTGAGCACTTA KNG1_009 

GAAGTAGCAGCCTGGCCTAGCATCCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGTTGCGTTATTCTCTGCATT KNG1_010 

GCAGCCCACGCAAATCTTGGTAGGTGGTTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGTGTTACTGCTTTTGT KNG1_011 

CATGCACCTGTCTACTTTTTCACTGGAAGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGCAAATATTTTTAAGC KNG1_012 

GCTCATTCTGAAAATCCATATTTGGGGGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAACACTGTCTCTCTTTC KNG1_013 

GTATTACTGCAAAAATCATGCTATTGATGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCCTTGTTCTTTTCCTG KNG1_014 

GCAGGTGCCATGGAAGTGTGGGGTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGGCCATGTCCTCTTTGGTG KNG1_015 

GCCCTTGGTCACGTTCATGTTTATGGCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCATTCTTTTTGCCTTT KNG1_016 

GTTTTCCGTGGCCATGACCATGCTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTGGCTTGGCTAGGGAAGGG KNG1_017 

GTCTTCTCTTGTGTCTGTGCAGAAGGTGTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTTGGGTCTATCTGGAT KNG1_018 

GTRTGGGAGCTGGTGATATAGGAGGCATCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTTGTGTGGTTGGATTA KNG1_019_SNP 

GGAGGTCGTGTCTGGAAAATCTGATATTGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGGAGAGAGGGATATTG KNG1_020 

GTATAGTAAAACGCAGTTAATATGATGTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTCTTGTCCTTCCTCTC KNG1_021 

ACATTCCATTTAGATTGGAGGGGCCACCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCTCCGGATTTCTTTGTTG ANGPT1_001 
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CTTGCTTGTTCTTGTTATGCTTATTTGCACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTGGTTTTGTCCCGCAG ANGPT1_002 

ATTGGTTTGGGGCTTAAGGTTTCTTATCTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTTTAAAAGGTCACACT ANGPT1_003 

GCAAATGTGCCCTCATGTTAACAGGAGGTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTGGGTTCTGTTATTCT ANGPT1_004 

GTGTAGTGTTCGACTACCTTTTACCTAGCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGAATATTGGCTGGGGR ANGPT1_005_SNP 

GGAAGGGAACCGAGCCTATTCACAGTATGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGCTGAACATGAAAAGA ANGPT1_006 

GSAAGAATTTATGGTGCTTTTTGGTGTTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNATGTTTTTTAAAGTAG ANGPT1_007_SNP 

GCCAGATCCCAGTTGAATTGCTGGACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGCAGTTTTACTAAAGGGAGG ANGPT1_008 

GCAGATGTATATCAAGCTGGTTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGTGCGATATTGACATTTGTGTGG ANGPT1_009 

ATGTCTTCCTCACTTTGGTATTGTTAATACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCCTTCAAGGCTTGGTT ANGPT1_010 

CAGAGCTACCACCAACAACAGTGTCCTTCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGTTTTATTTTCACTTC ANGPT1_011 

GTTTCTGTGTGTACTTATTTATATCCTTCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAATCAAACTTCTCGAC ANGPT1_012 

GAGATACAGCTGCTGGAGAATTCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTGCGCCCGGCGGTAAACCATTT ANGPT1_013 

CGACTTCATGTTTTCCACAATGTAATTCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTTCCTTGTTGAGTCTG ANGPT1_014 

AGACACCGCTGGCAAATCAGCCATCTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGGTAGCCGTGTGGTTCTG ANGPT1_015 

GCACGGACCTTTTTCCTTTCTTGCACTGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCGTGAGAGTACGACAGA ANGPT1_016 

CAACACAAACGCTCTGCACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTTTCCTTTGCTTTCCTCGCTGCCATTC ANGPT1_017 

GACTCACATAGGGTGCAGCAATCAGCGCCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTTTGAGGGGGAAAGAG ANGPT1_018 

CATTTAATTTTTGATTCATGAAACTTCCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTCTGGGCACTGCTGGC PLG_001 

GCAAAATGTGAGGAGGACGAAGAATTCACCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTTTACTGACCATTTAT PLG_002 

GAGGAAAGAGAAATTTATGGAGCCAGAGTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGGGAGCAGGAAGTATA PLG_003 

TCCTCCCCATCCTCCCRCTCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTACTTATTGGATTTCCTGCTTCGTT PLG_004_SNP 

CACAAGACACCACATGAAGGTCTGCACAGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGTGGGGAGAAGTGGAA PLG_005 

GTARTTCTTTCCATTCCCAGTCTTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAACCAATCCCTCACAGACACA PLG_006_SNP 

GCGACATTCTTGAGTGTGAAGGTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGCTGATTTTTAGAATATAGTCT PLG_007 

GCCCCTTCCCACAGGGATGTTATTACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAACTACTGCAGGAATCCAGA PLG_008 

ACATTCCATGTTTAATTAAGGCTCTGCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTCCTTCCTTCCCACTCT PLG_009 

GTCAGTGCCTGAGTGCAGCCTCTGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAGAATTACTGTCGTAACCCCG PLG_010 

GATTCCAGGATTTGGACCTGCCCTGTTCTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAAAATCTTKCTTGTCC PLG_011_SNP 

GACCCCTCACACACATAACACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCTCCGTCTCAAAAAATATATATATT PLG_012 

CRGTCTCATTCTGCTGCTATGGAATGTGACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTCTTCTGGTCCCACCT PLG_013_SNP 

CAAAAAGAAAAAAGTCTAGGGAACCACGCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTCCGTGGATACTGGGG PLG_014 

GCACTTGGCTGTTGGTTGTATGGCACCACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTTACAAAGCTACTGTA PLG_015 

CAATTACTGAAAAAAAAGAAGCATGAAGCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTGCCGGTGTGGTGTCA PLG_016 

GTGGTGGTGGTGGAGGATGTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGTCCTAGGAAGTTGGCTTGAAG PLG_017 

CGAGTGTTGTAGCACCTCCGCCTGTTGTCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTTCTCCCACCTCTTGT PLG_018 

GCAGAAACCTTCCATGCTACACGAGAAACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAACCTGAAAAAATGCTC PLG_019 

ACAGAGACCCAGGATGATATGGAATCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGTGGATTTGTCTCTGG PLG_020 

GTCTATGGGGCTCCTGGGCAGCCCAGTCCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCCCCCATTACAAAAAA PLG_021 

GAGGGAGAAGGTGTTCCAAGGCTCACRCACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTACCAAAAAGAAGGCA PLG_022_SNP 

GAAACGATTTATACTGTCCCTCCACGTAACTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNATTTCTTTCCCACCTT PLG_023 

GTTAAATTGATACTTTGTTCTGCTCCATTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAGAAGGACAGAAAAAG PLG_024 

YGTCAAGAGGAAAATATGGTCCAGCCCCTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNGTACCTGCTTAGCTTT PLG_025_SNP 

GTGTGCACCCAGGATGACCTTGTAGGATGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAAACCCAGACATAAAG PLG_026 

GCATCAGCAGTTATGTTTGACTGCTCTGCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAGGTCAAAACCAATTC PLG_027 

GGCAACTGCACCCAAAACACCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTGGCAACTGTCAGTGCCTCCGGC PLG_028 

GCACAGAGTTCGGTGGATTGGACTCTTCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNTAAACAACACTTAGAC PLG_029 

GTTAGGCTGCCTGCCTTTTATTATGGGATCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNAACAAACCTTGAAACA PLG_030 

ACCAGAGGMCCTCCACTGTCACCCTATACCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNCGTCACTCTGTCTCCC PLG_031_SNP 

Bases representative of known variants (MAF > 1%) within the sequence of the ligation or extension arm are highlighted 
in blue and encoded by ambiguous coding to obtain primers that comprise a mixture of reference and alternative allele(s) 
at the respective base pair position. The NNNNN sequence represents five degenerate bases (molecular tag) that are 
unique to each smMIP and incorporated during its synthesis.   
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Table S2 | Sequences of the primers used in Sanger sequencing. 

 
Primer Sequence Primer Name 

CCACACCTTCTCTTCCTGCT SERPING1_Ex3_F 

CCAGAGGCATGGCTTTGTAA   SERPING1_Ex3_R 

ACGTGACTGCCGAGCAAG F12_Ex9_F 

CCTCTCGGCTCCTCCTTC F12_Ex9_R 

 

Consumables 

• 8-well PCR tube strip (4titude, Berlin, Germany)  
• BD FalconTM conical centrifuge tubes; 15ml/50ml (Corning Inc., Corning, NY, US) 
• Brand® pipette tips, racked, TipStackTM; 0,5-20µl (Merck KGaA, Darmstadt, Germany) 
• BrandTechTM BRANDTM BIO-CERTTM Filterspitzen; 10µl/100µl/1000µl (Thermo Fisher 

Scientific, Waltham, MA, US)  
• CoStar® Stripette®; 5ml/10ml/25ml/50ml (Corning Inc., Corning, NY, US) 
• Eppendorf Tubes ®, 5.0ml (Eppendorf SE, Hamburg, Germany) 
• FrameStar® 96-well skirted PCR plate (4titude, Berlin, Germany) 
• Gloves Peha-Soft nitrile (Hartmann, Heidenheim, Germany) 
• Gloves MICRO-TOUCH Nitra-Tex EP (Ansell, Brussels, Belgium) 
• Greiner Bio-one pipette tips; 200-1000µl (Thermo Fisher Scientific, Waltham, MA, US) 
• Microplate Seal (4titude, Berlin, Germany) 
• Optical tube strips + caps (Agilent Technologies, Santa Clara, CA, US) 
• PCR Seal (4titude, Berlin, Germany) 
• Pipette tips; 200 µl (Sarstedt AG & Co. KG, Nümbrecht, Germany) 
• Reaction tubes; 1.5ml/ 2ml (Greiner Bio-One, Frickenhausen, Germany) 
• SafeSeal SurPhob tips; 300µl steril (Biozym Scientific, Hessisch Oldendorf, Germany) 

 

Software and databases 

• 1000 Genomes Browser (https://www.internationalgenome.org/1000-genomes-
browsers/index.html) 

