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1. AORTIC ANEURYSM 

On Monday April 18th, 1955, the headline of the New York World Telegram read: “Dr. Einstein is dead at 

76: Burst artery proves fatal to physicist.” One of the world’s most famous scientists died from a ruptured 

aortic aneurysm. 

The aorta is the main artery in the human body. It originates from the heart, runs through the torso and 

extends down into the abdomen, providing the whole body with oxygen-rich blood. When the aorta is 

(locally) widened and a balloon like bulge is formed, this is called an aortic aneurysm. The forces of the 

blood flow can split the layers of the artery wall, causing blood to flow in between them, which is referred 

to as a dissection. Additionally, the aortic wall can become very thin and can eventually rupture, causing 

bleeding and ultimately death.   

Albert Einstein is surely not the only person succumbing to a ruptured aortic aneurysm. Aortic aneurysms 

consistently rank in the top 20 causes of human death in the Western world. In 2009, it was the primary 

cause of death in 10 597 people in the United States and a contributing factor in an additional 17 215 

deaths, which is more than the number perishing from HIV disease [1, 2]. These numbers probably are an 

underestimation as aortic ruptures often are falsely classified as myocardial infarctions [3]. Because of the 

lethality of the disease, it is a vital necessity to completely understand the development of aortic 

aneurysms. As such, the disorder could be detected early in life, threated as soon as possible or, even 

better, completely prevented, reducing mortality rates to numbers equaling zero. 

 

 Figure 1: Structure of an arterial wall. (Figure modified from McGinty et al. 2014) 

 

The forces generated by the blood flow near the aortic wall are immense. To withstand these high 

pressures, the aorta, as every arterial wall, has a triple layer composition: the tunica intima, tunica media 

and tunica adventitia. These layers are separated by the internal and external elastic laminae which 

consist of elastic fibers (Figure 1). The innermost layer, the tunica intima, contains a single layer of 

endothelial cells and loose connective tissue apart from the basement membrane. Connective tissue is the 

most abundant tissue in the human body, binding structures together, giving structural support and 

fulfilling a metabolic role by initiating and transducing biochemical and biomechanical cues. Connective 

tissue consists of extracellular matrix (ECM), which is a collective term for molecules that are part of 
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biological structures but reside outside the cells (like collagen, elastic fibers, microfibrils and 

proteoglycans) and cells that shape and maintain the ECM, like fibroblasts [4]. The middle layer of the 

aorta, the tunica media, is mainly composed of vascular smooth muscle cells (VSMC), which are 

circumferentially arranged and interspaced by ECM. VSMCs have both a contractile and secretory function 

hereby regulating processes such as vasodilatation and vasoconstriction on the one hand and controlling 

ECM composition in response to biochemical and mechanical stimulation on the other hand [5, 6]. The 

outermost layer of the aorta, the tunica adventitia, is constituted of collagen bundles produced by 

fibroblasts and myofibroblasts. 

 

1.1 Abdominal Aortic Aneurysm  

Depending on the place of occurrence, two groups of aortic aneurysms are recognized: abdominal aortic 

aneurysms (AAA) and thoracic aortic aneurysms (TAA) (Figure 2). AAAs are the most common ones and 

are typically linked to risk factors such as advanced age, male gender, hypertension, diabetes, smoking etc. 

[7, 8]. The estimated incidence for AAA is 2-6:10 000 [9, 10]. 12-19% of AAA patients have one or more 

first-degree relatives with an aneurysm, indicating that there is a genetic predisposition to the 

development of AAA [11]. Indeed, several loci have been associated with AAA (DAB2IPI, LRP1, 

CDKN2BAS1, 1p13.3 (SORT1-CELSR2-PSRC1), IL6R), but no single monogenic form has been described for 

AAA [12-15]. This indicates that AAA is rather a complex disease caused by the interplay of predisposing 

genes and lifestyle-associated risk factors.  

 

 

Figure 2: Simplified anatomy of the aorta in human. 

 

1.2 Thoracic Aortic Aneurysm  

Unlike AAA, several clear monogenic components underlie the phenotype in TAA. Often a classic 

Mendelian autosomal dominant inheritance pattern with high penetrance is observed, indicating that a 

single gene is responsible for TAA [16]. The estimated incidence of TAA is 25:200 000 [17]. TAA can occur 

either as part of a syndrome (found together with other anomalies affecting various body systems) or it 
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can appear as an isolated event. These are called syndromic TAA and non-syndromic TAA respectively. An 

overview of all the disorders associated with TAA as a recurrent feature can be found in table 1. 

 

Table 1: Genes involved in TAA and their associated disorders. 

Gene  
(chr.) 

Protein Inheritance Biological role Disease OMIM Cardiovascular features Ref. 

FBN1 
(15q21.1) 

Fibrillin-1 AD ECM protein Marfan syndrome 154700 TAA, mitral valve prolapse 24 

FBN1 
(15q21.1) 

Fibrillin-1 AD ECM protein Stiff skin syndrome 184900 / 32 

FBN1 
(15q21.1) 

Fibrillin-1 AD ECM protein 
Geleophysic dysplasia 

2 
614185 

Mitral valve insufficiency, 
 mitral and tricuspid 

stenosis 
33 

TGFBR1 
(9q22.33) 

TGF-β receptor 
type 1 

AD 
Serine/threonine 
kinase receptor 
TGF-β signaling 

Loeys-Dietz syndrome 
type 1 

609192 
TAA, arterial tortuosity, 

 arterial aneurysms 
53 

TGFBR2 
(3p24.1) 

TGF-β receptor 
type 2 

AD 
Serine/threonine 
kinase receptor 
TGF-β signaling 

Loeys-Dietz syndrome 
type 2 

610168 
TAA, arterial tortuosity, 

 arterial aneurysms 
53 

TGFB2 
(1q41) 

TGFB2 AD TGF-β ligand 
Loeys-Dietz syndrome 

type 4 
614437 

TAA, arterial tortuosity, 
MVP 

60 

TGFB3 
(14q24.3) 

TGFB3 AD TGF-β ligand 
Loeys-Dietz syndrome 

type 5 
615582 TAA, MVP 61 

SMAD3 
(15q22.33) 

SMAD3 AD 
Intracellular signal 
transducer TGF-β 

signaling 

Loeys-Dietz syndrome 
type 3 

613795 
TAA, arterial tortuosity, 

 arterial aneurysms 
57 

SMAD2 
(18q21.1) 

SMAD2 AD 
Intracellular signal 
transducer TGF-β 

signaling 

Arterial aneurysm and 
dissections 

N.a. 
Arterial aneurysm and 

dissection 
62 

SKI 
(1p36.33) 

SKI AD 
TGF-β signaling 

inhibitor 
Shprintzen-Goldberg 

syndrome 
182212 TAA 68 

EFEMP2 
(11q13.1) 

Fibulin-4 AR ECM protein Cutis laxa type IB 614437 
TAA, arterial tortuosity, 

 aortic stenosis 
84 

ELN 
(7q11.23) 

Elastin AD ECM protein Cutis laxa  123700 
Occasionally TAA, mitral 

and 
 aortic valve regurgitation 

88 

SLC2A10 
(20q13.12) 

Glucose 
transporter 10 

AR 
Facilitative glucose 

transporter 
Arterial tortuosity 

syndrome 
208050 

Arterial tortuosity, 
 arterial aneurysms 

81 

COL3A1 
(2q32.3) 

Collagen type 3, 
alpha 1 

AD ECM protein 
Ehlers-Danlos 

syndrome, vascular 
type 

130050 TAA, MVP  66 

COL1A1 
(17q21.33) 

Collagen type 1, 
alpha 1 

AD ECM protein 
Ehlers-Danlos 

syndrome, 
arthrochalasia type 

130060 TAA, arterial aneurysm 73 

COL1A2 
(7q21.3) 

Collagen type 1, 
alpha 2 

AR ECM protein 
Ehlers-Danlos 

syndrome, valvular 
type 

225320 
Borderline aortic 

aneurysm 
75 

PLOD1 
(1p36.22) 

Lysyl 
hydroxylase 1 

AR 

Catalyst of the 
hydroxylation of 
 lysyl residues in 

collagen-like peptides 

Ehlers-Danlos 
syndrome, 

kyphoscoliotic type 
225400 Rare TAA 71 

FLNA 
(Xq28) 

Filamin-A XL 
Cytoskeleton 
component 

Ehlers-Danlos 
syndrome, 

 with periventricular 
nodular heterotopia 

300537 TAA, MVP 77 
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Table 1(continued): Genes involved in TAA and their associated disorders. 

Gene  
(chr.) 

Protein Inheritance Biological role Disease OMIM 
Cardiovascular 

features 
Ref. 

ACTA2 
(10q23.31) 

Alpha 2 smooth 
muscle actin 

AD 
VSMC contractile 

apparatus 
component 

Familial thoracic 
aortic aneurysm 6 

611788 TAA 95 

MYH11 
(16p13.11) 

Smooth muscle 
myosin heavy chain 

11 
AD 

VSMC contractile 
apparatus 

component 

Familial thoracic 
aortic aneurysm 4 

132900 
TAA with patent 

ductus arteriosus 
97 

MYLK 
(3q21.1) 

Myosin light chain 
kinase 

AD 

Calmodulin 
dependent kinase 

Regulator of 
contractile activity 

Familial thoracic 
aortic aneurysm 7 

613780 TAA 96 

MFAP5 
(12p13.31) 

Microfibrillar-
associated protein 5 

AD ECM protein 
Familial thoracic 

aortic aneurysm 9 
616166 

TAA, arterial 
tortuosity 

109 

MAT2A 
(2p11.2) 

Methionine 
adenosyltransferase II 

alpha 
AD 

S-adenosyl-
methionine 

catalyzer 

Familial thoracic 
aortic aneurysm 

N.a. TAA, BAV 110 

PRKG1 
(10q11.2-q21.1) 

cGMP-dependent 
protein kinase alpha 

AD 
VSMC relaxation 

controller 
Familial thoracic 

aortic aneurysm 8 
615436 

TAA, arterial 
tortuosity 

108 

NOTCH1 
(9q34.3) 

NOTCH1 AD 
Transmembrane 

receptor 
Aortic valve 

disease (BAV) 
109730 BAV, TAA 109 

TAA = Thoracic Aortic Aneurysm; MVP = Mitral Valve Prolapse; BAV = Bicuspid Aortic Valve; AD = Autosomal Dominant; AR = Autosomal Recessive; 

ECM = Extracellular Matix; XL = X-linked; N.a. = Not Available 

 

1.2.1 Marfan syndrome 

a. Clinical aspects of Marfan syndrome 

The most common syndromic form of TAA is Marfan syndrome (MFS, OMIM #154700). MFS is a 

multisystemic connective tissue disorder affecting the skeletal, ocular and cardiovascular system. It 

exhibits an autosomal dominant inheritance pattern and has an estimated prevalence of one in 5000 to 

one in 10000 individuals [18-21]. The major skeletal features of MFS include skeletal overgrowth leading 

to disproportionate body dimensions, scoliosis, pectus deformities and long digits (arachnodactyly) [22]. 

About 60% of the MFS patients are affected by lens dislocation, which can result in retinal detachment and 

glaucoma. However, the most life threatening complication in MFS patients is progressive dilatation of the 

aorta leading to aneurysm formation and eventually dissection and rupture. Histopathological 

examination of the aortic wall of MFS patients reveals pronounced fragmentation of elastic fibers and loss 

of elastic tissue in addition to accumulation of mucoid material [23]. Apart from aortic dilatation, up to 

80% of the MFS patients suffer from mitral valve prolapse [24]. MFS is a pleiotropic disease, making an 

accurate diagnosis sometimes difficult. To facilitate the diagnosis of MFS patients, the Berlin nosology was 

formulated in 1986 [25]. Because weakness of these criteria had emerged, they were revised and edited in 

1996, giving rise to the Ghent nosology [22]. The latter set of criteria is mainly based on major and minor 

clinical findings in the different affected tissues including the cardiovascular, skeletal, ocular and 

pulmonary system in addition to dura and skin. Major manifestations comprised ectopia lentis, aortic root 

dilatation or dural ectasia. In 2010, the Ghent criteria have been revised, leading to more straightforward 

diagnostic rules and putting more emphasis on the cardiovascular manifestations and molecular analysis 

[26].  
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b. Molecular aspects of Marfan syndrome 

Since FBN1 was identified as the MFS causing gene in 1991, more than 1000 different mutations in FBN1 

have been described [27, 28]. FBN1, located on chromosome 15q21.1 and counting 65 exons, encodes the 

fibrillin-1 protein, a 350 kDa glycoprotein which is an important component of the ECM. The protein 

contains various repetitive domains including 47 EGF (epidermal growth factor) -like domains, of which 

43 calcium binding ones, two hybrid motifs and seven LTBP (latent transforming growth factor beta 

binding protein) -like domains characterized by an 8-cysteine domain [29]. The fourth LTBP-like domain 

contains an RGD motif (arginine-glycine-aspartic acid) responsible for binding of fibrillin-1 to integrin 

(Figure 3) [30, 31]. Fibrillin-1 also interacts with many other ECM proteins such as elastin, fibulins, LTBPs 

and microfibril associated proteoglycans, providing structural support to tissues [32-34].  

Mutations in FBN1 not only lead to MFS, but can also cause two other syndromes with a phenotype 

opposing the one of MFS. Mutations in FBN1 exons 37 and 38, affecting the fourth LTBP-like domain of 

fibrillin-1, are linked to stiff skin syndrome (SSS, OMIM #184900). SSS is a congenital form of scleroderma 

and SSS patients develop hard, thickened skin over most of the body [35]. Although SSS patients have 

mutations in the same gene affected in MFS, they share none of the typical skeletal, ocular or 

cardiovascular findings in MFS. Specific mutations in the fifth LTBP-like domain of fibrillin-1, encoded by 

FBN1 exons 41 and 42, cause geleophysic dysplasia (GD, OMIM #614185), which is a skeletal dysplasia 

characterized by short stature and very short hands and feet [36]. 

 

 

Figure 3: Structure of fibrillin-1 and its different domains. 

 

c. Mouse models of Marfan syndrome 

One of the first MFS mouse models was the so called mgΔ mouse which had an in frame deletion of exons 

19-24 of Fbn1 [37]. Because heterozygous mgΔ animals did not express a MFS-like phenotype and 

homozygous mice deceased early in life (because of cardiovascular complications), the mgR mouse was 

generated. This hypomorphic mouse, expressing only 15% of normal Fbn1 levels, survives significantly 

longer than the mgΔ mice and shows a MFS-like aortic phenotype with medial calcification, intimal 

hyperplasia and inflammatory responses (fibroproliferation and elastolysis) [38]. Because heterozygous 

mgR mutant animals expressed a normal phenotype throughout life, a threshold hypothesis was 

suggested in which the relative amount of functionally normal fibrillin-1 is decisive for MFS severity. 
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Similar to MFS patients, detailed study of the elastic vessels from mgR mice revealed loss of cell 

attachments at the surface of elastic laminae, causing morphological changes in neighboring cells [39]. 

This suggested an important role for fibrillin-1 in the homeostasis of elastic tissues. Further support for 

the threshold hypothesis came from the Tight skin (Tsk) mouse, characterized by thickened skin, bone 

overgrowth and lung emphysema and caused by an inframe intragenic duplication of exons 17 to 40 in 

Fbn1 [40]. Heterozygous Tsk mice express a decreased amount of functional microfibrils, hereby 

exceeding the threshold levels for bone overgrowth and lung emphysema, but not for vascular 

abnormalities. Because mgΔ and mgR mice both rely on homozygosity of the mutant allele for expression 

of a vascular phenotype, a heterozygous MFS mouse model was generated: the Fbn1C1039G/+ mouse [41]. 

These mice had a normal life span, while elastic fiber fragmentation and thickening of the aortic wall was 

significantly increased starting at 2 months of age. However, intimal hyperplasia and aortic wall 

inflammation were not observed. Also aortic dissection did not occur. As transgenic addition of the wild 

type fibrillin-1 allele to the Fbn1C1039G/+ mice resulted in rescue of the MFS phenotype, loss-of-function was 

confirmed as the disease mechanism in MFS pathogenesis [41]. 

 

Table 2: Existing mouse models for MFS. 

Mouse 
Genetic 
engineering 

Heterozygous mice Homozygous mice Conclusion Ref. 

mgΔ 
Deletion of Fbn1 
exons 19 to 24 

Normal phenotype 
Perinatal death because of 
vascular complications 

Difficult to study 
because of prenatal 
lethality 

37 

mgR 

Hypomorphic 
Fbn1 allele 
(expresses 15% 
of normal levels) 

Normal phenotype 

Survive longer as mgΔ 
mice 
Medial calcification 
Intimal hyperplasia 
Inflammatory responses 

Threshold hypothesis 
Fbn1 functions in 
homeostasis of elastic 
tissue 

38 

Tsk 

Naturally 
occurring 
duplication of 
exons 17 to 40 in 
Fbn1 resulting in 
a larger protein 

Thickened skin 
Bone overgrowth 
Lung emphysema 
No vascular 
abnormalities 

Not applicable 
Threshold hypothesis 
Naturally occurring 
SSS animal 

40 

Fbn1C1039G/+ Fbn1 c.1039C>G 

From 2 months of age: 
Elastic fiber 
fragmentation 
Thickening of aortic 
wall 
No intimal hyperplasia 
No inflammation 
No aortic dissection 

Not applicable 

Loss of function 
contributes to disease 
mechanism 
Currently preferred 
MFS animal model 

41 

 

1.2.2 TGF-β signaling 

For a long time it was assumed that MFS was caused by structural deficiency of the microfibrils, based on 

microscopic findings that revealed fragmentation of elastic fibers. This provided a plausible explanation 

for some manifestations of MFS, such as lens dislocation and aortic aneurysm, but other clinical features, 

such as skeletal overgrowth and muscle hypoplasia, could not easily be explained. Since it was known that 
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FBN1 interacts with LTBP, it was hypothesized that FBN1 mutations may have an effect on targeting and 

sequestration of latent transforming growth factor β (TGF-β) complexes [31, 42]. In mgΔ mice, which 

develop impaired distal alveolar septation, it was shown that Fbn1 deficiency leads to increased TGF-β 

signaling in the lungs. This resulted from increased local activation rather than from increased 

sequestration. The key experiment involved administering TGF-β-neutralizing antibodies, which rescued 

the mutant phenotype in these Fbn1 deficient mice, thereby neutralizing increased TGF-β activity [43]. 

Subsequently in Fbn1C1036G/+ mice, it was demonstrated that increased TGF-β signaling also underlies the 

aortic aneurysmal phenotype [44]. These findings changed the perception of MFS from a structural 

connective tissue disorder into a condition pinpointing dysregulated TGF-β signaling as the central 

wrongdoer. 

 

 

Figure 4: Overview of canonical (right) and non-canonical (left) TGF-β pathway. LTBP, Latent TGF-β Binding Protein; LAP, Latency 

Associated Protein; TGF-β, Transforming Growth Factor β; MEK, Mitogen activated protein kinase kinase; TAK, TGF-β Activated 

Kinase; ERK, Extracellular signal Regulated Kinase; JNK, Jun N-terminal Kinase; p38, p38 mitogen activated protein kinase; TF, 

Transcription factor; Smad, Mothers Against Decapenthaplegic homolog.  

 

TGF-β is the prototype of a family of secreted polypeptide growth factors essential in development, 

differentiation, cell growth, migration, apoptosis and ECM production [45, 46]. In humans, three TGF-β 

ligand isoforms exist. These are TGF-β1, TGF-β2 and TGF-β3, encoded by the TGFB1, TGFB2 and TGFB3 

genes, respectively. TGF-β is secreted as part of a latent complex, consisting of TGF-β, LAP-β (latency 

associated protein) and LTBP, which binds to the ECM. When released and activated, TGF-β binds to the 

cell surface receptor TGF-β receptor II, which alters its conformation. TGF-β receptor II in his turn 
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phosphorylates TGF-β receptor I. The latter is also called activin receptor-like kinase 5 (ALK5) [47]. 

SMADs are downstream signaling molecules shuttling between the cytoplasm and nucleus, hereby 

regulating the intracellular responses with regard to TGF-β [48-51]. TGF-β can activate two pathways: the 

canonical and the non-canonical. In the canonical signaling pathway, SMAD2 and/or SMAD3 are 

phosphorylated by TGF-β receptor I, followed by binding of SMAD4. The SMAD2/3-SMAD4 complex 

translocates to the nucleus to regulate transcription of TGF-β dependent genes [52, 53]. Alternatively, the 

non-canonical TGF-β pathways can be activated which includes the RhoA and the mitogen-activated 

protein kinases (MAPK) cascades (ERK, JNK and p38) (Figure 4) [54-56].  

 

1.2.3 Loeys-Dietz syndrome 

The Loeys-Dietz syndrome (LDS, OMIM #609192, #610168, #613795) is an autosomal dominant 

connective tissue disorder with a widespread systemic involvement. In 2005, Loeys and Dietz were the 

first to describe this disorder, which is, in its most typical presentation, characterized by the triad of aortic 

aneurysms and arterial tortuosity, hypertelorism and bifid/broad uvula or cleft palate [57, 58]. On the one 

hand, LDS shows a significant clinical overlap with MFS, with features including aortic root aneurysm, 

arachnodactyly, scoliosis and pectus deformities. On the other hand, a clear distinction between LDS and 

MFS can be made because of typical LDS findings such as widespread arterial aneurysms and tortuosity, 

club foot, craniosynostosis, hypertelorism and bifid/broad uvula or cleft palate. One of the cardinal clinical 

features of MFS, ectopia lentis, is not observed in LDS [58]. Mutations in the TGF-β receptor I (TGFBR1), 

and TGF-β receptor II (TGFBR2), leading to LDS type 1 and LDS type 2 respectively, were the first reported 

genetic causes of LDS. TGFBR1, located on chromosome 9q22.33, counts 9 exons while TGFBR2 consists of 

8 exons and is positioned on chromosome 3p24.1 [57]. Initially it was described that circa 25% of 

mutations are located in TGFBR1 and circa 75% in TGFBR2. A broad phenotypic spectrum has been 

defined ranging from patients that present with typical facial dysmorphologic features to other patients 

with less outward features but more pronounced cutaneous features like thin, velvety skin [59]. More 

explicit craniofacial features have been correlated with poor cardiovascular outcomes.  

Similar to MFS, dysregulated TGF-β signaling plays a major role in the pathogenesis of LDS. Inactivating 

mutations in TGFBR1/2 were expected to impede signal transduction, causing a predicted downregulation 

of TGF-β signaling. However, tissues from patients with TGFBR1/2 mutations demonstrated nuclear 

enrichment of phosphorylated SMAD2 and increased expression of collagen and connective tissue growth 

factor (CTGF), prototypical TGF-β signaling responsive genes, which implies a paradoxical upregulation of 

the TGF-β pathway [57]. Although the exact mechanism of this paradoxical upregulation is not well 

understood, this again emphasizes that increased TGF-β signaling plays a central role in aneurysm 

pathogenesis.  

Up to 2012, TGFBR1/2 were the only known disease causing genes for LDS. Elucidation of the further 

molecular basis of LDS is part of this thesis (Chapter III) [60]. In the meantime, mutations in different 

components of the TGF-β pathway, like SMAD2 and TGFB3, have been described to cause LDS related 

phenotypes, reaffirming the central role of the TGF-β pathway in aneurysm pathogenesis [61, 62]. 
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1.2.4 Aneurysm-osteoarthritis syndrome  

Aneurysm-osteoarthritis syndrome (AOS, OMIM #613795) is caused by mutations in SMAD3, which is 

located on the long arm of chromosome 15, spans 132 kb and consists of 9 exons. The SMAD3 protein 

belongs to the receptor (R)-SMAD family, which includes SMAD1, 2, 5 and 8 and is the first intracellular 

downstream effector of the TGF-β signaling pathway. AOS patients present with widespread aortic and/or 

arterial aneurysms, arterial tortuosity and early-onset osteoarthritis of 1 or more joints. Because AOS 

patients display many overlapping clinical features with LDS, like hypertelorism, bifid uvula and arterial 

tortuosity, and do not always have osteo-arthritis it is now also classified as LDS type 3 [63].  

Similarly to the TGFBR1/2 mutations, apparent loss-of-function SMAD3 mutations result in activation of 

the TGF-β pathway and its downstream effectors (like CTGF and collagen III), which was shown by 

increased TGF-β1 expression throughout the aneurysmal aortic media of SMAD3 mutation positive 

patients. Also, enhanced phosphorylated SMAD2 (pSMAD2) was observed in the medial VSMCs of patients. 

Remarkably, an increase in cytoplasmic and nuclear total SMAD3 immunostaining was observed in SMAD3 

mutation patients’ aortic wall tissue, indicating that additional compensatory mechanisms lead to further 

dysregulation of the pathway [64].  

Different Smad3 mouse models confirm the importance of SMAD3 and the TGF-β pathway for cartilage 

integrity. Homozygous mutant mice in which Smad3 exon 8 is targeted (Smad3ex8/ex8) develop progressive 

degenerative cartilage, resembling human osteoarthritis [65]. Additionally, Smad3 knock-out mice 

(Smad3-/-) show phenotypes similar to human osteoarthritis [66]. However, these mice were not reported 

to develop a vascular phenotype [66, 67]. Only after the identification of SMAD3 as the LDS type 3 disease 

causing gene, Ye et al looked into more detail at the vascular phenotype of the Smad3 knock-out mice [68]. 

Necropsy of the Smad-/- mice revealed that the majority died from a ruptured aneurysm. Additionally, 

ultrasound imaging of these mutant mice unveiled progressive aortic root and ascending aortic dilation as 

early as 2 months of age. 

 

1.2.5 Shprintzen-Goldberg syndrome  

Shprintzen-Goldberg syndrome (SGS, OMIM #182212) was originally described by Sugarman and Vogel 

and 1 year later, in 1982, by Shprintzen and Goldberg as a new craniosynostosis syndrome [69]. SGS 

patients have aortic aneurysm, craniosynostosis and present with several skeletal changes such as 

arachnodactyly, camptodactyly, scoliosis and joint hypermobility. On the one hand, SGS has a clinical 

overlap with MFS and LDS, but on the other hand, SGS patients present with additional manifestations 

including skeletal muscle hypotonia and intellectual disability [70]. Up to 2012, the disease causing gene 

for SGS remained unknown. Elucidation of the molecular basis of SGS is part of this thesis (Chapter V and 

VI) [71, 72]. 

 

1.2.6 Ehlers-Danlos syndrome 

Ehlers-Danlos syndrome (EDS) is a heterogeneous group of connective tissue disorders affecting joints, 

skin and vasculature. Additionally it is characterized by tissue fragility. Initially, more than 10 types of EDS 
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were recognized [25]. In 1997, the classification was revised and EDS was differentiated into six major 

subtypes: the classical, hypermobility, vascular, kyphoscoliosis, arthrochalasia and dermatosparaxis type 

[73]. Here we will only briefly introduce the EDS types in which aortic and arterial aneurysms are 

involved.   

Patients with vascular EDS often decease as a consequence of arterial rupture, making vascular EDS the 

most life-threatening form of EDS [74]. Most typically, rupture occurs in the midsized arteries but vascular 

EDS patients can present with manifestations throughout the entire vascular tree. Other major diagnostic 

criteria include thin, translucent skin, extensive bruising and a characteristic facial appearance [73]. 

Vascular EDS has an autosomal dominant inheritance pattern and is caused by mutations in the COL3A1 

gene [75]. Located on chromosome 2q32.3, this gene encodes the procollagen type 3 alpha 1 chain, which 

can homotrimerize into type 3 collagen, a major component of the ECM. It is the most abundant collagen in 

the aortic adventitia and media, giving strength and rigidity to the aorta [76]. Although TGF-β signaling is 

known to influence collagen production, it has not been proved that disturbed TGF-β signaling plays a role 

in the pathogenesis of vascular EDS .  

Another EDS form in which aortic aneurysm and arterial rupture can occur is the kyphoscoliotic type of 

EDS [77-79]. Patients display generalized joint laxity, muscle hypotonia and kyphoscoliosis. In rare cases 

the presence of TAA has been described [73]. This autosomal recessive subtype of EDS is caused by 

mutations in PLOD1, a gene encoding lysyl hydroxylase 1, which is an enzyme essential for collagen 

maturation and elastin polymerization [80, 81].  

