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Cardiovascular disease (CVD) represents a major global health problem: it is the leading cause 

of death and disability around the world, in both industrialized and developing countries [1-3]. 

CVD comprises a broad spectrum of disorders affecting the heart and blood vessels. The work 

presented in this thesis focuses on rare inherited CVD, including thoracic aortic aneurysms 

and dissections, congenital heart disease and cardiomyopathies. In the past decade, many of 

the genetic factors that contribute to CVD have been identified. Clarification of the underlying 

genetic architecture is important to identify relatives at increased risk of developing CVD, who 

should undergo regular cardiovascular surveillance, and helps to determine optimal clinical 

and surgical management. In addition, establishing the underlying molecular mechanisms 

is pivotal for the development of new treatment strategies. Lessons learned from studying 

CVD caused by variation in a single gene (i.e. monogenic inheritance) may also improve our 

understanding of molecular processes resulting in more common and complex forms of CVD.

Thoracic aortic aneurysms and dissections

Definition and classification

An arterial aneurysm is defined as a localized dilatation of an artery [4]. Most aneurysms in-

volve the thoracic or abdominal aorta. In this thesis, we will focus on thoracic aortic aneurysms 

(TAA). TAA are classified according to their anatomic location (aortic root, ascending aorta, 

aortic arch and descending aorta) (Figure 1A) and may involve more than one aortic segment. 

An aortic root diameter ≥40 mm is generally considered enlarged [5]. However, this value may 
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Figure 1. Anatomy of the thoracic aorta. (A) Segmental division of the thoracic aorta. (B) Histologic features of the 
normal ascending aortic wall stained with hematoxylin and eosin. Image provided by Jan von der Thüsen.
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need to be adjusted for gender, age and body surface area. Without prophylactic surgical 

repair, progressive enlargement of the aorta might lead to rupture or dissection. Thoracic 

aortic dissections are classified according to the anatomic location of the intimal tear in the 

aortic wall: Stanford type A dissections involve the ascending aorta; type B dissections include 

only the descending aorta, without involvement of the ascending aorta [6]. The location of the 

dissection is important for determining the need for surgical or endovascular procedures [5].

Epidemiology

The true prevalence and incidence of TAA is not known, because patients may remain asymp-

tomatic for many years. Men are more likely to suffer from TAA than women. A nationwide 

study involving all individuals diagnosed with TAA or dissections in Sweden reported an 

incidence of 16.3 per 100,000 per year for men and 9.1 per 100,000 per year for women [7]. 

Women, on the other hand, are less likely to undergo surgical treatment, and have worse 

outcomes and higher early and late mortality following open surgical repair than men [8-10]. 

These gender-related differences are poorly understood. Possible explanations include ge-

netic or hormonal factors, atypical disease presentation (i.e. women more often present with 

congestive heart failure and altered mental status) [11], or underestimation of the relative 

aortic size in women.

Pathophysiology

The aortic wall is composed of three layers: the intima, media and adventitia (Figure 1B). 

The intima consists of a single layer of endothelial cells on top of a basement membrane, 

and a subendothelial layer of loose connective tissue. The media is the thickest layer and is 

composed of numerous concentric layers of elastic laminae interspersed with smooth muscle 

cells, collagen, and proteoglycans [12]. The adventitia is the outer layer which consists of col-

lagen, fibroblasts, and vasa vasorum. Ascending TAA often result from medial degeneration, 

which is characterized by varying degrees of mucoid extracellular matrix accumulation, elastic 

fiber fragmentation and/or loss, smooth muscle cell nuclei loss, and laminar medial collapse 

[13]. The most important risk factors for developing TAA include ageing and hypertension [14, 

15]. However, approximately one in five patients with TAA have a positive family history for ar-

terial aneurysms, indicating that genetic predisposition plays a major role in the development 

of TAA. Familial TAA is associated with younger age at presentation and faster growth rate [16].

Genetics

The identification of genes involved in the pathogenesis of TAA is hampered by non-Mendelian 

patterns of inheritance with incomplete penetrance and variable expressivity. Nonetheless, 

the number of genes associated with TAA and dissections has increased rapidly over the 

past two decades. The majority of these genes code for proteins involved in the extracel-

lular matrix, the transforming growth factor beta (TGF-β) signaling pathway, and the vascular 
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smooth muscle cell (VSMC) contractile apparatus (Table 1) [17]. Copy number variants (i.e. 

submicroscopic gains or losses of chromosomal material) may also predispose to TAA. 

Though individually rare, significantly higher numbers of copy number variants are found in 

both familial and sporadic TAA [18, 19]. Recent evidence suggests that different forms of 

genetically triggered TAA share a common epigenetic mechanism involving the HDAC9-BRG1-

MALAT1 chromatin-remodeling complex [20].

TAA can be subdivided into two categories: syndromic (associated with abnormalities in other 

organ systems) and non-syndromic (isolated finding). There is, however, considerable overlap 

in the genetic basis between these categories, since variants in the same gene can result 

in both syndromic and non-syndromic TAA [21, 22]. Marfan syndrome is undoubtedly the 

most well-known and intensively studied syndromic form of TAA. Patients typically present 

with aortic root enlargement, ectopia lentis, and skeletal features [23]. Heterozygous variants 

in FBN1, encoding the extracellular matrix protein fibrillin-1, can be found in over 90% of 

patients that fulfill diagnostic criteria [24, 25]. Marfan syndrome shows considerable clinical 

overlap with other heritable connective tissue disorders, including Loeys-Dietz syndrome, 

Shprintzen-Goldberg syndrome, and vascular Ehlers-Danlos syndrome [26]. Compared 

to Marfan syndrome, vascular abnormalities in Loeys-Dietz syndrome tend to be more 

severe and widespread. Other features that distinguish Loeys-Dietz syndrome from Marfan 

syndrome include hypertelorism, bifid uvula or cleft palate, craniosynostosis, clubfoot, joint 

contractures, and cervical spine instability [27]. TAA can also be a (rare) manifestation of a 

number of other syndromes, including Turner syndrome, arterial tortuosity syndrome, cutis 

laxa syndromes, Alagille syndrome, polycystic kidney disease, Alport syndrome, osteogenesis 

imperfecta, hereditary hemorrhagic telangiectasia, Noonan syndrome, neurofibromatosis 

type 1, and tuberous sclerosis.

Variants in ACTA2, encoding the smooth muscle cell specific isoform of alpha-actin, are an 

important cause of non-syndromic TAA. Mutation detection rates in familial TAA vary between 

3% and 21% [28-32]. Variants in ACTA2 not only predispose to TAA and dissections, but also 

to premature coronary artery disease, stroke, and Moyamoya-like disease. Other genes, such 

as the myosin heavy chain 11 (MYH11) gene, the myosin light chain kinase (MYLK) gene, and 

the cyclic guanosine monophosphate-dependent protein kinase (PRKG1) gene, each account 

for less than 1% of non-syndromic TAA (Table 1) [22]. Identification of the specific genetic 

cause helps guide medical and surgical management of the disease, e.g. the extent of vascu-

lar imaging and the threshold for prophylactic surgical intervention [33].