• 2D CYPHER Pilot Database (Thermo Fisher Scientific, Waltham, MA, US) 
• Agilent TapeStation Controller Software (Agilent Technologies, Santa Clara, CA, US) 
• Agilent TapeStation Analysis Software (Agilent Technologies, Santa Clara, CA, US) 
• ANNOVAR (https://annovar.openbioinformatics.org/en/latest/) 
• Burrows-Wheeler Aligner (BWA-MEM; https://sourceforge.net/projects/bio-bwa/) 
• bcl2fastq conversion software (Illumina, San Diego, CA, US) 
• CADD (https://cadd.gs.washington.edu) 
• dbSNP (https://www.ncbi.nlm.nih.gov/snp/) 
• Eagle 2 (https://www.hsph.harvard.edu/alkes-price/software/) 
• FUMA (https://fuma.ctglab.nl) 
• GATK UnifiedGenotyper (https://gatk.broadinstitute.org/hc/en-us) 
• GenomeStudio v2.0 (Illumina, San Diego, CA, US) 
• GnomAD (https://gnomad.broadinstitute.org) 
• GTEx Portal v8 Release (https://gtexportal.org/home/) 
• GO (http://geneontology.org) 
• HGMD (https://www.hgmd.cf.ac.uk/ac/index.php) 

https://www.internationalgenome.org/1000-genomes-browsers/index.html
https://www.internationalgenome.org/1000-genomes-browsers/index.html
https://annovar.openbioinformatics.org/en/latest/
https://sourceforge.net/projects/bio-bwa/
https://cadd.gs.washington.edu/
https://www.ncbi.nlm.nih.gov/snp/
https://www.hsph.harvard.edu/alkes-price/software/
https://fuma.ctglab.nl/
https://gatk.broadinstitute.org/hc/en-us
https://gnomad.broadinstitute.org/
https://gtexportal.org/home/
http://geneontology.org/
https://www.hgmd.cf.ac.uk/ac/index.php
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• KING (https://www.kingrelatedness.com) 
• LDSC v1.0.1 (https://github.com/bulik/ldsc/wiki) 
• LocusZoom (http://locuszoom.org/genform.php?type=yourdata) 
• MAGMA v1.08 (Multi-marker analysis of Genomic Annotation; 

https://ctg.cncr.nl/software/magma) 
• METAL (https://genome.sph.umich.edu/wiki/METAL_Documentation) 
• Minimac3 (https://genome.sph.umich.edu/wiki/Minimac3) 
• MIPGen (http://shendurelab.github.io/MIPGEN/) 
• MSigDB v7.0 (https://www.gsea-msigdb.org/gsea/msigdb/) 
• NanoDrop ND-1000 software (Thermo Fisher Scientific, Waltham, MA, US) 
• NanoDrop 8000 software (Thermo Fisher Scientific, Waltham, MA, US) 
• PEAR (https://cme.h-its.org/exelixis/web/software/pear/doc.html) 
• PLINK 1.9 (https://www.cog-genomics.org/plink/) 
• PolyFun (https://github.com/omerwe/polyfun) 
• Primer3 (https://primer3.ut.ee) 
• PRSice-2 (https://choishingwan.github.io/PRSice/) 
• R Version 3.5.1 and 4.1.3 (https://www.r-project.org) 
• RegulomeDB score (https://regulomedb.org/regulome-search/) 
• Roadmap Epigenomics Project 

(https://www.ncbi.nlm.nih.gov/geo/roadmap/epigenomics/) 
• RefSeq (https://www.ncbi.nlm.nih.gov/refseq/) 
• SAIGE (https://github.com/weizhouUMICH/SAIGE/blob/master/README.md) 
• SeqMan II (DNASTAR, Madison, WI, USA) 
• SuSiE (https://stephenslab.github.io/susieR/articles/finemapping.html) 
• UCSC Genome Browser (http://genome.ucsc.edu) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://www.kingrelatedness.com/
https://github.com/bulik/ldsc/wiki
http://locuszoom.org/genform.php?type=yourdata
https://ctg.cncr.nl/software/magma
https://genome.sph.umich.edu/wiki/METAL_Documentation
https://genome.sph.umich.edu/wiki/Minimac3
http://shendurelab.github.io/MIPGEN/
https://www.gsea-msigdb.org/gsea/msigdb/
https://cme.h-its.org/exelixis/web/software/pear/doc.html
https://www.cog-genomics.org/plink/
https://github.com/omerwe/polyfun
https://primer3.ut.ee/
https://choishingwan.github.io/PRSice/
https://www.r-project.org/
https://regulomedb.org/regulome-search/
https://www.ncbi.nlm.nih.gov/geo/roadmap/epigenomics/
https://www.ncbi.nlm.nih.gov/refseq/
https://github.com/weizhouUMICH/SAIGE/blob/master/README.md
https://stephenslab.github.io/susieR/articles/finemapping.html
http://genome.ucsc.edu/
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APPENDIX A2: Supplementary Tables for Sections 3.4 and 3.5 

 

Table S3 | Overview of methods used in patient/control cohorts with available DNA samples. 

 

After all PCR steps (in either Sanger sequencing or the smMIP library preparation), successful 
amplification was checked for each 96-well plate in a gel-electrophoresis using a selection of 3-4 
samples per plate. *Apart from test runs with a small number of samples, the subsequent cycle 
sequencing of the PCR products was performed using the GENEWIZ Sanger Sequencing Service. 
Abbreviations: PCR, polymerase chain reaction | smMIP, single-molecule Molecular Inversion 
Probe.  

 

 

 

Table S4 | Standard PCR: mix and thermocycler program. 

Abbreviations: ddH20, double distilled water | dNTPs, dideoxynucleotide triphosphates | DMSO, 
dimethyl sulfoxide | FWD, forward | min, minutes | MM, master mix | PCR, polymerase chain reaction 
| REV, reverse. 

 

 

Cohort 
DNA 

isolation 

DNA quantification Sanger 
sequencing 
(PCR only*) 

SmMIP 
library 

preparation 

Genome-
wide 

genotyping NanoDrop Quant-iT 

vARIANCE patients X X X X X X 

Danish patients  X X X X X 

Swedish patients  X X X X X 

Buffy controls X X X X X X 

HNR individuals X X    X 

   Thermocycler Program (touchdown PCR): 

 MM (µl)  PCR step Temperature Time (min) 

10x Extra Buffer 2.5  initial denaturation 95°C 05:00 

DMSO (5%) 1.25  denaturation 95°C 00:30 2 cylces per 
annealing 

temperature 
(1°C steps) 

dNTPs (10µM) 0.5  annealing 63°C-56°C 00:30 

Primer_FWD (10µM) 1.0  elongation 72°C 01:00 

Primer_REV (10µM) 1.0  denaturation 95°C 00:30 

15 cycles Taq DNA Polymerase 2.0  annealing 55°C 00:30 

ddH2O 16.55  elongation 72°C 01:00 

DNA template (20ng/µl) 2.0  final elongation 72°C 05:00 

Total 25.0   12°C hold 
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Table S5 | Cycle-sequencing of PCR products: mix and thermocycler program.  

Abbreviations: ddH20, double distilled water | FWD, forward | min, minutes | MM, master mix | PCR, 
polymerase chain reaction | REV, reverse. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   Thermocycler Program: 

 MM (µl)  PCR Step Temperature Time (min) 

5x Big Dye V3.1 2.5  initial denaturation 96°C 01:00 

5x Buffer for Big Dye V3.1 3.75  denaturation 96°C 00:10 
24 

cycles 
Primer (FWD or REV; 3.2 pmol/µl) 1.0  annealing 50°C 00:05 

ddH2O 13.75  elongation/termination 60°C 02:00 

Template PCR reaction 1.0   12°C hold 

Total 20.0     
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APPENDIX A3: Supplementary Tables and Figures for Section 3.6 

 

Table S6 | Gene content of the HAE panel. 

 

The HAE gene panel comprised 29 genes from pathways involved in the formation, metabolism 
and signaling of bradykinin. Genes written in bold were part of the candidate genes analysis 
discussed in this dissertation. *The smMIP design for the F12 gene, included an estrogen-
response-element localized in its 5’ UTR (Farsetti et al., 1995), since HAE-F12 was found to be 
an estrogen-dependent HAE subtype (Binkley, 2010).  

 

Table S7.1 | SmMIP phosphorylation: mix and thermocycler program. 

   Themocycler program: 

 MM (µl)  Temperature Time (min) 

smMIP pool 50.0*  37°C 45:00 

T4 PNK (1µl per 25µl smMIPs) 2.0  65°C 20:00 

H20 (nuclease-free) 2.0  4°C hold 

10x Buffer T4 DNA Ligase 10mM ATP 
(10% of total volume) 

6.0  
 

Total 60.0  

*Example smMIP pool volume, the actual volume depends on the number of smMIPs 
within the gene panel. Abbreviations: ATP, adenosine triphosphate | min, minutes | MM, 
master mix |PNK, polynucleotide kinase | smMIP, single-molecule Molecular Inversion 
Probe.   

 

Table S7.2 | SmMIP hybridization: mix and thermocycler program. 

   Thermocycler program: 

 MM (µl)  Temperature Time 

10x Ampligase DNA Ligase Buffer 2.5  95°C 10:00 min 

smMIP working dilution x*  60°C 22-24 h 

dNTP mix (0.25mM) 0.032  

 

Hemo Klentaq (10U/µl) 0.32  

Amligase DNA Ligase (100U/µl) 0.01  

H20 (nuclease-free) x**  

DNA template (20ng/µl) 2.5  

Total 25.0  

*The actual volume of the smMIP working dilution to be used depends on the smMIP 
concentration of the phosphorylated smMIP pool and must be determined individually 
for each assay. **Dependent on the volume of the smMIP working dilution. Abbreviations: 
dNTP, deoxynucleotide triphosphate | h, hours | min, minutes | MM, master mix | 
smMIP, single-molecule Molecular Inversion Probe.  

ACE ANGPT1 BDKRB1 BDKRB2 CPM CPN1 

CPN2 ENPEP F12* HSP90AB1 KLK1 KLKB1 

KNG1 MME NOS1 NOS2 NOS3 PLAT 

PLAU PLAUR PLG PRCP SERPINB2 SERPINE1 

SERPINF2 SERPING1 TAC1 TEK XPNPEP2  
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Table S7.3 | Exonuclease treatment: mix and thermocycler program.  

   Thermocycler program: 

 MM (µl)  Temperature Time (min) 

Exonuclease I 0.5  37°C 45:00 

Exonuclease III 0.5  95°C 2:00 

10x Ampligase DNA Ligase Buffer 0.2  4°C hold 

H20 (nuclease-free) 0.8  
 

Total 2.0  

Abbreviations: min, minutes | MM, master mix.   
 

 

Table S7.4 | PCR amplification: mix and thermocycler program.  