Mutations in COL1A1 are generally known to cause osteogenesis imperfecta, a congenital bone disorder 

characterized by increased bone fragility and low bone mass [82]. However, specific arginine to cysteine 

mutations are reported to cause aneurysms of the aorta and iliac and femoral arteries [83]. Additionally, 

these patients have a phenotype similar to vascular EDS patients.  

Cardiovascular involvement also occurs in the valvular type of EDS which is caused by homozygous 

nonsense mutations in COL1A2 [84]. In addition to joint hypermobility and soft skin, these patients 

present with valve insufficiencies at young age. Aortic root diameters at the upper limit of the normal 

range have been reported [84].  

Filamin-A is an actin-binding protein expressed in the brain, heart, connective tissue and blood vessels. It 

is a cytoplasmic protein that links the actin cytoskeleton to the cell membrane [85]. Patients with 

mutations in FLNA are diagnosed with periventricular heterotopia, a disorder in which cerebral cortical 

neurons fail to migrate properly during early development [86]. Patients can also present with EDS like 

features and occasionally with aortic aneurysms [87-89]. 

 

1.2.7 Arterial tortuosity syndrome 

Arterial tortuosity syndrome (ATS, OMIM #208050) is an autosomal recessive disorder causing 

elongation and abnormal twist and turns of the arteries (tortuosity) in addition to aortic aneurysms. 

Skeletal abnormalities, joint hypermobility and abdominal hernias are recurrent manifestations in ATS 

patients. The gene responsible for ATS is SLC2A10, encoding the facilitative glucose transporter GLUT10 

[90]. Similar to MFS and LDS, mutations in SLC2A10 cause an upregulation of TGF-β signaling. However, 

the exact mechanisms underlying ATS pathogenesis remain controversial [91, 92]. 
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1.2.8 Autosomal recessive cutis laxa type Ib 

The gene responsible for autosomal recessive cutis laxa type Ib (ARCL1B, OMIM #614437) is EFEMP2, 

which codes for fibulin-4 (FBLN4), an ECM protein anchoring elastic fibers to SMCs [93]. FBLN4 is highly 

expressed in the aortic media.  Mutations lead to impaired elastogenesis. Inelastic skin, arachnodactyly, 

facial dysmorphism and arterial and aortic aneurysms are some hallmark features of ARCL1B and are 

reminiscent of LDS and ATS [94]. FBLN4 interacts with LTBP1, which is a possible mechanism to explain 

the upregulation of TGF-β activity associated with FBLN4 deficiency [95]. 

 

1.2.9 Autosomal dominant cutis laxa 

Autosomal dominant cutis laxa (ADCL, OMIM #123700) is characterized by loose skin and a typical facial 

appearance. Occasionally aortic aneurysms, leading to aortic rupture, occur [96]. Gain-of-function 

mutations in the ELN gene, coding for elastin, are responsible for ADCL [97]. Skin biopsies of ELN 

mutation patients show a decreased number of elastic fibers and extensive fragmentation. Also, enhanced 

TGF-β signaling is observed as indicated by increased pSMAD2 immunostaining, again pinpointing 

impaired TGF-β signaling as the pathogenic mechanism. 

 

1.2.10 Non-syndromic TAA  

 

a. Contractile apparatus of VSMC 

TAA can also occur as an isolated symptom, referred to as non-syndromic TAA. Twenty percent of non-

syndromic TAA patients have at least one affected family member; and this observation has led to the 

term familial TAA [98]. Genes implicated in syndromic types of TAA, like TGFBR1, TGFBR2, SMAD3 and 

FBN1, can occasionally also cause non-syndromic familial TAA [99-103]. However, several other genes are 

involved in the pathogenesis of non-syndromic familial TAA, with MYH11, ACTA2 and MYLK being the 

most prominent ones [104-106]. These genes encode either structural elements of the contractile 

apparatus of VSMC or either enzymes controlling its function. To establish cell movement and generate 

force, actin filaments interact with myosin, which serves as a molecular motor. All myosins consists of 

several light chains and one or two heavy chains. To initiate VSMC contraction, calmodulin activates 

myosin light chain kinase (MYLK) in response to calcium binding. This enzyme phosphorylates myosin 

light chains in the presence of ATP hereby crosslinking the myosin heads and actin filaments, resulting in 

VSMC contraction.  

Mutations in MYH11, a gene encoding a myosin heavy chain, cause familial TAA and patent ductus 

arteriosus (OMIM #132900) [106]. This was the first time that mutations in a VSMC contractile protein 

were described to be associated with arterial disease. One year later, mutations in ACTA2, which codes for 

the VSMC actin protein, were reported to cause familial TAA (OMIM #611788) as well [104]. Similar to 

observations in MYH11 mutation patients, aortic wall tissue of ACTA2 mutation patients shows medial 

degeneration and fragmentation of elastic fibers.   

The VSMC contractile apparatus is linked to integrin proteins by intermediate filaments, like filamin-A, as 
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discussed above. Integrins interact with the ECM and can regulate TGF-β signaling. It is thus also not that 

surprising that mutations both in MYH11 and ACTA2 induce TGF-β signaling as was shown by increased 

CTGF expression and increased nuclear accumulation of pSMAD2 in aortic wall tissue of these patients 

[107].   

Also mutations in enzymes controlling the function of the VSMC contractile apparatus, like MYLK, have 

been reported to cause familial TAA [105]. Mylk knockdown mice show medial degeneration of the aorta, 

consistent with the findings in human [105]. Because in MYLK patients mainly the ascending thoracic 

aorta is affected, which is the part exposed to the highest biomechanical blood flow forces, it is suggested 

that MYLK haploinsufficiency leads to a decrease in VSMC contractile function making the aorta less 

resistant to these high blood flow pressures.  

More recently, a specific gain-of-function mutation in PRKG1 causing TAA and dissections has been 

identified in four families [108]. This gene encodes type I cGMP-dependent protein kinase which controls 

VSMC relaxation through phosphorylation of the myosin light chain. Probably, PRKG1 mutations account 

for just a small fraction of all non-syndromic TAA’s because since the initial report no additional families 

have been reported. In 2014 and 2015 respectively, two new genes have been identified to cause non-

syndromic TAA: MFAP5, coding for the ECM component MAGP-2, and MAT2A, encoding the methionine 

adenosyltransferase II alpha subunit [109, 110]. Since also for these two genes only a handful of TAA 

families have been described, hereby explaining just a small proportion of non-syndromic TAA’s, it is 

expected that more genes will be identified and that a clear role for components of the VSMC contractile 

apparatus will emerge. 

 

b. TAA associated with BAV 

With an estimated prevalence between 0,5% and 2%,  bicuspid aortic valve (BAV) is the most common 

congenital heart malformation [111-113]. 50% of individuals with BAV have nonvalvular complications 

with dilatation of the thoracic aorta being the most prominent one [113]. Since first-degree relatives of 

BAV patients have an increased prevalence of BAV, a genetic predisposition is suggested [114, 115]. 

Indeed, up to 10% of BAV patients with TAA have an autosomal dominant mutation in the NOTCH1 gene, 

encoding a single pass transmembrane receptor that regulates cell differentiation processes [116, 117]. As 

linkage studies in BAV families revealed other loci associated with BAV, BAV is probably a genetically 

heterogeneous disorder [118, 119]. For this reason and because of non-penetrance, new pathogenic gene 

identification is entangled. 
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2. AUTOSOMAL DOMINANT POLYCYSTIC KIDNEY DISEASE 

2.1 Clinical aspects of autosomal dominant polycystic kidney disease 

Autosomal dominant polycystic kidney disease, or ADPKD (OMIM #173900, #613095) has an estimated 

prevalence of 1 in 500 to 1000 individuals, making it the most frequent hereditary renal disorder [120, 

121]. It is characterized by the formation of multiple cysts in the kidneys and various extrarenal 

symptoms including cerebral, thoracic and abdominal aortic aneurysms [122-124]. Cysts are not 

necessarily harmful and are actually quite common in the general populations, particularly in older 

people. Study of the natural history revealed that almost 12% of the population has at least one renal cyst 

[125]. Also within the general population, renal cysts are more common in men than women and their 

number and size increase with age [126]. In ADPKD patients, 27% of autopsies show cardiovascular 

defects, including mitral valve prolapse (up to 25%), congestive heart failure, myocardium hypertrophy, 

aneurysms of the coronary or cervical cephalic arteries, cerebral aneurysms (up to 10%) and dissections 

of the thoracic and abdominal aorta [127]. 

 

2.2 Molecular aspects of autosomal dominant polycystic kidney disease 

ADPKD is mainly caused by PKD1 (85%-90%) or PKD2 (10-15%) mutations [124, 128-130]. A small 

fraction (~ 1%) of ADPKD families cannot be linked to one of the known loci suggesting the existence of a 

third disease causing gene [131-133]. PKD1 encodes the polycystin-1 (PC1) protein, an integral membrane 

glycoprotein [134-136]. PC1 has the structure of a receptor or an adhesion molecule (Figure 5) and 

mediates cell-cell and cell ECM interactions. It contains 16 immunoglobulin-like domains (also called PKD 

repeats), a receptor for egg-jelly domain and a G-protein linked receptor proteolytic site (GPS). It also has 

a long extracellular N-terminal region, 11 transmembrane domains, and a short intracellular C-terminal 

region [122, 137]. This cytoplasmic tail comprises a coiled-coil domain and a G-protein domain, which 

plays an important role in signal transduction. PC1 is expressed in the primary cilia, cytoplasmic vesicles, 

the plasma membrane near focal adhesions, desmosome adherens junctions and possibly the endoplasmic 

reticulum (ER) and nuclei [122]. It has been suggested that PC1 may regulate the mechanical adhesion 

strength between cells to control the formation of stable actin associated adherens junctions [138]. PKD2 

encodes the polycystin-2 (PC2) protein, an integral membrane glycoprotein as well [122, 139, 140]. PC2 

consists of a short N-terminal cytoplasmic region with a ciliary targeting motif, six transmembrane 

domains and a short C-terminal tail [141]. The latter has a calcium (Ca2+) binding motif (EF-hand), an ER 

retention motif and a coiled-coil domain, responsible for various protein interactions [142, 143]. PC2 is a 

non-selective cation channel transporting Ca2+. It is mainly localized in the ER, but is also found in the 

primary cilia and plasma membrane of the renal tubuli [144, 145]. Both PC1 and PC2 are members of the 

TRPP family (Transient Receptor Potential Polycystic), a subfamily of the transient receptor potential 

(TRP) channels. Both proteins interact with each other via their C-termini, resulting in a complex 

structure formed in the primary cilium [146, 147]. The interaction between PC1 and PC2 depends on the 

integrity of the coiled-coil domain in the C-terminus of PC1. Therefore, a first hypothesis suggests that PC1 

may be functioning as a receptor controlling the cation channel activity of PC2 [140]. A second hypothesis 

states that the polycystin complex may function as a mechanoreceptor sensing the fluid-flow in the lumen 
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of the tubuli. This may trigger Ca2+ influx through the PC2 channels, hereby regulating the intracellular 

Ca2+ and cyclic AMP (adenosine monophosphate) amounts [148]. In this way, the PC1/PC2 complex can 

respond to flow-induced mechanosensory stimuli. Moreover, it has been shown that cultured kidney 

epithelial cells with mutations in Pkd1, do not activate flow-dependent Ca2+ signaling [148]. A third 

possibility is that PC1 and PC2 rather have a ciliary function. Both PC1 and PC2 are localized at the 

primary cilia of renal epithelia and it is known that cilia act as sensory organelles. Support for this 

hypothesis resulted from a study in which Kif3a deficiency, a protein of the kinesis-2 motor complex 

required for cilia homeostasis, resulted in cyst formation [149]. 

 

 

Figure 5: Structure of PC1 (left) and PC2 (right) and their interactions via coiled-coil domains in the C-terminus. 

 

2.3 Clinical overlap between MFS and ADPKD 

As mentioned above, cardiovascular features are fairly common in ADPKD patients. On the one hand, a 

familial clustering of cerebral aneurysms was observed in ADPKD patients [150]. Several case studies 

have shown an association between aortic aneurysm/dissection and ADPKD [151-163]. In 1 to 10% of 

ADPKD patients, aortic aneurysms are found [164-166]. Moreover, dissection of the thoracic aorta is 

seven times more frequent in ADPKD patients [167]. Both type A and B dissections have been described in 

the presence of cystic media degeneration. There is no obvious association between the occurrence of 

aortic dissection and the gender, age, the degree of kidney dysfunction, the presence of hypertension or 

linkage to PKD1 or PKD2. These data suggest that genetic modifiers confer the association of aortic 

aneurysms/dissections in ADPKD. On the other hand, MFS patients have more renal cysts and at an earlier 
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age compared to healthy controls as demonstrated in a study performed on 69 MFS patients; in 59,4% of 

the MFS patients, renal cysts were present compared to 30,4% of controls [168]. Although renal cysts are 

seldom clinically significant in MFS, these findings suggest a molecular link between the vascular findings 

in MFS and cyst formation. This was further supported by the description of pedigrees in which ADPKD 

and connective tissue disorders (skeletal overgrowth and aortic aneurysm) appear to cosegregate. In one 

of these families, linkage with PKD1 was found, while linkage with FBN1 was excluded [152]. In another 

family, independent segregation of the kidney phenotype with PKD1 and of the aneurysm phenotype with 

FBN1 occurred [169]. Interestingly, also in LDS there are indications of a clinical overlap with ADPKD (H. 

Dietz, personal communication), hereby providing another indication of an important role for the ECM in 

the development of renal cysts. 

 

2.4 Mouse models of ADPKD 

Pkd1del34 was the first Pkd1 mouse [170]. Heterozygous Pkd1del34/+ mice have a normal phenotype although 

a few kidney cysts developed at older age, while homozygous animals died early in the perinatal period 

[171]. No vascular abnormalities were observed. In a second Pkd1 mouse model, homozygous mice 

(Pkd1L/L) died in utero between E14,5 and E15,5 [172]. The animals exhibited edema, focal vascular leaks 

and hemorrhage, indicating that PC1 has an important role in the maintenance of vascular tissue integrity. 

Homozygosity for a third mutant Pkd1 allele (Pkd1del17-21βgeo) also turned out to be embryonic lethal, but 

both homozygous and heterozygous mutant mice developed renal cysts [173]. Homozygous mutant mice 

of the fourth Pkd1 mouse model (Pkd1-/-) died from E14,5 onwards [174]. Surviving Pkd1-/- mice 

developed renal cysts starting from E15,5, which increased in number and size up to E18,5. Next, a 

hypomorphic Pkd1 mutant model (Pkd1nl), expressing only 20% of normal PC1, was generated [175]. In 

contrast to the previous Pkd1 mutant mouse models, Pkd1nl mice were viable and presented renal, liver 

and pancreatic cysts. They also showed cardiovascular abnormalities, in line with the human ADPKD 

phenotype. These findings demonstrate that a decreased Pkd1 expression level is sufficient to cause 

polycystic kidneys and vascular abnormalities.   

In the first Pkd2 mouse model (Pkd2WS25), about half of the homozygous and heterozygous mutant animals 

developed renal cysts, with cyst formation being more severe in the homozygous mice. In a minority, liver 

cysts were observed as well [176]. PC2 immunohistochemistry on kidneys of Pkd2+/WS25 mice with a non-

cystic phenotype was comparable to that of WT mice. In contrast, in kidneys of Pkd2+/WS25 mice with a 

cystic phenotype, a complete absence of PC2 immunoreactivity was observed in the renal cysts and in cells 

lining the cysts, while the surrounding non-cystic regions did show PC2 expression. This suggested that 

tubular epithelial cells which lose the complete capacity to express PC2 may give rise to cysts. The second 

Pkd2 mouse model carried a true null mutation (Pkd2-) [177]. Homozygous mice died at E13.5. Kidney 

cysts development in heterozygous mice (Pkd2+/-) resulted in renal failure and early death. Heterozygous 

mice without kidney cysts had an intermediate survival. These findings suggested that haploinsufficiency 

was the disease causing mechanism. Further evidence for this came from the evaluation of two rat models 

expressing truncated PC2 [178].  
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Table 3: Existing mouse models of ADPKD. 

Mouse 
Genetic 
engineering 

Heterozygous mice Homozygous mice Conclusion Ref. 

Pkd1del34 
Deletion of Pkd1 
exon 34 

Normal phenotype 
Few kidney cysts at 
older age 

Perinatal death because of: 
Enlarged kidneys 
Pancreatic cysts 
Pulmonary hypoplasia 
No vascular abnormalities 

Difficult to study 
because of lethality 

170 

Pkd1L 
Premature stop 
codon in Pkd1 exon 
43 

Normal phenotype 

Embryonic lethal with 
Edema 
Focal vascular leaks 
Hemorrhage 

PC1 functions in 
vascular tissue 
integrity 

172 

Pkd1del17-21βgeo 
Deletion of Pkd1 
exons 17 to 21 

Renal cysts 
Occasionally liver 
cysts 

Embryonic lethal with: 
Disorganized myocardium 
Abnormal atrio-
ventricular septation 
(Renal cysts) 

First ADPKD animal 
model 

173 

Pkd1- 
Deletion of Pkd1 
exons 2 to 6 

Subtle endothelial 
dysfunction 

Embryonic lethal with: 
Hemorrhage 
Progressive renal 
cystogenesis 

Difficult to study 174 

Pkd1nl 

Hypomorphic Pkd1 
allele (expresses 
20% of normal 
levels) 

Not applicable 

Viable 
Renal, liver, pancreatic 
cysts 
Cardiovascular 
abnormalities 

Good ADPKD animal 
model 

175 

Pkd2WS25 
Disrupted exon 1 in 
tandem with WT 
exon 1 

Renal cysts Renal cysts (more severe) 
Loss of capacity to 
express PC2 leads to 
cyst formation 

176 

Pkd2- 
Deletion of Pkd2 
exon 1 

Renal cysts 
Early death 

Embryonic lethal with: 
Structural cardiac defects 
Renal and pancreatic cysts 

Haploinsufficiency is 
mechanism 

177 

 

2.5 Role of TGF-β signaling in ADPKD 

Similar to MFS, experiments on ADPKD epithelial cells demonstrate an increased TGF-β activation [179]. 

Also in Pkd1nl mice, an important role for TGF-β signaling was demonstrated in the more advanced stages 

of disease, like cyst progression and fibrogenesis [180]. This suggests a clear contribution of dysregulated 

TGF-β signaling to ADPKD progression. For the time being, it is not clear exactly how the polycystins fit 

within this pathogenic mechanism, although it is conceivable that the polycystins play a role in ECM. The 

latter hypothesis is built on several arguments. First, PC1 has several extracellular motifs that may 

function in possible cell-cell and cell-matrix interactions [181]. Second, an altered expression of matrix 

proteins, such as collagen and fibronectin, occurs in polycystic kidneys [182, 183]. Finally, in Pkd1 and 

Pkd2 deficient zebrafish, a persisting expression of multiple collagen mRNAs transcripts and low levels of 

collagen-crosslinking inhibitors were found, implicating an involvement of the polycystins in the 

modulation of collagen expression [184]. 
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2.6 Kidney cysts and planar cell polarity 

The nephron, which is the smallest functional unit of the kidney, is a vascularized epithelial tubule. In 

order for the kidney to carry out its function in maintaining body fluid composition, it is essential to 

establish and/or maintain the correct tubule diameter [185]. Defects in this aspect play a causal role in 

polycystic kidney disease [186]. During tubule growth, proper cell polarity and oriented cell division 

(along the tubular axis) is essential because it determines the diameter of a tubule [187]. As such, 

appropriate planar cell polarity (PCP) is required. Indeed, it has been shown in kidneys of Pkd1 mutant 

mice that inactivation of Pkd1 affects oriented cell division and that PCP components are significantly 

upregulated [188]. This suggests that aberrant PCP signaling plays a major role in cystogenesis. 
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Cardiovascular disorders are amongst the most prominent causes of death in the western world. One of 

the most life threatening forms consists of thoracic aortic aneurysms (TAA) as these lead to aortic 

dissections and ruptures if left untreated. Therefore, the need for therapies based on the molecular defect 

underlying TAA is high. Unraveling the genetic basis of this genetically heterogeneous disorder is thus 

essential and as such the overall aim of this thesis. 

 

To address this general aim, the following specific objectives were set out: 

 To identify the molecular defect in families with hereditary connective tissues disorders and TAA 

as a characteristic clinical feature, including Loeys-Dietz syndrome, Shprintzen-Goldberg 

syndrome and autosomal dominant polycystic kidney disease. 

 

 To provide functional characterization of the newly identified TAA genes. This will be achieved by 

using in vitro techniques and in vivo animal models with TGF-β signaling at the center of attention. 
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ABSTRACT 

Loeys-Dietz syndrome (LDS) associates with a tissue signature for high transforming growth factor (TGF)-

β signaling but is often caused by heterozygous mutations in genes encoding positive effectors of TGF-β 

signaling, including either subunit of the TGF-β receptor or SMAD3, thereby engendering controversy 

regarding the mechanism of the disease. Here, we report heterozygous mutations or deletions in the gene 

encoding the TGF-β2 ligand for a phenotype within the LDS spectrum and show upregulation of TGF-β 

signaling in aortic tissue from affected individuals. Furthermore, haploinsufficient Tgfb2+/- mice have 

aortic root aneurysm and biochemical evidence of increased canonical and noncanonical TGF-β signaling. 

Mice that harbor both a mutant Marfan syndrome (MFS) allele (Fbn1C1039G/+) and Tgfb2 haploinsufficiency 

show increased TGF-β signaling and phenotypic worsening in association with normalization of TGF-β2 

expression and high expression of TGF-β1. Taken together, these data support the hypothesis that 

compensatory autocrine and/or paracrine events  contribute to the pathogenesis of TGF-β- mediated 

vasculopathies. 
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INTRODUCTION 

The TGF-β family comprises three cytokines that regulate multiple aspects of cellular behavior, including 

proliferation, differentiation, migration and synthetic repertoire [1]. Postnatally, TGF-β activity is most 

closely linked to wound healing, productive modulation of the immune system and multiple pathological 

processes, including cancer progression and tissue fibrosis [2]. Fibrillin-1, encoded by FBN1, the gene 

altered in MFS [3], binds to the latent TGF-β complex and regulates the release of active cytokine into the 

extracellular environment [4, 5]. LDS is a syndromic presentation of aortic aneurysm that is most often 

caused by mutations in the genes that encode the subunits of the TGF-β receptor, TGFBR1 and TGFBR2 [6, 

7]. Mutations in SMAD3, which encodes an intracellular mediator of TGF-β signaling, have also been 

described in individuals with phenotypic manifestations of LDS [8]. Three TGF-β ligand isoforms exist in 

humans (TGF-β1, TGF-β2 and TGF-β3, encoded by separate genes, the TGFB1, TGFB2 and TGFB3 genes, 

respectively), but their relative contributions to aortic aneurysm in the context of connective tissue 

disorders has not been explored.  

The precise role of TGF-β signaling in aneurysm progression remains controversial. On the one hand, 

analyses of the aortic wall in affected persons and mouse models have consistently shown a signature of 

increased TGF-β signaling in MFS, LDS, cutis laxa with aneurysm, bicuspid aortic valve with aneurysm and 

isolated familial thoracic aortic aneurysm caused by mutations affecting smooth muscle cell contractile 

proteins [6, 9-11]. This signature includes increased phosphorylation and nuclear translocation of the 

receptor-activated SMAD proteins (SMAD2 and SMAD3), increased expression of TGF-β-responsive gene 

products (for example, collagen, connective tissue growth factor (CTGF) and plasminogen activator 

inhibitor-1) and/or increased activation of noncanonical TGF-β signaling cascades (prominently including 

ERK1 and ERK2 (ERK1/2)) [12]. In mouse models of MFS, antagonism of TGF-β signaling using either 

TGF-β neutralizing antibodies or angiotensin receptor blockers attenuates multisystem disease 

manifestations, including aortic aneurysm [11, 13, 14]. On the other hand, an intuitive consideration of the 

primary consequences of many disease-associated mutations suggests the potential for loss of TGF-β 

signaling [7]. For example, whereas the fibrillins can contribute to negative regulation of TGF-β signaling 

by sequestering ligand, they can also positively regulate signaling by concentrating cytokine at sites of 

intended function [15]. Most LDS mutations involve substitution of conserved residues in the kinase 

domains of the TGF-β receptor subunits and recombinant expression of receptors harboring LDS 

mutations in cells naïve for the corresponding receptor subunit fails to support canonical (SMAD-

dependent) TGF-β signaling [16]. At least some of the SMAD3 mutations that cause LDS are expected to 

confer functional haploinsufficiency by virtue of an early premature termination codon that induces 

accelerated decay of mutant mRNA and thus reduce signaling efficiency [8]. Furthermore, lineage-specific 

abrogation of TGF-β signaling can impair aortic wall homeostasis [17, 18]. It has been our hypothesis that 

this apparent paradox can be reconciled if compensatory autocrine or paracrine events in response to a 

relative loss of TGF-β signaling potential lead to functional overshoot [19]. Here, we describe the 

identification and mechanistic characterization of a new gene for a syndromic aneurysm presentation 

within the LDS spectrum that lends validity to this pathogenic model. 
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MATERIALS AND METHODS 

Subjects 

Patients were recruited from the Connective Tissue Clinic at Johns Hopkins Hospital (H.C.D), Radboud 

University Hospital/Antwerp University Hospital (B.L.L), University of Washington Medical Center (P.B.) 

and Karolinska Institute (B-M.A.) All samples were collected in compliance with the Institutional Review 

Board at each respective institution. 86 samples were obtained from individuals with features of 

syndromic connective tissue abnormalities, including proximal aortic aneurysm, who did not fulfill the 

diagnostic criteria for MFS of the 2010 Ghent nosology and who had remained negative after TGFBR1/2 or 

FBN1 mutation analysis. 

Mutation analysis – Copy number variant analysis and Sanger sequencing 

DNA was extracted using standard procedures. Microarray analysis was performed using the Illumina 

HumanCytoSNP12-V2.1 Bead Chip (Illumina, San Diego, CA) using standard protocols for proband 1. Data 

analysis was performed with the CNV-Webstore. For proband 2, microarray analysis was performed by an 

OGT 180 kb oligo-array. PCR primers and conditions can be found in Supplementary Table 2. PCR 

products were bidirectionally sequenced using the BigDye Terminator Cycle Sequencing kit (Applied 

Biosystems, Carlsbad, CA) and separated on an ABI 3130XL Genetic Analyzer (Applied Biosystems, 

Carlsbad, CA). Sequence comparison and numbering are based on Ensembl transcript ENST00000366929 

or NCBI NM_001135599.2 in which the A-nucleotide of the start codon ATG is assigned as position +1. 

Mice 

All mice were cared for under strict compliance with the Animal Care and Use Committee of the Johns 

Hopkins University School of Medicine. TGFβ2+/- mice were purchased through Jackson Laboratories (Bar 

Harbor, ME) as heterozygotes. For tissue analysis, animals were euthanized through inhalational 

halothane (Sigma, St. Louis, MO). After laparotomy and thoracotomy the ventricles and attached aortas 

were injected with 20 cc of phosphate-buffered saline (PBS) pH 7,4 to flush blood from the vascular 

system prior to dissection. All experimental mice were maintained on a C57Bl/6J background with the 

exception of TGFβ2+/- mice, which show impaired fertility on pure backgrounds and are therefore 

maintained on a mixed background at Jackson Laboratory. 

Histology 

Latex was injected into the left ventricular apex under low pressure until it was visible in the femoral 

artery. Animals were then fixed in Formalin (10%) for 24 hours before transfer to 70% ethanol for 

dissection and storage. Aortas were then removed from the animals or dissected in situ for photography 

prior to paraffinization and sectioning (5µM). Slides were produced for tissue staining or stained with 

standard stains including VVG (Verhoeff-Van Gieson), H&E (Hematoxylin-Eosin), or Masson’s Trichrome 

for quantitative analysis. Aortic architecture score was rated by three blinded observers and graded on an 

arbitrary scale of 1 (indicating no breaks in the elastic fiber) to 5 (indicating diffuse fragmentation). 

Human aortic samples were stained with mouse anti-α-smooth muscle actin (Dako 1A4), rabbit anti-

pSMAD2 (Millipore AB3849), rabbit anti-pSMAD3 (Epitome #1880-1), rabbit anti-CTGF (Abcam ab6992), 
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mouse anti-TGFB1 (Abcam ab64715), or rabbit anti-TGFB2 (Abcam ab66045) per manufacturer’s 

instructions. 