In this thesis, we provide recommendations for genetic testing in TAA. We discuss which 

patients should be referred for genetic counseling, and how family screening should be 

performed (Chapter 2.1). Special attention is paid to the genetic counseling process in Loeys-
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Dietz syndrome type 3 (Chapter 2.2). In Chapter 2.3, we describe a newly discovered subtype 

of Loeys-Dietz syndrome. Finally, in Chapter 2.4, we applied RNA sequencing to identify new 

pathways involved in the pathogenesis of TAA.

Congenital heart disease

Definition and classification

Congenital heart disease (CHD) is classically defined as a structural malformation of the 

heart or intrathoracic great vessels present at birth that is actually or potentially of functional 

significance [34]. This definition encompasses a broad spectrum of structural abnormalities, 

ranging from a small, often spontaneously closing ventricular septal defect to a severe mal-

formation that requires extensive surgical repair. Several classification schemes exists for 

describing CHD. For etiologic studies, CHD are often classified according to the underlying 

developmental mechanism [35].

Epidemiology

CHD is the most common major structural birth defect in human, affecting nearly 1% of live 

births [36]. This corresponds to approximately 1,400 children born with a heart defect in the 

Netherlands each year. In addition, another 1-2% of the population have a bicuspid aortic 

valve (BAV) instead of the normal tricuspid aortic valve (TAV). Although BAV is often asymp-

tomatic and undiagnosed in infancy, it is associated with serious complications and sudden 

cardiac death later in life [37-39]. BAV can be part of a larger spectrum of left-sided CHD, also 

referred to as left ventricular outflow tract obstruction (LVOTO), including aortic valve stenosis, 

coarctation of the aorta, and in its most severe form, hypoplastic left heart syndrome.

Advances in cardiothoracic surgery and transcatheter interventions have dramatically 

improved survival: more than 90% of children born with CHD now reach adulthood [40]. 

The growing population of adults with (surgically corrected) CHD poses new challenges with 

regard to pregnancy-related complications and increased risk of CHD in their offspring. The 

recurrence risks vary according to the type of CHD [41]. In addition, the recurrence risk is 

generally higher in the offspring of affected mothers compared with affected fathers [41]. The 

latter might be explained by a threshold model with sex dimorphism (i.e. females may require 

a higher genetic load to develop the disease, a phenomenon known as the Carter effect) [42], 

maternally imprinted CHD genes, or mitochondrial inheritance [43].

Pathophysiology

The human heart is the first organ to function during embryonic development. Heart develop-

ment begins with the formation of two endothelial tubes which fuse in the midline to form 
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the primitive heart tube (Figure 2A). The heart tube subsequently develops into five distinct 

regions: the sinus venosus, primitive atrium, primitive ventricle, bulbus cordis, and truncus 

arteriosus (Figure 2B). As the primitive heart tube elongates, it undergoes rightward looping 

and folding (Figure 2C). As a result, the ventricle moves caudally and the atrium cranially, as-

suming their final adult positions (Figure 2D). Further heart development involves remodeling 

of the chambers and the formation of septa and valves to form a four-chambered heart [44]. 

Heart development is completed by 9 weeks of gestation. Perturbation of any step of the 

complex biological processes involved in heart development can lead to CHD. The spectrum 

of left-sided CHD, for example, may result from altered intracardiac hemodynamics (e.g. im-

paired blood flow and shear stresses), leading to underdevelopment of left heart structures 

[45]. This concept is supported by experimental animal models and high-resolution imaging 

showing that, besides intrinsic patterning, mechanical forces are essential drivers of normal 

cardiac morphogenesis [46]. Familial clustering of different types of left-sided CHD also sug-

gest a shared genetic etiology.

Figure 2. Development of the human heart during the fourth week. Artwork by Tom de Vries Lentsch.

Genetics

CHD often occurs as an isolated finding (non-syndromic). About 15% of newborns with CHD 

have extracardiac manifestations [47]. Aneuploidies, such as trisomy 21 (Down syndrome), 

trisomy 13 (Patau syndrome), trisomy 18 (Edwards syndrome) and monosomy X (Turner syn-

drome), account for approximately 10% of CHD in newborns. Smaller copy number variants, 

including both microdeletions or duplications, contribute to 10-15% of CHD. Microdeletion 

of the chromosome 22q11.2 region, encompassing over 30 genes, is the most frequently 

detected submicroscopic anomaly in CHD. Patients typically present with conotruncal heart 

defects, such as tetralogy of Fallot, pulmonary atresia, interrupted aortic arch, and truncus 

arteriosus. Haploinsufficiency of both TBX1 and CRKL appears to contribute to the cardiovas-

cular phenotype [48, 49]. In approximately 5% of newborns the CHD is part of a monogenic 

syndrome. Noonan syndrome is the most frequently encountered, with an estimated preva-

lence between 1:1000 and 1:2500. This syndrome is caused by variants in several genes that 

encode components of the Ras/MAPK pathway, with variants in the PTPN11 gene account-
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ing for approximately half of all cases. CHD is present in 60-90% of patients with Noonan 

syndrome. Pulmonary valve stenosis is the most common heart defect but hypertrophic 

cardiomyopathy is also frequently encountered. Additional features may include dysmorphic 

facies, short stature, pectus deformity, and developmental delay. Rare monogenic syndromes 

associated with CHD include Alagille syndrome, Kabuki syndrome, CHARGE syndrome, Holt-

Oram syndrome, and Cornelia de Lange syndrome, among many others.

In most patients with non-syndromic CHD, the underlying cause is unknown. The majority 

occurs sporadically, with presumed multifactorial inheritance [50]. Environmental factors 

that increase the risk for CHD include teratogenic exposure and maternal illnesses [51]. Rare 

inherited and de novo variants, particularly affecting genes involved in chromatin modification 

and transcription regulation, may also contribute to non-syndromic CHD [52]. Families with 

clear monogenic (autosomal dominant, autosomal recessive or X-linked) inheritance of CHD 

are scarce. Left-sided CHD are an important exception: these heart defects are highly heri-

table, and approximately 20% of patients have at least one affected first-degree relative [53]. 

Variants in NOTCH1, encoding a transmembrane receptor protein in the highly conserved 

Notch signaling pathway, have been associated with congenital aortic valve defects and valvu-

lar calcification later in life [54]. Rare variants in SMAD6, which codes for a negative regulator 

of the TGF-β and bone morphogenetic protein (BMP) signaling cascades, can be found in 2.5% 

of BAV with concomitant TAA [55].

In this thesis, we focus on families with left-sided CHD. In Chapter 3.1, we show that variants 

in NOTCH1 account for 7% of familial and 1% of sporadic left-sided CHD. In Chapter 3.2, we 

describe the new association between PKP2 and hypoplastic left heart syndrome.