   Thermocycler program: 
 MM (µl)  Temperature Time (min) 

a) using single-indexing   98°C 00:30 

2x iProof HF Master Mix 12.5  98°C 00:10 
for 18-28 
cycles* 

Primer_FWD (100µM) 0.125  98°C 00:30 

H20 (nuclease-free) 6.125  60°C 00:30 

Primer_REV with BC (10µM) 1.25  72°C 2:00 

Template smMIPs (exo-treated) 5.0  4°C hold 

Total 25.0  

 

b) using double-indexing   

2x iProof HF Master Mix 12.5  

H20 (nuclease-free) 5.0  

Primer_FWD with BC (10µM) 1.25  

Primer_REV with BC (10µM) 1.25  

Template smMIPs (exo-treated) 5.0  

Total 25.0  

*Determined individually for each smMIP panel in a series of test PCRs with different numbers 
of cycles. Abbreviations: BC, barcode | FWD, forward | min, minutes | MM, master mix | REV, 
reverse | smMIP, single-molecule Molecular Inversion Probe.   
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Figure S1 | HAE panel smMIP (re)-balancing.  

Figure S1 displays the normalized coverage for each of the 718 designed smMIPs (69.4 kb target 
region). Shown are the results of the balancing (blue) and rebalancing (orange) run in six and two 
samples, respectively. For rebalancing the concentration of under-performers (mean coverage < 
100) was increased, while over-performers (mean coverage > 5000) were attenuated. The dotted 
lines represent the mean coverage per run. To generate comparable results, the coverage of each 
run was normalized (coverage/mean coverage*1000). 

 

 
 
 
 

 

Figure S2 |(Re-)balancing results of the five genes of interest for the candidate gene analysis.  

A total of 116 smMIPs (10.1 kb target region), covering the five genes of interest, were drawn from 
the whole HAE candidate gene panel. In Figure S2 the normalized coverages (coverage/mean 
coverage*1000) per candidate gene before (balancing; blue) and after the adjustment 
(rebalancing; orange) are displayed. Adjustments were done according to the (re)-balancing results 
of the whole gene panel.   
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APPENDIX A4: Supplementary Methods and Tables for Section 3.7 

 

Details on the externally performed EstBB GWAS:  

Samples contained in the EstBB data set were genotyped in the Core Genotyping Lab of the 

Institute of Genomics, University of Tartu using either the Illumina GSAv1.0, GSAv2.0 or 

GSAv2.0_EST array. Genotype calling was performed using the Illumina’s GenomeStudio 

software (v.2.0.4) and obtained genotypes were extracted in PLINK format. During sample 

QC individuals with a call rate < 95% and mismatching sex information (genetically 

determined sex did not match the reported sex) were excluded. During SNP QC variants 

were filtered for a call rate > 95%, MAF >1% and deviation from HWE (P < 10-4, autosomal 

variants only). Moreover, indels were removed. Pre-phasing of the data was done using the 

the Eagle software (v2.3, (Loh et al., 2016). The imputation was carried out using 2297 

Estonian population specific WGS samples as a reference (Mitt et al., 2017) and the Beagle 

(v.28Sep18.793, Browning and Browning, 2007). The GWAS was performed using SAIGE 

(Zhou et al., 2018) and included sex, birthyear, birthyear squared and the first 10 PCs as 

covariates. 
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Table S8 | Overview of the number of excluded individuals during the GWAS QC stratified per cohort.  

 

 

 

 

 

 

Abbreviation: QC, quality control.  

 

Table S9 | External summary statistics used in the cross-trait LD score regression analyses.  

 
 
 
 

 

 

 

 

Abbreviations: DVT, deep vein thrombosis | Ncase, number of cases | Nctrl, number of controls | Ntotal, number of total individuals. 

  Pre-QC  Pre-imputation QC  Subject relatedness  Ancestry outlier  Population outlier  Post-QC 

Cohort  Patients Controls  Patients Controls  Patients Controls  Patients Controls  Patients Controls  Patients Controls 

vARIANCE  106 4,249  3 1  0 82  2 8  6 26  95 4,135 

Denmark  51 1,628  1 50  0 81  1 3  4 5  45 1,489 

Sweden  44 1,033  1 1  0 9  0 33  1 15  42 975 

VanMarEUR  107 330  0 1  0 1  1 3  0 4  106 321 

VanMarAFR  65 155  0 0  0 2  2 4  0 0  63 149 

UKB  90 360  0 0  0 0  0 0  4 4  86 356 

Trait group Trait Ncase/ Nctrl or Ntotal Source 

Cardiovascular Hypertension 93,560/ 267,581 http://www.nealelab.is/uk-biobank/; Phenotype code: 20002_1065 

Allergic Asthma 11,717/ 80,070 http://www.nealelab.is/uk-biobank/; Phenotype code: 22127 

Blood clotting 
Blood clot in the leg (DVT) 7,386/ 353,141 http://www.nealelab.is/uk-biobank/; Phenotype code: 6152_5 

Blood clot in the lung 2,984/ 357,543 http://www.nealelab.is/uk-biobank/; Phenotype code: 6152_7 

Medication use 
Intake of agents acting on the 

renin-angiotensin system 
62,752/ 174,778 Wu et al. 2019 (https://doi.org/10.1038/s41467-019-09572-5) 

Reported risk factors 

Coronary artery disease 22,233/ 64,762 Schunkert et al. 2011 (https://doi.org/10.1038/ng.784) 

Ever smoked 518,633 Karlsson Linnér et al. 2019 (https://doi.org/10.1038/s41588-018-0309-3) 

Hayfever/allergic rhinitis 20,904/ 70,883 http://www.nealelab.is/uk-biobank/; Phenotype code: 22126 

Reported protective 
factor 

Type 2 diabetes 80,154/ 853,816 Mahajan et al. 2022 (https://doi.org/10.1038/s41588-022-01058-3) 
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APPENDIX B | Results 

APPENDIX B1: Supplementary Figures and Tables for Section 4.1 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure S3 | In-sample principal component analysis results. 

Every dot represents a single individual of the study cohort. Percentages in parentheses indicate 
the variance explained by each PC. Colored dots represent individuals that are outlying in any of 
the first ten PCs, as depicted by the respective color. Abbreviation: PC, principal component.  

 
 

 
 

 

 

 

 

 

 

 

 

 

Figure S4 | Mean coverages of the first and second run cases and second run controls.  

Displayed are the achieved mean coverages stratified by case-control status and the respective run 
the individual was sequenced in. The grey diamonds depict the overall mean coverage per group. 
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APPENDIX B2: Supplementary Figures and Tables for Section 4.2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S5 | Forest plots of the metaEUR lead SNPs.  

Forest plots of the three top SNPs marking the three genome-wide significant loci on 1q24.2 (A), 
14q32.2 (B), and 20q11.22 (C). Each graph illustrates the OR and corresponding 95% CI on a 
logarithmic scale. In addition, the between-study heterogeneity is reported as a heterogeneity p-
value (HetP). The results of the individual GWAS studies are shown as black dots, and the result of 
the meta-analysis is shown as a blue diamond. Abbreviations: CI, confidence interval | OR, odds 
ratio.
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Table S9 | Suggestive loci identified in the metaEUR analysis.  

 

Abbreviations: Chr, chromosome | Pos, genomic position (hg19) | MAF, minor allele frequency | P, p-value | SE, standard error | Dist, distance to the nearest gene 
(SNPs located within a gene or 1kb up- or downstream of a transcription start site or transcription end site have a distance of 0) | Func, functional consequence of 
the SNP according to ANNOVAR annotations.   

 

 

Suggestive 
locus Cytoband SNP Chr Pos 

Non 
effect 
allele 

Effect 
allele MAF P Beta SE Nearest Gene Dist Func 

1 2p22.2 2:38180325 2 38180325 C A 0.012 1.45E-06 -1.037 0.215 RMDN2:RMDN2-AS1 00:00 ncRNA_intronic 

2 2q24.1 rs61740878 2 159672252 G A 0.154 1.93E-06 0.290 0.061 DAPL1 0 exonic 

3 2q36.1 rs77506056 2 224620594 C T 0.037 5.04E-06 0.506 0.111 AP1S3 0 intronic 

4 3p24.1 rs9310952 3 30882346 G A 0.159 1,01E-06 -0.286 0.059 GADL1 0 intronic 

5 5p15.2 rs2401902 5 14528587 G A 0.377 8.28E-08 -0.255 0.048 TRIO 0 intronic 

6 5q12.3 rs3121690 5 65714450 G A 0.402 3.40E-06 0.220 0.047 RP11-5P22.3 88921 intergenic 

7 5q13.3 rs4704331 5 75841726 G C 0.172 1.78E-06 0.299 0.063 IQGAP2 0 intronic 

8 5q23.1 rs6885949 5 117799807 C T 0.265 2.46E-06 -0.251 0.053 CTD-2281M20.1 4043 intergenic 

9 7p15.2 rs731008 7 25560512 G A 0.093 7.05E-06 0.382 0.085 AC091705.1 26869 intergenic 

10 7p15.1 rs41345 7 28715007 C T 0.472 9.57E-06 -0.207 0.047 CREB5 0 intronic 

11 7q22.1 rs2690942 7 101403404 G C 0.342 5.41E-06 -0.216 0.048 CUX1 55554 intergenic 

12 8p23.3 rs568850179 8 1250886 G A 0.016 4.45E-06 0.996 0.217 CTD-2281E23.1 56 upstream 

13 8q12.2 rs7823926 8 61726970 C T 0.111 4.93E-06 0.363 0.079 CHD7 0 intronic 

14 8q24.3 rs4961375 8 142364222 G A 0.307 8.31E-06 -0.219 0.049 CTD-3064M3.3 0 ncRNA_exonic 

15 10p12.1 10:26371171 10 26371171 G T 0.015 9.50E-06 0.926 0.209 MYO3A 0 intronic 

16 12q23.3 rs1051924 12 108983977 C A 0.100 1.15E-06 0.408 0.084 TMEM119 0 UTR3 

17 19p13.2 rs794454 19 7960005 G A 0.354 9.18E-06 -0.233 0.053 LRRC8E 0 intronic 

18 19q13.2 rs12611340 19 41160287 G A 0.350 5.16E-06 -0.223 0.049 NUMBL 12308 intergenic 

19 19q13.2 19:41942508 19 41942508 C T 0.007 2.55E-06 -1.231 0.262 ATP5SL 0 intronic 

20 21q22.12 rs78203858 21 36445895 C T 0.046 9.62E-06 -0.519 0.117 RUNX1 0 intronic 
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Table S10 | Functional annotation of the three lead and all candidate SNPs identified at the risk loci.  