Western blotting 

After euthanasia and flushing, the ascending aorta (aortic root to origin of the right brachiocephalic) and 

the descending thoracic aorta (from ductal ampulla to diaphragm) were dissected and flash frozen in 

liquid nitrogen prior to storage at -80°C until processing. Western blotting procedures were performed as 

previously described [12]. 

Echocardiograms 

Nair hair removal cream was used on all mice the day prior to echocardiograms. All echocardiograms 

were perfomed on awake, unsedated mice using the Visualsonics Vevo660 imaging system and a 30 MHz 

transducer. The aorta was imaged using a standard parasternal long axis view. Dimensions from each 

animal represent averages of three separate measurements made on still frames in systole of the maximal 

internal diameter of the aortic valve annulus, aortic sinuses, sinotubular junction, or ascending aorta. One 

of several cardiologists blinded to genotype performed all imaging and measurements. 

RT-PCR 

Aortas were dissected as previously described, flushed in PBS and directly stored into TRIzol® 

(Invitrogen). RNA was extracted according to manufacturer’s instruction and purified with RNeasy mini 

columns (Qiagen). An on-column DNAse digest (Qiagen) was performed prior to the clean-up step to 

eliminate residual genomic DNA. cDNA was generated using TaqMan® High Capacity cDNA Reverse 

Transcription reagents and qPCR was performed in triplicate with TaqMan® Universal PCR Master Mix, 

all from Applied Biosystems. The following pre-validated TaqMan® probes were used to detect specific 

TGF-β transcripts and control transcripts: Mm01178820_m1 (TGFβ1), Mm01321739_m1 (TGFβ2), 

Mm01307950_ml (TGFβ3), Mm99999915_g1 (GAPDH). Relative quantification for each transcript was 

obtained by normalizing against Gapdh transcript abundance according to the formula 2^(-Ct)/2^(-Ct 

GAPDH). 

Quantification of circulating free TGF-beta 1 and TGF-beta 2 in mouse plasma 

Enzyme-Linked ImmunoSorbent Assay (ELISA) DuoSet for TGF-beta 1 and TGF-beta 2 (TGF-beta 1 and 

TGF-beta 2 concentrations were measured by antibody-based sandwich Enzyme-Linked Immunosorbent 

Assay (ELISA) using electrochemiluminescence platform (Meso Scale Discovery, Gaithersburg, Md). For 

TGFβ1, the assay procedure follows the manufacturer’s recommendations with minor changes [31]. For 

TGFβ2, a customer MSD-ELISA was developed using capture detecting antibodies from R&D (DuoSet TGF-

beta 2, R&D, Minneapolis, MN) and optimized by comparing various diluents on human standards in 

mouse plasma. All plasma samples were run in duplicate. The lowest level of detection (LLOD) for TGFβ1 

was 367,0 pg/mL, for TGFβ2 was 649,0 pg/mL. Data are displayed as mean with error bar representing 

one standard deviation. Results were considered valid when percentile of recovery (expected 

concentration divided by calculated concentration multiplied by 100) of the standards/calibrators was 

100±20%, the coefficient of variation was <20%, intra-assay coefficient of variation was <10%, and the 

inter-assay coefficient of variation was <20%. 
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Statistical analysis 

All values are expressed as means + 2 standard errors of the mean (2SEM). Student t tests were used to 

evaluate significance between groups, with a p-value of <0,05 considered statistically significant. All 

significance reporting is standardized to (*p<0,05, **p<0,01, †p<0,005, ††p<0,001). 
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RESULTS 

We identified eight families with an autosomal dominant aortic aneurysm phenotype with variable clinical 

expression. Features shared with MFS and LDS included aortic aneurysm, pectus deformity, 

arachnodactyly, scoliosis and skin striae. Features shared with LDS but not with MFS included 

hypertelorism, bifid uvula, bicuspid aortic valve, arterial tortuosity, club feet and thin skin with easy 

bruising (Figure 1, Table 1 and Supplementary Table 1). Ectopia lentis was not observed.  

 

 

Figure1: Phenotypic characteristics of patients with TGFB2 mutation. Significant clinical features of individuals with TGFB2 
mutations include mild hypertelorism (widely spaced eyes; 1-II:1, 3-III:1 and 7-III:1), malar hypoplasia (flat cheek bones; 1-II:1, 3-
III:1, 4-II:1 and 7-III:1), retrognathia (receding chin; 1-II:1, 3-III:1, 4-II:1 and 7-III:1), arachnodactyly (long fingers; 1-II:1 and 4-II:1), 
pectus excavatum (7-III:1), pes planus (flat feet; 1-II:1 and 3-III:1) and hammer toes (1-II:1). Permission to publish fotographs was 
obtained from the affected individuals or their parents. 

 

Microarray analysis in two individuals with these features, who also had mild developmental delay, 

revealed two unique heterozygous de novo chromosomal microdeletions at 1q41 (Figures 1 and 2a). The 

deletion in one proband measures 6,5 Mb in length (215,5 Mb – 222,1 Mb; GRCh37/hg19) and 

encompasses 20 genes, whereas the deletion in the other is only 3,5 Mb in length (216,6 Mb – 220,2 Mb). 

Both deletions included the TGFB2 gene, which encodes transforming growth factor β2 (TGF-β2), making 

it an obvious candidate gene for this aneurysm phenotype with MFS- and LDS-like features. 
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Table 1: Comparison  of phenotypes in humans with FBN1, TGFBR1, TGFBR2, SMAD3 
      or TGFB2 mutations. 

 
MFS 

 
  LDS   

  FBN1   
TGFBR1 or 

 TGFBR2 SMAD3 TGFB2 

Ectopia lentis +++ 
 

- - - 

Cleft palate/bifid uvula - 
 

++ + + 

Hypertelorism - 
 

++ + + 

Tall stature +++ 
 

+ + ++ 

Arachnodactyly +++ 
 

+ + + 

Pectus deformity ++ 
 

++ ++ ++ 

Club foot - 
 

++ + ++ 

Osteoarthritis ++ 
 

+ +++ + 

Aortic root aneurysm ++ 
 

++ ++ ++ 

Early dissection + 
 

+++ ++ + 

Other aneurysm + 
 

++ ++ + 

Arterial tortuosity - 
 

++ + + 

BAV - 
 

++ + + 

Striae ++ 
 

+ + + 

Hernia + 
 

+ + ++ 

Dural ectasia +   + + + 
BAV, bicuspid aortic valve; -, absent or at population frequency; +, observed; ++, common; +++, typical 

 

We subsequently sequenced all exons and intron-exon boundaries of the TGFB2 gene in a cohort of 86 

aneurysm patients (34% familial) who were negative for FBN1 and TGFBR1/2 mutations. We identified a 

total of six heterozygous mutations in TGFB2, including one nonsense mutation, three missense mutations 

and two intragenic deletions, one in-frame and one causing a frameshift (Figure 2b and Supplementary 

Figure 1). The three missense mutations, p.Arg327Trp, p.Arg330Cys and p.Pro366His, resulted in the 

substitution of evolutionarily conserved residues (Figure 2b) and were categorized as probably damaging 

by Polyphen [20], as deleterious by SIFT [21] and as disease-causing by MutationTaster [22]. In addition, 

these mutations were not observed in data from the 1000 Genomes Project [23] and were not present in 

over 10000 exomes in the National Heart, Lung and Blood Institute (NHLBI) Exome Variant Server. All 

participating affected individuals tested positive for their family-specific TGFB2 mutation (Figure 2c). 

Because we found two whole gene deletions in addition to two nonsense mutations predicted to lead to 

nonsense-mediated mRNA decay (encoding p.Tyr99* and p.Tyr369Cysfs*26), we propose 

haploinsufficiency as the relevant mechanism. 
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Figure 2: Mutational analysis of TGFB2 in humans with aneurysm. (a) Schematic of the microdeletions on chromosome 1q41. The 
TGFB2 gene is indicated in red. Pedigrees for two subjects with de novo chromosomal microdecletions completely overlapping TGFB2 
(1-II:1 and 2-II:1) are shown. (+) Indicates presence of described mutation in an associated individual while (-) indicates lack of 
mutation. (b,c) TGFB2 mutations and pedigrees for families 3-8. Pedigrees document an autosomal dominant pattern of inheritance. 
Mutations are annotated at the nucleotide (c.) and protein level (p.; three letter code for amino acids is used; reference transcript: 
Ensembl ENST00000366929 or NCBI_001135599.2). Circle, female; square, male; open symbol, unaffected; shaded symbol, affected; 
diagonal line, deceased. The location of mutations in relation to the exons (numbers) of TGFB2 and the domain organization are 
shown (LAP, latency associated peptide; RKKR, potential furin cleavage site). Evolutionary conservation of the mutated residues in 
TGF-β2 and related human cytokines (TGF-β1/3) is shown.  

In addition to aneurysm, individuals with LDS show arterial tortuosity with prominent involvement of the 

vertebral and carotid arteries [6, 16]. Individuals with TGFB2 mutations can have similar arterial 

tortuosity (Figure 3a, subject 7:III-1). Aortic tissue taken at the time of surgery demonstrates elastic fiber 

fragmentation and increased collagen and proteoglycan deposition (Figures 3b, c and Supplementary 

Figure 2), histopathological findings reminiscent of both MFS and LDS [24]. Immunohistochemistry (IHC) 

analysis of aortic tissue from subjects 7:III-1 and 5:II-2 demonstrated increased TGF-β signaling, as 

evidenced by increased nuclear accumulation of phosphorylated SMAD2 and SMAD3 proteins and 

increased expression of TGF-β-responsive gene products, including collagen and CTGF (Figures 3c, d and 

Supplementary Figure 2). Whereas total TGF-β2 expression in IHC analyses was similar in affected 

individuals and in controls, expression of TGF-β1 ligand was higher in affected individuals (Figure 3d).

  

We next examined the effect of Tgfb2 haploinsufficiency in gene-targeted mice. Whereas homozygous 

knockout (Tgfb2-/-) mice are known to show late embryonic lethality secondary to congenital heart 

disease [25], the phenotype Tgfb2+/- mice was not reported in detail. Patients with LDS develop aortic 

aneurysm in a characteristic anatomical distribution characterized by dilatation of the aortic root at the 

level of the sinuses of Valsalva [6]. The pattern is similar in patients with MFS [26] and MFS mice 

harboring a heterozygous fibrillin-1 mutation (Fbn1+/C1039G) [27]. By 8 months of age, Tgfb2+/- mice showed 

dilatation of the aortic annulus and root but the more distal ascending aortic dimensions were normal 
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(Figures 4a, b). These findings demonstrate that loss of function of a single allele of Tgfb2 is sufficient to 

cause aortic root aneurysm. To interrogate the state of TGF-β signaling in Tgfb2+/- mice, we performed 

western blot analysis of protein lysates derived from proximal ascending aortic segments. Similar to the 

signaling perturbations seen in Fbn1+/C1039G mice [12, 28], aortas from Tgfb2+/- mice showed increased 

phosphorylation of Smad2, Smad3 and Erk1/2 compared to wild-type mice (Figure 4c and Supplementary 

Figure 3). 

 

Figure 3: Cardiovascular pathology in human subjects with TGFB2 mutations. (a) Multidetector computed tomography (MDCT) 
with 3 dimensional reconstruction of head and neck vessels demonstrating tortuosity of the distal cervical internal carotid arteries 
bilaterally (arrows, center panel) as well as the V1 segment of the left vertebral artery (arrows, left panel). MDCT imaging in 
modified sagittal view of dilated aorta at sinuses of Valsalva (arrows, right panel), Bars=2cm. (b) Movat’s pentachrome staining of 
human aortic samples demonstrating an increase in proteoglycan deposition (Blue staining in Movat’s pentachrome) and elastic 
fragmentation (Black in Movat’s pentachrome) in MFS, LDS, and patient with TGFB2 mutation (7-III:1) versus control, Bar=200µM, 
Enlargement Bar=80µM (c) Masson’s Trichrome staining of human aortic samples with increased collagen deposition (Blue in 
Masson’s Thrichrome) in MFS, LDS, and patient with TGFB2 mutation (7-III:1) versus control, Bar=200µM, Enlargement Bar =80µM. 
(d) Immunocytochemical staining of the aortic media for phosphorylated Smad2 protein, CTGF, TGFB1, and TGFB2. Panels show 
control aorta (Control) and patient aorta with TGFB2 mutation (7-III:1). Quantification of fraction of pSmad2 positive nuclei 
(pSMAD2) or staining (CTGF, TGFB1, TGFB2) represents staining of three control aortas (C) versus patients 7-III:1 and 5-II-2 (S). 
Error bars equal 2 SEM. *p<0,05; Bar=80µM. 
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Figure 4: Haploinsufficiency for Tgfb2 causes aortic root aneurysm in mice. (a) Parasternal long axis echocardiographic systolic 
images of the aortic root of 8 month old wild type (n=10), Tgfb2+/- (n=6), and Fbn1+/C1039G (n=9) mice. Arrows denote root dimensions. 
Bar =0,75mm. (b) Echocardiographic quantification of dimensions at the aortic valve (AoV), aortic root (AoR), sinotubular junction 
(STJ), and ascending aorta (AscAo) in wild type, Tgfb2+/- and Fbn1+/C1039G mice at 8 months of age. (†p<0,005; ***p<0,001). There was 
no significant difference in aortic dimension between Tgfb2+/- and Fbn1+/C1039G mice at this age. (c) Western blot analysis of murine 
ascending aortas demonstrating increased phosphorylation of Smad2, Smad3 and ERK proteins in 8 month old Tgfb2+/- and 
Fbn1+/C1039G mice. Graphs representing phosphoprotein Western blot quantification standardized to GAPDH expression. Error bars 
equal 2 SEM (*p<0,05; **p<0,01; ***p<0,001). 

 

We next assessed for genetic interaction between targeted Tgfb2+/- and Fbn1+/C1039G alleles. The latter is 

associated with high TGF-β signaling during periods of rapid aneurysm progression [11, 12, 29]. Tgfb2+/-: 

Fbn1+/C1039G animals had normal body size and growth with normal blood pressure indices 

(Supplementary Figure 4). These double-heterozygous mice showed a significant increase in aortic root 

dimension compared to either Fbn1+/C1039G or Tgfb2+/- mice, at 2 and 4 months of age (Figure 5a). Aortic 

dilatation was specific to the aortic root, recapitulating the zone of predisposition seen in people with 

either MFS or LDS. Histological examination shows equivalent elastic fiber disorganization and increased 

collagen deposition within the medial compartment of the aortic wall in Tgfb2+/- and Fbn1+/C1039G animals; 
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both phenotypes were greatly accentuated in Tgfb2+/-: Fbn1+/C1039G mice (Figure 5b and Supplementary 

Figure 5). IHC revealed a graded increase in nuclear accumulation of phosphorylated Smad2 in the aortic 

media, with a pronounced increase in Tgfb2+/-: Fbn1+/C1039G compound aortas (Figure 5c). Western blot 

analysis, which integrates the performance of all cell types within the aorta, showed a subtle but 

significant increase in pSmad2 levels in Fbn1+/C1039G and Tgfb2+/-: Fbn1+/C1039G mice but no increase in either 

pSmad3 or pERK1/2 at this early time point (4 months) (Supplementary Figure 5). Analysis of mRNA 

levels in the proximal aorta at 2 months of age revealed normal expression of Tgfb2 and Tgfb3 in all three 

mutant genotypes; Tgfb2+/-: Fbn1+/C1039G mice uniquely showed increased expression of Tgfb1 (Figure 5d) 

recapitulating observations in the human aorta (Figure 3c). This upregulation was ligand-specific as no 

significant changes in Tgfbr1 or Tgfbr2 expression were detected (Supplementary Figure 6). At 4 months 

of age, both Tgfb2+/- and Tgfb2+/-: Fbn1+/C1039G mice showed decreased Tgfb2 in the circulation compared to 

wild-type littermates, whereas this level was increased in Fbn1+/C1039G animals (Supplementary Figure 7). 

While there was a trend for increased circulating Tgfb1 in all three mutant genotypes, high intragroup 

variability was observed (Data not shown). 

 

 

Figure 5: Synergistic pathology in Tgfb2+/-:Fbn1+/C1039G double heterozygous mice. (a) Photomicrographs and echocardiographic 
aortic root quantification of WT (n=8), Tgfb2+/- (n=8), Fbn1+/C1039G (n=7), and Tgfb2+/-:Fbn1+/C1039G (n=11) mice. Orange arrow 
demonstrates a large sinus of Valsalva aneurysm. (**p<0,01; †p<0,005; ***p<0,001). Bar=1,5 mm. (b) Worsened aortic pheonotype 
from Tgfb2+/-:Fbn1+/C1039G double heterozygous mice. Panels of VVG (upper row) and Masson’s Trichrome (bottom row) stained 
aortas from 4 month old mice demonstrating elastin fragmentation and increased collagen deposition in Tgfb2+/-:Fbn1+/C1039G mice. 
Bar = 20µm. (c) Immunohistochemistry of phosphorylated Smad2 in aortas from 4 month old WT, Tgfb2+/-, Fbn1+/C1039G, and Tgfb2+/-

:Fbn1+/C1039G mice. Bar=20µm. (d) Transcript analysis of ascending and descending aortas of two month old WT (n=3), Tgfb2+/- (n=3), 
Fbn1+/C1039G (n=3), and Tgfb2+/-:Fbn1+/C1039G (n=3) mice normalized to GAPDH expression. Error bars equal 2 SEM (*p<0,05). 
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DISCUSSION 

This study demonstrates that heterozygous mutations in the gene encoding TGF-β2 are sufficient to cause 

a syndromic presentation of thoracic aortic aneurysm in both people and mice. Given the substantial 

clinical and mechanistic overlap with LDS, categorizing this disorder within the LDS spectrum should 

facilitate patient diagnosis and management. 

The pathogenesis of TGF-β – related vasculopathies seems complex. Whereas the previous finding of 

mutations affecting TGF-β receptor subunits and intracellular mediators underscored the primary role of 

this cytokine family in aneurysm initiation and/or progression, the paradoxical association of an 

unequivocal signature for increased TGF-β signaling in postnatal tissues with mutations that would 

intuitively impair signaling has engendered controversy regarding the mechanism for LDS spectrum 

disorders. Attainment of mechanistic insight has been slowed by the myriad interactions and functions 

supported by TGF-β receptors and intracellular signaling mediators and by the extent of cross-talk with 

other signaling cascades. The recent demonstration that the cleft palate seen upon neural crest-specific 

silencing of the TβRII receptor in mice manifests a gain of p38 signaling that is mediated by TGF-β2 and a 

disease-specific TβRI-TβRII receptor complex represents an overt example of this complexity and the 

potential inadequacy of intuitive disease model predictions [30]. 

Although our findings regarding TGFB2 haploinsufficiency and aneurysm represent yet another example 

of the same paradox, they may offer experimental opportunities to clarify the mechanism. In the absence 

of any primary perturbation of intracellular signaling machinery, model systems may be more tractable. 

One testable hypothesis that derives from our observations is that compensatory upregulation of TGF-β1 

expression in the aorta contributes to aortic disease. Further studies will determine whether concomitant 

silencing of TGF-β1 can rescue the TGF-β2 deficiency state and if the apparent overshoot in compensation 

reflects the total level of all bioavailable TGF-β ligands or a specific detrimental consequence of 

upregulation of TGF-β1 in the aorta. Alternatively, low TGF-β signaling in restricted cell populations may 

be a critical determinant of postnatal disease progression, perhaps setting the stage for paracrine 

overdrive of adjacent cell types with a relative preservation of signaling potential. It is notable that 

increased TGF-β1 has been documented in the aorta in LDS spectrum patients with loss-of-function 

SMAD3 mutations [8] and in the circulation of people and mice with MFS [31]. 

Our observed deleterious genetic interaction between Fbn1+/C1039G mutation causing MFS and Tgfb2 

haploinsufficiency that causes a LDS-spectrum disorder is both novel and informative. MFS is the most 

comprehensively studied TGF-β vasculopathy, with clear evidence in support of an increased signaling 

state including cellular and tissue signatures that normalize in association with phenotypic rescue upon 

administration of TGF-β or ERK antagonists. In this light, pathogenic models that singularly invoke 

decreased TGF-β signaling for LDS-spectrum disorders would be difficult to reconcile with the worsening 

of disease seen in Tgfb2+/-: Fbn1+/C1039G animals. It seems notable that aortic root enlargement can be 

detected in Fbn1+/C1039G and Tgfb2+/-: Fbn1+/C1039G mice at 2-4 months of age, before overt evidence of 

excessive Smad2/3 or Erk1/2 activation by western blot analysis. This may suggest that the average 

performance of all cells within an aortic segment (the parameter monitored by immunoblots) is less 

important than the presence of even small subpopulations of bad-acting (i.e. high signaling) cells. In 

keeping with this hypothesis, the specific ERK1/2 inhibitor RDEA-119 was able to completely suppress 



TGFB2 

-53- 

abnormal aortic growth in Fbn1+/C1039G mice even when its use was restricted to age groups that did not 

yet show increased pERK1/2 in the aortic wall by western analyses [12]. Full clarity on these issues will 

facilitate the development and testing of novel treatment strategies that may find broad applications. 
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SUPPLEMENTARY MATERIAL 

 

Supplementary Figure1: Sequence chromatograms and corresponding interpretation of familial TGFB2 mutations are displayed 
(Family 3 through Family 8). 

 

 

 

 

Supplementary Figure 2: (A.) High magnification view of Movat’s pentachrome staining of human aortic samples demonstrating an 
increase in proteoglycan deposition (Blue staining in Movat’s pentachrome) and elatic fragmentation (Black in Movat’s petachrome) 
in MFS, LDS, and patient with TGFB2 mutation (7:III-1) versus control, Bar= 80µM. (B.) High magnification view of Masson’s 
Trichrome staining of human aortic samples with increased collagen deposition (Blue in Masson’s Trichrome) in MFS, LDS, and a 
patient with TGFB2 mutation (7:III-1) versus control, Bar= 80µM. (C.) Quantification of fraction of pSMAD3 positive nuclei of control 
aortas (3) versus patients (7:III-1 and 5:II-2), (*p<0,05), Error bars equal 2 SEM, Bar= 80µM. (D.) Staining controls for human aortic 
IHC. Column 1 represents secondary antibody staining controls. Second and third columns represent staining with indicated primary 
and secondary antibodies of either control aorta (Column 2) or mutant aorta (Column 3). Bar= 80µM. 

 



TGFB2 

-57- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3: Ratio of phosphorylated Smad2 Western blot staining to total Smad2 and phosphorylated 
ERK1/2 Western blot staining to total ERK1/2 Western blot staining for 8 month old of WT, Tgfb2+/-, or Fbn1+/C1039G 
aortas. Error bars equal 2 SEM, (n=4 for each genotype, *p<0,05). 

Supplementary Figure 4: Normal hemodynamic measurements and body size in Tgfb2+/-:Fbn1+/C1039G synthetic mice. (A.) 
Blood pressure quantification (systolic and diastolic) of WT, Tgfb2+/-, Fbn1+/C1039G and Tgfb2+/-:Fbn1+/C1039G mice by tail duff 
measurements. (B.) Weight of 4 month old WT, Tgfb2+/-, Fbn1+/C1039G and Tgfb2+/-:Fbn1+/C1039G mice demonstrate no 
significant differences. Error bars equal 2 SEM. 
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Supplementary Figure 5: (A.) Quantification of arotic histology in Tgfb2+/-:Fbn1+/C1039G synthetic mice. Graphs represent 
quantification of aortic architecture score and aortic collagen deposition. Error bars equal 2 SEM, (p*<0,05, **p<0,01, †p<0,005, 
††p<0,001).(B.) Signaling within Tgfb2+/-:Fbn1+/C1039G aortas. Western blotting of aortas demonstrating increased phosphorylation of 
Smad2 in WT, Tgfb2+/-, Fbn1+/C1039G and Tgfb2+/-:Fbn1+/C1039G mice. Quantification graphs of Western blots (*p<0,05). Error bars equal 2 
SEM. (C.) Ratio of phosphorylated Smad2 Western blot staining to total Smad2 and phosphorylated ERK1/2 Western blot staining to 
total ERK1/2 Western blot staining for 4 month old of WT, Tgfb2+/-, Fbn1+/C1039G and Tgfb2+/-:Fbn1+/C1039G murine aortas (n=3 for each 
genotype). Error bars equal 2SEM. 
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Supplementary Figure 7: Analysis of circulating TGFβ2 levels in mouse plasma from 4 month old WT (n=4), Tgfb2+/- (n=4), 
Fbn1+/C1039G (n=4), and Tgfb2+/-:Fbn1+/C1039G (n=4) animals. Ligand levels are expressed in units of pictogram per milliliter (p*<0,05). 
Error bars equal 2 SEM. 

 

 

Supplementary Figure 6: Transcript analysis of Tgfbr1 and Tgfbr2 in ascending and descending aortas of 2 month old 
WT (n=3), Tgfb2+/- (n=3), Fbn1+/C1039G (n=3), and Tgfb2+/-:Fbn1+/C1039G (n=3) mice normalized to HRPT expression. There 
were no statistically significant differences. Error bars equal 2 SEM. 



 

 

 

 

Supplementary Table 1: Clinical data of individuals with TGFB2 mutations. 

Pedigree 1.II-1 2.II-1 3.II-1 4.I-2 4.II-1 4.II-2 4.III-1 5.II-2 5.III-1 5.III-2 6.II-5 6.III-3 6.III-4 7.III-1 8.II-3 

Sex M M F M M M M M F M M M M F M 

Age 46 9 13 61 32 32 3 44 21 7 43 10 7 28 50 

Craniofacial 
               

Eye My Hy LO My EP My nl RT nl nl As nl nl nl My 

Downsl. palp. fis. - + + - + + - + + - + + + + - 

Hypertelorism + - + - - - - - - - + + - + - 

High arched palate + + + + + + + + + - - + - - - 

Uvula nl nl nl nl nl nl nl broad nl nl nl nl nl broad bifid 

Retrognathia + + + + + + + + - + + - - + - 

Other To ptosis         ptosis     To, Pl       Sp   

Skeletal                               

Stature (cm or 
percentile if child) 

193 P95 P95 171 200 196 >P95 184 173 P95 196 P95 P95 177 167 

Armspan ratio 1.02 0.96   1.08     0.95 1.04 1.01 1.02       1.03   

Pectus deformity + + + + + + + - - - - - + + - 

Scoliosis + - - + + + - - - - - - - - + 

Arachnodactyly + + + + + + - + - - - - - + - 

Club feet + + + - - - - + - + - - - + - 

Pes planum - + - + + + + + + - - - - + - 

Hypermobility 
(Beighton > 5/9) 

- - + + + + + - - - - - - + + 

Other CT CT 
     

KD               
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Supplementary Table 1: Clinical data of individuals with TGFB2 mutations (continued). 