Cardiomyopathies

Definition and classification

Cardiomyopathy is defined as a myocardial disorder in which the heart muscle is structurally 

and functionally abnormal, in the absence of coronary artery disease or abnormal loading 

conditions sufficient to cause the observed myocardial abnormality [56]. Cardiomyopathies 

are classified according to their morphological and functional features into five different 

phenotypes: hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM), arrhythmo-

genic right ventricular cardiomyopathy (ARVC), restrictive cardiomyopathy (RCM), and unclas-

sified cardiomyopathy, which includes left ventricular noncompaction (LVNC) and Takotsubo 

cardiomyopathy (Table 2). The international MOGE(S) classification system adds information 

on the genetic background of cardiomyopathies [57].
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Epidemiology

HCM and DCM are the most common types of cardiomyopathy. HCM affects approximately 1 

in 500 adults [58, 59]. However, when taking into account the high prevalence of HCM-causing 

variants in the general population and the enhanced clinical detection with advanced imaging 

techniques, the prevalence might be as high as 1:200 [60]. DCM might also be more common 

than previously anticipated. An early study reported a prevalence of approximately 1 in 2,700 

individuals in the general population [61]. A more recent study, however, estimated the true 

prevalence of DCM at 1:250 [62].

In this thesis, we will particularly focus on cardiomyopathy in childhood. Cardiomyopathy in 

children is rare, with an annual incidence of approximately 1 per 100,000 children in Western 

countries [63-65]. The majority of children are diagnosed within the first year of life. Pediatric 

HCM generally has a good outcome: the overall survival is 97% at 5 years and 94% at 10 

years after presentation. Heart failure is the leading cause of death; sudden death is rare. 

In contrast, 40% of children with DCM die or undergo cardiac transplantation within 5 years 

after diagnosis [66, 67]. In addition to the specific categories described above, children often 

display a mixed cardiomyopathy phenotype.

Pathophysiology

The heart wall consists of three layers: the endocardium, myocardium and epicardium. The 

myocardium is the thickest layer, and is composed of striated muscle tissue and loose endo-

mysial connective tissue. Individual cardiac muscle cells (cardiomyocytes) are interconnected 

through highly specialized cell junctions called intercalated discs. There are three main junc-

Table 2. Classification of cardiomyopathies

Type of cardiomyopathy Characteristics Prevalence Refs

Hypertrophic cardiomyopathy 
(HCM)

Increased LV wall thickness (≥15 mm in adults or z-score >2 in 
children in one or more LV myocardial segments) that is not 
explained by abnormal loading conditions

1:200-500 [56]

Dilated cardiomyopathy (DCM) LV or biventricular systolic dysfunction (LV ejection fraction <40%) and 
dilatation that are not explained by abnormal loading conditions or 
coronary artery disease

1:250-2,700 [115]

Arrhythmogenic right 
ventricular cardiomyopathy 
(ARVC)

Progressive fibrofatty replacement of the RV myocardium, with or 
without LV involvement

1:2,000-
5,000

[116]

Restrictive cardiomyopathy 
(RCM)

Diastolic dysfunction with restrictive filling pattern affecting either or 
both ventricles, and normal or near-normal chamber size and systolic 
function

rare [117]

Left ventricular noncompaction 
(LVNC)

Prominent LV trabeculae with deep intertrabecular recesses and thin 
compacted layer

rare [118]

Takotsubo cardiomyopathy Transient systolic dysfunction of the apical and/or midventricular LV 
segments in the absence of coronary artery disease, often provoked 
by physical or emotional stress

rare [119]

LV, left ventricular; RV, right ventricular.
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tional complexes within the disc: fascia adherens, desmosomes and gap junctions (Figure 

3). These junctions are essential for mechanical and electrical coupling between adjacent 

cells. Cardiomyocytes are composed of numerous bundles of myofibrils, that contain thick 

(myosin) and thin (actin) myofilaments. These filaments are organized in repeated subunits, 

called sarcomeres, which represent the fundamental contractile units of the cardiomyocytes. 

Binding of calcium ions to troponin C induces conformational changes in the actin-myosin 

complex, resulting in muscle contraction.

HCM is characterized by left ventricular hypertrophy, typically most pronounced at the 

basal anterior septum, and predominant diastolic dysfunction. The main histopathological 

hallmarks are the triad of cardiomyocyte hypertrophy, disarray, and interstitial fibrosis. DCM 

is characterized left ventricular or biventricular enlargement and systolic dysfunction. The his-

topathological changes associated with DCM include myocyte nuclear hypertrophy, myofibril-

lary loss, and interstitial fibrosis [68]. The causes of cardiomyopathy are diverse, particularly in 

children with DCM, and include environmental (e.g. infections) and genetic etiologies.

Genetics

Genetic cardiomyopathies are characterized by marked locus and allelic heterogeneity (i.e. 

the phenotype can result from variants in different genes and different variants in the same 

Figure 3. Organization of intracellular connections in the human heart. Electron microscopy of cardiac muscle 
showing different components of the intercalated disc: fascia adherens, desmosome and gap junction. From Sev-
ers, N.J. BioEssays 2000;22:188–199. Reprinted with permission of John Wiley & Sons, Inc.
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gene, respectively), reduced penetrance and variable expressivity. Both HCM and DCM are 

usually non-syndromic and inherited in an autosomal dominant fashion. HCM is predomi-

nantly caused by variants in genes that encode for sarcomeric proteins. The majority (70-80%) 

of disease-causing variants identified reside in only two genes, MYH7 and MYBPC3, encoding 

beta-myosin heavy chain and cardiac myosin-binding protein, respectively. DCM shows more 

diverse ontology, affecting nearly every compartment in the cell, including the sarcomere, 

cytoskeleton, nuclear envelope, and sarcoplasmic reticulum [69]. Rare truncating variants 

in TTN, encoding the giant protein titin, can be found in 25% of familial DCM and 18% of 

sporadic DCM [70]. However, these variants have also been identified in 2-3% of the general 

population, complicating variant interpretation. Rare variants in LMNA, encoding lamin A/C, 

account for approximately 6% of DCM, which is often associated with conduction defects and 

arrhythmias [71]. In the Netherlands, a founder variant in the phospholamban (PLN) gene 

accounts for an additional 15% of DCM [72].

The majority of genes described in adults also contribute to cardiomyopathy in children [73]. 

Children with early-onset and severe disease presentation are more likely to carry de novo, 

biallelic or multiple gene variants in classical autosomal dominant disease genes [74-76]. 

Pediatric cardiomyopathy can also be part of numerous syndromes (e.g. Noonan syndrome), 

neuromuscular disorders (e.g. Duchenne muscular dystrophy) and metabolic conditions, war-

ranting detailed investigation by a genetic specialist.

In this thesis, we discuss the pathogenicity of a previous cardiomyopathy-associated gene and 

describe two newly identified genes involved in early-onset cardiomyopathy with autosomal 

recessive inheritance. In Chapter 4.1, we investigate the role of CALR3 variants in monogenic 

cardiomyopathy. In Chapter 4.2 and 4.3, we describe the first families with cardiomyopathy 

due to biallelic variants in ALPK3, encoding a transcriptional regulator involved in early car-

diomyocyte differentiation. Finally, in Chapter 4.4, we describe a family with rapidly progres-

sive cardiomyopathy due to biallelic variants in ASNA1, providing the first evidence for a link 

between the tail-anchored protein insertion pathway and CVD in humans.

General introduction 13



References
	 1.	 World Health Organization, Global atlas on cardiovascular disease prevention and control, S. Mendis, P. 