SNP Chr Pos 
Non 

effect 
allele 

Effect 
allele 

MAF P Beta SE r2 IndSigSNP Nearest Gene Func CADD RDB minChrState 

1:169090748 1 169090748 C T 0.011 7.14E-07 -0.607 0.122 0.787 rs6025 ATP1B1 intronic 0.41 5 2 

1:169160458 1 169160458 C T 0.012 7.44E-08 0.642 0.119 0.859 rs6025 NME7 intronic 5.36 5 5 

1:169208179 1 169208179 C T 0.011 2.95E-06 -0.648 0.139 0.787 rs6025 NME7 intronic 4.43 NA 5 

1:169216412 1 169216412 G C 0.012 3.84E-08 0.634 0.115 0.859 rs6025 NME7 intronic 0.89 5 5 

1:169324793 1 169324793 C T 0.013 5.21E-08 0.626 0.115 0.801 rs6025 NME7 intronic 1.75 4 5 

1:169435027 1 169435027 C T 0.007 1.90E-06 -0.608 0.128 0.639 rs6025 SLC19A2 UTR3 9.62 NA 4 

1:169467654 1 169467654 G A 0.011 5.51E-07 -0.610 0.122 0.927 rs6025 AL021068.1 intergenic 0.69 5 5 

rs4264045 1 169470748 G T 0.062 5.52E-10 0.528 0.085 0.937 rs6687813 F5 intergenic 1.37 7 5 

rs6670848 1 169472899 G A 0.066 4.52E-10 0.529 0.085 1.000 rs6687813 F5 intergenic 1.68 7 5 

rs10737547 1 169476052 G A 0.066 4.65E-10 0.528 0.085 1.000 rs6687813 F5 intergenic 2.96 5 5 

rs6025 1 169519049 C T 0.012 5.81E-09 0.680 0.117 1.000 rs6025 F5 exonic 18.92 NA 4 

rs970740 1 169479974 C T 0.062 3.18E-10 -0.533 0.085 0.937 rs6687813 F5 intergenic 3.00 7 5 

rs6427194 1 169481121 T A 0.069 2.71E-10 -0.535 0.085 0.955 rs6687813 F5 intergenic 4.77 4 1 

rs6427195 1 169481176 T A 0.069 2.71E-10 0.535 0.085 0.955 rs6687813 F5 intergenic 1.99 4 1 

rs6009 1 169498834 C T 0.068 3.17E-10 0.533 0.085 0.969 rs6687813 F5 intronic 14.67 3a 2 

rs9332666 1 169486641 G C 0.064 3.34E-10 -0.532 0.085 0.907 rs6687813 F5 intronic 0.67 7 4 

rs2420370 1 169490392 G C 0.063 3.58E-10 -0.531 0.085 0.922 rs6687813 F5 intronic 1.86 7 4 

rs6682179 1 169490401 C T 0.067 2.79E-10 0.534 0.085 0.984 rs6687813 F5 intronic 4.01 7 2 

rs2420371 1 169491555 G A 0.064 3.56E-10 -0.530 0.084 0.907 rs6687813 F5 intronic 0.90 6 4 

rs2420372 1 169498056 G A 0.063 3.66E-10 0.532 0.085 0.891 rs6687813 F5 intronic 6.81 4 1 

rs6687813 1 169477574 C A 0.066 2.67E-10 0.533 0.084 1.000 rs6687813 F5 intergenic 6.40 4 2 

rs6427197 1 169500590 C A 0.069 3.00E-10 -0.534 0.085 0.955 rs6687813 F5 intronic 0.23 7 4 

rs1018827 1 169514006 G A 0.063 1.84E-09 0.504 0.084 0.830 rs6687813 F5 intronic 0.71 6 4 

rs6427196 1 169481223 G C 0.069 2.72E-10 0.535 0.085 0.955 rs6687813 F5 intergenic 0.10 3a 2 

rs2213868 1 169521553 G A 0.060 2.59E-08 -0.532 0.096 0.755 rs6687813 F5 intronic 8.63 6 4 

rs34033283 14 96599656 G A 0.228 1.65E-11 -0.389 0.058 0.943 rs35136400 AL137190.1 intergenic 1.78 7 5 

rs59804216 14 96600316 C T 0.229 5.14E-12 -0.398 0.058 0.949 rs35136400 AL137190.1 intergenic 2.77 5 5 

rs2369539 14 96600583 C T 0.228 7.43E-12 -0.394 0.058 0.954 rs35136400 AL137190.1 intergenic 0.71 6 5 

rs4627266 14 96600596 T A 0.228 5.60E-12 -0.396 0.058 0.954 rs35136400 AL137190.1 intergenic 2.68 6 5 

rs2369541 14 96600784 G T 0.228 5.00E-12 0.397 0.058 0.954 rs35136400 AL137190.1 intergenic 3.11 7 5 

rs72704813 14 96612609 G A 0.229 2.48E-12 -0.400 0.057 0.971 rs35136400 AL137190.1 intergenic 18.11 2b 2 

rs7156430 14 96603267 C T 0.244 1.10E-09 0.338 0.055 0.881 rs35136400 AL137190.1 ncRNA_exonic 0.55 5 7 

rs1889372 14 96603815 G C 0.244 1.09E-09 -0.338 0.055 0.881 rs35136400 AL137190.1 downstream 1.55 5 5 

rs11160314 14 96604435 C T 0.244 1.05E-09 0.338 0.055 0.881 rs35136400 AL137190.1 intergenic 1.67 7 5 

rs3939400 14 96604627 C T 0.244 1.14E-09 -0.337 0.055 0.881 rs35136400 AL137190.1 intergenic 0.47 NA 7 
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rs55940712 14 96605573 G A 0.229 2.78E-12 -0.400 0.057 0.960 rs35136400 AL137190.1 intergenic 1.66 5 7 

rs60634508 14 96606733 C T 0.230 1.98E-12 -0.403 0.057 0.954 rs35136400 AL137190.1 intergenic 0.48 5 5 

rs36024935 14 96608042 C T 0.228 3.33E-12 -0.398 0.057 0.966 rs35136400 AL137190.1 intergenic 0.33 5 5 

rs56334881 14 96608221 G A 0.228 1.69E-12 -0.404 0.057 0.966 rs35136400 AL137190.1 intergenic 0.00 7 5 

rs2151767 14 96608962 C T 0.228 2.43E-12 -0.401 0.057 0.966 rs35136400 AL137190.1 intergenic 0.93 NA 5 

rs7144843 14 96610075 C T 0.249 3.17E-10 0.348 0.055 0.920 rs35136400 AL137190.1 intergenic 0.15 5 5 

rs34485356 14 96611271 C T 0.229 1.71E-12 0.404 0.057 0.971 rs35136400 AL137190.1 intergenic 2.37 6 5 

rs12888576 14 96611391 G A 0.229 1.53E-12 0.403 0.057 0.971 rs35136400 AL137190.1 intergenic 2.98 5 5 

rs68023675 14 96615137 G A 0.229 2.65E-12 0.400 0.057 0.971 rs35136400 AL137190.1 intergenic 3.87 2c 5 

rs12894970 14 96612682 C T 0.250 3.15E-10 0.348 0.055 0.915 rs35136400 AL137190.1 intergenic 7.99 4 2 

rs12885218 14 96614325 G A 0.249 3.36E-10 -0.348 0.055 0.920 rs35136400 AL137190.1 intergenic 9.59 7 5 

rs71415026 14 96615089 G A 0.229 2,29E-12 0.401 0.057 0.971 rs35136400 AL137190.1 intergenic 2.76 4 5 

rs35136400 14 96619480 G A 0.234 1,28E-12 0.404 0.057 1.000 rs35136400 AL137190.1 intergenic 3.28 5 5 

rs36092996 14 96616039 G C 0.234 1,42E-12 0.404 0.057 1.000 rs35136400 AL137190.1 intergenic 1.47 7 5 

rs4905449 14 96616330 G T 0.250 3,30E-10 0.348 0.055 0.915 rs35136400 AL137190.1 intergenic 1.85 7 5 

rs10140368 14 96616571 G A 0.249 2,95E-10 0.349 0.055 0.920 rs35136400 AL137190.1 intergenic 7.18 6 5 

rs11365128 14 96616606 GA G 0.229 1,75E-12 -0.403 0.057 0.971 rs35136400 AL137190.1 intergenic 8.28 NA 5 

rs8022837 14 96616845 C T 0.234 2,02E-12 -0.401 0.057 1.000 rs35136400 AL137190.1 intergenic 0.55 6 5 

rs34845487 14 96617046 C A 0.229 2.57E-12 -0.400 0.057 0.971 rs35136400 AL137190.1 intergenic 5.62 5 5 

rs35974883 14 96617205 G A 0.234 2.34E-12 -0.400 0.057 1.000 rs35136400 AL137190.1 intergenic 1.62 7 5 

rs12883511 14 96617282 C T 0.234 2.05E-12 0.400 0.057 1.000 rs35136400 AL137190.1 intergenic 0.17 7 5 

rs1959041 14 96617880 G A 0.249 3.74E-10 0.346 0.055 0.920 rs35136400 AL137190.1 intergenic 2.33 NA 5 

rs34985854 14 96617940 C T 0.229 2.00E-12 -0.402 0.057 0.971 rs35136400 AL137190.1 intergenic 1.53 7 5 

rs11850248 14 96618312 G A 0.234 1.61E-12 -0.402 0.057 1.000 rs35136400 AL137190.1 intergenic 0.79 7 5 

rs11850332 14 96618733 G C 0.234 1.62E-12 0.402 0.057 1.000 rs35136400 AL137190.1 intergenic 8.77 6 5 

rs11850303 14 96618740 C A 0.234 1.62E-12 0.402 0.057 1.000 rs35136400 AL137190.1 intergenic 7.71 7 5 

rs11850334 14 96618781 T A 0.234 1.54E-12 0.403 0.057 1.000 rs35136400 AL137190.1 intergenic 2.15 7 5 

rs55668608 14 96619307 G T 0.234 1.28E-12 -0.404 0.057 1.000 rs35136400 AL137190.1 intergenic 1.40 7 5 

rs4905447 14 96602783 G A 0.244 9.88E-10 0.338 0.055 0.881 rs35136400 AL137190.1 upstream 1.11 2b 5 

rs12894873 14 96619739 G T 0.234 1.39E-12 -0.404 0.057 1.000 rs35136400 AL137190.1 intergenic 2.31 7 5 

rs11846378 14 96620441 G A 0.234 1.60E-12 0.403 0.057 1.000 rs35136400 AL137190.1 intergenic 3.39 7 5 

rs11846531 14 96620508 G A 0.234 1.61E-12 -0.403 0.057 1.000 rs35136400 AL137190.1 intergenic 3.55 7 5 

rs11846417 14 96620556 G A 0.234 1.61E-12 0.403 0.057 1.000 rs35136400 AL137190.1 intergenic 3.78 6 5 

rs11846465 14 96620639 G A 0.234 1.60E-12 0.403 0.057 1.000 rs35136400 AL137190.1 intergenic 5.99 7 5 

rs11846550 14 96620826 G A 0.234 1.60E-12 0.403 0.057 1.000 rs35136400 AL137190.1 intergenic 4.67 7 5 

rs71415027 14 96620874 C T 0.234 1.58E-12 -0.403 0.057 1.000 rs35136400 AL137190.1 intergenic 3.40 7 5 

rs71415028 14 96620955 G A 0.234 1.60E-12 0.403 0.057 1.000 rs35136400 AL137190.1 intergenic 4.22 7 5 

rs2369544 14 96621379 G A 0.234 1.59E-12 0.403 0.057 1.000 rs35136400 AL137190.1 intergenic 3.25 6 5 

rs28849215 14 96621809 G A 0.234 1.67E-12 -0.402 0.057 1.000 rs35136400 AL137190.1 intergenic 0.97 6 5 