Pedigree 1.II-1 2.II-1 3.II-1 4.I-2 4.II-1 4.II-2 4.III-1 5.II-2 5.III-1 5.III-2 6.II-5 6.III-3 6.III-4 7.III-1 8.II-3 

Cardiovascular                               

Ao root Z-score 2.8 3 + 2 2.4 4.3 3 4* 3.7 6 3.4 2.4 2.6 7* 8.4* 

Ao dissection 
/repair 

Type B 
age 42 

            
VSARR     

(45 mm) 
          

VSARR 
(48 mm) 

VSARR 
(56 mm) 

Aortic valve TAV TAV TAV TAV TAV TAV TAV AVR TAV TAV TAV BAV BAV TAV TAV  

Mitral valve MVP - - MV-S MVP MVP   MV-S 
MVP, 
with 
MR 

MR         - 

Other VSD                   MPA     Ty, ASD SVT 

Skin                               

Striae - - - - + + - - - - + - - - - 

Hernia + - + + + + - + + + + - - - + 

Easy bruising - - + -     - + + + +     - - 

Other   
 

Thin 
Varicose 

veins   
Thin 

Thin, 
dystrophic 

scars 
Soft Soft Soft 

Keloid 
scars   

Levido- 
reticu-

laris 

Dura ND ND ND 
Tarlov 
cysts 

Tarlov 
cysts 

- ND ND     
Tarlov 

cyst 
    

Dural 
ectasia 

- 

Other findings 
Cryptor-
chidism 

Hypo-
tonia, 
ataxia 

        

Super-
numeray 

nipple 
        

 

 

 

 

 

TG
FB

2
 

 

Abbreviations: My, myopia; Hy, hyperopia; LO, lens opacities; RD, retinal detachment; EP, excav papil; As, astigmatism; To, torticollis; Pl, plagiocep; Sp, spondylosis; CT, claw toes; KD, knee dislocation; 

VSAR: valve sparing aortic root replacemant; BAV, bicuspid aortic valve; TAV, tricuspid aortic valve; MVP, mitral valve prolapse; MV-S, mitral valve surgery; ASD, atrial septal defect; VSD, ventricular 

septal defect; MPA, main pulmonary artery aneurysm; SVT, supraventricular tachycardia; Ty, tortuosity; ND not done; * Z-score at time of surgery 
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Supplementary Table 2: TGFB2 primers and PCR conditions 

Name Forward Reverse Length Protocol1 

TGFB2-Exon1 AGGGTTCCCTCTGCCCGTCC CCGGGAGCTGCTGCGGTTTT 670 1 

TGFB2-Exon2 ATCCCCTGGCCCCAGGTAGC TCGCTCAGGTACAAGGCTGCAT 365 1 

TGFB2-Exon3 TTCCACCAGTCTGTCAGCCTTCAA TCGGGTGTGATGGTGCACTCC 645 2 

TGFB2-Exon4-5 TTCATGGCAAATAGCCTGGTGTTGT TAGACCCTTCCCTCCCCCACCT 596 1 

TGFB2-Exon6 AGCCCTGGCTTTGACACCGA TCTGGCCTTAGCAGTGAGTTCCAC 534 2 

TGFB2-Exon7 TGGTTTGGGGTGAGGTGGTGG TGTGATGGTAAGACAGCACGAGGT 344 2 

TGFB2-Exon8 TGCCTACTCAGTGCTGTGACTGCT AGGCGCGGGATAGGAACGGT 666 2 

1: Protocol 1: 94°C 5min - [94°C 15s - 60°C 30s - 72°C 45s]x34 - 72°C 10min; 

Protocol 2: 94°C 3min - [94°C 30s - 67°C 30s (-0,5°C per cyclus) - 72°C 45s]x14 - [94°C 30s - 60°C 30s - 72°C 45s]x20 - 72°C 10min 
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ABSTRACT 

The Loeys-Dietz syndrome (LDS) is a connective tissue disorder affecting the cardiovascular, skeletal and 

ocular system. Most typically, LDS patients present with aortic aneurysms and arterial tortuosity, 

hypertelorism and bifid/broad uvula or cleft palate. Initially, mutations in transforming growth factor-β 

(TGF-β) receptors (TGFBR1 and TGFBR2) were described to cause LDS, hereby leading to impaired TGF-β 

signaling. More recently, TGF-β ligands, TGFB2 and TGFB3, as well as intracellular downstream effectors of 

the TGF-β pathway, SMAD2 and SMAD3, were shown to be involved in LDS. This emphasizes the role of 

disturbed TGF-β signaling in LDS pathogenesis. Since most literature so far has focused on TGFBR1/2, we 

provide a comprehensive review on the known and some novel TGFB2/3 and SMAD2/3 mutations. For 

TGFB2 and SMAD3, the clinical manifestations, both of the patients previously described in the literature 

and our newly reported patients, are summarized in detail. This clearly indicates that LDS concerns a 

disorder with a broad phenotypical spectrum that is still emerging as more patients will be identified. All 

mutations described here are present in the corresponding Leiden Open Variant Database.  
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BACKGROUND 

The Loeys-Dietz syndrome (LDS, OMIM #609192, #610168, #613795, #614816, #615582) is an 

autosomal dominant connective tissue disorder with widespread systemic involvement. In 2005, Loeys 

and Dietz were the first to describe this disorder, which is - in its most typical presentation - characterized 

by vascular tortuosity and aneurysm in association with craniofacial and skeletal manifestations [1, 2]. On 

the one hand, LDS shows significant clinical overlap with Marfan syndrome (MFS, OMIM #154700), with 

vascular and skeletal features including aortic root aneurysm, arachnodactyly, scoliosis and pectus 

deformities. On the other hand, a clear distinction between LDS and MFS can be made based on typical 

LDS findings such as widespread aortic/arterial aneurysm and tortuosity, club foot, craniosynostosis, 

hypertelorism and bifid/broad uvula or cleft palate. Soon after the initial description, the phenotypic 

spectrum was expanded to less syndromic presentations, including those that overlap with vascular 

Ehlers-Danlos syndrome [1, 2]. Mutations in the genes encoding the transforming growth factor β (TGF-β) 

receptor I (TGFBR1) and TGF-β receptor II (TGFBR2) subunits were the first reported genetic causes of 

LDS. More recently, mutations in four additional genes, namely the mothers against decapentaplegic 

homolog 2 and 3 (SMAD2/3) and the TGF-β 2 and 3 ligand (TGFB2/3), have been shown to cause an LDS-

like phenotype [3-7].   

SMAD2 and SMAD3, located on the long arm of chromosome 18 and 15, span about 130 kb and consist of 

11 and 9 exons, respectively. Both the SMAD2 and SMAD3 proteins belong to the receptor-activated (R)-

SMAD family, which also includes SMAD1, 5 and 8. These are the first intracellular downstream effectors 

of the TGF-β signaling pathway. The activating ligands of this pathway include TGF-β2 and TGF-β3, which 

are encoded by the TGFB2 and TGFB3 genes. These genes include 8 and 7 exons and are positioned on the 

long arm of chromosome 1 and 14, respectively. Including TGFBR1/2, all genes related to LDS spectrum 

disorders are part of the TGF-β signaling pathway. Additionally, fibrillin-1, which is encoded by the FBN1 

gene and deficient in MFS, binds to the large latent TGF-β complex, and contributes to TGF-β 

bioavailability and activation [8-10]. This clearly highlights the key role of the TGF-β pathway in the 

pathogenesis of aortic aneurysm development in LDS and LDS-like disorders. However, the exact 

pathogenic mechanisms remain controversial.  

  

Initially, it was suggested that two types of LDS could be distinguished: patients with LDS type 1 (LDSI) 

displayed typical craniofacial features, while LDS type 2 (LDSII) patients had more pronounced cutaneous 

features. Recently, this classification was revised and these LDS types are now thought to be part of a 

phenotypic spectrum of disease. Therefore, LDS type 1 (LDS1) and LDS type 2 (LDS2) now designate to 

the disease-responsible genes; which is TGFBR1 and TGFBR2, respectively. Mutations in SMAD3 were 

initially described as the genetic cause of Aneurysms-Osteoarthritis syndrome, but because of the many 

overlapping clinical features with LDS, including hypertelorism, bifid uvula, arterial tortuosity and 

widespread and aggressive aneurysms, it is now also classified as LDS type 3 (LDS3) [11]. Similarly, 

patients with mutations in TGFB2 share clinical manifestations with both MFS and LDS, and are for this 

reason now diagnosed with LDS type 4 (LDS4). More recently, patients with mutations in SMAD2 and 

TGFB3 (LDS5) were also shown to present with LDS-like features [6, 7]. It is thus also suggested that a 

mutation in any of these six genes in combination with the presence of arterial aneurysm or dissection 

should be sufficient for the diagnosis of LDS [11]. Since most literature so far has focused on LDS1 and 
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LDS2, this review will spotlight known and novel SMAD2/3 and TGFB2/3 mutations and will summarize 

and compare the clinical features of the affected individuals with those reported in the literature. 

VARIANTS 

Each published mutation was checked for accuracy and compared to the respective wildtype reference 

sequence. When a different reference sequence was used, nucleotide and codon numbers were converted 

so their annotation matched with reference transcript NM_001135599.2 for TGFB2, NM_003239.3 for 

TGFB3, NM_005901.5 for SMAD2 and NM_005902.3 for SMAD3. The A nucleotide of the translation 

initiation codon (ATG) was designated as position +1. All variants are submitted to the corresponding 

Leiden Open Variant Database (LOVD) (http://medgen.ua.ac.be/LOVDv.3.0/genes/TGFB2; 

http://medgen.ua.ac.be/LOVDv.3.0/genes/TGFB3; http://databases.lovd.nl/shared/genes/SMAD2; 

http://medgen.ua.ac.be/LOVDv.3.0/genes/SMAD3).  

We report 5, 64, 30 and 11 different pathogenic variants for SMAD2, SMAD3, TGFB2 and TGFB3 

respectively (Table 1, 2, and 3, Figure 1 and 2). Except for the four variants listed in table 4, these 

mutations are not found in ExAC (http://exac.broadinstitute.org/; accessed November 2015).   

For SMAD3, 36 variants were previously reported [5, 12-27], while 32 probands were identified in this 

study of which 28 mutations have never been reported before (Table 1, Figure 1). These SMAD3 mutations 

consisted of 62% missense mutations, 21% frameshift mutations, 7% nonsense mutations, 7% splice site 

mutations and 3% whole or partial gene deletions (Figure 3). The 30 TGFB2 mutations include 20 

previously published pathogenic variants [3, 4, 24, 28-32] and 10 newly identified mutations (Table 2, 

Figure 2). In four new probands, previously reported TGFB2 mutations were identified. Here, these 

mutations include 48% missense mutations, 14% frameshift mutations, 19% nonsense mutations, 9% 

whole or partial gene deletions, 5% intragenic in-frame deletions and 5% splice site mutations (Figure 3). 

For SMAD2 and TGFB3 far fewer mutations have been reported (Table 3) [6, 7, 33-35]. In addition to the 

three previously reported SMAD2 mutations, we identified two new missense mutations, bringing the total 

to five missense mutations identified so far for SMAD2 [7]. For TGFB3, we identified two additional 

probands with a mutation that was previously published. The majority of the TGFB3 mutations consist of 

missense mutations (75%), while 13% are frameshift mutations, 6% are nonsense mutations and 6% of 

mutations affect a splice site.  

No mutational hotspot is observed for either gene but the majority of the SMAD2 and SMAD3 mutations 

(100% and 64%) reside in the MH2 domain, a well conserved region responsible for the mediation of the 

oligomerization of SMAD2 or SMAD3 with SMAD4 and Smad-dependent activation of downstream 

transcription (Figure 1). For TGFB2, 24% of mutations are located in the exons coding for the active TGF-

β2 cytokine and 29% reside in the RKKR-motif, a proteolytic cleavage site responsible for releasing 

mature TGF-β2 from the latency associated peptide (LAP). Of the 16 mutations so far identified in the LAP 

domain of TGFB2, 75% are nonsense or frameshift mutations and 25% are missense mutations. For 

TGFB3, 38% of mutations affect the RKKR-motif. Remarkably, of the 16 currently known TGFB3 mutations, 

three substitute histidine for aspartic acid at amino acid position 263. This arginine belongs to the RGD-

motif that is responsible for binding to integrins [36]. Since all patients originate from the same county, 

this might represent a founder mutation, a hypothesis currently under investigation. 

 

http://medgen.ua.ac.be/LOVDv.3.0/genes/TGFB2
http://medgen.ua.ac.be/LOVDv.3.0/genes/TGFB3
http://databases.lovd.nl/shared/genes/SMAD2
http://exac.broadinstitute.org/
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Figure 1: Schematic of the SMAD2 and SMAD3 gene with their protein domains. Boxes represent exons 1-11 and 1-9 respectively. On 

the left side of the schematic are the previously reported mutations, while on the right side mutations identified in this study are 

described. For SMAD2, the first depicted exon is exon 2 because exon 1 is 5’UTR. Mutations are annotated at the protein level, with 

exception of splice site mutations (reference transcript: NM_005901.5 and NM_005902.3 for SMAD3).  
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Figure 2: Schematic of the TGFB2 and TGFB3 gene with their protein domains. Boxes represent exons 1-8 and 1-7 respectively. On 

the left side of the schematic are the previously reported mutations, while on the right side mutations identified in this study are 

described. Mutations are annotated at the protein level (reference transcript: NM_001135599.2 for TGFB2 and NM_003239.3 for 

TGFB3). 
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Table 1: Previously described and novel SMAD3 gene mutations. Mutations identified in this study are indicated in bold. 

Exon c-notation p-notation Domain Reference # times reported 

1 c.2T>C p.Met1Thr MH1 [27] 1 

1 c.3G>A p.Met1Ile MH1 [20] 1 

2 c.221G>A p.Arg74Gln MH1 Current study 1 

2 c.266G>A p.Cys89Tyr MH1 [27] 1 

2 c.269G>A p.Arg90His MH1 Current study 1 

2 c.281G>T p.Trp94Leu MH1 [25] 1 

2 c.290T>G p.Leu97Arg MH1 Current study 1 

2 c.300_301insAGGGCCGGCAGGC p.His101Argfs*14 MH1 Current study 1 

2 c.313delG p.Ala105Profs*11 MH1 [12] 1 

2 c.335C>T p.Ala112Val MH1 [14] 1 

2 c.374A>G p.Tyr125Cys MH1 Current study 1 

2 c. 374A>C p.Tyr125Ser MH1 Current study 1 

3 c.401-6G>A p.Val134Aspfs*33 MH1 [24], Current study 2 

3 c.401_405dup p.Pro136Phefs*52 MH1 [22] 1 

3 c.455delC p.Pro152Hisfs*34 Linker Current study 1 

3 c.511G>T p.Glu171* Linker Current study 1 

3 c.532+1G>C  Linker Current study 1 

4 c.539_540insC p.Pro180Thrfs*7 Linker [12], Current study 2 

4 c.546delT p.Gly183Alafs*3 Linker [24] 1 

4 c.584_585insTC p.Gln195Hisfs*3 Linker [24] 1 

5 c.652delA p.Asn218Thrfs*23 Linker [14] 1 

6 c.668delC p.Pro223Glnfs*18 Linker [21] 1 

6 c.715G>A p.Glu239Lys MH2 [14], [24] 4 

6 c.728G>C p.Arg243Pro MH2 Current study 1 

6 c.733G>A p.Gly245Arg MH2 [21] 1 

6 c.741_742delAT p.Thr247Profs*61 MH2 [5] 1 

6 c.742T>C p.Phe248Leu MH2 [21] 1 

6 c.748G>A p.Ala250Thr MH2 Current study 1 

6 c.762delC p.Met255* MH2 Current study 1 

6 c.772G>C p.Asp258His MH2 Current study 1 

6 c.782C>T p.Thr261Ile MH2 [5] 1 

6 c.788C>T p.Pro263Leu MH2 [12] 1 

6 c.797C>A p.Ser266* MH2 [26] 1 

6 c.803G>T p.Arg268Leu MH2 Current study 1 

6 c.836G>A p.Arg279Lys MH2 [14] 2 

6 c.859C>T p.Arg287Trp MH2 [5], [24] 2 

6 c.860G>A p.Arg287Gln MH2 [20], Current study 2 

6 c.861delG p.Arg288Aspfs*53 MH2 Current study 1 

7 c.862_871+1dupAGACACATCGG p.Arg292Aspfs*53 MH2 [21] 1 

7 c.887T>C p.Leu296Pro MH2 [24] 1 

7 c.988A>G p.Thr330Ala MH2 [19] 1 

7 c.1009+1G>A  MH2 Current study 1 

8 c.1045G>C p.Ala349Pro MH2 [12] 1 

8 c.1081G>T p.Glu361* MH2 [12] 1 

8 c.1091A>G p.Tyr364Cys MH2 Current study 1 

8 c.1102C>T p.Arg368* MH2 [21], Current study 2 

8 c.1141G>C p.Gly381Arg MH2 Current study 1 

9 c.1155-2A>G  MH2 [24] 1 

9 c.1170_1179del p.Ser391Alafs*7 MH2 [18] 1 

9 c.1179_1180dupC p.Cys394Leufs*4 MH2 [21] 1 

9 c.1185G>C p.Trp395Cys MH2 Current study 1 

9 c.1199T>C p.Leu400Pro MH2 Current study 1 

9 c.1208C>T p.Pro403Leu MH2 [17] 1 

9 c.1222G>C p.Asp408His MH2 Current study 1 

9 c.1224C>A p.Asp408Glu MH2 Current study 1 

9 c.1243G>C p.Gly415Arg MH2 Current study 1 

9 c.1247C>T p.Ser416Phe MH2 Current study 1 

9 c.1259G>A p.Arg420His MH2 [23] 1 

9 c.1265C>T p.Ser422Phe MH2 Current study 1 

9 c.1267A>G p.Ser423Gly MH2 [21] 1 

9 c.1268G>A p.Ser423Asn MH2 Current study 1 

9 c.1274C>T p.Ser425Phe MH2 Current study 1 

Deletion from exon 2 onwards: Chr2.hg19: g.(67,408,242)_(67,603,013)del [16] 1 

Deletion 15q22.33  Current study 1 
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Table 2: Previously described and novel TGFB2 gene mutations. Mutations identified in this study are indicated in bold. 

Exon c-notation p-notation Domain Reference # times reported 

1 c.236A>T p.Gln79Leu LAP Current study 1 

1 c.244G>T p.Ala82Ser LAP Current study 1 

1 c.274G>T p.Glu92* LAP Current study 1 

1 c.294_308delCTACGCCAAGGAGGT p.Ala100_Tyr104del LAP [3] 1 

1 c.297 >A p.Tyr99* LAP [3] 1 

1 c.304G>T p.Glu102* LAP [4] 1 

1 c.305_307delAGG p.Glu102del LAP Current study 1 

3 c.475C>T p.Arg159* LAP [28] 2 

3 c.518_519 insT p.Lys174Glufs*18 LAP Current study 1 

3 c.577C>T p.Arg193Trp LAP [23], Current study 2 

4 c.673G>T p.Glu225* LAP Current study 1 

5 c.687C>A p.Cys229* LAP [4] 1 

5 c.839-1G>A p.Gly280Aspfs*41 LAP [30] 1 

6 c.873_888dup p.Asn297* LAP [4] 1 

6 c.979C>T p.Arg327Trp RKKR motif [3], [28] 3 

6 c.980G>A p.Arg327Gln RKKR motif [28], [24], Current study 5 

6 c.988C>T p.Arg330Cys RKKR motif [3], [24], Current study 4 

6 c.1000delG p.Ala334Arg*fs25 Cytokine Current study 1 

7 c.1021_1025delTACAA p.Tyr341Cysfs*25 Cytokine [4] 1 

7 c.1042C>T p.Arg348Cys Cytokine [32], Current study 2 

7 c.1097C>A p.Pro366His Cytokine [3] 1 

7 c.1106_1110delACAAT p.Tyr369Cysfs*26 Cytokine [3] 1 

7 c.1125delT p.Gly376Glufs*17 Cytokine [28] 1 

7 c.1165dupA p.Ser389Lysfs*8 Cytokine [29] 1 

7 c.1170+1G>A  Cytokine Current study 1 

8 c.1234G>C p.Asp412His Cytokine Current study 1 

Entire gene Chr1.hg19: g.(215,588,712)_(222,145,072)del  [3] 1 

Entire gene Chr1.hg19:g.(216,672,181)_(220,202,575)del  [3] 1 

Entire gene Chr1.hg19: g.(214,271,966)_(219,506,825)del  [31] 1 

Entire gene Chr1.hg19:g.(215,713,272)_(218,899,968)del   Current study 1 

 

 

Table 3: Previously described and novel TGFB3 and SMAD2 gene mutations. Mutations identified in this study are indicated in bold. 

Gene Exon c-notation p-notation Domain Reference # times reported 

TGFB3 4 c.704delA p.Asn235Metfs*11 LAP [6] 1 

TGFB3 4 c.754+2T>C p.Glu216_Lys251del LAP [6] 1 

TGFB3 5 c.787G>C p.Asp263His LAP [6], Current study 3 

TGFB3 5 c.898C>T p.Arg300Trp RKKR motif [6] 4 

TGFB3 5 c.899G>A p.Arg300Gln RKKR motif [34] 1 

TGFB3 5 c.898C>G p.Arg300Gly RKKR motif [35] 1 

TGFB3 6 c.965T>C p.Ile322Thr Cytokine [6] 1 

TGFB3 6 c.1095C>A p.Tyr365* Cytokine [6] 1 

TGFB3 7 c.1157delT p.Leu386Argfs*21 Cytokine [6] 1 

TGFB3 7 c.1202T>C p.Leu401Pro Cytokine [6] 1 

TGFB3 7 c.1226G>A p.Cys409Tyr Cytokine [33] 1 

SMAD2 8 c.954T>A p.Asn318Lys MH2 Current study 1 

SMAD2 10 c.1163A>G p.Gln388Arg MH2 [7] 1 

SMAD2 10 c.1190C>A p.Ser397Tyr MH2 Curent study 1 

SMAD2 11 c.1346T>C p.Leu449Ser MH2 [7] 1 

SMAD2 11 c.1369G>A p.Gly457Arg MH2 [7] 1 
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Figure 3: Frequencies of the different types of SMAD2, SMAD3, TGFB2 and TGFB3 mutations identified so far. 

 

Table 4: Pathogenic variants in SMAD2, SMAD3, TGFB2 and TGFB3 present in ExAC. 

Gene Variant (p-notation) Times in ExAC 

SMAD2 p.Gln388Arg 1/121108 

SMAD3 p.Arg420His 1/120914 

TGFB2 p.Arg193Trp 1/121376 

TGFB3 p.Ile322Thr 1/121368 

 

 

BIOLOGICAL RELEVANCE 

For a long time it was thought that MFS, which is caused by mutations in the fibrillin-1 gene, and related 

connective tissue disorders, was caused by a pure structural deficiency of the microfibrils, leading to 

tissue weakening of the aortic wall and resulting in an increased risk of ruptures. Although some 

manifestations of MFS, such as lens dislocation and aortic aneurysm could be explained in this way, loss of 

structural tissue integrity could not justify the skeletal overgrowth phenotype observed in MFS patients or 

the low muscle mass and fat stores characteristic of this condition. Mouse models, like Fbn1+/C1039G, have 

significantly changed our understanding of the disease pathogenesis. It has been shown that altered TGF-β 

signaling plays an important role in the lung, valve, skeletal muscle and aorta pathology of fibrillin-1 

deficient mice [10, 37-39], indicating that fibrillin-1 is not only a structural component of the extracellular 

matrix but also a key regulator of TGF-β signaling [8, 40]. This new hypothesis was confirmed by a key 

experiment in which the mutant phenotype in fibrillin-1 deficient mice could be rescued by the 

administration of TGF-β- neutralizing antibodies [10, 37-39]. Shortly after this, the central role of TGF-β 

dysregulation was proven by the identification of mutations in the TGFBR1 and TGFBR2 genes as the cause 

of LDS. The effect of these mutations on the TGF-β pathway is, however, complex as they cause a 
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paradoxical activation of TGF-β signaling, which was demonstrated by increased phosphorylation of Smad 

proteins and increased output of TGF-β driven genes. 

a. Pathway 

TGF-β is the prototype of a family of secreted polypeptide growth factors essential in development, 

differentiation, cell growth, migration, apoptosis and extracellular matrix (ECM) production [41, 42].  In 

humans, three TGF-β ligand isoforms exist, TGF-β1, TGF-β2 and TGF-β3, encoded by the TGFB1, TGFB2 

and TGFB3 genes, respectively. TGF-β is secreted from cells as part of a large latent complex, that consists 

of the mature TGF-β cytokine, a dimer of its processed amino terminal propeptide (LAP) and one of three 

LTBP-isoforms (latent TGF-β binding protein; LTBP1,3 and 4). The latter binds to the ECM components 

such as fibronectin and microfibrils, composed of fibrillin-1. When released, TGF-β binds to the 

constitutively active cell surface receptor TGF-β receptor II (TGFβR2), which alters its conformation. TGF-

β receptor II in turn phosphorylates TGF-β receptor I (TGFβR1), which is also known as activin receptor-

like kinase 5 (ALK5). TGFβRI then phosphorylates SMAD2 and SMAD3 proteins that transmit the TGFβ 

signal to the nucleus by association with the co-SMADs (SMAD4) and binding to specific CAGA nucleotide 

repeats. SMADs are transcription factors that translocate to the nucleus and partner with other factors 

that drive gene transcription [43-46]. Alternatively, other non-canonical TGF-β pathways bypassing SMAD 

signaling can be activated, which includes the RhoA and the mitogen-activated protein kinases (MAPK) 

cascades (ERK, JNK and p38) [47-49]. Once activated TGFβ does not remain in the ECM but is rapidly 

cleared, although the mechanisms mediating this clearance are not well understood.  

Loss of function SMAD3 mutations result in paradoxical activation of the TGF-β pathway and its 

downstream effectors (including CTGF and collagen III), which was shown by increased TGF-β1 

expression throughout the aneurysmal aortic media of SMAD3 mutation positive patients [5]. Also, 

enhanced phosphorylated SMAD2 (pSMAD2) was observed in the medial vascular smooth muscle cells 

(VSMC) of patients. Remarkably, an increase in cytoplasmic and nuclear total SMAD3 immunostaining was 

observed in SMAD3 mutation patients’ aortic wall tissue, indicating that additional compensatory 

mechanisms lead to further dysregulation of the pathway [5]. Analogous effects are predicted for SMAD2 

[7]. In accordance with the findings for SMAD3, increased pSMAD2 and CTGF expression was observed in 

the aortic media of a patient with either TGFB2 or TGFB3 mutations, further confirming the paradoxical 

finding of increased TGF-β signaling. In aortic tissue of Tgfb2 haploinsufficient mice or human TGFB3 

deficient aortas an increased expression of TGFB1 was observed [3, 6]. A similar observation was made by 

Boileau et al. for TGFB2. Using qPCR, they observed an increased TGFB2 expression in a TGFB2 mutation 

patient’s aortic wall tissue. Additionally, they also showed increased immunostaining of TGF-β2 in the 

aortic tissue of a TGFB2 mutation patient [4].  

Although altered TGF-β signaling seems essential in aortic disease, the exact mechanisms on how loss of 

function mutations in key players of the TGF-β pathway lead to a paradoxical activation of TGF-β signaling 

remain elusive. Different hypotheses have arisen but further experimental validation is mandatory. The 

first hypothesis states that the non-canonical TGF-β signaling pathway may attempt to compensate for the 

loss of the canonical pathway but that this eventually results in an overcompensation of overall TGF-β 

signaling [50, 51]. Supporting evidence for this hypothesis is the observation that treatment with a 

specific ERK inhibitor, RDEA119, abrogates pathological aortic root growth in an MFS mouse model (Holm 

et al, 2011; Habashi et al, 2011). Secondly, as shown by increased expression of TGFB1, both in TGFB2-
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deficient patients and mice, a shift in the use of specific TGF-β cytokine isoforms might play a role [3]. A 

third plausible hypothesis consists of altered cell surface cycling for TGFßR1/2. TGF-β receptors can be 

internalized in either a clathrin-mediated or a caveolin-mediated way [52]. The clathrin-mediated 

pathway, which is regulated by the accessory protein SARA, leads to receptor recycling and thus 

upregulation of TGF-β signaling. The caveolin-mediated endocytotic pathway, mediated by Smad7, results 

in ubiquitin-mediated proteosomal degradation of the TGF-β receptor. TGFBR2 mutations likely favor 

interactions with SARA or inhibit interactions with Smad7, resulting in segregation of the TGF-β receptors 

into the clathrin-mediated pathway and, eventually, increased TGF-β signaling. Finally, a cell type specific 

sensitivity towards low TGF-β signaling might offer an alternative hypothesis. The VSMC of the thoracic 

aorta have different embryonic origins: the cells of the ascending aorta are derived from the second heart 

field and cardiac neural crest, whereas the cells in the descending aorta originate from the somatic 

mesoderm (proximal descending aorta) or splanchnic mesoderm (distal descending aorta) [53]. Although 

aneurysms can occur throughout the aorta implicating that there is not a common origin for all VSMCs at 

sites prone to aneurysm formation, interestingly, aneurysm formation always occurs at locations where 

cells of divergent origins can interact (at the transition regions). Because cells from different origins 

respond in different ways to TGF-β stimulation, it is likely that cells of one lineage are more prone to 

perturbed TGF-β signaling, compared to cells of another origin [54]. Indeed, in LDS mouse relative 

perturbation of TGF-β signaling was shown to disproportionately affect the most vulnerable cell lineage of 

the aortic root, i.e. the second heart field-derived vascular smooth muscle cells (VSMCs), resulting in a 

compensatory increase of TGFB1 expression and release. Subsequently, TGF-β signaling was 

demonstrated to be stimulated in the adjacent, intrinsically less vulnerable, cardiac neural crest-derived 

VSMCs  (Gallo et al., 2014). 

b. Mouse models 

For SMAD3, TGFB2 and TGFB3, multiple mouse models have been developed through the years confirming 

the hypotheses about the molecular and cellular mechanisms underlying LDS pathogenesis. Mouse models 

for SMAD2 have also been developed but Smad2 knockout mice embryos die before E8,5, due to defective 

egg cylinder elongation and germ layer formation, which entangles aortic size examination [55, 56].   