Puska, and B. Norrving, Editors. 2011, World Health Organization: Geneva.
	 2.	 Atlas Writing, G., A. Timmis, N. Townsend, C. Gale, R. Grobbee, N. Maniadakis, et al., European Society of 

Cardiology: Cardiovascular Disease Statistics 2017. Eur Heart J, 2018. 39(7): p. 508‑579.
	 3.	 Benjamin, E.J., S.S. Virani, C.W. Callaway, A.M. Chamberlain, A.R. Chang, S. Cheng, et al., Heart Disease and 

Stroke Statistics-2018 Update: A Report From the American Heart Association. Circulation, 2018. 137(12): p. 
e67-e492.

	 4.	 Johnston, K.W., R.B. Rutherford, M.D. Tilson, D.M. Shah, L. Hollier, and J.C. Stanley, Suggested standards 
for reporting on arterial aneurysms. Subcommittee on Reporting Standards for Arterial Aneurysms, Ad Hoc 
Committee on Reporting Standards, Society for Vascular Surgery and North American Chapter, International 
Society for Cardiovascular Surgery. J Vasc Surg, 1991. 13(3): p. 452‑8.

	 5.	 Erbel, R., V. Aboyans, C. Boileau, E. Bossone, R. Di Bartolomeo, H. Eggebrecht, et al., 2014 ESC Guidelines 
on the diagnosis and treatment of aortic diseases: Document covering acute and chronic aortic diseases of the 
thoracic and abdominal aorta of the adultThe Task Force for the Diagnosis and Treatment of Aortic Diseases of 
the European Society of Cardiology (ESC). Eur Heart J, 2014. 35(41): p. 2873‑926.

	 6.	 Goldfinger, J.Z., J.L. Halperin, M.L. Marin, A.S. Stewart, K.A. Eagle, and V. Fuster, Thoracic aortic aneurysm 
and dissection. J Am Coll Cardiol, 2014. 64(16): p. 1725‑39.

	 7.	 Olsson, C., S. Thelin, E. Stahle, A. Ekbom, and F. Granath, Thoracic aortic aneurysm and dissection: increasing 
prevalence and improved outcomes reported in a nationwide population-based study of more than 14,000 
cases from 1987 to 2002. Circulation, 2006. 114(24): p. 2611‑8.

	 8.	 Holmes, K.W., C.L. Maslen, M. Kindem, B.L. Kroner, H.K. Song, W. Ravekes, et al., GenTAC registry report: 
gender differences among individuals with genetically triggered thoracic aortic aneurysm and dissection. Am J 
Med Genet A, 2013. 161A(4): p. 779‑86.

	 9.	 Nicolini, F., A. Vezzani, F. Corradi, R. Gherli, F. Benassi, T. Manca, and T. Gherli, Gender differences in 
outcomes after aortic aneurysm surgery should foster further research to improve screening and prevention 
programmes. Eur J Prev Cardiol, 2018. 25(1_suppl): p. 32‑41.

	 10.	 Grubb, K.J. and I.L. Kron, Sex and gender in thoracic aortic aneurysms and dissection. Semin Thorac Cardio-
vasc Surg, 2011. 23(2): p. 124‑5.

	 11.	 Nienaber, C.A., R. Fattori, R.H. Mehta, B.M. Richartz, A. Evangelista, M. Petzsch, et al., Gender-related differ-
ences in acute aortic dissection. Circulation, 2004. 109(24): p. 3014‑21.

	 12.	 El-Hamamsy, I. and M.H. Yacoub, Cellular and molecular mechanisms of thoracic aortic aneurysms. Nat Rev 
Cardiol, 2009. 6(12): p. 771‑86.

	 13.	 Halushka, M.K., A. Angelini, G. Bartoloni, C. Basso, L. Batoroeva, P. Bruneval, et al., Consensus statement on 
surgical pathology of the aorta from the Society for Cardiovascular Pathology and the Association For European 
Cardiovascular Pathology: II. Noninflammatory degenerative diseases - nomenclature and diagnostic criteria. 
Cardiovasc Pathol, 2016. 25(3): p. 247‑257.

	 14.	 Covella, M., A. Milan, S. Totaro, C. Cuspidi, A. Re, F. Rabbia, and F. Veglio, Echocardiographic aortic root 
dilatation in hypertensive patients: a systematic review and meta-analysis. J Hypertens, 2014. 32(10): p. 1928-
35; discussion 1935.

	 15.	 Virmani, R., A.P. Avolio, W.J. Mergner, M. Robinowitz, E.E. Herderick, J.F. Cornhill, et al., Effect of aging on aor-
tic morphology in populations with high and low prevalence of hypertension and atherosclerosis. Comparison 
between occidental and Chinese communities. Am J Pathol, 1991. 139(5): p. 1119‑29.

	 16.	 Albornoz, G., M.A. Coady, M. Roberts, R.R. Davies, M. Tranquilli, J.A. Rizzo, and J.A. Elefteriades, Familial 
thoracic aortic aneurysms and dissections--incidence, modes of inheritance, and phenotypic patterns. Ann 
Thorac Surg, 2006. 82(4): p. 1400‑5.

	 17.	 Mulder, B.J.M., I.M.B.H. van de Laar, and J. de Backer, Heritable Thoracic Aortic Disorders, in Clinical Cardio-
genetics, H. Baars, et al., Editors. 2016, Springer: Cham. p. 263‑294.

14 Erasmus Medical Center Rotterdam



	 18.	 Prakash, S.K., S.A. LeMaire, D.C. Guo, L. Russell, E.S. Regalado, H. Golabbakhsh, et al., Rare copy number 
variants disrupt genes regulating vascular smooth muscle cell adhesion and contractility in sporadic thoracic 
aortic aneurysms and dissections. Am J Hum Genet, 2010. 87(6): p. 743‑56.

	 19.	 Prakash, S., S.Q. Kuang, T.A.C.R.I. Gen, E. Regalado, D. Guo, and D. Milewicz, Recurrent Rare Genomic Copy 
Number Variants and Bicuspid Aortic Valve Are Enriched in Early Onset Thoracic Aortic Aneurysms and Dissec-
tions. PLoS One, 2016. 11(4): p. e0153543.

	 20.	 Lino Cardenas, C.L., C.W. Kessinger, Y. Cheng, C. MacDonald, T. MacGillivray, B. Ghoshhajra, et al., An 
HDAC9-MALAT1-BRG1 complex mediates smooth muscle dysfunction in thoracic aortic aneurysm. Nat Com-
mun, 2018. 9(1): p. 1009.

	 21.	 Brownstein, A.J., B.A. Ziganshin, H. Kuivaniemi, S.C. Body, A.E. Bale, and J.A. Elefteriades, Genes Associated 
with Thoracic Aortic Aneurysm and Dissection: An Update and Clinical Implications. Aorta (Stamford), 2017. 
5(1): p. 11‑20.

	 22.	 Luyckx, I. and B.L. Loeys, The genetic architecture of non-syndromic thoracic aortic aneurysm. Heart, 2015. 
101(20): p. 1678‑84.

	 23.	 Loeys, B.L., H.C. Dietz, A.C. Braverman, B.L. Callewaert, J. De Backer, R.B. Devereux, et al., The revised Ghent 
nosology for the Marfan syndrome. J Med Genet, 2010. 47(7): p. 476‑85.