…Table S10 continued… 
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rs28823359 14 96621833 G C 0.234 1.59E-12 0.403 0.057 1.000 rs35136400 AL137190.1 intergenic 1.02 7 5 

rs12432014 14 96622427 C T 0.249 4.00E-10 -0.346 0.055 0.920 rs35136400 AL137190.1 intergenic 1.18 6 5 

rs12881275 14 96622754 G A 0.251 2.81E-12 -0.403 0.058 0.910 rs35136400 AL137190.1 intergenic 1.33 6 5 

rs7492727 14 96622909 C A 0.250 4.25E-10 -0.345 0.055 0.915 rs35136400 AL137190.1 intergenic 5.10 6 5 

rs34393530 14 96624517 G A 0.231 2.54E-12 0.405 0.058 0.960 rs35136400 AL137190.1 intergenic 3.25 7 5 

rs35526305 14 96624550 C T 0.230 2.54E-12 -0.405 0.058 0.966 rs35136400 AL137190.1 intergenic 0.07 7 5 

rs34870532 14 96624719 G T 0.230 3.02E-12 -0.403 0.058 0.966 rs35136400 AL137190.1 intergenic 1.40 7 5 

rs72704824 14 96624929 C T 0.230 2.73E-12 -0.404 0.058 0.966 rs35136400 AL137190.1 intergenic 0.26 6 5 

rs112558727 14 96625519 C T 0.235 1.63E-12 -0.407 0.058 0.994 rs35136400 AL137190.1 intergenic 0.11 6 5 

rs66680728 14 96625772 C T 0.235 1.88E-12 0.406 0.058 0.994 rs35136400 AL137190.1 intergenic 3.27 7 5 

rs35291022 20 33537157 G A 0.088 3.59E-06 -0.337 0.073 0.656 rs6060237 GSS intronic 1.69 NA 2 

rs80109502 20 33587596 G A 0.087 4.48E-06 0.334 0.073 0.665 rs6060237 MYH7B exonic 17.02 5 4 

rs34174778 20 33544277 G C 0.087 3.07E-06 -0.340 0.073 0.649 rs6060237 GSS upstream 5.87 5 1 

rs35552264 20 33544973 T A 0.088 2.78E-06 -0.340 0.073 0.656 rs6060237 GSS intergenic 2.21 4 5 

rs55909363 20 33549407 C T 0.088 2.82E-06 0.340 0.073 0.656 rs6060237 GSS intergenic 5.62 5 5 

rs55696836 20 33549887 G A 0.088 2.86E-06 0.340 0.073 0.656 rs6060237 GSS intergenic 2.01 7 5 

rs80170004 20 33551462 G A 0.088 2.85E-06 0.340 0.073 0.656 rs6060237 GSS intergenic 0.74 7 5 

rs76110461 20 33552305 C T 0.088 2.71E-06 0.341 0.073 0.656 rs6060237 GSS intergenic 0.65 7 5 

rs17401737 20 33552642 C A 0.088 3.46E-06 0.337 0.073 0.656 rs6060237 GSS intergenic 2.96 6 5 

rs75635914 20 33555815 C T 0.088 3.38E-06 0.338 0.073 0.656 rs6060237 MYH7B intergenic 5.83 5 5 

rs147927753 20 33557550 G A 0.088 2.76E-06 0.340 0.073 0.656 rs6060237 MYH7B intergenic 1.45 6 5 

rs75866240 20 33558839 C T 0.088 3.32E-06 0.338 0.073 0.656 rs6060237 MYH7B intergenic 5.89 5 5 

rs73905019 20 33560314 C A 0.088 2.75E-06 0.341 0.073 0.656 rs6060237 MYH7B intergenic 0.38 5 5 

rs74599371 20 33561495 G A 0.088 5.07E-06 0.331 0.073 0.656 rs6060237 MYH7B intergenic 1.77 5 5 

rs79197732 20 33562476 C T 0.088 5.17E-06 0.331 0.073 0.656 rs6060237 MYH7B upstream 1.20 5 2 

rs76191812 20 33563911 G A 0.088 5.34E-06 0.331 0.073 0.656 rs6060237 MYH7B intronic 4.33 5 5 

rs77437249 20 33564738 G A 0.088 5.39E-06 0.330 0.073 0.656 rs6060237 MYH7B intronic 2.46 5 1 

rs867186 20 33764554 G A 0.087 1.22E-06 -0.348 0.072 0.618 rs6060237 EDEM2:PROCR exonic 16.65 1f 4 

rs55738930 20 33569515 C T 0.088 6.09E-06 0.328 0.073 0.656 rs6060237 MYH7B intronic 0.59 6 2 

rs55641088 20 33569619 C T 0.088 5.45E-06 0.331 0.073 0.656 rs6060237 MYH7B intronic 3.32 6 3 

rs7269138 20 33570007 C T 0.088 3.84E-06 -0.335 0.073 0.656 rs6060237 MYH7B intronic 3.90 5 2 

rs8118978 20 33574458 C A 0.087 4.36E-06 -0.333 0.073 0.665 rs6060237 MYH7B intronic 3.62 5 3 

rs143368271 20 33576651 C T 0.087 4.37E-06 0.334 0.073 0.665 rs6060237 MYH7B intronic 0.11 7 4 

rs6060238 20 33694540 G A 0.123 3.49E-08 0.360 0.065 1.000 rs6060237 EDEM2 intergenic 15.49 7 5 

rs7263203 20 33773375 C A 0.087 1.30E-06 -0.349 0.072 0.618 rs6060237 EDEM2 intronic 13.96 6 5 

rs2295700 20 33591627 G A 0.087 4.92E-06 0.332 0.073 0.665 rs6060237 TRPC4AP intronic 0.00 5 4 

rs73905041 20 33592148 G A 0.087 3.86E-06 0.335 0.073 0.665 rs6060237 TRPC4AP intronic 3.26 5 4 

rs75537616 20 33592588 C T 0.087 4.84E-06 0.332 0.073 0.665 rs6060237 TRPC4AP intronic 4.43 5 4 

rs17317888 20 33594959 G T 0.087 4.93E-06 0.332 0.073 0.665 rs6060237 TRPC4AP intronic 7.85 5 4 

…Table S10 continued… 
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rs6060230 20 33689308 C T 0.089 1.94E-06 0.344 0.072 0.648 rs6060237 TRPC4AP intergenic 11.96 6 5 

rs6579208 20 33598612 C T 0.087 3.85E-06 0.335 0.073 0.665 rs6060237 TRPC4AP intronic 1.27 4 4 

rs8123978 20 33598789 C T 0.087 4.94E-06 0.332 0.073 0.665 rs6060237 TRPC4AP intronic 3.03 7 4 

rs76507298 20 33623522 T A 0.087 4.84E-06 -0.332 0.073 0.665 rs6060237 TRPC4AP intronic 11.23 5 4 

rs75535620 20 33601498 C T 0.087 4.94E-06 -0.332 0.073 0.665 rs6060237 TRPC4AP intronic 2.37 5 4 

rs10485508 20 33605098 C T 0.087 4.98E-06 0.332 0.073 0.665 rs6060237 TRPC4AP intronic 0.98 5 4 

rs6579210 20 33605802 C T 0.087 3.73E-06 0.335 0.073 0.665 rs6060237 TRPC4AP intronic 0.07 4 4 

rs6579211 20 33605857 G A 0.087 4.94E-06 0.332 0.073 0.665 rs6060237 TRPC4AP intronic 3.77 4 4 

rs7274866 20 33608616 G A 0.087 3.88E-06 -0.335 0.073 0.665 rs6060237 TRPC4AP intronic 3.87 5 4 

rs8121710 20 33610118 C T 0.087 5.84E-06 0.329 0.073 0.665 rs6060237 TRPC4AP intronic 0.90 6 4 

rs7271729 20 33610992 C T 0.087 5.08E-06 0.331 0.073 0.665 rs6060237 TRPC4AP intronic 3.54 5 4 

rs75383229 20 33613651 C T 0.087 3.93E-06 -0.335 0.073 0.665 rs6060237 TRPC4AP intronic 0.31 6 4 

rs117320301 20 33614137 C A 0.087 5.09E-06 0.331 0.073 0.665 rs6060237 TRPC4AP intronic 0.72 7 4 

rs76223987 20 33618472 C T 0.087 8.59E-06 -0.322 0.072 0.665 rs6060237 TRPC4AP intronic 2.06 7 4 

rs142275707 20 33620457 G A 0.087 4.79E-06 -0.332 0,073 0.665 rs6060237 TRPC4AP intronic 2.43 6 4 

rs7263253 20 33649376 C T 0.087 4.95E-06 -0.332 0.073 0.665 rs6060237 TRPC4AP intronic 10.44 5 4 

rs56363533 20 33626005 G C 0.088 4.35E-06 0.333 0.073 0.657 rs6060237 TRPC4AP intronic 0.43 7 4 

rs55946144 20 33629610 C T 0.087 3.86E-06 -0.335 0.073 0.665 rs6060237 TRPC4AP intronic 4.34 7 4 

rs8118005 20 33636219 G C 0.088 3.85E-06 0.335 0.073 0.656 rs6060237 TRPC4AP intronic 0.24 6 4 

rs8124662 20 33639256 G A 0.087 7.33E-06 0.323 0.072 0.665 rs6060237 TRPC4AP intronic 0.74 7 4 

rs11905081 20 33640920 C T 0.087 3.82E-06 0.335 0.073 0.665 rs6060237 TRPC4AP intronic 1.83 4 4 

rs11907438 20 33641220 T A 0.088 4.45E-06 0.333 0.073 0.656 rs6060237 TRPC4AP intronic 2.41 6 4 

rs143373163 20 33752110 G T 0.088 6.75E-07 0.361 0.073 0.641 rs6060237 EDEM2 intronic 10.28 5 5 