Different Smad3 mouse models initially confirmed the importance of SMAD3 and the TGF-β pathway for 

cartilage integrity. Homozygous mutant mice in which Smad3 exon 8 is targeted (Smad3ex8/ex8) develop 

progressive degenerative cartilage resembling human osteoarthritis [57]. Additionally, Smad3 knock-out 

mice (Smad3-/-) show phenotypes similar to human osteoarthritis [58]. However, initially, these mouse 

models were not reported to develop a vascular phenotype [58, 59]. After identification of SMAD3 as an 

aortic aneurysm disease causing gene, the vascular phenotype of the Smad3 knock-out mice was studied 

in more detail [19]. Necropsy of the Smad3-/- mice revealed that the majority died from a ruptured 

aneurysm. Additionally, ultrasound imaging of these mutant mice revealed progressive aortic root and 

ascending aortic dilation as early as 2 months.  

Sanford et al reported that Tgfb2-null mice died shortly after birth and had small, thin walled ascending 

aortas in addition to other developmental defects involving different organ systems [60]. In a later study, 

Bartram et al also observed that Tgfb2-null mice die during gestation due to congenital heart disease and 

display aortic anomalies [61]. Therefore, Lindsay et al studied the Tgfb2 heterozygous knockout mouse 

model to study aneurysm formation in more detail. Tgfb2+/- mice showed dilatations of the aortic annulus 
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and aortic root, a pattern similar to that of LDS and MFS patients [1, 62], confirming that loss of function of 

one Tgfb2 allele is sufficient to cause aortic root aneurysm. As western blot of Tgfb2+/- mouse aortas 

showed a similar increase in phosphorylation of Smad2/3 and Erk1/2, recapitulating the observations in 

the human aorta, it can be concluded that increased activation of TGF-β signaling underlies the observed 

phenotype [3]. Besides Tgfb2+/- mice, the aortas of double-heterozygous knock-out mice, Tgfb2+/-

;Fbn1C+/C1039G, were examined as well. The aortic root dimensions of Tgfb2+/-;Fbn1C+/C1039G were 

significantly increased compared to wildtype mice at 2 and 4 months of age. Also elastic fiber 

fragmentation, higher collagen deposition and increased nuclear accumulation of pSmad2 in the aortic 

media were observed. Tgfb1 mRNA levels in the proximal aorta of Tgfb2+/-;Fbn1+/C1039G mice at 2 months of 

age were elevated, which is similar to the observations in human. This is again underlining the paradoxical 

TGF-β pathway activation and stressing the complex pathogenesis that goes together with TGF-β 

dysregulation.  

In 1995, both Proetzel et al and Kaartinen et al generated, independently, a Tgfb3 null mutant mouse 

model [63, 64]. Homozygous Tgfb3 knockout mice died within 20-24 hours of birth displaying defective 

palatogenesis but no other concomitant craniofacial or growth abnormalities. Additionally, abnormal 

pulmonary development was observed. Azhar et al described irregularities in the curvature and position 

of the aortic arches in Tgfb3 knockout mice, but no major cardiac defects have been reported [65]. More 

recently, Doetschman and colleagues developed Tgfb3 conditional knockout mice which died at birth from 

cleft palate defects, similar to Tgfb3-/- mice, but there was no record of cardiovascular abnormalities in 

these mice [66]. Further evaluation of the aortic sizes of Tgfb3 conditional knockout or haploinsufficient 

mice definitely offer some interesting and necessary research prospects. 

 

CLINICAL AND DIAGNOSTIC RELEVANCE 

The most important clinical finding in LDS patients is dilatation of the aortic root at the level of the sinuses 

of Valsalva, a feature that nearly all LDS patients will develop ultimately. Aneurysms of the ascending or 

descending aorta are less frequently observed. Dissection and rupture of these aortic aneurysms tend to 

occur at a younger age and at smaller diameters in LDS patients compared to MFS patients [2]. The aortic 

phenotype in patients with SMAD3 mutations is very similar to TGFBR1/2 patients whereas TGFB2 and 

TGFB3 cardiovascular features tend to be milder, although severe aortic presentation at young age has 

also been observed. Non-penetrance seems more common in TGFB2/3 families. Using CT or MRI, 3D 

reconstruction of images from the head to pelvis is needed to identify arterial tortuosity, present in most 

individuals with a TGFBR1/2, TGFB2 or SMAD3 mutation, and aneurysms in the rest of the arterial tree. 

This is essential because aneurysms distant from the aortic root can be easily overlooked using 

echocardiography.  

Skeletal features in LDS include joint hyperlaxity, scoliosis, arachnodactyly, pectus deformity and club 

foot, showing some overlap with those of MFS. Additionally, osteoarthritis and hernia (mostly inguinal) 

have been frequently observed in all LDS types (Table 5). Although a significant overlap exists between 

the phenotypic characteristics of SMAD2/3, TGFB2/3 patients and prior TGFBR1/2 reported features, 

some differences seem to emerge (Table 5). For example cervical spine instability has not yet been seen in 

TGFB2/3 mutations patients, and craniosynostosis has only been reported once in a SMAD3 patient. For 



Chapter IV 

-78- 

the first time, we report on cleft palate in patients with TGFB2 mutations. The number of patients with 

SMAD2 and TGFB3 mutations is probably too low to draw any significant conclusions so far. For TGFB2 

and SMAD3, a detailed summary of the clinical manifestations, both of the patients previously described in 

the literature and our newly reported patients, can be found in Supplementary Table 1 and 2. 

 

Table 5: Comparison of the clinical manifestations of patients with SMAD2, SMAD3, TGFB2 and TGFB3 mutations. 

  T
G

F
B

2
 

T
G

F
B

3
 

S
M

A
D

3
 

S
M

A
D

2
 

Hypertelorism + + + - 

Bifid uvula / cleft palate + + + - 

Exotropia + + + ? 

Craniosynostosis - - + ? 

Cervical spine instability - + + ? 

Retrognathia + + + - 

Scoliosis + + + + 

Club foot + + + - 

Osteo-arthritis + + + + 

Dural ectasia + ? + + 

Pneumothorax + - + + 

Hernia + + + + 

Dissection at young age + ? + - 

Arterial tortuosity + - + - 

+ indicates presence of the clinical feature, - indicates absence of the clinical features and a question mark illustrates presence of the clinical feature is 

unknown. 

 

FUTURE PROSPECTS 

The recent identification of SMAD2,3 and TGFB2,3 as disease causing genes responsible for LDS 

phenotypes further pinpoints altered TGF-β signaling as the culprit in aortic aneurysm pathology. As we 

anticipate that more genes will cause similar clinical LDS phenotypes, there is a clear rationale for the 

development of gene panels. This makes it possible to screen multiple candidate genes at one go, taking 

advantage of the Next Generation Sequencing (NGS) techniques which are more time and cost efficient 

compared to the elaborate Sanger sequencing technique. As shown by recent studies, this will facilitate the 

assessment of an accurate genetic diagnosis for LDS patients hereby surely benefiting patient 

management [23, 24].   

Cardiovascular manifestations of LDS can be managed in a medical and/or surgical treatment strategy. 

Since vascular disease is more aggressive in LDS compared to MFS, prophylactic aortic surgery is already 

being recommended at smaller aortic root dimensions of 4.0-4.5 cm [11]. In order to reduce aortic wall-

shear stress and eventually aortic dilatation, beta-blockers, such as atenolol, have been the first-line 

treatment [67]. However, since aortic-root tissue of LDS patients shows excessive TGF-β activation and 
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signaling, therapies that reduce TGF-β pathway activation offer attractive therapeutic targets. Indeed, 

angiotensin II type 1 receptor blockers (ARB), such as losartan, reduce the rate of aortic root growth by 

lowering the expression of TGFβ ligands, receptors and activators [38, 68-70]. Although a randomized 

clinical trial comparing losartan with atenolol did not show a significant difference in the rate of aortic-

root dilatation between these two treatment groups, the observation that aortic-root z-scores decrease 

especially in younger patients advocates to start therapy earlier in the disease course [71]. Alternatively, 

the use of ERK inhibitors (RDEA119) and angiotensin II type 2 receptor agonists offer interesting 

alternative treatment options [72]. 

The full spectrum of phenotypes associated with some genes of the TGF-β related vasculopathies, such as 

FBN1 and TGFBR1/2, has been described extensively [73-77]. For the more recently identified LDS genes 

(TGFB2,3 and SMAD2,3) the phenotypic spectrum has not been fully studied so far. By summarizing the 

clinical manifestations of TGFB2,3 and SMAD2,3 mutation patients, this manuscript extends the spectrum 

of phenotypes associated with these LDS genes. However, the screening of larger cohorts of patients with 

a LDS-like phenotype, whether or not using gene panels, will be required to reveal the full phenotypic 

spectrum of LDS. 
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SUPPLEMENTARY MATERIAL 

Supplementary Table 1: Comparison of the clinical features between previously reported and newly identified TGFB2 mutation 

patients. 

Reference [4] [3] [28] [31] [29] [30] [32] Total literature (%) Total current study (%) 

Abnormal uvula 0/13 3/15      3/28 (11)  

Aortic aneurysm 4/10 10/15 4/6 1/1 2/2 0/2 3/3 24/39 (62)  
Aortic dissection 2/19 1/15 2/6  0/3 0/2  5/45 (11) 2/28 (7) 

Aortic repair 4/19 4/15 0/6  2/3 0/2  10/45 (22) 4/28 (14) 
Aortic root aneurysm         21/33 (64) 

Aortic tortuosity         1/15 (7) 
Arachnodactyly 8/13 8/15 2/6 0/1 0/2 1/2  19/39 (49) 14/29 (48) 

Arterial aneurysm         4/17 (24) 

Arterial tortuosity 3/5 1/15 1/1  2/2 1/1  8/24 (33) 8/20 (40) 
Artery dissection         2/4 (50) 

Ascending aortic aneurysm         2/17 (12) 
Astigmatism  1/15      1/15 (7)  

Atrial septal defect         1/18 (6) 
Atrophic scarring         1/17 (6) 

BAV  2/15     1/3 3/18 (17) 2/25 (8) 
Blue sclerae         1/20 (5) 

Broad/bifid uvula         5/27 (19) 

Camptodactyly   1/6     1/6 (17) 1/19 (0) 
Cataract   1/6     1/6 (17) 0/14 (0) 

Cervical spine instability         0/17 (0) 
Cleft palate 0/13       0/13 (0) 4/22 (18) 

Club feet  5/15 1/6 0/1 1/2 0/2  7/26 (27) 3/27 (11) 
Craniosynostosis         0/19 (0) 

Defective scaring  2/15 1/6   1/2  4/23 (17)  
Dental enamel hypoplasia    1/1    1/1 (100)  

Dolichocephaly 0/13      1/3 1/16 (6) 6/18 (33) 

Dolichostenomelia         10/20 (50) 
Downslanting palebral fissures 0/13 10/15 1/6  0/0   11/34 (32) 15/25 (60) 

Dural ectasia 3/5 1/6   0/2 1/1  5/14 (36) 7/12 (58) 
Easy bruising  5/11   0/2 2/2  5/15 (33) 11/28 (39) 

Ectopia lentis     0/2   0/2 (0) 1/16 (6) 
Emphysema 2/13       2/13 (15)  

Excav papil  1/15      1/15 (7)  
Exotropia         4/20 (20) 

Flat cornea 2/8       2/8 (25)  

Fractures         2/15 (13) 
Glaucoma         2/16 (13) 

Hernia 6/17 10/15   2/2 1/2  19/36 (53) 9/29 (31) 
High arched palate 9/15 10/15 2/6 1/1 1/2 2/2 1/3 26/44 (59) 10/10 (100) 

Hyperelastic skin 0/13     2/2  2/15 (13)  
Hyperopia  1/15      1/15 (7)  

Hypertelorism  5/15  1/1    6/16 (38) 10/28 (36) 
Inflammatory bowel disease         1/15 (7) 

Joint dislocation         4/21 (19) 

Joint hypermobility 10/15 7/15 4/6 1/1 2/3 2/2 3/3 29/45 (64) 21/30 (70) 
Lens dislocation 0/13       0/13 (0)  

Lens opacity  1/15      1/15 (7)  
Malar hypoplasia 0/13       0/13 (0) 12/19 (63) 

MV impaired 3/19 7/10 4/6 1/1 0/2 2/2  17/40 (43) 11/32 (34) 
Myopia  4/15 3/6 1/1    8/22 (36) 15/25 (60) 

Osteo-arthritis         2/15 (13) 
Osteoporosis         1/11 (9) 

Pectus deformities 7/16 9/15 2/6 1/1 1/3 1/2  21/43 (49) 17/32 (53) 

Pes planus 11/15 8/15 1/6  1/2 0/2 1/3 22/43 (51) 18/29 (62) 
Phlebitis 2/18       2/18 (11)  

Pneumothorax 1/17       1/17 (6) 1/18 (6) 
Protrusio acetabularis 1/8       1/8 (13)  

Retinal detachment  1/15      1/15 (7) 1/16 (6) 
Retrognatia 2/13 11/15 2/6 1/1 2/2   18/37 (49) 17/29 (59) 

Scoliosis 4/15 5/15 1/6 1/1 3/3 2/2 1/3 17/45 (38) 12/30 (40) 
Spondylolisthesis 1/7       1/7 (14) 1/11 (9) 

Strabismus   1/6 1/1    2/7 (29)  

Striae 8/15 3/15 1/6  0/2 1/2  13/40 (33) 10/27 (37) 
Tall stature 8/19 11/15 0/1  2/2 1/2  22/39 (56)  

Thin, translucent skin         6/20 (30) 
Tooth enamel defect         2/15 (13) 
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Supplementary Table 2: Comparison of the clinical features between previously reported and newly identified SMAD3 mutation 

patients. 

Reference [5, 12] [18] [14] [16] [20] [17] [21] [22] [26] [25] [27] 
Total 

literature 
(%) 

Total 
current 

study (%) 

Abdominal aortic aneurysm 4/33  2/42         6/75 (8)  
Abnormal palate 15/28   2/7    1/1    18/36 (50)  

Abnormal uvula 13/25 2/3 1/8 3/7     0/1   19/44 (43) 14/36 (39) 

Aneurysm(s) of cerebral 
arteries 6/16           6/16 (38)  
Aneurysm(s) of 
thoracic/abdominal arteries 9/25       1/1    10/26 (38)  
Aortic aneurysm/dissection    5/8 1/1 1/1  1/1 0/2 0/1  8/14 (57) 10/28 (36) 

Aortic dissection/rupture 13/39 1/7     13/50     27/96 (28)  
Aortic root aneurysm             16/30 (53) 

Aortic surgery             16/32 (50) 

Aortic tortuosity 10/26 2/5    1/1     1/1 14/33 (41) 4/24 (17) 
Arachnodactyly 13/33  0/8         13/41 (32) 9/29 (31) 

Arterial aneurysm          1/1 1/1 2/2 (100) 11/27 (41) 
Arterial tortuosity    3/5      1/1  4/6 (67)  

Arterial tortuosity             12/27 (44) 
Arterial tortuosity of cerebral 
arteries 8/16  2/6         10/22 (45)  
Arterial tortuosity of 
thoracic/abdominal arteries 8/21  1/17   1/1      10/39 (26)  
Artery dissection             2/3 (67) 

Ascending aortic aneurysm             3/23 (13) 
Atrial fibrillation 8/33           8/33 (24)  

Atrial septal defect             0/26 (0) 
Atrophic scars   1/8         1/8 (13) 6/24 (25) 

Baldder/uterus/bowel 
prolapse 7/17           7/17 (41)  

Bicuspid aortic valve             3/27 (11) 

Blue sclerae             2/27 (7) 
Camptodactyly 4/30  1/8         5/38 (13) 3/27 (11) 

Cataract             3/18 (17) 
Cervical spine instability             1/21 (5) 

Chronic fatigue 11/28           11/28 (39)  
Cleft palate             0/32 (0) 

Club foot             4/29 (14) 
Congenital heart disease 3/33           3/33 (11)  

Craniosynostosis             1/29 (3) 

Delayed wound healing             0/25 (0) 
Dental malocclusion 8/15  0/8         8/23 (35)  

Dolichocephaly             9/26 (35) 
Dolichostenomelia 7/33           7/33 (21) 5/27 (19) 

Downslant palpebral fissures             9/25 (36) 
Dural ectasia 7/? 1/2 1/8         9/? 7/15 (47) 

Easy bruising 10/28 1/5 2/8         13/41 (32) 12/26 (46) 
Ectopia lentis             0/18 (0) 

Eosinophilic esophagitis             0/12 (0) 

Exotropia             1/26 (4) 
Fodd allergy             3/15 (20) 

Fractures             5/23 (22) 
Genu Valgum  1/5          1/5 (20)  

Glaucoma             1/16 (6) 
Hernia 17/40 2/5 4/8 2/7  1/1      26/61 (43) 9/25 (36) 

Hiatus hernia  1/5          1/5 (20)  
High arched palate             1/2 (50) 

Hypertelorism 10/32 1/5 0/8 2/7     0/1   13/53 (25) 16/32 (50) 

Illiac artery aneurysms   2/42   1/1      3/43 (7)  
Inflammatory bowel disease             0/17 (0) 

Intervertebral disc 
degeneration 34/37 2/3 2/25 4/6        42/71 (59)  

Intracranial aneurysm or 
subarachnoid hemorrhage   4/42         4/42 (10)  
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Supplementary Table 2 (continued): Comparison of the clinical features between previously reported and newly identified SMAD3 

mutation patients. 

Reference [5, 12] [18] [14] [16] [20] [17] [21] [22] [26] [25] [27] 
Total 

literature 
(%) 

Total 
current 

study (%) 

Joint dislocation             4/24 (17) 
Joint laxity 3/31  4/8 1/7  0/1 4/23     12/70 (17) 22/35 (63) 

Learning difficulties    3/7        3/7 (43)  
Left ventricular hypertrophy 6/33    1/1       7/34 (21)  

Malar Hypoplasia   3/8         3/8 (38) 9/28 (32) 
Meniscal lesions 7/25           7/25 (28)  

Mitral regurgitation     1/1       1/1 (100)  

Mitral valve anomalies 18/36 2/5  0/8 1/1       21/50 (42)  
Mitral valve prolapse   4/23         4/23 (17) 5/27 (19) 

Myopia             10/27 (37) 
Nasal polyps             0/3 (0) 

Osteoarthritis facet and/or 
uncovertebral joints (spine) 20/26           20/26 (77)  

Osteoarthritis feet/ankle 8/26   1/6        9/32 (28)  
Osteoarthritis hand/wrist 14/26   2/6        16/32 (50)  

Osteoarthritis hip 4/26   2/6        6/32 (19)  
Osteoarthritis in one or more 
joints 25/26 0/2 7/25 2/6       1/1 35/60 (58) 15/24 (63) 
Osteoarthritis knee 13/26   1/6        14/32 (44)  

Osteochondritis dissecans 14/25   0/6   1/23     15/54 (28)  
Osteoporosis             6/16 (38) 

Painful joints 23/27           23/27 (85)  

Patent ductus arteriosus             1/26 (4) 
Pectus deformity 12/33 1/5 1/8 0/7    1/1    15/54 (28) 13/32 (41) 

Peripheral osteoarthritis       13/14     13/14 (93)  
Pes planus 30/33 4/5 3/8         37/46 (80) 23/31 (74) 

Pneumothorax             1/26 (4) 
Premature teeth loss  1/5          1/5 (20)  

Proptosis             2/21 (10) 
Protrusio acetabulae 7/20           7/20 (35)  

Retinal detachment             1/24 (4) 

Retrognathia             5/26 (19) 
Scoliosis 22/36  1/8 5/7   9/18  2/2   39/72 (54) 17/35 (49) 

Severe allergy             3/21 (14) 
Spinal osteoarthritis       17/20     17/20 (85)  

Spondylysis/spondylilisthesis 10/26   1/7        11/33 (33) 8/25 (32) 
Striae 17/32 2/5 0/8 1/7     1/2   21/54 (39) 4/25 (16) 

Sudden death  1/7     15/50     16/57 (28)  
Thoracic aortic aneurysm 28/39 4/7        0/1  32/47 (68)  

Thoracic aortic 
aneurysm/dissection   21/42       0/1  21/43 (49)  

Tooth enamel defect             1/12 (8) 
Translucent skin   2/8   0/1      2/9 (22) 8/28 (29) 

Varices 18/31   1/7        19/38 (50)  

Velvety skin 18/29  0/8 1/7  0/1      19/45 (42)  
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ABSTRACT 

Elevated transforming growth factor (TGF)-β signaling has been implicated in the pathogenesis of 

syndromic presentations of aortic aneurysm, including Marfan syndrome (MFS) and Loeys-Dietz 

syndrome (LDS) [1-4]. However, the location and character of many of the causal mutations in LDS 

intuitively imply diminished TGF-β signaling [5]. Taken together, these data have engendered controversy 

regarding the specific role of TGF-β in disease pathogenesis. Shprintzen-Goldberg syndrome (SGS) has 

considerable phenotypic overlap with MFS and LDS, including aortic aneurysm [6-8]. We identified 

causative variation in ten individuals with SGS in the proto-oncogene SKI, a known repressor of TGF-β 

activity [9, 10]. Cultured dermal fibroblasts from affected individuals showed enhanced activation of TGF-

β signaling cascades and higher expression of TGF-β-responsive genes relative to control cells. 

Morpholino-induced silencing of SKI paralogs in zebrafish recapitulated abnormalities seen in humans 

with SGS. These data support the conclusions that increased TGF-β signaling is the mechanism underlying 

SGS and that high signaling contributes to multiple syndromic presentations of aortic aneurysm. 
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INTRODUCTION 

The TGF-β family of cytokines influences a diverse repertoire of cellular processes, including cell 

proliferation, differentiation, survival and synthetic activity. One of three TGF-β ligand isoforms (TGF-β1, 

TGF-β2 or TGF-β3) initiates signaling by binding to the TGF-β receptor complex, which is composed of 

type 1 and type 2 receptor subunits (TβR1 and TβR2, respectively) [11]. The complex then transmits the 

signal through the canonical (SMAD-dependent) pathway or the non-canonical mitogen-activated protein 

kinase (MAPK) cascades, including extracellular signal-regulated kinase (ERK).  

The ability of the nuclear SMAD proteins to precisely regulate gene transcription is further modulated by 

the recruitment of transcriptional coactivators, such as p300 and CREB-binding protein (CBP), and 

corepressors, such as the Sloan-Kettering Institute proto-oncoprotein, SKI [12]. The SKI family of proteins, 

which also includes the SKI-like protein SKIL, negatively regulate SMAD-dependent TGF-β signaling by 

impeding SMAD2 and SMAD3 (SMAD2/3) activation, preventing nuclear translocation of the receptor-

activated SMAD (R-SMAD)-SMAD4 complex and inhibiting TGF-β target gene output by competing with 

p300/CBP for SMAD binding and recruiting transcriptional repressor proteins, such as mSin3A and 

HDAC1 (Supplementary Figure 1) [13-15]. A role for SKI in the regulation of MAPK cascades has not been 

described [16, 17].  

Dysregulated TGF-β signaling has been implicated in the pathogenesis of syndromic presentations of 

aneurysm. Excessive canonical and non-canonical TGF-β signaling is observed in the aortic wall and other 

diseased tissues in mouse models of MFS, a systemic connective tissue disorder caused by mutations in 

the FBN1 gene encoding the extracellular matrix protein firbrillin-1 [1, 3, 18-20]. Furthermore, 

pharmacological antagonism of TGF-β and/or ERK signaling in mouse models of MFS has been shown to 

ameliorate multiple disease manifestations, including aortic aneurysm, suggesting that high TGF-β 

signaling drives disease progression [3, 4].  

An excess of canonical TGF-β signaling has also been shown in the aortic wall of individuals with LDS [2]. 

However, this finding has been difficult to reconcile with the character of the underlying mutations in this 

syndrome. LDS is predominantly caused by heterozygous missense substitutions affecting the kinase 

domain of either TβR1 or TβR2 (encoded by the TGFBR1 and TGFBR2 genes, respectively) [2, 5]. When 

mutant proteins are expressed in cells that are naïve for the corresponding receptor subunit, the cells are 

unable to propagate SMAD-dependent TGF-β signaling [21]. More rarely, LDS-like phenotypes can be 

caused by haploinsufficiency for SMAD3 or the TGFB2 gene encoding the TGFβ2 ligand, positive effectors 

of TGF-β signaling [22, 23]. Taken together, these seemingly contradictory data have engendered 

considerable controversy regarding the precise role of TGF-β in the pathogenesis of aortic aneurysm.
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MATERIALS AND METHODS 

Study participants 

Affected individuals were recruited from the Connective Tissue Clinic at Johns Hopkins Hospital (H.C.D), 

Radboud University Hospital/Antwerp  University Hospital (B.L.L. and G.M.), The Nemours Children’s 

Clinic (P.H.A.) and Genetic Medicine Central California (C.J.C). All skin biopsies and research protocols 

were collected in compliance with the Institutional Review Board at each respective institution after 

informed consent was obtained. The diagnosis of SGS was made after exclusion of other known congenital 

syndromes on the basis of distinguishing phenotypic features. Echocardiograms were performed and 

interpreted as previously described [24]. Aortic root aneurysm was defined by a maximal aortic root z 

score of ≥2,0. 

Whole-exome sequencing 

Genomic DNA was extracted from peripheral blood lymphocytes using standard protocols. DNA 

fragmentation was performed using a Covaris S2 system, exon capture was performed using the Agilent 

SureSelect 38 Mb Human All Exon Target Enrichment system and DNA sequencing was performed on an 

Illumina Genome Analyzer IIx instrument, with all using standard protocols for 75-bp paired-end runs. 

Bioinformatics analysis 

Reads were mapped to the human reference genome (UCSC hg19) using the Burrows-Wheeler Aligner 

(BWA) and a variant list created using SAMtools and were annotated using ANNOVAR [25-27]. Local 

realignment and recalibration of base call quality scores was performed using the Genome Analysis 

Toolkit (GATK) [28, 29]. Duplicates were identified using Picard. We selected for novel variants (absent 

from dbSNP134 or 1000 Genomes Project databases), focusing only on exonic nonsynonymous, splice-site 

and insertion and/or deletion (indel) variants. Variants were viewed directly using the Integrated Genome 

Viewer (IGV) and excluded if reads were only present in one directions, if ambiguously mapped reads 

were present or if and indel occurred within 3 bp of the end of the read [30]. 

Mutation validation and Sanger sequencing of candidate genes 

PCR was performed using a DNA Engine Dyad thermal cycler (Bio-Rad). Phusion Flash High Fidelity PCR 

Master Mix was used in accordance with the manufacturer’s instructions for each primer set 

(Dharmacon). Primer sequences and reaction conditions are listed in Supplementary Table 2. Cycle 

sequencing was performed using the BigDye Terminator v3.1 kit and an ABI 3730 xl DNA Analyzer in 

accordance with the manufacturer’s instructions (Life Technologies). Samples were purified using the 

QIAquick PCR Purification kit (Qiagen). 

Cell culture 

Primary human dermal fibroblasts were derived from forearm skin biopsies from two control individuals 

an two individuals with SGS. They were cultured in DMEM supplemented with 10% FBS in the presence of 

antibiotics and were passaged at confluence. All cell experiments were conducted in serum-starved 
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medium, and stimulation was performed using 5 ng/ml recombinant human TGF-β2 (302-B2, R&D 

Systems). Cells were collected at baseline and 30 min and 24 h after stimulation. 