	 24.	 Loeys, B., J. De Backer, P. Van Acker, K. Wettinck, G. Pals, L. Nuytinck, et al., Comprehensive molecular 
screening of the FBN1 gene favors locus homogeneity of classical Marfan syndrome. Hum Mutat, 2004. 24(2): 
p. 140‑6.

	 25.	 Baetens, M., L. Van Laer, K. De Leeneer, J. Hellemans, J. De Schrijver, H. Van De Voorde, et al., Applying 
massive parallel sequencing to molecular diagnosis of Marfan and Loeys-Dietz syndromes. Hum Mutat, 2011. 
32(9): p. 1053‑62.

	 26.	 Verstraeten, A., M. Alaerts, L. Van Laer, and B. Loeys, Marfan Syndrome and Related Disorders: 25 Years of 
Gene Discovery. Hum Mutat, 2016. 37(6): p. 524‑31.

	 27.	 Meester, J.A.N., A. Verstraeten, D. Schepers, M. Alaerts, L. Van Laer, and B.L. Loeys, Differences in manifesta-
tions of Marfan syndrome, Ehlers-Danlos syndrome, and Loeys-Dietz syndrome. Ann Cardiothorac Surg, 2017. 
6(6): p. 582‑594.

	 28.	 Guo, D.C., H. Pannu, V. Tran-Fadulu, C.L. Papke, R.K. Yu, N. Avidan, et al., Mutations in smooth muscle 
alpha-actin (ACTA2) lead to thoracic aortic aneurysms and dissections. Nat Genet, 2007. 39(12): p. 1488‑93.

	 29.	 Morisaki, H., K. Akutsu, H. Ogino, N. Kondo, I. Yamanaka, Y. Tsutsumi, et al., Mutation of ACTA2 gene as 
an important cause of familial and nonfamilial nonsyndromatic thoracic aortic aneurysm and/or dissection 
(TAAD). Hum Mutat, 2009. 30(10): p. 1406‑11.

	 30.	 Disabella, E., M. Grasso, F.I. Gambarin, N. Narula, R. Dore, V. Favalli, et al., Risk of dissection in thoracic 
aneurysms associated with mutations of smooth muscle alpha-actin 2 (ACTA2). Heart, 2011. 97(4): p. 321‑6.

	 31.	 Renard, M., B. Callewaert, M. Baetens, L. Campens, K. MacDermot, J.P. Fryns, et al., Novel MYH11 and ACTA2 
mutations reveal a role for enhanced TGFbeta signaling in FTAAD. Int J Cardiol, 2013. 165(2): p. 314‑21.

	 32.	 Ke, T., M. Han, M. Zhao, Q.K. Wang, H. Zhang, Y. Zhao, et al., Alpha-actin-2 mutations in Chinese patients with 
a non-syndromatic thoracic aortic aneurysm. BMC Med Genet, 2016. 17(1): p. 45.

	 33.	 Bradley, T.J., N.A. Alvarez, and S.G. Horne, A Practical Guide to Clinical Management of Thoracic Aortic Disease. 
Can J Cardiol, 2016. 32(1): p. 124‑30.

	 34.	 Mitchell, S.C., S.B. Korones, and H.W. Berendes, Congenital heart disease in 56,109 births. Incidence and 
natural history. Circulation, 1971. 43(3): p. 323‑32.

	 35.	 Botto, L.D., A.E. Lin, T. Riehle-Colarusso, S. Malik, A. Correa, and S. National Birth Defects Prevention, 
Seeking causes: Classifying and evaluating congenital heart defects in etiologic studies. Birth Defects Res A Clin 
Mol Teratol, 2007. 79(10): p. 714‑27.

	 36.	 van der Linde, D., E.E. Konings, M.A. Slager, M. Witsenburg, W.A. Helbing, J.J. Takkenberg, and J.W. Roos-
Hesselink, Birth prevalence of congenital heart disease worldwide: a systematic review and meta-analysis. J Am 
Coll Cardiol, 2011. 58(21): p. 2241‑7.

General introduction 15



	 37.	 Michelena, H.I., V.A. Desjardins, J.F. Avierinos, A. Russo, V.T. Nkomo, T.M. Sundt, et al., Natural history 
of asymptomatic patients with normally functioning or minimally dysfunctional bicuspid aortic valve in the 
community. Circulation, 2008. 117(21): p. 2776‑84.

	 38.	 Siu, S.C. and C.K. Silversides, Bicuspid aortic valve disease. J Am Coll Cardiol, 2010. 55(25): p. 2789‑800.
	 39.	 Michelena, H.I., A.D. Khanna, D. Mahoney, E. Margaryan, Y. Topilsky, R.M. Suri, et al., Incidence of aortic 

complications in patients with bicuspid aortic valves. Jama, 2011. 306(10): p. 1104‑12.
	 40.	 Khairy, P., R. Ionescu-Ittu, A.S. Mackie, M. Abrahamowicz, L. Pilote, and A.J. Marelli, Changing mortality in 

congenital heart disease. J Am Coll Cardiol, 2010. 56(14): p. 1149‑57.
	 41.	 van de Laar, I.M.B.H. and M.W. Wessels, Inheritance of Congenital Heart Disease, in Pregnancy and Congenital 

Heart Disease, J.W. Roos-Hesselink and M.R. Johnson, Editors. 2017, Springer: Cham. p. 51‑66.
	 42.	 Carter, C.O. and K.A. Evans, Inheritance of congenital pyloric stenosis. J Med Genet, 1969. 6(3): p. 233‑54.
	 43.	 Nora, J.J. and A.H. Nora, Maternal transmission of congenital heart diseases: new recurrence risk figures and the 

questions of cytoplasmic inheritance and vulnerability to teratogens. Am J Cardiol, 1987. 59(5): p. 459‑63.
	 44.	 Moorman, A., S. Webb, N.A. Brown, W. Lamers, and R.H. Anderson, Development of the heart: (1) formation 

of the cardiac chambers and arterial trunks. Heart, 2003. 89(7): p. 806‑14.
	 45.	 Clark, E.B., Pathogenetic mechanisms of congenital cardiovascular malformations revisited. Semin Perinatol, 

1996. 20(6): p. 465‑72.
	 46.	 Lindsey, S.E., J.T. Butcher, and H.C. Yalcin, Mechanical regulation of cardiac development. Front Physiol, 

2014. 5: p. 318.
	 47.	 Egbe, A., S. Uppu, S. Lee, D. Ho, and S. Srivastava, Prevalence of associated extracardiac malformations in the 

congenital heart disease population. Pediatr Cardiol, 2014. 35(7): p. 1239‑45.
	 48.	 Verhagen, J.M., K.E. Diderich, G. Oudesluijs, G.M. Mancini, A.J. Eggink, A.C. Verkleij-Hagoort, et al., Phe-

notypic variability of atypical 22q11.2 deletions not including TBX1. Am J Med Genet A, 2012. 158A(10): p. 
2412‑20.

	 49.	 Racedo, S.E., D.M. McDonald-McGinn, J.H. Chung, E. Goldmuntz, E. Zackai, B.S. Emanuel, et al., Mouse and 
human CRKL is dosage sensitive for cardiac outflow tract formation. Am J Hum Genet, 2015. 96(2): p. 235‑44.

	 50.	 Wessels, M.W. and P.J. Willems, Genetic factors in non-syndromic congenital heart malformations. Clin Genet, 
2010. 78(2): p. 103‑23.