rs9941751 20 33645709 G A 0.087 3.89E-06 -0.335 0.073 0.665 rs6060237 TRPC4AP intronic 7.01 7 4 

rs11427024 20 33768439 C CT 0.087 1.27E-06 0.348 0.072 0.618 rs6060237 EDEM2 intronic 10.27 NA 4 

rs7268447 20 33649593 G C 0.087 4.90E-06 0.332 0.073 0.665 rs6060237 TRPC4AP intronic 5.93 6 4 

rs2145558 20 33650069 G A 0.087 5.08E-06 -0.331 0.073 0.665 rs6060237 TRPC4AP intronic 6.44 5 4 

rs75165171 20 33651453 G A 0.087 4.59E-06 0.333 0.073 0.665 rs6060237 TRPC4AP intronic 0.33 7 4 

rs149906242 20 33652362 C CCA 0.087 4.61E-06 -0.333 0.073 0.665 rs6060237 TRPC4AP intronic 1.23 NA 4 

rs717593 20 33652964 G C 0.087 4.62E-06 0.333 0.073 0.665 rs6060237 TRPC4AP intronic 2.24 6 4 

rs11167254 20 33654584 C T 0.087 3.94E-06 0.335 0.073 0.665 rs6060237 TRPC4AP intronic 3.95 6 4 

rs11167255 20 33656603 G A 0.087 4.03E-06 0.334 0.073 0.665 rs6060237 TRPC4AP intronic 2.28 7 4 

rs74543591 20 33658658 C T 0.087 4.77E-06 -0.332 0.073 0.665 rs6060237 TRPC4AP intronic 4.21 6 2 

rs144797168 20 33659312 G C 0.087 4.79E-06 -0.332 0.073 0.665 rs6060237 TRPC4AP intronic 1.77 6 5 

rs139403823 20 33659750 C T 0.087 4.79E-06 -0.332 0.073 0.665 rs6060237 TRPC4AP intronic 3.82 6 5 

rs140622086 20 33660442 G A 0.087 4.85E-06 -0.332 0.073 0.665 rs6060237 TRPC4AP intronic 5.05 7 5 

rs142304991 20 33663515 C T 0.087 4.99E-06 -0.332 0.073 0.665 rs6060237 TRPC4AP intronic 4.55 7 4 

rs8116257 20 33664583 G C 0.087 4.02E-06 -0.334 0.073 0.665 rs6060237 TRPC4AP intronic 3.49 7 4 

rs78704804 20 33665831 C A 0.087 4.79E-06 -0.332 0.073 0.665 rs6060237 TRPC4AP intronic 4.84 5 4 
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rs78202808 20 33667424 C T 0.087 4.04E-06 -0.334 0.073 0.665 rs6060237 TRPC4AP intronic 4.91 5 4 

rs117236853 20 33667783 C A 0.086 5.02E-06 0.332 0.073 0.658 rs6060237 TRPC4AP intronic 9.48 5 4 

rs6579215 20 33668260 C T 0.086 3.93E-06 0.335 0.073 0.658 rs6060237 TRPC4AP intronic 0.69 5 4 

rs6579216 20 33668297 C T 0.086 3.93E-06 -0.335 0.073 0.658 rs6060237 TRPC4AP intronic 6.84 5 4 

rs147614901 20 33671947 G A 0.087 5.25E-06 -0.331 0.073 0.665 rs6060237 TRPC4AP intronic 0.82 6 4 

rs55993524 20 33674004 C T 0.087 5.06E-06 0.331 0.073 0.665 rs6060237 TRPC4AP intronic 2.79 7 4 

rs8121957 20 33676109 C T 0.087 3.86E-06 -0.335 0.073 0.665 rs6060237 TRPC4AP intronic 0.04 5 1 

rs11905354 20 33677164 G A 0.087 3.84E-06 0.335 0.073 0.665 rs6060237 TRPC4AP intronic 6.47 5 4 

rs192024492 20 33678368 G A 0.087 4.90E-06 0.332 0.073 0.665 rs6060237 TRPC4AP intronic 6.24 5 3 

rs73903009 20 33678732 G A 0.087 7.60E-06 0.323 0.072 0.665 rs6060237 TRPC4AP intronic 9.32 4 1 

rs6060222 20 33682570 C A 0.088 2.96E-06 -0.337 0.072 0.657 rs6060237 TRPC4AP intergenic 2.73 5 5 

rs11908681 20 33682906 C T 0.088 2.66E-06 0.339 0.072 0.657 rs6060237 TRPC4AP intergenic 5.17 6 5 

rs145850164 20 33683058 G A 0.087 2.76E-06 0.340 0.072 0.665 rs6060237 TRPC4AP intergenic 2.43 7 5 

rs78517073 20 33683430 G A 0.087 2.79E-06 0.339 0.072 0.665 rs6060237 TRPC4AP intergenic 1.70 5 5 

rs7261312 20 33684909 T A 0.088 2.24E-06 -0.341 0.072 0.657 rs6060237 TRPC4AP intergenic 1.72 7 5 

rs6060225 20 33686404 G C 0.088 2.26E-06 -0.341 0.072 0.657 rs6060237 TRPC4AP intergenic 1.64 6 5 

rs6060244 20 33699435 G A 0.087 2.52E-06 0.341 0.072 0.665 rs6060237 EDEM2 intergenic 8.15 1f 4 

rs6060235 20 33691652 G A 0.087 3.19E-06 -0.336 0.072 0.665 rs6060237 TRPC4AP intergenic 0.37 7 5 

rs8117100 20 33692261 C T 0.087 2.75E-06 -0.339 0.072 0.665 rs6060237 EDEM2 intergenic 7.10 5 5 

rs6060236 20 33692618 C A 0.087 2.11E-06 0.343 0.072 0.665 rs6060237 EDEM2 intergenic 9,53 4 5 

rs17319967 20 33693650 G C 0.087 2.47E-06 0.341 0.072 0.665 rs6060237 EDEM2 intergenic 0.56 7 5 

rs11167260 20 33775200 G A 0.087 1.36E-06 0.348 0.072 0.618 rs6060237 EDEM2 intronic 7.20 1f 5 

rs2295888 20 33722863 G A 0,088 4.30E-07 -0.367 0.073 0.641 rs6060237 EDEM2 intronic 6.89 2b 2 

rs6060239 20 33694580 C T 0.123 4.33E-08 -0.357 0.065 1.000 rs6060237 EDEM2 intergenic 5.26 6 5 

rs6058182 20 33696486 C T 0.087 3.15E-06 0.338 0.073 0.665 rs6060237 EDEM2 intergenic 1.08 7 5 

rs6060241 20 33696495 G A 0.087 3.15E-06 0.338 0.073 0.665 rs6060237 EDEM2 intergenic 0.12 7 5 

rs6060242 20 33698016 G T 0.088 5.19E-07 -0.380 0.076 0.657 rs6060237 EDEM2 intergenic 7.08 6 4 

rs6060245 20 33699625 G A 0.087 2.43E-06 -0.342 0.073 0.665 rs6060237 EDEM2 intergenic 5.08 5 4 

rs28469723 20 33700717 G A 0.087 2.49E-06 -0.341 0.073 0.665 rs6060237 EDEM2 intergenic 7.95 7 4 

rs8117847 20 33642480 C T 0.087 3.84E-06 0.335 0.073 0.665 rs6060237 TRPC4AP intronic 5.52 1f 4 

rs6058185 20 33701652 G A 0.088 2.67E-06 -0.339 0.072 0.657 rs6060237 EDEM2 intergenic 4.54 4 4 

rs79341738 20 33702104 C T 0.087 2.50E-06 -0.341 0.072 0.665 rs6060237 EDEM2 intergenic 2.94 6 4 

rs79438986 20 33702280 G T 0.087 3.14E-06 -0.338 0.073 0.665 rs6060237 EDEM2 downstream 7.44 7 4 

rs112318873 20 33702831 C T 0.087 2.49E-06 -0.341 0.073 0.665 rs6060237 EDEM2 downstream 2.23 7 4 

rs75888794 20 33702998 G C 0.089 2.50E-06 0.341 0.073 0.647 rs6060237 EDEM2 downstream 4.81 5 4 

rs17092297 20 33703134 G A 0.089 2.75E-06 0.339 0.072 0.648 rs6060237 EDEM2 downstream 3.85 6 4 

rs111641740 20 33707177 C T 0.088 2.83E-06 0.340 0.073 0.656 rs6060237 EDEM2 intronic 0.07 7 4 

rs11908647 20 33720592 C T 0.088 4.42E-07 -0.367 0.073 0.641 rs6060237 EDEM2 intronic 3.65 7 4 

rs11908683 20 33720920 C T 0.088 4.52E-07 -0.367 0.073 0.641 rs6060237 EDEM2 intronic 1.71 7 4 
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rs139791629 20 33721333 G A 0.088 5.39E-07 0.364 0.073 0.641 rs6060237 EDEM2 intronic 0.29 7 4 

rs11904893 20 33721356 G A 0.088 4.33E-07 -0.367 0.073 0.641 rs6060237 EDEM2 intronic 0.39 7 4 

rs145497211 20 33721426 C T 0.088 4.58E-07 0.367 0.073 0.641 rs6060237 EDEM2 intronic 7.68 7 4 

rs8119351 20 33754405 G A 0.087 5.25E-07 0.365 0.073 0.634 rs6060237 EDEM2 intronic 5.48 2b 5 

rs141521143 20 33723455 AAATAAT A 0.088 6.79E-08 -0.411 0.076 0.641 rs6060237 EDEM2 intronic 2.10 NA 4 

rs75648520 20 33724221 C T 0.088 4.72E-07 0.366 0.073 0.641 rs6060237 EDEM2 intronic 4.45 2b 2 

rs73903017 20 33724758 G A 0.088 4.48E-07 -0.367 0.073 0.641 rs6060237 EDEM2 intronic 9.83 4 4 

rs11907574 20 33725207 G A 0.088 4.51E-07 -0.366 0.073 0.641 rs6060237 EDEM2 intronic 4.26 7 4 

rs60866116 20 33726150 C T 0.088 4.56E-07 -0.366 0.073 0.641 rs6060237 EDEM2 intronic 2.29 5 4 

rs55921558 20 33726536 C T 0.088 4.44E-07 0.367 0.073 0.641 rs6060237 EDEM2 intronic 2.84 7 4 

rs55750106 20 33726631 C T 0.088 5.68E-07 0.363 0.073 0.641 rs6060237 EDEM2 intronic 3.77 6 4 

rs8126407 20 33727023 G A 0.088 4.66E-07 -0.366 0.073 0.641 rs6060237 EDEM2 intronic 0.36 7 4 

rs144439724 20 33728235 C T 0.088 4.33E-07 0.368 0.073 0.641 rs6060237 EDEM2 intronic 2.94 6 4 