Protein and RNA analysis 

All protein and RNA was extracted, processed and analyzed using reagents and protocols as described 

previously [4, 23]. The following pre-validated probes were used for mRNA analysis: Hs01060665 (ACTB), 

Hs00164004 (COL1A1), Hs00943809 (COL3A1), Hs00287359 (FN1), Hs00185584 (VIM), Hs00355782 

(CDKN1A), Hs01026927 (CTGF), Hs01126606 (SERPINE1), Hs00161707 (SKI), Hs01045418 (SKIL) and 

Hs00998193 (SMAD7) (Life Technologies). In protein blot analysis, separate membranes were used for 

the control individuals and those with SGS due to the large numbers of samples. The membranes were 

processed together at all stages and were exposed to the same piece of imaging film simultaneously, 

allowing for valid comparisons. 

Developmental survey of SKI expression in mouse 

Immunohistochemical analysis was performed using previously described protocols [31]. Samples were 

incubated with a polyclonal antibody to mouse SKI diluted 1:250 (EMD Millipore Corporation, 07-060) 

and myocyte-specific mouse monoclonal MF20-c diluted 1:50 (Developmental Studies Hybridoma Bank). 

Elasting was detected using autofluorescence at 488 nm. Nuclei were stained with Hoechst dye diluted 

1:10000 (Life Technologies). 

Zebrafish maintenance, imaging and staining. 

Adult AB and tg(kdrl:G-RCFP) (fluorescently marked endothelium) zebrafish lines were maintained 

according to standard methods [32, 33]. Embryos were injected with previously published skia (12 ng) or 

skib (14 ng) morpholino antisense oligonucleotides at the 1- to 2- cell stage and were analyzed at 2, 3, 5, 6 

and 8 d.p.f. for G-RCFP expression via fluorescence microscopy [34]. Morpholino oligonucleotide 

sequences are listed in Supplementary Table 2. Previous work established the specificity of these 

morpholinos for their stated targets via concomitant use of random morpholinos and mRNA rescue 

experiments [34]. Cartilage staining was performed as previously described on zebrafish embryos fixed in 

4% paraformaldehyde at 5, 6 and 8 d.p.f. [35]. All experiments were performed in accordance with ethical 

permits by the Johns Hopkins Animal Care and Use Committee. 

Statistical analysis 

All quantitative data are shown as box and whisker plots produced using the R statistical package. The 

upper and lower margins of the box define the 75th and 25th percentiles, respectively; the internal line 

defines the median and the whiskers define the range. Statistical analysis was performed using two-tailed 

t tests in Excel (Microsoft). P values of <0,05 were considered statistically significant. 
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RESULTS 

SGS is a systemic connective tissue disorder of unknown etiology that includes virtually all the 

craniofacial, skeletal, skin and cardiovascular manifestations of MFS and LDS, with the additional findings 

of mental retardation and severe skeletal muscle hypotonia [6, 8]. We hypothesized that aberrant TGF-β 

activity also underlies SGS and that identification of the genetic basis of this syndrome would inform our 

understanding of other syndromic presentations of aneurysm [2]. We performed whole-exome 

sequencing for a single trio comprising a child with SGS and the unaffected parents. An average of 6,9 Gb 

of sequence was generated per individual as paired-end 75-bp reads, out of which >98,9% mapped to the 

human reference genome (UCSC hg19). This analysis identified only one variant, a heterozygous missense 

change in exon 1 of the SKI gene (c.347G>A, p.Gly116Glu; NM_003036) that was not present in SNP 

databases, was predicted to be damaging (PolyPhen-2 score of 0,999, SIFT score of 0,05), was not present 

in either parent and was a strong functional candidate because of a described relationship to TGF-β 

signaling (Supplementary Figure 2) [36, 37]. We subsequently sequenced SKI in 11 other sporadic cases of 

SGS (Figure 1a and Table 1) and identified heterozygous variants in 9 of these individuals, including 8 

missense mutations and a 9-bp deletion (Supplementary Figure 3). These mutations were absent from 

dbSNP134, the 1000 Genomes Project database en over 10000 exomes reported on the National Heart, 

Lung, and Blood Institute (NHLBI) Exome Variant Server, and they were confirmed to be de novo when 

testing of the unaffected parents was possible (for 5 of 9 affected individuals). Collectively, ten mutations 

in ten individuals with SGS were identified in SKI by a combination of whole-exome and Sanger 

sequencing, including a recurrent mutation in two unrelated probands. Each mutation resulted in the 

substitution or deletion of amino acids that show complete evolutionary conservation in members of the 

SKI gene family (Supplementary Figure 4) [38]. No mutations were identified in sequencing of SKIL 

(NM_005414) in the two remaining affected individuals. The alterations in SKI clustered in two distinct N-

terminal regions of the protein (Figure 1b). The first region is located in the SMAD2/3-binding domain of 

SKI (residues 17-45), and the second region localizes to a portion of the Dachshund-homology domain 

(DHD) of the SKI protein that mediates binding to SNW1 and N-CoR, proteins that are essential for the 

transforming activity of SKI and for the recruitment of transcriptional corepressors, such as histone 

deacetylases, respectively [15, 39, 40]. One of the alterations (p.Leu21Arg) results in the substitution of an 

amino acid that was previously shown to be essential for SKI-SMAD3 interaction [41]. Two of the 

alterations (p.Gly116Glu and p.Gly117Arg) result in substitutions at immediately adjacent glycine 

residues at positions that contribute to an exposed β hairpin loop in the DHD [42]. In silico analysis 

suggests that both glycine substitutions maintain the β turn; whereas there is variation in where the I-

TASSER structural prediction algorithm [43] defines he margins of the adjacent β sheets, the overall 

structures of the DHD are fully overlapping for the reference and mutant sequences (Supplementary 

Figure 5). It is therefore possible that the primary consequence of these alterations is disruption of 

molecular interactions at the protein surface. In light of this observation, it is noteworthy that residues 

125-131, which lie immediately distal to the β turn, have been shown to influence binding of SMAD2/3 to 

their more proximal N-terminal binding site [42, 44]. 
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Figure 1: SKI mutations in individuals with SGS. (a) Clinical features and mutations seen in individuals with SGS. Features shown 
involve the craniofacial (abnormal head shape due to craniosynostosis, widely spaced eyes, small and receding chin, high-arched 
palate), skeletal (long fingers, joint contractures, chest wall deformity, spine curvature, foot deformity) and cardiovascular (aortic 
root aneurysm, open arrowheads; mitral valve prolapse, white arrowhead) system. Cardiovascular imaging was performed using 
eithers computerized tomography (1.II:1 and 2.II:1) or echocardiography (10.II:1). Pedigrees indicate that all cases were sporadic 
(affected, filled symbols; unaffected, open symbols). Mutation status is indicated below each individual (-/-, mutation negative; +/-, 
heterozygous; blank, not available for testing) along with the SKI protein alteration. Permission to publish photographs was obtained 
from the affected individuals or their parents. (b) Location of alterations with respect to known binding sites (highlighted in yellow) 
of SKI-binding partners. The position of the DHD is also indicated. 
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Table 1: Clinical Manifestations in SGS and related disorders 

Subject ID SGS7 SGS8 
Pt.
1 

Pt.
2 

Pt.
3 

Pt.
4 

Pt.
5 

Pt.
6 

Pt.
7 

Pt.
8 

Pt.
9 

Pt.
10 

SGS (SKI 
neg.) 

Classic 
MFS 

Classic 
LDS 

Age (years)   43 6 16 12 22 21 2 6 5 4    

Sex   F M M M F M F M M F    

Features typical of SGS                

Craniofacial                

Craniosynostosis 7/7 4/7 + + + + + + + + + + 1/2  + 

Dolichocephaly 16/17 11/14 + + + + + +  + + +  + + 

Hypertelorism 15/16 8/13 + + + + + + + + + + 0/2  + 

Down-slanting eyes 14/16 11/14 + + + + + + + + + + 2/2 + + 

Proptosis 13/17 11/12 +  + + +  + + + + 1/2   

Malar hypoplasia 15/15 7/8 + + + + + + + + + + 2/2 + + 

High/narrow palate 17/17 12/12 + + + + + + + + + + 2/2 + + 

Micrognathia 16/17 13/14 + + + + + + + + + + 2/2 + + 

Low/post. rotated ears 13/13 12/14 + + + + + + + + + + 2/2   

Skeletal                

Arachnodactyly 15/17 14/14 + + + + + + + + + + 2/2 + + 

Camptodactyly 10/17 6/14 + + + + + +   + +  + + 

Scoliosis 7/14 11/13 + + + + + + +   + 2/2 + + 

Pectus 15/17 13/13 + + + + + + +  + + 1/2 + + 

Joint hypermobility 9/14 10/10 + + + + + + + + + + 2/2 + + 

Joint contracture 8/17 2/10 + + + + + +  + + + 1/2   

Cervical spine malform. 4/16     + +    + +   + 

Neuromuscular                

Hypotonia 14/16 11/12 + + + + + + + + + + 1/2   

Developmental disability 15/17 12/14 + + + + + + + + + + 2/2   

Cardiovascular                

Mitral valve prolapse 4/11 6/17 + + +      + + 0/2 + + 

Aortic root dilatationa 5/17 3/11 + + + + + + +   + 0/2 + + 

Other features of MFS or 
LDS 

Dural ectasia   + +        +  + + 

Ectopia lentis 1/15b            0/2 +  

Cleft palate  2/11    +   + +   0/2  + 

Broad/Bifid uvula    +        + 1/2  + 

Club foot deformity     +     +   0/2  + 

Arterial tortuosity            +   + 

Other aneurysms   +c       +d     + 

Empty cells, not determined. M, male; F, female. 
aAortic root z-score ≥ 2.0 (range 2.1-5.7). bAtypical patient with FBN1 mutation. cSplenic artery aneurysm. dSplenic artery aneurysm with spontaneous rupture.  

 

To assess the functional consequences of SKI mutations identified in SGS, we monitored TGF-β signaling in 

primary dermal fibroblasts derived from two individuals with SGS and two control individuals. Protein 

blot analysis showed excessive SMAD2/3 and ERK1 and ERK2 (ERK1/2) phosphorylation in the cells of 

the affected individuals compared to controls, both at baseline and after acute (30-min) stimulation with 

exogenous TGF-β2 (Figure 2a). This implies loss of suppression of the TGF-β-dependent signaling 

cascades in SGS cells. In contrast, there was no differences in the activation of c-Jun N-terminal kinase 

(JNK) or p38 between SGS and control cells at baseline or in response to TGF-β2. The alterations in 

canonical TGF-β and ERK signaling directly parallel previous findings in the aortas of both affected 

humans and mouse models of MFS and LDS [4, 23]. We also observed a significant increase in mRNA 

expression for TGF-β-dependent genes in SGS fibroblasts relative to controls, including COL1A1, COL3A1, 
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FN1,VIM and CDKN1A (encoding collagen type1, collagen type 3, fibronectin, vimentin and p21 

respectively) (Figure 2b). This is in keeping with previous work showing that transcription of these genes 

is normally suppressed by SKI [45].  

 

Figure 2: TGF-β signaling in dermal fibroblasts. (a) Protein blot analysis of phosphorylated SMAD2 (pSMAD2), SMAD3 (pSMAD3), 
ERK1/2 (pERK1/2), JNK1 and JNK2 (pJNK1/2) and p38 (pp38) and β-actin (loading control) at steady state (baseline) and in 
response to TGF-β2. Representative SGS and control blots are shown (for a single individual with SGS and a single control, with three 
biological replicates for each condition). Graphs show protein blot quantification of three biological replicates for each condition in 
two individuals with SGS and two controls. All protein amounts are normalized to those of β-actin. The control baseline value for 
each graph was set to 1.0; all other values represent fold change relative to this sample. (b) Relative mRNA expression of TGF-β 
target genes (normalized to ACTB levels), as assessed by quantitative PCR (qPCR) analysis. Quantification was performed on three 
biological replicates in each of two individuals with SGS and two controls. In the graphs in a and b, the upper and lower margins of 
the box define the 75th and 25th percentiles, respectively, the internal line defines the median, and the whiskers define the range. 
*P<0.05; **P<0.01; †P<0.001; ††P<0.0001. 
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TGF-β also induces transcription of genes encoding negative regulators of the TGF-β pathway, including 

SKI, SKIL, and SMAD7, as part of an autoregulatory loop. We observed higher mRNA expression of each of 

these genes in SGS cells compared to controls, suggesting that SKI normally suppresses the expression of 

itself as well as other negative regulators of TGF-β signaling. Notably, the TGF-β-regulated target genes 

CTGF and SERPINE1 showed equivalent expression in SGS and control cells, suggesting either gene-

specific differences in their sensitivity to attenuation of SKI function or to the regulatory influence of other 

transcriptional repressors such as SKIL or SMAD7.Despite the near-complete phenotypic overlap between 

LDS and SGS, it is notable that the aneurysm phenotype in SGS is less penetrant, less diffuse (generally 

restricted to the aortic root) and less severe than that seen in LDS. We reasoned that this might relate to 

the temporal and regional expression pattern of SKI. To test this hypothesis, we performed a 

developmental survey of SKI expression in wild-type mice (Figure 3a). At embryonic day (E) 13,5, SKI 

protein was robustly expressed throughout the vessel wall in the proximal ascending aorta with less 

expression in the descending segment and was localized to both the cytoplasm and nucleus. At birth 

(postnatal day 0, P0), aortic expression was somewhat reduced, and SKI was predominantly localized to 

the cytoplasm. In adult mice (P90), SKI expression was further reduced in the medial layer of the aortic 

root, with exclusive cytoplasmic localization; in the more distal ascending aorta, SKI expression was 

largely excluded from the central zone of the aortic media, despite some residual expression in the intimal 

and adventitial layers. Taken together, these data support the hypothesis that SKI may predominantly be 

required in the very proximal aorta at early stages of development for the proper regulation of TGF-β 

signaling within the arterial media.  

We show that the multisystem manifestation of SGS are caused by primary mutations in a prototypical 

repressor of TGF-β signaling and that these mutations associate with a cell-autonomous increase in 

SMAD2/3 activation at steady state and in the acute phase response to TGF-β ligand, as well as with 

increased transcriptional output of TGF-β-responsive genes. It remains to be determined whether the 

increased ERK1/2 activation seen in SGS cells represents loss of a previously unrecognized direct function 

of SKI or indirect cellular events.  

The conclusion that release from the suppressive effects of SKI on TGF-β signaling underlies SGS is 

consistent with previous observation of central nervous system (CNS) patterning alterations, skeletal 

muscle hypoplasia and craniofacial defects (all cardinal manifestations of SGS) in homozygous Ski-

targeted mice [46]. It is further strengthened by our ability to replicate SGS-like defects after morpholino-

based knockdown of the two paralogs of mammalian SKI (skia and skib) in zebrafish. skia- and skib-

morphant zebrafish embryos showed marked craniofacial cartilage deficits, including shortened and flat 

Meckel’s cartilage, irregular lengths of palatoquadrates, shortened ceratohyales and depleted 

ceratobranchial arches (Figure 3b and Supplementary Table 1). These deficits manifest in larval fish as 

maxillary hypoplasia, malformed ethmoid plate, micrognathia and microcephaly and are frequently 

accompanied by ocular hypertelorism and spinal malformations. Furthermore, skia- and skib- morphant 

embryos showed severe cadiac anomalies, characterized by partial-to-complete failure in cardiac looping 

and malformations of the outflow tract (Figure 3b and Supplementary Table 1). Thus, in comparison to 

Ski-null mice, the zebrafish morphants more closely recapitulate the human SGS craniofacial phenotype 

and uniquely imply that there is a requirement for SKI in early cardiovascular development. Previous 

findings of a prominent role for SKI in both neurygenesis and myogenesis reconcile the highly penetrant 

developmental delay and hypotonia seen in SGS, respectively [47, 48]. 
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Figure 3: Assessment of SKI expression in model systems. (a) Mouse SKI expression at E13.5 is high in the mitral valve (MV), 
tricuspid valve (TV), pulmonary trunk (Pu), pulmonary valve (PuV), bronchus (Br) and proximal aorta (Ao; both nucleus and 
cytoplasm). Lower expression is seen in the descending aorta (dAo), esophagus (E), right and left ventricles (RV and LV, 
respectively) and left atrium (LA). Red, SKI; green, myosin heavy chain; blue, nuclei. At birth (P0) SKI is expressed in the aortic root 
(AoR), distal ascending aorta (ascAo) and endothelial surface of the mitral valve and aortic valve (AoV), with less nuclear expression 
than at E13.5. In adulthood, SKI is expressed exclusively in the cytoplasm of the aortic valve and the media of the aortic root; in the 
ascending aorta, SKI is expressed in the intima (I) and adventitia (A) but is excluded from the central media (M). (b) Disruption of 
skia or skib expression in zebrafish. Top, cardiovascular anatomy at 3 days post-fertislization (d.p.f.). Uninjected embryos show 
proper cardiac looping with normal relation between the atrium (A, dotted line) and ventricle (V) and a distinct bulbous arteriosus 
(arrow) defining the outflow tract (OFT). skia morphants show incomplete looping with an irregular OFT, and skib morphants show 
failure of looping and an ill-defined OFT. Asterisk, atrioventricular cushion. Bottom, Alcian blue staining of cartilage at 6 d.p.f. skia 
and skib morphants have craniofacial cartilage deficits and prominent mandibular malformation. M, Meckel’s cartilage; PQ, 
palatoquadrates; CH ceratohyales; CB, ceratobranchial arches. 

It is also notable that a recurrent mutation in SMAD4 that strongly impairs TGF-β transcriptional 

responses by the R-SMAD-SMAD4 complex has recently been shown to cause Myhre syndrome, a 

condition characterized by short bones and aortic stenosis, in marked contrast to the bone overgrowth 
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and aortic dilatations seen in SGS [49]. Persons with the recurrent 1p36 deletion syndrome are 

haploinsufficient for SKI and show some phenotypic overlap with SGS, including hypotonia, 

developmental delay, craniofacial dysmorphism, vertebral abnormalities and structural heart disease [50, 

51]. Possible reasons for the features that distinguish these two conditions include the involvement of 

contiguous genes in the 1p36 deletion syndrome and/or the putative dominant-negative potential of 

mutant forms of SKI in SGS, which might retain their ability to form homodimeric complexes due to 

structural preservation of the SKI-interacting domain at the C terminus, with functional deficits imposed 

by N-terminal alterations that selectively perturb R-SMAD and/or N-CoR interactions. Substitution of 

neighboring cysteine residues (p.Cys1223Tyr and p.Cys1221Tyr) in an epidermal growth factor (EGF)-like 

domain of fibrillin-1 have been reported in association with an SGS-like phenotype, including all features 

of MFS and SGS-specific features, such as craniosynostosis and developmental delay [52, 53]. Although it 

remains to be determined whether this tentative genotype-phenotype correlation is primarily a 

consequence of FBN1 genotype, modifier loci or chance, it seems notable that both fibrillin-1 and SKI are 

recognized regulators of TGF-β signaling. 

In conclusion, this manuscript provides evidence that mutations predicted and observed to enhance TGF-

β signaling are sufficient to cause human phenotypes that have variably been associated with low TGF-β 

signaling states, including craniosynostosis, altered palatogenesis and aortic aneurysm. The development 

of individualized treatment strategies will require further work to determine whether low and high 

signaling states achieve the same phenotypic consequence or, as we propose, complex compensatory 

events during tissue morphogenesis and homeostasis culminate in a common pathogenic mechanism for 

seemingly disparate disease etiologies [54]. 
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SUPPLEMENTARY MATERIALS 

 

Supplementary Figure 1: Transforming growth factor beta (TGF-β) signaling and mechanisms of negative regulation by SKI. SKI 
suppressed R-SMAD (SMAD2/3) phosphorylation and nuclear translocation, and TGF-β mediated transcriptional responses by 
competing with transcriptrional co-activators for SMAD binding and by recruiting transcriptional repressors such as histone 
deacetyalases (HDACs). 

 

 

 

Reads with depth >8 AND Quality score >50 55,190 

Non-synonymous SNVs, SS or Indel 6,908 

Not in any database (dbSNP, 1,000 genomes, NHLBI EVS) 100 

Damaging or unknown (PolyPhen, SIFT) 66 

Read in both directions AND Flanked by high quality sequence 37 

Not present in either parent 4* 

Strong functional candidate SKI 

 

Supplementary Figure 2: Filter strategy for variants identified by whole exome sequencing. PolyPhen-2 and SIFT were used to 

predict the impact of an amino acid substitution on the structure and function of a human protein. SNV, single nucleotide variants; 

SS, splice variants; indel, insertion or deletion. *SKI, ASPHD1, SRSF4, and MICA. 
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Supplementary Figure 3: Sequencing traces of affected individuals. 

 

 

 

Supplementary Figure 4: Evolutionary conservation of amino acids (single letter code) that were substituted (red letters) or 
deleted (-) in affected parents. The relative position of the R-SMAD binding domain and structure within the Dachshund homology 
domain are indicated; β, beta sheet; T, residues involved in turns. Numbers indicate amino acid positions within the SKI protein. 
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Supplementary Figure 5: Analysis of the consequence of patient mutations on the Dachshund homology domain (DHD) structure. 
(A,B) The known crystal structure of the SKI DHD and an in silico prediction of the SKI DHD structure from the reference sequence. C, 
D) In silico predictions of the consequence of amino acid changes p.Gly116Glu and p.Gly117Arg. E,F) Superimposition of the modeled 
structures for p.Gly117Arg and p.Gly117Arg with that of the reference sequence. Images are displayed using PyMOL Molecular 
Graphics System, Version 1.5.0.4, Schrodinger, LLC. Structural elements: red, α-helix; yellow, β-sheet; green, unstructured segments. 
The turn harboring Shprintzen-Goldberg syndrome mutations p.Gly116Glu and p.Gly117Arg is indicated (arrows). 
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Supplementary Table 1: Defects in zebrafish embryos after skia or skib morpholino injection. 

Morpholino Days post 

fertilization 

Embryos 

studied 

Trunk defect  Cardiac defect Craniofacial defect 

skia 12 ng 5 40 18 (45%) 31 (77.5%) 35 (87.5%) 

 5 38 31 (81.6%) 34 (89.5%) 32 (84.2%) 

 8 21 15 (71.4%) 12 (57.1%) 16 (76.2%) 

skib 14 ng 5 55 42 (76.4%) 28 (50.9%) 31 (56.4%) 

 6 34 27 (79.4%) 22 (64.7%) 7 (20.6%) 

 8 22 16 (72.7%) 7 (31.8%) 8 (36.4%) 

Trunk defects were characterized by curvature of the A-P axis of the trunk. Cardiac defects were characterized by cardiac looping 

and outflow tract malformations and cardiac edema. Craniofacial defects were characterized by maxillary malformation, 

hypognathia, ocular hypertelorism and microcephaly. 

 

Supplementary Table 2: List of primer and morpholino oligonucleotide sequences used in the study. 

SKI primers Forward Reverse 

1 ACGCACGGCAACAAACAG GAGCTCAGGTGGAACTGCTC 

2 ACCATGGAGGCGGCGGCA GGGCACCAGCAGCCCCTTAC 

3 GGCATCCTGCCCTTCTCGGC CATGGGGCACGGCAGAAGCA 

4 GCCTTCTGCGCCACTCAGGG AAAAGGCGGCAGGTCTGGGC 

5 GGAGTCGTGGGTGGAGCCCT CCCACAGCCCACAGGGAGGA 

6 TCCTCCCTGTGGGCTGTGGG GCATGGGGCAGCCAGGAAGG 

7 GGGGTGGGCTGAGGACTGCT CAACCACCCACCCTGTGCCC 

8 CTGGGGAGGGACAGGGAGCG TGTAGTTGGGGGACGCGGCT 

 

Translation blocking morpholino oligonucleotides 

skia CGCACTGTTTCCATGTTTCGCGCA 

skib AACCTGGGCAGTTTAATCACAACAG 
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ABSTRACT 

Shprintzen-Goldberg syndrome (SGS) is a rare, systemic connective tissue disorder characterized by 

craniofacial, skeletal and cardiovascular manifestations that show significant overlap with the features 

observed in the Marfan (MFS) and Loeys-Dietz syndrome (LDS). A distinguishing observation in SGS 

patients is the presence of intellectual disability, although not all patients in this series present this 

finding. Recently, SGS was shown to be due to mutations in the SKI gene, encoding the oncoprotein SKI, a 

repressor of TGFβ activity. Here we report eight recurrent and three novel SKI mutations in eleven SGS 

patients. All were heterozygous missense mutations located in the R-SMAD binding domain, except for one 

novel in-frame deletion affecting the DHD domain. Adding our new findings to the existing data clearly 

reveals a mutational hotspot, with 73% (24 out of 33) of the hitherto described unrelated patients having 

mutations in a stretch of five SKI-residues (from p.(Ser31) to p.(Pro35)). This implicates that the initial 

molecular testing could be focused on mutation analysis of the first half of exon 1 of SKI. As the majority of 

the known mutations are located in the R-SMAD binding domain of SKI, our study further emphasizes the 

importance of TGFβ signaling in the pathogenesis of SGS.  
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INTRODUCTION 

Shprintzen-Goldberg syndrome (SGS; MIM 182212) is a rare, multisystemic connective tissue disorder 

characterized by craniosynostosis, severe skeletal muscle hypotonia and intellectual disability. Common 

features observed in SGS patients include craniofacial (craniosynostosis, proptosis, dolichocephaly, 

hypertelorism, high arched palate, downslanting palpebral fissures, retrognathia), skeletal 

(arachnodactyly, camptodactyly, scoliosis, pectus deformity, joint hypermobility), cardiovascular (mitral 

valve prolaps, aortic dilatations), and neuromuscular (infantile hypotonia, intellectual disability) 

anomalies. As such, a considerable clinical overlap with Marfan syndrome (MFS; MIM 154700) and Loeys-

Dietz syndrome (LDS; LDS1A: MIM 609192, LDS1B: MIM 610168, LDS2A: MIM 608967, LDS2B: MIM 

610380, LDS3: MIM 613795, LDS4: MIM 190220) exists [1, 2]. During the last decade, it has become 

increasingly clear that dysregulated transforming growth factor beta (TGF-β) signaling is playing a major 

role in the pathogenesis of MFS, LDS and related disorders involving thoracic aortic aneurysms [3-9]. 

Because of the overlap with MFS and LDS and because several lines of evidence have confirmed a key role 

of TGFβ signaling in the pathogenesis of MFS and LDS, it was hypothesized that altered TGF-β signaling 

also underlies the SGS pathogenesis. Indeed, de novo, heterozygous mutations in SKI (Sloan-Kettering 

Institute), encoding a known repressor of TGF-β signaling, were identified in ten SGS patients [10]. The 

causal nature of SKI mutations was confirmed in two additional cohorts of SGS patients, in which two in-

frame deletions and twelve missense mutations were identified [11, 12]. All SKI mutations clustered in 

two distinct N-terminally located regions of the protein: the R-SMAD binding domain and the Dachshund-

homology domain (DHD).  

SKI is an avian sarcoma viral oncogene homolog, that is located on chromosome 1 and consists of 7 exons. 

Its gene product counts 728 amino acids and functions as a repressor of TGF-β signaling by inhibiting R-

SMAD (SMAD2-3) phosphorylation, hereby preventing assembly of the active heteromeric R-

SMAD/SMAD4 complex and translocation to the nucleus [13-15]. Additionally, the SKI protein can recruit 

transcriptional corepressors including SNW1, N-CoR and mSIN3 and forms a complex with histone 

deacetylases [16, 17]. In vivo studies in Xenopus embryos, zebrafish and mice have shown that SKI plays a 

critical role in the development of neuronal and muscle cells or tissues [18-20]. Homozygous Ski-targeted 

mice show a major reduction in skeletal muscle mass and defects in cranial neural tube closure, 

manifestations which resemble those observed in SGS patients [19]. These experiments suggest a critical 

role for SKI in the development of muscle, craniofacial structures and the central and peripheral nervous 

system, providing additional evidence for the pathogenic character of SKI mutations in SGS.  