	 51.	 Jenkins, K.J., A. Correa, J.A. Feinstein, L. Botto, A.E. Britt, S.R. Daniels, et al., Noninherited risk factors and con-
genital cardiovascular defects: current knowledge: a scientific statement from the American Heart Association 
Council on Cardiovascular Disease in the Young: endorsed by the American Academy of Pediatrics. Circulation, 
2007. 115(23): p. 2995-3014.

	 52.	 Jin, S.C., J. Homsy, S. Zaidi, Q. Lu, S. Morton, S.R. DePalma, et al., Contribution of rare inherited and de novo 
variants in 2,871 congenital heart disease probands. Nat Genet, 2017. 49(11): p. 1593-1601.

	 53.	 Kerstjens-Frederikse, W.S., G.J. Du Marchie Sarvaas, J.S. Ruiter, P.C. Van Den Akker, A.M. Temmerman, J.P. 
Van Melle, et al., Left ventricular outflow tract obstruction: should cardiac screening be offered to first-degree 
relatives? Heart, 2011. 97(15): p. 1228‑32.

	 54.	 Garg, V., A.N. Muth, J.F. Ransom, M.K. Schluterman, R. Barnes, I.N. King, et al., Mutations in NOTCH1 cause 
aortic valve disease. Nature, 2005. 437(7056): p. 270‑4.

	 55.	 Gillis, E., A.A. Kumar, I. Luyckx, C. Preuss, E. Cannaerts, G. van de Beek, et al., Candidate Gene Resequencing 
in a Large Bicuspid Aortic Valve-Associated Thoracic Aortic Aneurysm Cohort: SMAD6 as an Important Contribu-
tor. Front Physiol, 2017. 8: p. 400.

	 56.	 Elliott, P., B. Andersson, E. Arbustini, Z. Bilinska, F. Cecchi, P. Charron, et al., Classification of the cardiomy-
opathies: a position statement from the European Society Of Cardiology Working Group on Myocardial and 
Pericardial Diseases. Eur Heart J, 2008. 29(2): p. 270‑6.

	 57.	 Arbustini, E., N. Narula, G.W. Dec, K.S. Reddy, B. Greenberg, S. Kushwaha, et al., The MOGE(S) classification 
for a phenotype-genotype nomenclature of cardiomyopathy: endorsed by the World Heart Federation. J Am Coll 
Cardiol, 2013. 62(22): p. 2046‑72.

16 Erasmus Medical Center Rotterdam



	 58.	 Maron, B.J., P. Spirito, M.J. Roman, M. Paranicas, P.M. Okin, L.G. Best, et al., Prevalence of hypertrophic 
cardiomyopathy in a population-based sample of American Indians aged 51 to 77 years (the Strong Heart 
Study). Am J Cardiol, 2004. 93(12): p. 1510‑4.

	 59.	 Zou, Y., L. Song, Z. Wang, A. Ma, T. Liu, H. Gu, et al., Prevalence of idiopathic hypertrophic cardiomyopathy in 
China: a population-based echocardiographic analysis of 8080 adults. Am J Med, 2004. 116(1): p. 14‑8.

	 60.	 Semsarian, C., J. Ingles, M.S. Maron, and B.J. Maron, New perspectives on the prevalence of hypertrophic 
cardiomyopathy. J Am Coll Cardiol, 2015. 65(12): p. 1249-1254.

	 61.	 Codd, M.B., D.D. Sugrue, B.J. Gersh, and L.J. Melton, 3rd, Epidemiology of idiopathic dilated and hypertrophic 
cardiomyopathy. A population-based study in Olmsted County, Minnesota, 1975-1984. Circulation, 1989. 
80(3): p. 564‑72.

	 62.	 Hershberger, R.E., D.J. Hedges, and A. Morales, Dilated cardiomyopathy: the complexity of a diverse genetic 
architecture. Nat Rev Cardiol, 2013. 10(9): p. 531‑47.

	 63.	 Lipshultz, S.E., L.A. Sleeper, J.A. Towbin, A.M. Lowe, E.J. Orav, G.F. Cox, et al., The incidence of pediatric 
cardiomyopathy in two regions of the United States. N Engl J Med, 2003. 348(17): p. 1647‑55.

	 64.	 Nugent, A.W., P.E. Daubeney, P. Chondros, J.B. Carlin, M. Cheung, L.C. Wilkinson, et al., The epidemiology of 
childhood cardiomyopathy in Australia. N Engl J Med, 2003. 348(17): p. 1639‑46.

	 65.	 Arola, A., E. Jokinen, O. Ruuskanen, M. Saraste, E. Pesonen, A.L. Kuusela, et al., Epidemiology of idiopathic 
cardiomyopathies in children and adolescents. A nationwide study in Finland. Am J Epidemiol, 1997. 146(5): p. 
385‑93.

	 66.	 Daubeney, P.E., A.W. Nugent, P. Chondros, J.B. Carlin, S.D. Colan, M. Cheung, et al., Clinical features and 
outcomes of childhood dilated cardiomyopathy: results from a national population-based study. Circulation, 
2006. 114(24): p. 2671‑8.

	 67.	 Towbin, J.A., A.M. Lowe, S.D. Colan, L.A. Sleeper, E.J. Orav, S. Clunie, et al., Incidence, causes, and outcomes 
of dilated cardiomyopathy in children. Jama, 2006. 296(15): p. 1867‑76.

	 68.	 Hughes, S.E. and W.J. McKenna, New insights into the pathology of inherited cardiomyopathy. Heart, 2005. 
91(2): p. 257‑64.

	 69.	 Wilcox, J.E. and R.E. Hershberger, Genetic cardiomyopathies. Curr Opin Cardiol, 2018. 33(3): p. 354‑362.
	 70.	 Herman, D.S., L. Lam, M.R. Taylor, L. Wang, P. Teekakirikul, D. Christodoulou, et al., Truncations of titin 

causing dilated cardiomyopathy. N Engl J Med, 2012. 366(7): p. 619‑28.
	 71.	 Tesson, F., M. Saj, M.M. Uvaize, H. Nicolas, R. Ploski, and Z. Bilinska, Lamin A/C mutations in dilated cardio-

myopathy. Cardiol J, 2014. 21(4): p. 331‑42.
	 72.	 van der Zwaag, P.A., I.A. van Rijsingen, A. Asimaki, J.D. Jongbloed, D.J. van Veldhuisen, A.C. Wiesfeld, et al., 

Phospholamban R14del mutation in patients diagnosed with dilated cardiomyopathy or arrhythmogenic right 
ventricular cardiomyopathy: evidence supporting the concept of arrhythmogenic cardiomyopathy. Eur J Heart 
Fail, 2012. 14(11): p. 1199‑207.

	 73.	 Morita, H., H.L. Rehm, A. Menesses, B. McDonough, A.E. Roberts, R. Kucherlapati, et al., Shared genetic 
causes of cardiac hypertrophy in children and adults. N Engl J Med, 2008. 358(18): p. 1899‑908.

	 74.	 Lee, T.M., D.T. Hsu, P. Kantor, J.A. Towbin, S.M. Ware, S.D. Colan, et al., Pediatric Cardiomyopathies. Circ Res, 
2017. 121(7): p. 855‑873.