rs11906318 20 33729442 C A 0.088 4.48E-07 -0.367 0.073 0.641 rs6060237 EDEM2 intronic 1.49 5 4 

rs11908232 20 33729477 G C 0.088 4.98E-07 -0.365 0.073 0.641 rs6060237 EDEM2 intronic 4.46 5 4 

rs11908100 20 33729479 G A 0.088 4.98E-07 0.365 0.073 0.641 rs6060237 EDEM2 intronic 7.00 5 4 

rs11167258 20 33730644 C T 0.088 4.56E-07 0.366 0.073 0.641 rs6060237 EDEM2 intronic 4.40 7 4 

rs35072131 20 33730691 C CCT 0.088 4.56E-07 0.366 0.073 0.641 rs6060237 EDEM2 intronic 8.26 NA 4 

rs12105996 20 33731010 G A 0.088 4.48E-07 0.366 0.073 0.641 rs6060237 EDEM2 intronic 3.55 5 4 

rs57690120 20 33731437 T A 0.088 4.74E-07 -0.366 0.073 0.641 rs6060237 EDEM2 intronic 8.35 5 4 

rs79048371 20 33731484 T A 0.088 5.00E-07 0.365 0.073 0.641 rs6060237 EDEM2 intronic 2.22 5 4 

rs12106264 20 33732369 G T 0.088 4.90E-07 -0.365 0.073 0.641 rs6060237 EDEM2 intronic 3.25 5 4 

rs114948279 20 33733641 G A 0.088 5.10E-07 0.365 0.073 0.641 rs6060237 EDEM2 intronic 0.00 7 1 

rs11907010 20 33737661 C T 0.088 6.92E-07 0.361 0.073 0.641 rs6060237 EDEM2 intronic 0.23 5 5 

rs141474375 20 33745891 G A 0.088 4.32E-07 -0.368 0.073 0.641 rs6060237 EDEM2 intronic 1.02 7 5 

rs74626382 20 33746668 G T 0.088 4.16E-07 0.368 0.073 0.641 rs6060237 EDEM2 intronic 0.44 6 5 

rs144917890 20 33746789 C A 0.088 5.12E-07 0.365 0.073 0.641 rs6060237 EDEM2 intronic 3.51 7 5 

rs6060246 20 33701107 G A 0.087 2.76E-06 -0.340 0.072 0.665 rs6060237 EDEM2 intergenic 2.88 1f 4 

rs55734215 20 33585437 C T 0.087 4.71E-06 0.333 0.073 0.665 rs6060237 MYH7B exonic 1.27 2b 2 

rs2069940 20 33759272 G C 0.087 9.98E-07 -0.352 0.072 0.618 rs6060237 EDEM2 intronic 1.10 6 1 

rs17092215 20 33595913 C T 0.087 3.85E-06 0.335 0.073 0.665 rs6060237 TRPC4AP intronic 1.13 1f 4 

rs11907011 20 33767770 C T 0.087 1.16E-06 0.350 0.072 0.618 rs6060237 EDEM2 intronic 2.38 4 2 

rs7273734 20 33599403 G C 0.087 3.85E-06 0.335 0.073 0.665 rs6060237 TRPC4AP intronic 1.01 1f 4 

rs7265317 20 33768523 C T 0.087 1.21E-06 -0.349 0.072 0.618 rs6060237 EDEM2 intronic 5.07 4 4 

rs945961 20 33769926 G A 0.087 1.21E-06 -0.349 0.072 0.618 rs6060237 EDEM2 intronic 5.35 5 4 

rs6060237 20 33694210 G A 0.123 3.47E-08 -0.360 0.065 1.000 rs6060237 EDEM2 intergenic 0.79 7 5 

rs117249133 20 33773630 G A 0.087 1.17E-06 -0.351 0.072 0.618 rs6060237 EDEM2 intronic 9.97 7 5 

rs56400038 20 33537671 G A 0,088 3.08E-06 0.340 0.073 0.656 rs6060237 GSS intronic 0.04 2b 4 

rs11904888 20 33778866 T A 0.087 1.33E-06 0.349 0.072 0.618 rs6060237 EDEM2 intronic 3.28 7 4 
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The lead SNP of the independent risk loci are highlighted in blue. Abbreviations: SNP, single nucleotide polymorphism | Chr, chromosome | Pos, genomic position 
(hg19) | MAF, minor allele frequency | P, p-value | SE, standard error | r2, highest measured LD between the given SNP and one of the independent significant SNPs 
| IndSigSNP, rsID of the independent significant SNP that has the maximum r2 with the SNP | Func, functional consequence of the SNP according to ANNOVAR 
annotations | CADD, combined annotation-dependent depletion score | RDB, Regulome DB score | minChrState, the minimum obtained 15-core chromatin state across 
the 127 tissue/cell types | NA, not available. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                

rs141932846 20 33783805 G A 0.086 1.23E-06 0.350 0.072 0.611 rs6060237 EDEM2 intronic 9.20 7 5 

rs11906148 20 33784021 C A 0.086 1.22E-06 0.350 0.072 0.611 rs6060237 EDEM2 intronic 9.61 5 5 

rs117802529 20 33786677 C T 0.086 1.19E-06 0.351 0.072 0.611 rs6060237 EDEM2 intronic 7.63 7 5 

rs139189391 20 33792559 C CA 0.086 4.44E-07 0.383 0.076 0.611 rs6060237 EDEM2 intronic 6.59 NA 4 
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Table S11 | Genes prioritized by at least two gene mapping methods.  

Gene Chr Start End pLI 
posMap 
SNPs 

posMap 
MaxCADD 

eqtlMap 
SNPs 

eqtlMap 
minP 

eqtlMap 
minQ eqtlMap tissues eqtlDir ciMap ciMap tissues 

ATP1B1 1 169074935 169101960 0.996 1 0.414 0 NA NA NA NA Yes IMR90 

NME7 1 169101769 169337205 0.004 4 5.355 20 3.64E-06 2.08E-78 

Artery_Aorta; 
Cells_Cultured_fibroblasts; 

Skin_Sun_Exposed_Lower_leg; 
Thyroid 

- Yes 
Promoter_anchored_loops; IMR90; 

Mesenchymal_Stem_Cell; Mesendoderm; 
Trophoblast-like_Cell; hESC 

CCDC181 1 169364108 169429907 0.000 1 9.616 0 NA NA NA NA Yes 
Liver; IMR90; Mesenchymal_Stem_Cell;  
Mesendoderm; Trophoblast-like_Cell; 

hESC 

SLC19A2 1 169433147 169455241 0.004 1 9.616 23 4.64E-12 3.45E-08 
Whole_Blood; 

Cells_Cultured_fibroblasts; 
Skin_Not_Sun_Exposed_Suprapubic 

+ Yes 

Aorta; Left_Ventricle; Liver; GM12878; 
IMR90; Mesenchymal_Stem_Cell; 

Mesendoderm; Neural_Progenitor_Cell; 
Trophoblast-like_Cell; hESC 

F5 1 169483404 169555826 0.000 16 18.92 0 NA NA NA NA Yes 
Liver; IMR90; Mesenchymal_Stem_Cell; 
Mesendoderm; Trophoblast-like_Cell; 

hESC 

C1orf112 1 169631245 169823221 0.000 0 0 4 1.55E-04 4.14E-04 Muscle_Skeletal - Yes Left_Ventricle; Mesenchymal_Stem_Cell; 
Mesendoderm; hESC 

SELE 1 169691781 169733846 0.000 0 0 2 7.49E-05 2.05E-02 Colon_Transverse + Yes 

Aorta; Left_Ventricle; Liver; GM12878; 
IMR90; Mesenchymal_Stem_Cell; 

Mesendoderm; Trophoblast-like_Cell; 
hESC 

METTL18 1 169761670 169764107 0.029 0 0 17 1.77E-05 1.05E-70 
Cells_Cultured_fibroblasts; 

Thyroid - Yes 
Left_Ventricle; Liver; GM12878; IMR90;  

Mesenchymal_Stem_Cell; Mesendoderm; 
Trophoblast-like_Cell; hESC 

BDKRB2 14 96671016 96710666 0.270 0 0 64 8.85E-11 2.96E-13 Brain_Putamen_basal_ganglia; 
Lung - Yes IMR90 

BDKRB1 14 96722161 96735304 0.070 0 0 64 3.58E-09 5.42E-05 Brain_Putamen_basal_ganglia + Yes 

Dorsolateral_Prefrontal_Cortex; 
Hippocampus; Left_Ventricle; Liver; 

Spleen; GM12878; IMR90; 
Mesenchymal_Stem_Cell; Mesendoderm; 

Neural_Progenitor_Cell; Trophoblast-
like_Cell; hESC 

GGT7 20 33432523 33460663 0.998 0 0 169 1.56E-05 1.41E-07 
Whole_Blood;Artery_Tibial; 

Nerve_Tibial; Stomach - Yes 

EP_links_oneway; 
Promoter_anchored_loops; Adult_Cortex; 

Left_Ventricle; Liver; Right_Ventricle; 
GM12878; IMR90; 

Mesenchymal_Stem_Cell; Mesendoderm; 
Trophoblast-like_Cell; hESC 
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ACSS2 20 33459949 33515769 0.000 0 0 5 7.29E-05 7.91E-17 Nerve_Tibial + Yes 

EP_links_oneway; 
Promoter_anchored_loops; Adult_Cortex; 

Left_Ventricle; Liver; Right_Ventricle; 
GM12878; IMR90; 

Mesenchymal_Stem_Cell; Mesendoderm; 
Trophoblast-like_Cell; hESC 

GSS 20 33516236 33543620 0.023 10 5.871 0 NA NA NA NA Yes 
Promoter_anchored_loops; IMR90; 

Mesenchymal_Stem_Cell 

MYH7B 20 33563206 33590240 0.000 30 17.02 33 2.23E-06 1.92E-19 
Adipose_Subcutaneous; 

Artery_Aorta; Nerve_Tibial; 
Skin_Sun_Exposed_Lower_leg 

+ Yes Promoter_anchored_loops; IMR90 

TRPC4AP 20 33590207 33680674 1.000 81 17.02 174 6.70E-25 2.64E-19 

Adipose_Subcutaneous; 
Whole_Blood; Brain_Cerebellum; 

Breast_Mammary_Tissue; 
Colon_Sigmoid; Esophagus_ 
Gastroesophageal_Junction; 

Esophagus_Muscularis; Lung; 
Nerve_Tibial; Ovary; Pancreas; 
Pituitary; Skin_Sun_Exposed_ 
Lower_leg; Small_Intestine_ 