Here we report on the identification of ten additional SKI mutations, three novel and seven previously 

reported, in eleven unpublished SGS patients. Except one, all mutations are located in the R-SMAD binding 

domain of SKI, confirming the importance of this domain. Moreover, our new data reveal a mutational 

hotspot, with 73% of the hitherto described patients having mutations affecting four SKI-residues.  
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MATERIALS AND METHODS 

 

Study participants  

In total, 19 patients with clinically suspected SGS were recruited from the Howard Hughes Medical Institute 

(Baltimore, Maryland, USA), the Johns Hopkins University School of Medicine (Baltimore, Maryland, USA), 

the SW Thames Regional Genetics Service, St George’s (London, UK), the King’s College London School of 

Medicine (London, UK), the National and Kapodistrian University of Athens Medical School (Athens, Greece), 

the Birmingham Women’s Hospital (Birmingham, UK), Gendia (Antwerp, Belgium), the Erasmus Medical 

Center (Rotterdam, The Netherlands), Nebraska Medical Center (Omaha, USA), Murdoch Childrens Research 

Institute (Parkville, Australia), Radboud University Nijmegen Medical Center (Nijmegen, The Netherlands), 

School of Medicine of Ribeirao Preto (Sao Paulo, Brazil), Churchill Hospital (Oxford, UK), Chapel Allerton 

Hospital (Leeds, UK), Intitute for Pathology and Genetics (Gosselies, Belgium), Kasturba Medical College 

(Manipal, India) and All Childrens Hospital (Florida, USA). Informed consent was obtained from all patients 

or their families. 

 

Mutations analysis and Sanger sequencing 

DNA was extracted from blood using standard procedures. PCR was performed using standard conditions 

on a GeneAmp®PCR System 2700 thermal cycler (Applied Biosystems, Foster City, California, USA). PCR 

products were bidirectionally sequenced using the BigDye Terminator Cycle Sequencing kit (Applied 

Biosystems, Foster City, California, USA) and separated on an ABI 3130XL Genetic Analyzer in accordance 

with the manufacturer’s instructions (Applied Biosystems, Foster City, California, USA). Primer sequences 

and conditions have been described previously [10]. Sequences were analyzed using the CLC Sequence 

Viewer (CLC bio, Aarhus, Denmark). Sequence comparison and numbering are based on Ensembl 

transcript ENST00000378536 (Refseq NM_003036.3). 

 

RESULTS 

Sanger sequencing of the complete coding region of SKI in nineteen patients with a clinical picture 

compatible with SGS revealed eight different, heterozygous missense mutations in addition to an in-frame 

deletion of 12 bp (Figure 1 and Figure 2) in eleven patients. The p.(Pro35Ser) mutation occurred in two 

unrelated patients (pat. 4 and 6) and the p.(Gly34Asp) was found in two siblings (pat. 10 and 11). We 

could prove the de novo occurrence of the mutations in five patients. For patient 8 only the mother, in 

whom the mutation was absent, could be tested. No DNA was available of the father of patient 8, nor of the 

parents of the patients 1 to 3. We did not find any evidence of somatic mosaicism in the blood of the 

parents of the siblings (pat 10 and 11), thus germline mosaicism is the most likely explanation for the 

occurrence of two diseased children from healthy parents. Six different mutations have been described 

previously [10, 11], while three were novel (p.(Ser28Thr), p.(Gly34Ala) and p.(Ser97_Arg100del)). Except 

the p.Ser97_Arg100 in-frame deletion, which was positioned in the DHD domain, all mutations clustered 

in the R-SMAD binding domain of SKI (Figure 2). Besides the de novo occurrence, we considered the 

following facts as additional proof of causality: 1) six out of nine different mutations had previously been 

described as disease causing; 2) the mutations were not present in the 1000 Genomes project, in 

http://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000157933;r=1:2160134-2241558;t=ENST00000378536
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dbSNP135, or in more than 10000 alleles of the National Heart, Lung and Blood Institute (NHLBI) Exome 

Variant Server; 3) all mutations affected highly conserved SKI residues; 4) MutationTaster, SIFT and 

Polyphen categorized the eight missense mutations as disease causing, not tolerated and as possibly or 

probably damaging, respectively. All variants described in this paper are online available at the SKI locus 

specific database on the HGVS website. 

 
Figure 1: Clinical pictures of SGS patients. Note typical features including craniosynostotic skull with proptosis, dolichocephaly 
with retrognathia, low set ears, and hypertelorism. Skeletal findings include arachnodactyly, scoliosis, and a combination of joint 
hyperlaxity and contractures with camptodactyly. 

 

The clinical picture of the 11 patients having a SKI mutation is compatible with previously reported 

patients. Typical craniofacial features include craniosynostosis with proptosis, dolichocephaly with 

retrognathia, hypertelorism, low set ears and the absence of ectopia lentis. Skeletal findings include 

arachnodactyly, scoliosis and a combination of joint hyperlaxity and contractures with camptodactyly. 

Except one, all patients had invariable mild to moderate developmental delay and intellectual disability. 

As seen in previous studies some patients had mild aortic root dilatation. Table 1 and Figure 1 summarize 

the clinical picture of the eleven SGS patients. Most patients that were negative for SKI mutations had 

atypical clinical features (see Supplementary Table 1).  

 



 

 

Table 1: Clinical description of the SGS patients. 

 Subject ID Pat. 1 Pat. 2 Pat. 3 Pat. 4 Pat. 5 Pat. 6 Pat. 7 Pat .8 Pat. 9 Pat. 10a Pat. 11a Literat. Total (%) 
SKI mutation c.94C>G c.101G>T c.82T>A c.103C>T c.100G>A c.103C>T c.92C>T c.289_300del c.101G>C c.101G>A c.101G>A   
AA substitution p.Leu32Val p.Gly34Val p.Ser28Thr p.Pro35Ser p.Gly34Ser p.Pro35Ser p.Ser31Leu p.Ser97_Arg100del p.Gly34Ala p.Gly34Asp p.Gly34Asp   

De novo mutation ? ? ? Y Y Y Y Not in mother Y 
Not in 

parents 
Not in 

parents 
  

Age (years) 50 44 5 4 10 10 12 16 9 13 22   
Sex M F M F M F F M M M F   
Craniofacial              

Craniosynostosis - - + + +  - +  + + 21/28 27/37 (73) 
Dolichocephaly + + + + + + -  +   26/28 34/36 (94) 
Hypertelorism + + + + + + + + + + + 27/28 38/39 (97) 
Downslanting palp. fissure + + + + +  - + + + + 25/28 34/38 (89) 
Proptosis + + + + + + +  + - - 22/28 30/38 (79) 
Malar hypoplasia + + + + + + + + + + + 10/10 21/21 (100) 
High/narrow palate + + + + + + +  + + + 10/10 20/20 (100) 
Micrognathia + + + + +  + + +   24/28 32/36 (89) 
Low/posteriorly rotated ears + + + + +  - + + + + 10/10 19/20 (95) 
Ectopia lentis - -  - -  -  -   0/10 0/16 (0) 
Cleft palate/bifid uvula - - - - - - -     5/10 5/17 (29) 
Skeletal              
Arachnodactyly + + + + + + + + + + + 27/28 38/39 (97) 

Camptodactyly -(hands) + (toes) + - +  + -  +   16/28 21/35 (60) 

Scoliosis + +  -   -  + - - 23/28 26/35 (74) 
Pectus + + + +   + + + - - 23/28 30/37 (81) 
Joint hypermobility - - - - + + + + +   10/10 15/19 (79) 
Joint contracture + + + + +  +     23/28 29/34 (85) 
Dural ectasia    -   -      0/2 (0) 
Neuromuscular              
Hypotonia - - + +   +     10/10 13/15 (87) 
Developmental disability + + + + + + + + + + - 28/28 37/39 (95)b 
Cardiovascular              
Mitral valve prolapse -   - - - - + - - - 10/26 11/35 (31) 
Aortic root dilatation -   - - - - - + + - 11/28 13/37 (35) 
Arterial tortuosity    - - - -     2/4 2/8 (25) 
Other aneurysms -   - - - -     2/4 2/9 (22) 

Other features      (1) (2) (3) (4) (3,5) (3,5)   
Abbreviations: F, female; M, male; Y, yes; ?, parents not available. 
Empty cells, not determined; +, feature present; -, feature absent 
(1) Inguinal and umbilical hernia; (2) Feeding difficulties requiring gastrostomy, fixed talipes; (3) Bilateral hallux valgus; (4) Neonatal intracranial hemorrhage (it is unclear whether this is related to SGS or not), mitral valve 
regurgitation; (5) Blepharophimosis, shallow orbits, 2/3 syndactyly. 
Variant numbering based on RefSeq NM_003036.3 
 aTwo siblings; bOne of the previously reported patients (patent 2 from Doyle et al10) is now also attending regular school after initially been reported with developmental delay. 
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Figure 2: (a) Schematic representation of the SKI domains in exon 1. Location of all SKI mutations known so far with respect to the 
binding sites of SKI-binding partners. Mutations in red are identified and discussed in this paper. (b) Overview of all published 
mutations identified so far in SKI. *One patient was identical in Doyle et al10 (patient 4) and Carmignac et al11 (patient 12), resulting 
in 33 independent SGS patients with a mutations in SKI.  

 

 

DISCUSSION  

As shown in this and two previous reports [10, 11], mutations in SKI cause SGS, a disorder that is usually 

classified among the syndromic forms of thoracic aortic aneurysms, more specifically among the MFS- and 

LDS-related disorders. The majority of the patients described within our first paper had dilatations of the 

aortic root, with z-scores of at least 2,0 [10]. Within the current series only two patients presented with 

aortic root dilatation, the hallmark of MFS and LDS. The difference between these two reports may be due 

to selection bias that may have occurred for the first screened set of SGS patients in addition to the 

relatively young age of the patients in the current series. Nevertheless, it is known that the aneurysmal 

phenotype is usually less severe and less penetrant in SGS cases compared to MFS and LDS cases [2, 10]. 

Still, lifelong follow-up seems warranted. Besides the low frequency of cardiovascular features, the 

patients in the current study display the typical craniofacial, skeletal and neuromuscular features of SGS, 

including craniosynostosis, arachnodactyly, and developmental and intellectual disability. Importantly, 

not all patients have intellectual disability as patient 11 in our series is pursuing university level education 

and one of the previously reported patients (patient 2 from Doyle et al., 2012) is now also attending 

regular school after initially been reported with some developmental delay. As such, absence of 

intellectual disability does not preclude the diagnosis of SGS. 

Dysregulated TGF-β signaling has clearly been implicated in the pathogenesis of thoracic aortic aneurysm 

phenotypes. Since SGS shows a major clinical overlap with both MFS and LDS, it was not unexpected to 
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find impaired TGF-β signaling also at the core of the SGS pathogenesis. Indeed, both canonical and 

noncanonical TGF-β signaling were increased in primary dermal fibroblasts from SGS patients, findings 

that were similar to those observed in MFS and LDS patients [10]. SKI is a negative regulator of TGF-β 

signaling, but has no catalytic activities nor can it bind DNA directly. SKI is dependent on interactions with 

other cellular partners, such as SMAD proteins, and transcriptional co-regulators including N-CoR, mSin3A 

and histone deacetylases [14, 16]. Remarkably, all SKI mutations described so far cluster into two 

domains: the R-SMAD binding domain, involved in TGF-β signaling, and the DHD domain, which mediates 

binding to SNW1 and N-Cor proteins. The latter are essential for the transforming activity of SKI and for 

the recruitment of transcriptional corepressors. On the one hand, the SKI mutations most likely destroy 

the binding capacities of these specific domains, leading to the typical MFS- and LDS-like manifestations 

observed in SGS patients. On the other hand, SKI also plays a prominent role in neurogenesis, which may 

explain why SGS patients show intellectual disability. 

So far seventeen different SKI mutations have been identified in 33 unrelated patients (one patient was 

identical in [10] and [11]). Adding our new findings to the existing data clearly reveals a mutational 

hotspot, with all mutations localized in exon 1 and with 73% (24 out of 33) of the hitherto described 

independent patients having mutations affecting a stretch of five SKI-residues (from p.(Ser3)1 to 

p.(Pro35)). This fact has important implications for molecular testing, which most probably can be 

restricted to mutation analysis of exon 1 of SKI, or, as this exon is huge, to the first half of exon 1. 

In conclusion, we have extended the mutational spectrum of SKI and have revealed a mutational hotspot 

in SKI, with 73% of the hitherto described SGS patients having mutations affecting four adjacent residues 

in the R-SMAD binding domain of SKI: p.(Ser31) p.(Leu32), p.(Gly34) and p.(Pro35).  
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SUPPLEMENTARY MATERIAL 

Patient nr Sex Age Typical SGS features Atypical SGS features 

12 M 20 

Intellectual disability 
Palatoschizis 
Craniofacial features 
Marfanoid habitus 
Normal echocardiographic features 

  

13 M 7 

Mild developmental delay 
Bifid uvula 
Craniofacial features 
Marfanoid habitus 
Camptodactyly 
Thin skin 
Aortic dilatation 

Hydrocephaly 
No craniosynostosis 

14 M 28 

Hypotonia 
Marfanoid habitus 
Normal echocardiographic features 

Oligospermia 
1,55Mb duplication on 
chromosome 15 

15 M 
 

Developmental delay 
Facial dysmorphism 
Multiple hernia 

Macrocephaly 
Delayed closure of fontanel 
Hypospadias, cryptorchidism 
Blocked nasolacrimal duct 

16 M 7 

Craniosynostosis 
Facial dysmorphism 
Marfanoid habitus 
Inguinal hernia 
Normal echocardiography 

  

17 F 17 

Craniofacial dysmorphism 
Scoliosis, arachnodactyly 
Normal echocardiographic features 

Severe intellectual disability 
Short stature 
Patent ductus arteriosus 
Horseshoe kidney 

18 F 6 

Craniofacial dysmorphism 
Marfanoid habitus 
Echocardiography: ASD and VSD 

Severe developmental delay 
Corpus callosum dysgenesis 

19 M 2 

Craniofacial dysmorphism 
Cleft palate 
Developmental delay 

IUGR 
Bilateral hearing loss 
Bilateral cataract 
Syndactyly 
ASD and aneurysmal septum 
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ABSTRACT 

Thoracic aortic dissections are among the most life threatening forms of cardiovascular disease. Thoracic 

aortic aneurysm, preceding dissection, is a prominent clinical feature of several heritable connective 

tissue disorders, including Marfan syndrome (MFS). MFS is caused by mutations in FBN1, which encodes 

fibrillin-1, an important extracellular matrix protein. Mutations in PKD1 or PKD2, two polycystin encoding 

genes, are responsible for autosomal dominant polycystic kidney disease (ADPKD). Aortic and arterial 

aneurysms also occur in ADPKD. Vice versa, kidney cysts have also been observed in MFS. This clinical 

overlap suggests a mechanistic link between ADPKD and MFS.  

In order to investigate the genetic link between aortic aneurysm and polycystic kidney, we perform 

linkage analysis on a family presenting with both TAA and mild cystic kidneys, revealing a unique linked 

region on chromosome 16q21-q24.1. By performing copy number variation analysis, we identify two 

duplicated regions in the linkage interval, one (chr16: 86862531-870228808) gene-less and the other 

(chr16: 86357163-86725305) containing seven genes, including three genes encoding transcription 

factors of the FOX gene family (FOXC2, FOXF1, FOXL1), one gene encoding a methenyl tetrahydrofolate 

synthetase containing domain protein (MTHFSD) and three long non coding RNAs (LOC732275, FENDRR, 

FLJ30679). By overexpressing these genes separately and in combination with each other in zebrafish, we 

reveal a potential role for FOXF1 in cyst formation since FOXF1 overexpression zebrafish develop ectopic 

branching of the pronephros. Whether FOXF1 overexpression also contributes to aneurysm formation is 

currently being investigated by overexpressing FOXF1 in tg(fli:egpf) zebrafish, which harbours a reporter 

for the cardiovascular system. 
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INTRODUCTION 

Cardiovascular disorders are the most important cause of death in the western world [1]. Among the most 

life-threatening forms are aortic dissections or ruptures, which result from leaving dilatations of certain 

segments of the aorta, also called aortic aneurysms, untreated [2]. Several hereditary connective tissue 

disorders are known to affect the arterial vascular wall, but with a prevalence of 1 in 5000, Marfan 

syndrome (MFS, MIM #154700) is the most common [1, 3]. MFS is caused by mutations in the FBN1 gene, 

encoding the fibrillin-1 protein, which is an essential structural protein of the extracellular microfibrils 

[4]. For a long time, MFS was thought to be the result of a pure structural deficiency of the microfibrils, but 

recently the TGF-β (transforming growth factor β) pathway has been revealed as a key player in aneurysm 

pathogenesis [5-7]. However, the pathological mechanisms involved, are not fully understood.  

With a prevalence of 1 in 400 to 1 in 1000, autosomal dominant polycystic kidney disease (ADPKD, MIM 

#173900 and #613095) is one of the most common human autosomal dominant disorders [8]. It mainly 

manifests in the kidneys by the formation of cysts, but it is also characterized by different extra-renal 

features including cysts in the liver and the pancreas and a cardiac and vascular involvement [9]. ADPKD 

is caused by mutations in PKD1 or PKD2, encoding two integral membrane proteins, polycystine-1 (PC1) 

and polycystine-2 (PC2) respectively [7, 10]. However, because several ADPKD families  could not be 

linked to either PKD1 or PKD2, genetic heterogeneity was suggested, but so far no additional pathogenic 

ADPKD genes have been revealed. On the one hand, autopsies revealed that 27% of ADPKD patients have 

cardiovascular defects [11]. Moreover, in 1 to 10% of all ADPKD patients aortic aneurysms are found and 

a dissection of the thoracic aorta is seven times more frequent in ADPKD patients compared to the general 

population [12-15]. On the other hand, in 50-60% of MFS patients kidney cysts are present [16]. This 

clinical overlap suggests a connection between ADPKD and MFS. 

Here we describe the identification and mechanistic characterization of a pathogenic duplication of seven 

genes in a three generation family diagnosed with both aortic aneurysms and cystic kidneys. Additionally, 

we show that one of these seven genes, i.e. FOXF1, may be responsible for the observed kidney phenotype.  

 

MATERIALS AND METHODS 

Patients 

We have identified a five generation family (family A) consisting of nine affected family members (two 

deceased and seven alive) with kidney cysts and aortic aneurysm (Figure 1 A). The proband (IV:4) had an 

aortic root dilatation of 44 mm at the age of 35. The aortic annulus measured 29 mm while the diameter of 

the aortic arch and the abdominal aorta was 24 mm and 19 mm respectively. An echo of the left kidney 

revealed a pyelic cyst with a diameter of 4 cm in the extremitas inferior and a corticomedullary located 

cyst of 1,5 cm. The right kidney showed a normal morphology (length = 12 cm).  Heart morphology was 

normal and the patient did not have mitral valve prolapse. The father of the proband (III:3) succumbed to 

aortic dissection at the age of 29. Additionally, he had eye problems and long bones. The paternal uncle of 

the proband and his daughter (patients III:1 and IV:1) both have polycystic kidneys, which they inherited 

from the grandfather (patient II:1). The paternal uncle of the proband (patient III:1) has polycystic kidney, 

recurring renal colic and horseshoe kidney. He has tortuous aorta illiaca communis, arterial hypertension, 
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and partially thrombosed aneurysm of the left subclavian artery, for which he received multiple surgeries. 

Echo of the kidneys of the probands sister (patient IV:6) was normal. She has no eye problems, nor 

hyperlaxity or scoliosis. She did not show facial dysmorphism and she has no pes planus. At the age of 5, 

the daughter of the proband (patient V:5) had a modest dilatation of the aorta ascendens (18 mm). The 

aortic annulus, root and sinotubular junction measured 16 mm, 18 mm and 14 mm respectively. The ECG 

(Electrocardiography) was normal and she had a tricuspid aortic valve without insufficiency. Additionally, 

she has kidney cysts.  

Family B has a history of chronic renal failure. At the age of 19, the proband of family B presented with 

MFS like features. He has a long face, malar hypoplasia, retrognathia, flat feet and arachnodactyly. 

Additionally, he has translucent skin, delayed wound healing, atrophic scarring and striae. At the age of 18 

year, the patient had a type A aortic dissection for which he received surgery. He has polycystic small-

sized kidneys. The mother of the proband has normal sized kidneys and presented only wit polycystic 

kidney disease, while the affected uncle has end stage renal failure. 

Linkage analysis  

DNA was extracted out of blood using standard procedures. All family members, of whom DNA was 

available, were genotyped using the 24x1 Infinium HD iSelect Custom BeadChip (Illumina Inc., San Diego, 

CA, USA) according to the manufacturer’s recommendations. Quality control and correction for Mendelian 

errors was performed using GenomeStudio software (Illumina Inc., San Diego, CA, USA). Genotypes of 

5566 equally spaced single nucleotide polymorphisms (SNPs) were retained to perform a multipoint 

linkage analysis with MERLIN 1.1.2 assuming a dominant fully penetrant inheritance model with a disease 

allele frequency of  0,0001 and a phenocopy rate of 0,0001 . The obligate carriers were given the affected 

status. 

Whole Exome Sequencing (WES)  

WES was performed using the TruSeq DNA LT Sample Prep Kit (Illumina Inc., San Diego, CA, USA) 

followed by Next Generation Sequencing (NGS) on the HiSeq1500 (Illumina Inc., San Diego, CA, USA). The 

data were analyzed using an in-house designed analysis pipeline in Galaxy, and the VariantDataBase [17]. 

Copy Number Variation (CNV) analysis  

Microarray analysis was performed using the Illumina HumanCytoSNP 12-V2.1 BeadChip (Illumina Inc., 

San Diego, CA, USA), which contains around 220 000 SNP’s, using standard protocols. High density micro-

array was performed with the Illumina HumanOmni2.5-8-V1.1 Bead Chip (Illumina, San Diego, CA, USA), 

which contains 2,4 million SNP’s. Data were analyzed using the CNV-webstore [18]. 

Multiplex Amplicon Quantification (MAQ) analysis  

To confirm CNVs, a MAQ-assay (Multiplicom, Belgium) was performed according to standard procedures 

using the flagged-You MAQ kit. Target primers were designed with the Flagged-You MAQ primer design 

tool. PCR products were separated on an ABI 3130XL Genetic Analyzer (Applied Biosystems, Carlsbad, CA, 

USA) and analyzed using the MAQ-S software package (Multiplicom, Belgium) [19].  

Multiplex Ligation-dependent Probe Amplification (MLPA)  

Target and reference primers were designed by H-MAPD [20]. Six probes were designed in and adjacent to 

the duplicated region as well as four control probes. For MLPA analysis, the SALSA reagent Kit was used 
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(MRC-Holland, Amsterdam, the Netherlands) according to the manufacturer’s protocol. Subsequently, 

fragments were separated on the ABI 3130XL Genetic Analyzer (Applied Biosystems, Carlsbad, CA, USA). 

Data were analyzed using GeneMapper (version 3.7, Applied Biosystems, Carlsbad, CA, USA).   

Real-time PCR (qPCR)  

RNA was extracted from Ebstein-Barr Virus (EBV) transformed cells of patients, unaffected family 

members and controls using the miRNeasy Mini kit (Qiagen, Valencia, CA, USA). Conversion of RNA into 

cDNA was performed with a reverse transcriptase kit (SuperScript III Reverse transcriptase, Life 

Technologies Inc., Gaithersburg, MD, USA). qPCR was executed on the Lightcycler 480 (Roche Applied 

Science, Indianapolis, USA) with a SYBR Green I No Rox assay (Eurogentec, Seraing, Belgium). Data were 

analyzed using QBase+ software (Biogazelle, Gent, Belgium).   

Cloning  

ORFs (Open Reading Frames) for each of the seven genes of the duplicated region were ordered 

(GenScript, Piscataway, NJ, USA) and cloned into the pCS2+ vector using the ClaI and XbaI restriction sites. 

Plasmids were transformed into XL1-blue competent cells (Agilent Technologies, Palo Alto, CA, USA), 

plated on LB-agar plates (1,5% agar and 50 ng/mL ampiciline) and incubated overnight at 37°C. The next 

day, one colony was picked and grown overnight in 5 mL LB medium (with 50 ng/mL ampiciline) at 37°C 

and 250 rpm. Plasmid DNA was isolated using the QIAprep spin Miniprep kit or Midiprep kit (Qiagen, 

Valencia, CA, USA). Subsequently plasmid DNA was sequenced using both vector primers and ORF specific 

primers. 

RNA synthesis  

The plasmid DNA, which was used as a template for RNA synthesis, was first linearized with the NotI 

restriction enzyme (New England Biolabs Inc., Beverly, MA, USA). RNA was synthetized using the SP6 

mMessage mMachine kit (Ambion Inc., Austin, TX, USA) and isolated via lithium chloride precipitation. 

RNA concentration was measured on the Nanodrop (Thermo Scientific, Wilmington, DE, USA) and RNA 

quality was checked with agarose gel electrophoresis (2%). 

Functional studies in zebrafish (D. rerio)  

RNA was diluted to a concentration of 10-50 pg and mixed with phenol red to visualize the injections. RNA 

was injected in tg(Na/K ATPase:GFP) larvae in the 1 to 4 cell stadium using the Picopump PV820 (World 

Precision Instruments, Sarasote, FL, USA). Four days after fertilization, larvae were fixed in Dent’s 

solution. Because the transgenic staining was not very clear, whole mount staining of zebrafish larvae was 

performed to better visualize the pronephros. For that purpose, larvae were rehydrated by incubation in a 

decreasing gradient of methanol. Subsequently, larvae were bleached (10% H2O2 + 0.5% KOH in PBST), 

washed in PBST and incubated with a6f primary antibody (DSHB, Iowa, USA). After incubation with the 

green fluorescent secondary antibody Alexa 488 (Life Technologies Inc., Gaithersburg, MD, USA) larvae 

were ready to be imaged using a fluorescence microscope (SMZ745, Nikon, Tokyo, Japan).  

 

3D cell-culture assay  

To perform cyst culture, Madin-Darby canine kidney (MDCK) cells were subcultured 1:3 on day 1. On day 

2, plating in collagen I was performed as follows. Cells were rinsed in PBS and trypsinized with Tryp-LE 
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(LifeTechnologies, Inc., Gaithersburg, MD, USA) to generate a single cell suspension. Cells were 

resuspended at a final concentration of 2x104 cells/mL in a collagen I solution containing 2,1 mg/mL 

collagen I (PureCol, Advanced Biomatrix, San Diego, CA, USA), 0,23% NaHCO3, 20mM HEPES (pH 7,5) and 

MEM (Minimum Essential Medium) growth medium (LifeTechnologies, Inc., Gaithersburg, MD, USA). The 

collagen mixture (150µL) was plated in a flat bottom 96-well plate, allowed to solidify for 30 min at 37°C 

before adding growth medium. After growing for 10 days at 37°C and 5% CO2, samples were rinsed once 

in PBS an then fixed in 4% paraformaldehyde (PFA) in PBS for 15 min at 37°C. Next, PFA was removed and 

gels were washed three times in PBS for 10 min. Then, gels were detached from the bottom and incubated 

with blocking buffer (10% Normal Goat Serum (NGS) and 0,03% Triton-X100 in 1xPBS) for 1h at room 

temperature. Mouse anti-GP135 primary antibody (George Ojakian, Department of Anatomy and Cell 

Biology, SUNY-Downstate Medical Center) was added at a 1:500 dilution and incubated overnight at 4°C 

on the shaketable. The next morning, samples were washed three times with Ab dilution buffer (0,03% 

Triton-X100 and 0.1% Bovine Serum Albumine (BSA) in 1xPBS) for 10 min and rabbit anti-β-catenin 

primary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was added at a 1:200 dilution and 

incubated for 1h at room temperature. After washing the samples five times for 10 min with PBS, the anti-

mouse secondary antibody Alexa fluor 488 (Life Technologies, Inc., Gaithersburg, MD, USA) was added at a 

1:500 dilution and incubated for 5h at room temperature. Next, the anti-rabbit secondary antibody 

tetramethylrhodamine (Life Technologies, Inc., Gaithersburg, MD, USA) was added at a 1:500 dilution and 

incubated overnight at 4°C on a shaketable. The following day, cysts were washed and mounted using 

ProLong Gold antifade with DAPI (LifeTechnologies, Inc., Gaithersburg, MD, USA) on a coverslip before 

imaging on a Nikon Eclipse (Nikon, Tokyo, Japan). Images were processed using Volocity 6.1.1 software 

(PerkinElmer, Zaventem, Belgium). 