	 75.	 Mathew, J., L. Zahavich, M. Lafreniere-Roula, J. Wilson, K. George, L. Benson, et al., Utility of genetics for risk 
stratification in pediatric hypertrophic cardiomyopathy. Clin Genet, 2018. 93(2): p. 310‑319.

	 76.	 Rampersaud, E., J.D. Siegfried, N. Norton, D. Li, E. Martin, and R.E. Hershberger, Rare variant mutations 
identified in pediatric patients with dilated cardiomyopathy. Prog Pediatr Cardiol, 2011. 31(1): p. 39‑47.

	 77.	 Meester, J.A., G. Vandeweyer, I. Pintelon, M. Lammens, L. Van Hoorick, S. De Belder, et al., Loss-of-function 
mutations in the X-linked biglycan gene cause a severe syndromic form of thoracic aortic aneurysms and dissec-
tions. Genet Med, 2017. 19(4): p. 386‑395.

	 78.	 Atzinger, C.L., R.A. Meyer, P.R. Khoury, Z. Gao, and B.T. Tinkle, Cross-sectional and longitudinal assessment 
of aortic root dilation and valvular anomalies in hypermobile and classic Ehlers-Danlos syndrome. J Pediatr, 
2011. 158(5): p. 826-830 e1.

General introduction 17



	 79.	 Bradley, T.J., S.C. Bowdin, C.F. Morel, and R.E. Pyeritz, The Expanding Clinical Spectrum of Extracardiovascular 
and Cardiovascular Manifestations of Heritable Thoracic Aortic Aneurysm and Dissection. Can J Cardiol, 2016. 
32(1): p. 86‑99.

	 80.	 Kashtan, C.E., Y. Segal, F. Flinter, D. Makanjuola, J.S. Gan, and T. Watnick, Aortic abnormalities in males with 
Alport syndrome. Nephrol Dial Transplant, 2010. 25(11): p. 3554‑60.

	 81.	 Monroe, G.R., M. Harakalova, S.N. van der Crabben, D. Majoor-Krakauer, A.M. Bertoli-Avella, F.L. Moll, et al., 
Familial Ehlers-Danlos syndrome with lethal arterial events caused by a mutation in COL5A1. Am J Med Genet 
A, 2015. 167(6): p. 1196‑203.

	 82.	 Huang, J., E.C. Davis, S.L. Chapman, M. Budatha, L.Y. Marmorstein, R.A. Word, and H. Yanagisawa, Fibulin-4 
deficiency results in ascending aortic aneurysms: a potential link between abnormal smooth muscle cell pheno-
type and aneurysm progression. Circ Res, 2010. 106(3): p. 583‑92.

	 83.	 Szabo, Z., M.W. Crepeau, A.L. Mitchell, M.J. Stephan, R.A. Puntel, K. Yin Loke, et al., Aortic aneurysmal disease 
and cutis laxa caused by defects in the elastin gene. J Med Genet, 2006. 43(3): p. 255‑8.

	 84.	 Regalado, E.S., D.C. Guo, R.L. Santos-Cortez, E. Hostetler, T.A. Bensend, H. Pannu, et al., Pathogenic FBN1 
variants in familial thoracic aortic aneurysms and dissections. Clin Genet, 2016. 89(6): p. 719‑23.

	 85.	 Weerakkody, R., D. Ross, D.A. Parry, B. Ziganshin, J. Vandrovcova, P. Gampawar, et al., Targeted genetic 
analysis in a large cohort of familial and sporadic cases of aneurysm or dissection of the thoracic aorta. Genet 
Med, 2018.

	 86.	 Putnam, E.A., H. Zhang, F. Ramirez, and D.M. Milewicz, Fibrillin-2 (FBN2) mutations result in the Marfan-like 
disorder, congenital contractural arachnodactyly. Nat Genet, 1995. 11(4): p. 456‑8.

	 87.	 Takeda, N., H. Morita, D. Fujita, R. Inuzuka, Y. Taniguchi, Y. Imai, et al., Congenital contractural arachnodac-
tyly complicated with aortic dilatation and dissection: Case report and review of literature. Am J Med Genet A, 
2015. 167A(10): p. 2382‑7.

	 88.	 Guo, D.C., E.S. Regalado, L. Gong, X. Duan, R.L. Santos-Cortez, P. Arnaud, et al., LOX Mutations Predispose to 
Thoracic Aortic Aneurysms and Dissections. Circ Res, 2016. 118(6): p. 928‑34.

	 89.	 Guo, D.C., E.S. Regalado, A. Pinard, J. Chen, K. Lee, C. Rigelsky, et al., LTBP3 Pathogenic Variants Predispose 
Individuals to Thoracic Aortic Aneurysms and Dissections. Am J Hum Genet, 2018. 102(4): p. 706‑712.

	 90.	 Barbier, M., M.S. Gross, M. Aubart, N. Hanna, K. Kessler, D.C. Guo, et al., MFAP5 loss-of-function mutations 
underscore the involvement of matrix alteration in the pathogenesis of familial thoracic aortic aneurysms and 
dissections. Am J Hum Genet, 2014. 95(6): p. 736‑43.

	 91.	 Rohrbach, M., A. Vandersteen, U. Yis, G. Serdaroglu, E. Ataman, M. Chopra, et al., Phenotypic variability of 
the kyphoscoliotic type of Ehlers-Danlos syndrome (EDS VIA): clinical, molecular and biochemical delineation. 
Orphanet J Rare Dis, 2011. 6: p. 46.

	 92.	 Doyle, A.J., J.J. Doyle, S.L. Bessling, S. Maragh, M.E. Lindsay, D. Schepers, et al., Mutations in the TGF-beta re-
pressor SKI cause Shprintzen-Goldberg syndrome with aortic aneurysm. Nat Genet, 2012. 44(11): p. 1249‑54.

	 93.	 Schepers, D., A.J. Doyle, G. Oswald, E. Sparks, L. Myers, P.J. Willems, et al., The SMAD-binding domain of SKI: 
a hotspot for de novo mutations causing Shprintzen-Goldberg syndrome. Eur J Hum Genet, 2015. 23(2): p. 
224‑8.

	 94.	 Micha, D., D.C. Guo, Y. Hilhorst-Hofstee, F. van Kooten, D. Atmaja, E. Overwater, et al., SMAD2 Mutations Are 
Associated with Arterial Aneurysms and Dissections. Hum Mutat, 2015. 36(12): p. 1145‑9.

	 95.	 Cannaerts, E., M. Kempers, A. Maugeri, C. Marcelis, T. Gardeitchik, J. Richer, et al., Novel pathogenic SMAD2 
variants in five families with arterial aneurysm and dissection: further delineation of the phenotype. J Med 
Genet, 2018.

	 96.	 van de Laar, I.M., R.A. Oldenburg, G. Pals, J.W. Roos-Hesselink, B.M. de Graaf, J.M. Verhagen, et al., Muta-
tions in SMAD3 cause a syndromic form of aortic aneurysms and dissections with early-onset osteoarthritis. Nat 
Genet, 2011. 43(2): p. 121‑6.