Terminal_Ileum; Spleen; Stomach; 
Testis; Thyroid 

- Yes 

Promoter_anchored_loops; Adult_Cortex; 
Left_Ventricle; Liver; IMR90; 

Mesenchymal_Stem_Cell; Mesendoderm;  
Trophoblast-like_Cell; hESC 

EDEM2 20 33703167 33865928 0.000 82 16.65 174 7.40E-27 1.00E-27 

Adipose_Subcutaneous; 
Artery_Tibial; 

Breast_Mammary_Tissue; 
Colon_Sigmoid; 

Heart_Atrial_Appendage; 
Heart_Left_Ventricle; Nerve_Tibial; 

Thyroid 

+ Yes 
IMR90; Mesenchymal_Stem_Cell; 

Mesendoderm;  
Trophoblast-like_Cell; hESC 

PROCR 20 33759876 33765165 0.010 15 16.65 174 7.45E-19 2.46E-29 

Adipose_Subcutaneous; Cells_EBV_ 
transformed_lymphocytes; 

Artery_Tibial; Breast_Mammary_ 
Tissue; Heart_Atrial_Appendage; 
Heart_Left_Ventricle; Liver; Lung; 

Muscle_Skeletal; Nerve_Tibial; 
Pancreas; 

Cells_Cultured_fibroblasts; 
Skin_Not_Sun_Exposed_Suprapubic; 

Skin_Sun_Exposed_Lower_leg 

+ Yes 

Promoter_anchored_loops; Left_Ventricle; 
Liver;  

Right_Ventricle; GM12878; IMR90; 
Mesenchymal_Stem_Cell; Mesendoderm; 

Trophoblast-like_Cell; hESC 

MMP24 20 33814457 33864801 0.029 0 0 110 4.89E-05 2.26E-06 Skin_Not_Sun_Exposed_Suprapubic; 
Skin_Sun_Exposed_Lower_leg 

- Yes IMR90; Mesenchymal_Stem_Cell; 
Mesendoderm; hESC 

EIF6 20 33866714 33872788 0.782 0 0 174 6.34E-16 6.06E-67 

Adipose_Subcutaneous; 
Whole_Blood; Heart_Left_Ventricle; 

Lung; Muscle_Skeletal; 
Nerve_Tibial; Skin_Not_Sun_ 

Exposed_Suprapubic; Skin_Sun_ 
Exposed_Lower_leg; Thyroid 

+ Yes 

Promoter_anchored_loops; IMR90; 
Mesenchymal_Stem_Cell;  

Mesendoderm; Trophoblast-like_Cell; 
hESC 

…Table S11 continued… 
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FAM83C 20 33873534 33880204 0.000 0 0 145 3.90E-06 5.73E-32 
Esophagus_Mucosa; 

Skin_Not_Sun_Exposed_Suprapubic; 
Skin_Sun_Exposed_Lower_leg 

- Yes 

Promoter_anchored_loops; IMR90; 
Mesenchymal_Stem_Cell;  

Mesendoderm; Trophoblast-like_Cell; 
hESC 

GDF5 20 34021145 34042568 0.923 0 0 0 NA NA NA NA Yes 

Promoter_anchored_loops; Adult_Cortex; 
Fetal_Cortex; IMR90; 

Mesenchymal_Stem_Cell; Trophoblast-
like_Cell 

Abbreviations: Chr, chromosome | Start/End, start/end position of the gene (hg19) | pLI, probability of being loss-of-function intolerant | posMapSNPs, number of SNPs mapped to 
genes based on positional mapping and CADD filtering | posMapMaxCADD, maximum CADD score of SNPs mapped by positional mapping | eqtlMapSNPs, number of SNPs mapped 
to genes based on eQTL mapping | eqtlMapMinP, minimum eQTL p-value of mapped SNPs | eqtlMapminQ, minimum eQTL FDR of mapped SNPs | eqtlMap tissues, tissue types of 
mapped eQTL SNPs (all GTEx v8) | eqtlDir, consequential direction of mapped eQTL SNPs (after aligning risk increasing alleles of the meta-analysis and the tested alleles in GTEx 
eQTLs) | ciMap, “yes” if gene is mapped by chromatin interactions, “no” if otherwise | ciMap tissues, tissue/cell typs of mapped chromatin interactions | NA, not available.  
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Table S12 | The top 50 genes identified in the gene-based analyses.  

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Genome-wide significantly associated genes (P < 2.63x10-6) are written in bold. Abbreviations: 
Chr, chromosome | N, sample size | NSNPs, number of SNPs annotated to the gene | P, p-
value |Start/Stop, gene annotation boundaries (hg19) | Zstat, gene z-value.  

Gene P Chr Start Stop NSNPs N Zstat 

TMEM119 7.66E-08 12 108973622 109027096 136 77865 5.25 
EDEM2 2.39E-06 20 33693167 33900928 434 77036 4.57 
PROCR 5.43E-06 20 33724876 33775165 120 78243 4.40 

MYH7B 1.54E-05 20 33528206 33600240 153 78126 4.17 

TRPC4AP 3.85E-05 20 33580207 33715674 329 78045 3.95 

LIMCH1 3.97E-05 4 41326624 41712061 887 77564 3.95 

GSS 4.76E-05 20 33506236 33578620 127 78375 3.90 

KIAA0020 5.20E-05 9 2710469 2879241 378 77406 3.88 

BDKRB2 8.74E-05 14 96636016 96720666 298 77746 3.75 

SLC19A2 9.44E-05 1 169423147 169490241 170 77408 3.73 

IQGAP2 1.22E-04 5 75664074 76013957 958 77915 3.67 

RP11-404P21.8 1.40E-04 14 96636181 96740266 378 77764 3.63 

SELPLG 1.60E-04 12 109005686 109062735 105 77998 3.60 

LRMP 1.70E-04 12 25138936 25271268 456 77564 3.58 

SART3 2.92E-04 12 108906357 108990176 254 78151 3.44 

SIX6 2.94E-04 14 60940669 60989568 103 75562 3.44 

F5 3.08E-04 1 169473404 169590826 418 78066 3.42 

SNAPC2 3.39E-04 19 7950201 7998135 115 77882 3.40 

TGFBR3L 4.55E-04 19 7946030 7993982 102 77762 3.32 

C14orf39 4.64E-04 14 60853187 61017261 331 75766 3.31 

NUMBL 4.90E-04 19 41162596 41231877 180 77913 3.30 

C7orf50 4.94E-04 7 1026622 1212896 823 77469 3.29 

KIAA1324L 5.77E-04 7 86496222 86724015 594 77890 3.25 

DDX47 6.23E-04 12 12931250 12992915 194 77253 3.23 

SIX1 6.47E-04 14 61100133 61159977 89 74291 3.22 

SIX4 7.38E-04 14 61166246 61226066 46 76123 3.18 

MAP2K7 7.48E-04 19 7933728 7989363 115 77075 3.18 

CYP2A6 7.57E-04 19 41339443 41391352 209 73869 3.17 

INPP4A 7.95E-04 2 99026317 99220853 265 77725 3.16 

ITPKC 8.27E-04 19 41188008 41256765 162 77912 3.15 

TTC17 8.33E-04 11 43345482 43526483 339 77491 3.14 

ADCK4 8.39E-04 19 41187434 41259112 173 77837 3.14 

MNAT1 8.67E-04 14 61166460 61446671 266 75183 3.13 

CTD-3193O13.9 8.79E-04 19 7923605 7974326 122 77039 3.13 

APOLD1 9.13E-04 12 12843851 12992909 320 77266 3.12 

ADCK1 1.05E-03 14 78231426 78411355 740 78031 3.08 

UNCX 1.12E-03 7 1237543 1286954 53 77089 3.06 

ZNF90 1.13E-03 19 20153803 20247885 307 75221 3.05 

LRRC8E 1.13E-03 19 7918390 7976901 139 77165 3.05 

FAM96B 1.24E-03 16 66955959 67003326 59 77660 3.03 

DOCK9 1.28E-03 13 99435741 99773879 1006 78033 3.02 

SOCS6 1.28E-03 18 67921137 68007436 300 77516 3.02 

UAP1 1.40E-03 1 162496323 162579627 129 77451 2.99 

AC010336.1 1.42E-03 19 7953689 8003427 130 77612 2.99 

GPR20 1.44E-03 8 142356600 142412367 136 77813 2.98 

KNG1 1.65E-03 3 186400065 186471743 303 77638 2.94 

C7orf76 1.65E-03 7 96100938 96167835 142 78052 2.94 

RRAD 1.81E-03 16 66945582 66994547 66 77909 2.91 

COX16 1.88E-03 14 70781798 70861448 249 78223 2.90 

SPRR4 1.89E-03 1 152908142 152955050 90 76829 2.90 
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Table S13 | Gene-sets associated at P < 10-3.  

Gene Set Ngenes Beta Beta_STD SE P 

GO_cc:go_early_endosome 327 0.1721 0.0224 0.0482 1.79E-04 

GO_bp:go_endothelial_cell_activation 10 1.1751 0.0270 0.3414 2.89E-04 

Curated_gene_sets:ho_liver_cancer_vascular_invasion 12 0.7265 0.0183 0.2198 4.76E-04 

GO_bp:go_righting_reflex 8 0.9486 0.0195 0.2891 5.19E-04 

Curated_gene_sets:nikolsky_breast_cancer_20p13_amplicon 8 1.8013 0.0370 0.5533 5.68E-04 

Curated_gene_sets:biocarta_agr_pathway 28 0.5564 0.0214 0.1737 6.79E-04 

GO_bp:go_macromolecule_depalmitoylation 10 1.0357 0.0238 0.3255 7.34E-04 

GO_mf:go_palmitoyl_protein_hydrolase_activity 10 1.0357 0.0238 0.3255 7.34E-04 

GO_bp:go_positive_regulation_of_metanephric_ 
glomerulus_development 

4 1.1603 0.0168 0.3724 9.19E-04 

 Abbreviations: Ngenes, number of genes contained in the gene-set | Beta, regression coefficient of the 
gene-set | Beta_STD, semi-standardized regression coefficient | SE, standard error of the regression 
coefficient | P, p-value.  

 

 

 

 

 

 Figure S6 | MAGMA tissue expression analysis results. 
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Figure S7 | Genetic correlation results.  

Red bars indicate nominal significant (P < 0.05) results, while grey bars represent non-significant 
genetic correlations. The left panel displays the correlation results based on the metaEUR data. The 
right panel illustrates the re-analysis of the three traits that showed a nominal significant correlation 
with a stratified metaEUR analysis which contained only treatment-matched controls. Abbreviations: 
CAD, coronary artery disease | DVT, deep vein thrombosis | T2D, type 2 diabetes | rg, genetic 
correlation.
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