	 97.	 van de Laar, I.M., D. van der Linde, E.H. Oei, P.K. Bos, J.H. Bessems, S.M. Bierma-Zeinstra, et al., Phenotypic 
spectrum of the SMAD3-related aneurysms-osteoarthritis syndrome. J Med Genet, 2012. 49(1): p. 47‑57.

18 Erasmus Medical Center Rotterdam



	 98.	 Vorselaars, V.M.M., A. Diederik, V. Prabhudesai, S. Velthuis, J.A. Vos, R.J. Snijder, et al., SMAD4 gene mutation 
increases the risk of aortic dilation in patients with hereditary haemorrhagic telangiectasia. Int J Cardiol, 2017. 
245: p. 114‑118.

	 99.	 Loeys, B.L., J. Chen, E.R. Neptune, D.P. Judge, M. Podowski, T. Holm, et al., A syndrome of altered cardiovas-
cular, craniofacial, neurocognitive and skeletal development caused by mutations in TGFBR1 or TGFBR2. Nat 
Genet, 2005. 37(3): p. 275‑81.

	100.	 Boileau, C., D.C. Guo, N. Hanna, E.S. Regalado, D. Detaint, L. Gong, et al., TGFB2 mutations cause familial 
thoracic aortic aneurysms and dissections associated with mild systemic features of Marfan syndrome. Nat 
Genet, 2012. 44(8): p. 916‑21.

	101.	 Bertoli-Avella, A.M., E. Gillis, H. Morisaki, J.M.A. Verhagen, B.M. de Graaf, G. van de Beek, et al., Mutations in 
a TGF-beta ligand, TGFB3, cause syndromic aortic aneurysms and dissections. J Am Coll Cardiol, 2015. 65(13): 
p. 1324-1336.

	102.	 Sheen, V.L., A. Jansen, M.H. Chen, E. Parrini, T. Morgan, R. Ravenscroft, et al., Filamin A mutations cause 
periventricular heterotopia with Ehlers-Danlos syndrome. Neurology, 2005. 64(2): p. 254‑62.

	103.	 Chen, M.H., S. Choudhury, M. Hirata, S. Khalsa, B. Chang, and C.A. Walsh, Thoracic aortic aneurysm in 
patients with loss of function Filamin A mutations: Clinical characterization, genetics, and recommendations. 
Am J Med Genet A, 2018. 176(2): p. 337‑350.

	104.	 Zhu, L., R. Vranckx, P. Khau Van Kien, A. Lalande, N. Boisset, F. Mathieu, et al., Mutations in myosin heavy 
chain 11 cause a syndrome associating thoracic aortic aneurysm/aortic dissection and patent ductus arteriosus. 
Nat Genet, 2006. 38(3): p. 343‑9.

	105.	 Wang, L., D.C. Guo, J. Cao, L. Gong, K.E. Kamm, E. Regalado, et al., Mutations in myosin light chain kinase 
cause familial aortic dissections. Am J Hum Genet, 2010. 87(5): p. 701‑7.

	106.	 Guo, D.C., E. Regalado, D.E. Casteel, R.L. Santos-Cortez, L. Gong, J.J. Kim, et al., Recurrent gain-of-function 
mutation in PRKG1 causes thoracic aortic aneurysms and acute aortic dissections. Am J Hum Genet, 2013. 
93(2): p. 398‑404.

	107.	 Wang, X., W.L. Charng, C.A. Chen, J.A. Rosenfeld, A. Al Shamsi, L. Al-Gazali, et al., Germline mutations in ABL1 
cause an autosomal dominant syndrome characterized by congenital heart defects and skeletal malformations. 
Nat Genet, 2017. 49(4): p. 613‑617.

	108.	 Kuang, S.Q., O. Medina-Martinez, D.C. Guo, L. Gong, E.S. Regalado, C.L. Reynolds, et al., FOXE3 mutations 
predispose to thoracic aortic aneurysms and dissections. J Clin Invest, 2016. 126(3): p. 948‑61.

	109.	 Bonachea, E.M., S.W. Chang, G. Zender, S. LaHaye, S. Fitzgerald-Butt, K.L. McBride, and V. Garg, Rare GATA5 
sequence variants identified in individuals with bicuspid aortic valve. Pediatr Res, 2014. 76(2): p. 211‑6.

	110.	 Guo, D.C., L. Gong, E.S. Regalado, R.L. Santos-Cortez, R. Zhao, B. Cai, et al., MAT2A mutations predispose 
individuals to thoracic aortic aneurysms. Am J Hum Genet, 2015. 96(1): p. 170‑7.

	111.	 Kerstjens-Frederikse, W.S., I.M. van de Laar, Y.J. Vos, J.M. Verhagen, R.M. Berger, K.D. Lichtenbelt, et al., 
Cardiovascular malformations caused by NOTCH1 mutations do not keep left: data on 428 probands with 
left-sided CHD and their families. Genet Med, 2016. 18(9): p. 914‑23.

	112.	 Gould, R.A., H. Aziz, C.E. Woods, M.A. Seman-Senderos, E. Sparks, C. Preuss, et al., ROBO4 variants predis-
pose individuals to bicuspid aortic valve and thoracic aortic aneurysm. Nat Genet, 2019. 51(1): p. 42‑50.

	113.	 Coucke, P.J., A. Willaert, M.W. Wessels, B. Callewaert, N. Zoppi, J. De Backer, et al., Mutations in the facilitative 
glucose transporter GLUT10 alter angiogenesis and cause arterial tortuosity syndrome. Nat Genet, 2006. 38(4): 
p. 452‑7.

	114.	 Beyens, A., J. Albuisson, A. Boel, M. Al-Essa, W. Al-Manea, D. Bonnet, et al., Arterial tortuosity syndrome: 40 
new families and literature review. Genet Med, 2018.

	115.	 Pinto, Y.M., P.M. Elliott, E. Arbustini, Y. Adler, A. Anastasakis, M. Bohm, et al., Proposal for a revised definition 
of dilated cardiomyopathy, hypokinetic non-dilated cardiomyopathy, and its implications for clinical practice: a 
position statement of the ESC working group on myocardial and pericardial diseases. Eur Heart J, 2016. 37(23): 
p. 1850‑8.

General introduction 19



	116.	 Marcus, F.I., W.J. McKenna, D. Sherrill, C. Basso, B. Bauce, D.A. Bluemke, et al., Diagnosis of arrhythmogenic 
right ventricular cardiomyopathy/dysplasia: proposed modification of the task force criteria. Circulation, 2010. 
121(13): p. 1533‑41.

	117.	 Muchtar, E., L.A. Blauwet, and M.A. Gertz, Restrictive Cardiomyopathy: Genetics, Pathogenesis, Clinical Mani-
festations, Diagnosis, and Therapy. Circ Res, 2017. 121(7): p. 819‑837.

	118.	 Arbustini, E., V. Favalli, N. Narula, A. Serio, and M. Grasso, Left Ventricular Noncompaction: A Distinct Genetic 
Cardiomyopathy? J Am Coll Cardiol, 2016. 68(9): p. 949‑66.

	119.	 Yoshikawa, T., Takotsubo cardiomyopathy, a new concept of cardiomyopathy: clinical features and pathophysi-
ology. Int J Cardiol, 2015. 182: p. 297‑303.

20 Erasmus Medical Center Rotterdam