Fluorescent In Situ Hybridization (FISH)  

FISH was performed on chromosomes isolated from patient’s EBV transformed cells using the probe 

RP11-463O9 according to standard protocols. 
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RESULTS 

We have identified a five generation family (family A) consisting of nine affected family members (two 

deceased and seven alive) with kidney cysts and aortic aneurysms (Figure 1 A). The proband had an aortic 

root dilatation of 44mm at the age of 35, while his father succumbed to aortic dissection at the age of 29. 

The paternal uncle received multiple surgeries for aneurysm of the aortic arch, subclavian artery, 

abdominal aorta and bilateral arteria iliaca communis. Furthermore, we have identified a smaller family 

(family B) and four additional sporadic patients with renal cysts in combination with aortic root aneurysm 

(Figure 1B). For both families and all sporadic patients,  PKD1/2 were excluded as the causal genes either 

by linkage analysis or by Sanger sequencing.   

To identify the underlying genetic defect, we performed linkage analysis  in family A. We detected a 

unique linkage signal on chromosome 16 (16q21-q24.1) with a maximal LOD score of 2,7. No other 

chromosome revealed a convincing LOD score (Supplementary Figure 1). Family B was too small to 

independently confirm linkage analysis but linkage to the region was not excluded.  

Because the linked region identified in family A encompasses 30 Mb, and no obvious candidate gene could 

be selected among the 559 genes present in the candidate region, we performed WES on one affected 

individual of the family (patient V:1). Screening of the WES data for possible disease causing variants 

located in the linked region, did not reveal any interesting variants that completely segregated in the 

family as confirmed by Sanger sequencing (Table 1 and Supplementary Table 1). We also selected some 

interesting variants outside the linked region, but these did not segregate either with the disease in the 

family. 

 

 

Figure 1: Pedigree of the families (A. Family A and B. Family B) diagnosed with aneurysms and polycystic kidneys. The proband in 
family A is indicated with an arrow. 

 

 

 

 



 

  

 

 

Table 1: Overview of variants in interesting genes after WES analysis. 

Gene Chr. c. p. EVS rs number Why interesting? 

HYDIN 16 c.6050G>A p.Arg2017His N rs200979879 

In linked region 
Expressed in kidney and heart  
Autosomal recessive mutations cause ciliary 
dyskinesia 

PIEZO1 16 c.4405_4406insAGCAGG p.Ala1469delinsGluGlnAla 1346/8996 rs11281795 
In linked region 
Transmembrane protein ionchannel 

DPY19L3 19 c.774G>A p.Trp258* N n.a. Nonsense mutation 

ARHGEF5 7 c.2870C>G p.Ser957* N rs202036368 

Is a rho guanine nucleotide exchange factor which are 
important 
for the cardiovascular system since they are 
regulators of the actin cytoskeleton 

SLC28A1 15 c.418_419insTTG p.Leudelins140LeuVal 3777/8739 rs17215836 Strongly expressed in kidney and smooth muscle 

CLCNKA 1 c.1147G>T p.Asp383Tyr N rs387907405 
Renal chloride channel 
Associated with heart failure 
Strongly expressed in kidney 

FGFR4 5 c.962G>A p.Arg321Gln 2/13004 rs202234648 Important during heart development 

PDLIM3 4 c.478C>T p.Arg160Cys N rs755863715 

Associated with right ventricular cardiomyopathy 
Expressed in developing kidney 
Strongly expressed in cardiomyocytes and skeletal 
muscle 

ABCC9 12 c.3398C>T p.Phe1133Leu N n.a. 
Potassium channel 
Associated with dilated cardiomyopathy 
Expressed in kidney 

Chr. = chromosome; EVS = Presence in exome variant server; N = Not present in EVS (Exome Variant Server); Numbers = mutant allele versus total numbers off alleles; n.a. = not available  
The result of the segregation analysis can be found in Supplementary Table 1 
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Examining the overall quality of the WES data 99,37 % of the paired-end reads mapped to the human 

reference genome (hg19), 62,6% of which were mapped on target. The average region coverage was 186x, 

while the average 30x base coverage was 53,54%. 2,85% of the targeted bases were not covered. After an 

additional quality check of the run in IGV (Integrative Genomics Viewer), it appeared that the first exon of 

several genes was badly covered or not covered at all. To rule out false negative results, we listed all low 

or not covered genes in the linked region, resulting in 109 genes with at least 1 failing exon. These genes 

were subjected to an intensive literature study taking into account what is known about their function and 

expression. In total, we selected 24 potentially interesting genes (Supplementary Table 2) and we 

performed Sanger sequencing of the failing exons, but no variants were identified. 

To examine whether duplications or deletions might explain the phenotype, we performed CNV (copy 

number variation) analysis in family A, family B and the four additional patients. CNV analysis of two 

affected individuals of family A revealed two shared duplications in the linked region: chr16: 86357163-

86725305 (368kb) and chr16: 86862531-87028808 (166kb). The first duplicated region contains seven 

genes, including three lincRNA’s (long intragenic non-coding RNA) and three FOX genes encoding 

transcription factors, while the second duplicated region is geneless (Table 2). We confirmed segregation 

of the duplications in family A using a  specific MAQ-assay. CNV analysis also showed the presence of a 1 

Mb deletion in one of the four additional patients. This region comprises the PKD2 gene. As such, the 

identified deletion is highly likely responsible for the observed phenotype in this patient. We screened one 

affected member of family B and the three remaining additional patients for mutations in any of the four 

protein encoding genes of the duplicated region identified in family A, by Sanger sequencing, but all 

patients were negative for mutations in any of these four genes. 

 

Table 2: Overview of the seven genes located in the first duplicated region (chr16: 86357163-86725305). 

Gene name Exons Strand Coding/non-coding 

LOC732275 6 - lincRNA 

FENDRR 4 - lincRNA 

FOXF1 2 + CCDS 

MTHFSD 8 - CCDS 

FLJ30679 1 - lincRNA 

FOXC2 1 + CCDS 

FOXL1 1 + CCDS 

 

Subsequently, to rule out the presence of relatively small deletions or duplications,  missed by the 

standard SNP microarray analysis, we performed a high density SNP microarray for one affected 

individual of family A (positive control) and family B and for the three remaining individual patients. We 

confirmed the duplication on chromosome 16 in family A. We also identified a duplication of exon 2-46 of 

PKD1 in one of the individual patients, which may represent the causal defect for this patient. Finally, we 

found a duplication of the last exon and 3’ UTR of MTHFSD (one of the genes present in the duplicated 
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region of family A) in another individual patient. However, we could not confirm this latter CNV with 

MLPA, concluding that it concerned a false positive result.  

To verify whether all genes in the duplicated region in family A show an increased expression in affected 

family members, qPCR was performed. RNA was isolated out of EBV transformed lymphoblasts and 

converted to cDNA. qPCR was performed for one affected and one unaffected family member in addition 

to six age and sex matched controls. Primers were optimized for seven genes of the duplicated region. 

Because of the GC-rich and high repetitive nature of FENDRR and LOC732275, it was impossible to design 

specific qPCR primers for these genes. For FOXC2 three specific primerpairs were developed. The run was 

performed twice. We showed an increased expression for FLJ30679, FOXC2_3, FOXL1 and MTHFSD in the 

unaffected family member. For FOXF1, FOXC2_1 and FOXC2_2 an increased expression in the affected 

family member was observed. The differences in expression for FLJ30679, FOXC2_3 and FOXL1 are 

significant (<0,05, Multiple testing in R).  

 

 

 

Figure 2: Increased expression for FOXC2_1, FOXC2_2 and FOXF1 in affected family member compared to controls. RNA was isolated 

out of EBV transformed lymphoblasts and converted to cDNA. qPCR analysis was performed twice. Expression differences for 

FLJ30679, FOXC2_3 and FOXL1 are significant (<0,05, Multiple testing in R). (CNRQ = Calibrated Normalized Relative Quantity).  
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To investigate which of the seven genes is/are responsible for the observed phenotype in family A, we 

injected RNA of all seven genes in zebrafish larvae at a concentration of 12, 25 and 50 pg, respectively. We 

took the convolution of the proximal tubuli as disease marker since alterations of this process have been 

implicated in previous modeling studies of similar renal cyst phenotypes in zebrafish [21]. For the FOX 

genes, aberrant convolution of the proximal tubuli was observed at 25 pg and 50 pg RNA concentrations 

(Figure 3). The other genes (FENDRR, LOC732275, FLJ30679 and MTHFSD) did not affect convolution

 .

  

Figure 3: Convolution defects caused by FOXF1, FOXC2 and FOXL1 overexpression. 

 

Remarkably, overexpression of FOXF1 also caused ectopic branching of the distal tubuli (Figure 4), a 

defect that was not observed for any of the previously studied renal cyst genes (personal communication, 

Nicolas Katsanis). None of the larvae were affected at 10pg whereas 19% and 24% of larvae were affected 

at 25pg and 50pg respectively. 

To determine whether some genes are interacting with each other, we injected the RNAs of the protein 

coding genes pairwise at concentrations of 10 and 25 pg respectively, and we phenotyped the distal tubuli 

of 4 dpf zebrafish larvae (Figure 5). For the 10 pg concentration, injections were confined to the protein 

coding genes since only these genes had a zebrafish orthologue (Figure 5, A). For the 25 pg injections we 

co-injected FOXF1, which causes an ectopic branching defect, with any of the other six genes (Figure 5, B). 

We observed ectopic branching after injecting 25 pg FOXF1 RNA and, to a lesser extent, in the zebrafish 

larvae coinjected with 10 pg of FOXF1 and FOXC2 RNA. As, at a 10 pg dosage, no other gene seemed to 

aggravate the ectopic branching phenotype, we concluded that mainly FOXF1 was responsible for this 

effect. Co-injection of 25 pg of two FOX genes seemed too high because up to 85% of injected embryos 

deceased before 4dpf. Therefore, no ectopic branching was observed in larvae coinjected with 25 pg of 

either FOXF1 and FOXC2 or FOXF1 and FOXL1.  
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Figure 4: Branching defects in FOXF1 overexpression larvae (4dpf). (A.) Pronephros of wildtype larvae. Larvae injected with 
increasing doses of FOXF1 RNA (10, 25, 50pg) showed ectopic branching of the pronephric ducts at 4dpf for 25pg FOXF1(B.) and 
50pg FOXF1 (C.) injection. (D.) None of the larvae were affected at 10pg FOXF1 whereas 19% and 24% of larvae were affected at 
25pg and 50pg FOXF1 respectively. For the other six genes (FOXC2, FOXL1, MTHFSD, FENDRR, FLJ30679 and LOC732275 (25pg RNA 
injection dose)) and the controls, no ectopic branching was observed. 
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Figure 5: Genetic interaction overexpression study of the protein coding genes of the duplicated region in family A. 

 

Because of the ectopic branching, we hypothesized that impaired cell polarization lies at the basis of this 

phenotype and of the cystic kidney phenotype observed in family A. To test this hypothesis, we performed 

a 3D cell culture assay using MDCK cells. We checked for cell polarization by immunostaining for GP135 

and β-catenin, an apical and basolateral marker, respectively. The staining was optimized in WT MDCK 

cells and imaged using a confocal microscope (Figure 6). To study the effect of FOXF1 overexpression on 

cell polarization, MDCK cells need to be stable transfected, an experiment which is currently ongoing. 

Up to now, we have assumed that the duplication in family A lies in tandem as this is generally the most 

common mechanism and as we had a clear linkage signal on chromosome 16. To exclude that the 

observed phenotype is due to the disruption of the function of another gene at a distant location or on 

another chromosome by the duplicated region, FISH analysis was performed using a probe located in the 

first duplicated region. FISH analysis did not reveal a signal on another chromosome, confirming that the 

duplicated part is not translocated to another chromosome. However, we observed only two signals on 

chromosome 16 of interphase FISH instead of three signals as one would expect for a heterozygous 

duplication. Additionally, metaphase spreads did not demonstrate an increase in signal intensity.  
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Figure 6: Wildtype MDCK cysts stained with GP135 (green), which is localized to the apical surface, and β-catenin (red), which is 
localized to the basolateral side. 

 

DISCUSSION 

ADPKD is caused by mutations in either PKD1 or PKD2. However, a small fraction (~ 1%)  of ADPKD 

families cannot be linked to one of the known loci , suggesting the existence of a third locus [22-24]. Here, 

we describe a family with cystic kidneys and aortic aneurysm, segregating in an autosomal dominant 

manner in four generations. By traditional linkage analysis, we identified a unique linked region on 

chromosome 16q21-q24.1, which does not contain PKD1/2 or any known aneurysm gene. As WES and 

complimentary Sanger sequencing did not identify a potential disease causing variant, CNV analysis was 

performed, revealing two duplications in the linked region, one gene-less and another comprising seven 

genes. Three of these seven genes encode FOX transcription factors (FOXC2, FOXF1 and FOXL1), which 

play an important role, not only in processes of the metabolism and immune system, but also in 

organogenesis and development [25]. Additionally, these FOX genes are expressed in different 

compartments of the mesoderm, which is the germ layer where cardiac, skeletal, smooth muscle cells and 

tubule cells of the kidney originate from [26, 27].  

Because mutations in transcription factors often cause complex and pleiotropic phenotypes, as they 

regulate expression of different genes, and because family A shows a pleiotropic phenotype, a 

transcription factor definitely is a highly interesting candidate gene  for the phenotype of family A.  

However, several other diseases have already been associated with two of the three FOX genes of the 

duplicated region. Loss-of-function mutations in FOXC2 cause lymphedema-distichiasis syndrome (MIM 

#153400), an autosomal dominant disorder that generally presents as lymphedema of the limbs and a 

double row of eyelashes [28, 29]. Additionally, specific missense mutations in FOXC2 have been described 

in patients with lymphedema (but without distichiasis), leading to a gain of function as demonstrated by 

luciferase activity measurements [30]. Inactivating mutations in FOXF1 lead to alveolar capillary dysplasia 

(MIM #265380) [31]. Microdeletions of the FOX gene cluster at 16q24.1, including FOXC2, FOXF1 and 

FOXL1 are associated with hypoplastic left heart syndrome and gastrointestinal atresias, probably due to 

haploinsufficiency of FOXC2 and FOXF1 [31, 32]. So far, FOXL1 has not been associated with a certain 

phenotype. In addition, a microduplication of the region, as observed in family A, has not been described 

before. 
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Although the two 16q duplications segregated in the family, the pathogenetic mechanism underlying the 

renal and aortic phenotype remained unclear. Expression analysis of the first duplicated region was not 

informative. Therefore, all the seven genes of the first duplicated region were overexpressed in zebrafish 

larvae and the pronephros was evaluated. The convolution of the proximal tubuli was affected in zebrafish 

larvae injected with either FOXF1, FOXC2 or FOXL1. But, in addition to the convolution, the general 

morphology of these fish was affected as well, which raises doubts about the specificity of this effect. 

Subsequently, we studied a more specific phenotype: ectopic branching. As such, we have revealed a new 

role for FOXF1, since we could demonstrate that overexpression of  this gene causes ectopic branching of 

the distal tubuli in 4 dpf zebrafish larvae. This is, to the best of our knowledge, never been observed 

before. Because this observation was made in zebrafish larvae with a normal general morphology, we 

believe that this is a specific effect. One can argue that the number of zebrafish larvae with ectopic 

branching is rather small, as only 24% of zebrafish larvae injected with 50 pg of FOXF1 showed ectopic 

branching. By increasing the concentration of injected RNA , we will probably increase the number of 

affected zebrafish larvae, but this most probably will also result in the majority of the zebrafish larvae 

deceasing before 4 dpf as coinjection of 25 pg of two FOX-genes already resulted in premature death. 

  

To study the morphology of these extra branches in more detail, cryosections of the zebrafish larvae will 

be generated and a hematoxyline and eosine staining will be performed. This will enable us to reveal 

whether or not these branches have a lumen, hereby providing more information about their 

functionality.  

A defect in cell polarization might offer a possible explanation for the extra branches observed in the fish. 

To investigate the cellular basis of the ectopic branching, FOXF1 will be overexpressed in a 3D cell culture 

system of MDCK cells which will subsequently be stained with GP135 and β-actin, an apical and 

basolateral polarization marker respectively. All the protocols for the 3D cell culture and the stainings 

have been optimized. Stable transfection of MDCK cells with FOXF1 is currently ongoing.  

To identify whether FOXF1 or any of the other genes in the duplicated region is responsible for the 

aneurysm phenotype, we will overexpress all the seven genes separately and in combination with each 

other in tg(fli:egfp) zebrafish which have a green fluorescent cardiovascular system [33]. We expect to 

observe distended vessels or vascular defects. This approach has already been proven to be successful 

since knockdown of mfap5 (also known as magp1), a TAA gene, in zebrafish resulted in dilated vessels [33, 

34].  

It is still conceivable that none of the genes present in the duplication is responsible for the observed 

phenotype in family A, but that in fact the second duplicated region, which is gene-less, might contribute 

to the observed phenotype. On the one hand, according to data from the Epigenome project, the region 

contains several heart and kidney specific enhancers (Supplementary Figure 2). Because of the 

duplication, the transcription of the genes that these enhancers normally regulate may be affected. On the 

other hand, the genome is organized in megabase-scale topologically associated domains (TAD), which 

orchestrate gene expression. Recently, it has been shown that deletions, inversions or duplications might 

disrupt the structure of such TADs, giving rise to limb malformations [35]. Possibly, a similar mechanism, 

resulting in ectopic gene expression, underlies the polycystic kidney and aneurysm phenotype observed in 

our family A.  
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Since FISH analysis did not reveal a signal on another chromosome, we may conclude that the duplicated 

part resides on chromosome 16. Unfortunately, because of the limited resolution of FISH, we could not 

identify the exact position of the duplicated part. Therefore, TLA (Targeted Locus Amplification) 

sequencing, a specialized type of next generation sequencing, can be the next logical step to resolve the 

position of the duplicated regions and to identify the exact breakpoints of the duplication. Alternatively, 

WGS (Whole Genome Sequencing) could be performed. 

In conclusion, we identified a duplication on chromosome 16 in a family in which aortic aneurysm and 

polycystic kidney disease cosegregate. Overexpression of the genes present in the duplicated region have 

revealed a major contribution of FOXF1 to the polycystic kidney phenotype. Whether the same gene 

underlies the aneurysm phenotype as well, still needs to be further investigated.  
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SUPPLEMENTARY MATERIAL 

 

Supplementary Figure 1: Linkage results for family A, revealing a unique linked region on chromosome 16. 

 

 

Supplementary Table 1: Segregation of the interesting variants in family A after WES analysis. Not a single variant completely 

segregates with the disease in the family. 

Familymember Status 

Gene 

HYDI
N 

PIEZO
1 

DPY19L
3 

ARHGEF
5 

SLC28A
1 

CLCNK
A 

FGFR
4 

PDLIM
3 

ABCC9 

III:1 Affected G/A +/- G/G C/G -/- G/G G/G C/C C/C 

III:4 Not affected G/G +/- G/G C/C -/- G/G G/G C/C C/C 

IV:1 Affected G/A +/- G/G C/G -/+ G/G G/A C/C C/T 

IV:4 Affected G/A +/- G/G C/G -/- G/G G/G C/C C/C 

IV:5 Not affected G/G +/- G/G C/G -/+ G/G G/G C/C C/C 

IV:6 
Not affected, obligate 

carrier 
G/A +/+ G/G C/G -/- G/G G/G C/C C/C 

IV:7 Not affected G/A -/- G/G C/C -/+ G/G G/G C/C C/C 

V:1 Affected G/A +/+ G/A C/G -/+ G/T G/A C/T C/T 

V:2 Not affected G/G +/- G/A C/G -/+ G/G G/G C/T C/C 

V:3 Affected G/A +/+ G/G C/G -/+ G/G G/G C/T C/C 

V:5 Affected G/A +/- G/G C/G -/+ G/G G/G C/C C/C 

V:6 Affected G/A +/- G/G C/C -/- G/G G/G C/C C/C 

V:7 Not affected G/A +/- G/G C/C -/+ G/G G/G C/C C/C 

V:8 Not affected G/A +/- G/G C/G -/+ G/G G/G C/C C/C 
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Supplementary Table 2: Not or low covered exons in the linked region of family A after analysis of WES data. 

Gene Ensembl transcript Not/low covered 
exons 

CDH11 ENST00000268603 11, 13 

CA7 ENST00000338437 1 

CDH13 ENST00000268613 1, 2 

CTRB1 ENST00000361017 2, 3, 4, 5, 6 

CYBA ENST00000261623 6 

DDX19B ENST00000563392 1 

EDC4 ENST00000358933 1, 16 

ESRP2 ENST00000473183 1 

MTSS1L ENST00000338779 4 

NFAT3 ENST00000413692 1 

NFAT5 ENST00000354436 1 

FANCA ENST00000389301 43, 18, 12, 8, 7 

ZFHX3 ENST00000268489 9 

CDT1 ENST00000301019 1 

SLC7A6OS ENST00000263997 2 

TRADD ENST00000345057 3 

WFDC1 ENST00000219454 2 

WWP2 ENST00000359154 9 

NECAB2 ENST00000305202 1 

CDH1 ENST00000261769 1 

MAF ENST00000326043 1 

HSD11B2 ENST00000326152 1 

FAM96B ENST00000422424 5 

RRAD ENST00000299759 2 

  

 

 

 

 

Supplementary Figure 2: Schematic of the duplications on chromosome 16. Enhancer regions are depicted according to data from 

the Epigenome Project. 
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Thoracic aortic aneurysm (TAA) is a genetically heterogeneous disorder that is amongst the most 

prominent causes of death in the western world. Several hereditary connective tissue disorders, such as 

Marfan syndrome (MFS) or Loeys-Dietz syndrome (LDS), are characterized by TAA. Because of the lethal 

consequences of TAA and the relatively high prevalence of e.g. MFS (1:5000), there is an urgent need for a 

therapy based on the underlying molecular defect.  

For a long time it was assumed that MFS is caused by structural deficiency of microfibrils, but over the last 

decade it has become clear that all roads in the reveal-the-aneurysm-pathogenesis-mechanism-world lead 

to the TGF-β pathway. However, in the numerous attempts to completely understand how impaired TGF-β 

signaling contributes to aneurysm development, one was faced with the reality that the more discoveries 

were done and experiments were performed, the more questions were raised. This has led to some 

controversy in the field, best known as the TGF-β paradox.  

TGF-β signaling: one to rule them all? 

Because fibrillin-1, the protein mutated in MFS, is known to interact with LTBP-1 [1], it was hypothesized 

that loss of fibrillin-1 might affect sequestration of latent TGF-β complexes, hereby disturbing TGF-β 

signaling. Homozygous Fbn1 mutant mice (Fbn1mg∆/mg∆) showed progressive distal airspace enlargement, 

one of the characteristics also observed in MFS patients [2]. This enlargement, or decrease in distal 

alveolar septation, goes together with an increased activation of TGF-β1. By administrating TGF-β 

neutralizing antibody (Nab), the impaired septation defect could be rescued, providing a direct link 

between TGF-β signaling and alveolar septation. Subsequently, it was hypothesized that a similar 

pathogenetic mechanism may underlie other manifestations of MFS, especially aortic aneurysm formation. 

This hypothesis was tested in the Fbn1+/C1039G mice, the classic model for MFS, who develop significant 

progressive aortic root dilatations by 7 weeks of age [3]. The aortic media of these mutant mice indeed 

revealed increased phosphorylation and nuclear translocation of Smad2, the first downstream effector of 

TGF-β signaling. Treatment of the Fbn1+/C1039G mice with TGF-β Nab slowed down the rate of aortic root 

growth to a level indistinguishable from the one observed in WT mice. Also, the aortic wall architecture 

improved after Nab treatment and pSmad2 levels were downregulated in TGF-β Nab treated Fbn1+/C1039G 

mice. This clearly indicates that excessive TGF-β signaling also contributes to the formation of TAA in MFS 

mice, offering TGF-β antagonism as a potential treatment strategy.   

More evidence for dysregulated TGF-β signaling as the key player in aneurysm pathogenesis came from 

the identification of TGFBR1 and TGFBR2 as the disease causing genes for LDS, a hereditary connective 

tissue disorder with a clinical overlap with MFS. Despite the apparent loss-of-function nature of the 

TGFBR1/2 mutations, staining of aortic wall tissue of mutant-positive patients revealed an increase in 

nuclear pSMAD2 and also a higher expression of connective tissue growth factor (CTGF), a prototypical 

TGF-β responsive gene. This upregulation of TGF-β signaling is in contrast with previous in vitro findings, 

in which recombinant expression of mutant TGF-β II receptor fails to propagate signaling, although the 

mutant receptor subunits traffic to the cell surface and are able to bind ligand [4]. Moreover, experiments 

in which equal amounts of wildtype and mutant TGF-β II receptors were cotransfected revealed a 50% 

reduction of TGF-β signaling compared to cotransfection of wildtype receptor and empty vector, pointing 

out a rather dominant negative effect [5]. Therefore, the question can be raised how mutations in a TGF-β 
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receptor cause an inability of the receptor to propagate signaling, but at the same time trigger an 

upregulation of the downstream pathway.  

Different hypotheses arose attempting to decipher these observations. One potential mechanism to 

explain how loss of TGF-β II receptor kinase activity can result in enhanced TGF-β signaling is that the 

mutant TGF-β receptors increase TGF-β signaling in TGF-β receptor complexes that are still functional [6]. 

Since the mutant receptors are still able to bind ligand, they may act as accessory receptors that facilitate 

ligand binding and thus leading to enhanced TGF-β signaling.  

A second plausible hypothesis relates to receptor turnover. Proper signal transduction is dependent on 

endocytosis of cell surface receptors, which is also true for TGF-β signaling. Di Guglielmo and coworkers 

revealed that TGF-β receptors can be internalized in a clathrin-mediated or caveolin-mediated way [7]. 

The clathrin-mediated pathway leads to receptor recycling (and thus eventually upregulation of TGF-β 

signaling) and is regulated by the accessory protein SARA (Smad anchor for receptor activation). 

Alternatively, segregation into the caveolin-mediated endocytotic pathway is mediated by Smad7 

interactions and results in ubiquitin-mediated proteosomal degradation of the TGF-β receptor. Therefore, 

it is likely that TGFBR2 mutations promote interactions with SARA or inhibit the ones with Smad7, hereby 

favoring segregation of the TGF-β receptors into the clathrin-mediated pathway, resulting in increased 

TGF-β signaling.  

A third hypothesis that possibly may explain the role of altered TGF-β signaling in aneurysm pathogenesis 

is the balance between canonical versus non-canonical TGF-β signaling. Besides Smad dependent 

signaling, TGF-β can activate MAPK pathways such as the ERK, JNK and p38 pathways, which are also 

referred to as the non-canonical TGF-β cascades [8]. Aortic wall tissue of Fbn1+/C1039G mice showed, besides 

an upregulation of pSMAD2, also an increase in activation of ERK1/2 and its upstream activator, while no 

difference in activation of JNK and p38 was observed, recapitulating our findings in chapter V (Mutations 

in SKI cause SGS) [9]. Since administration of TGFβ Nab or losartan to Fbn1+/C1039G mice attenuates aortic 

root growth and assuming that Smad2 and/or ERK1/2 are important mediators, one would expect that 

these agents would reduce Smad2 or ERK1/2 activation. Indeed, both TGFβ Nab and losartan cause a 

reduction in Smad2 and ERK1/2 activation [9]. However, it remains to be elucidated whether ERK1/2 is a 

driver, rather than a marker of aortic aneurysm progression. Administration of RDEA119, a selective 

MEK1/2 inhibitor, decreased aortic root growth in Fbn1+/C1039G mice, which was accompanied by a 

reduction in ERK1/2 activation, whereas Smad2, JNK and p38 activation remained unchanged. Although 

JNK activation was unaffected, administration of a specific JNK inhibitor (SP600125) ameliorated the 

aortic root growth in Fbn1+/C1039G mice as well. At the molecular level, a downregulation of JNK activation 

was demonstrated, while pERK1/2 levels remained unchanged. Although the exact relationship between 

the canonical and noncanonical pathways remains to be elucidated it is clear that noncanonical TGF-β 

signaling plays a critical role in aneurysm pathogenesis and that inhibition of ERK1/2 or JNK can offer 

potential therapeutic strategies for MFS and LDS. 

In chapter III of this thesis we identify a new gene, TGFB2, as the cause of an autosomal dominant aortic 

aneurysm phenotype with variable clinical expression overlapping with MFS and LDS. This gene encodes 

the TGF-β2 cytokine, one of the three TGF-β ligand isoforms. As such, this clearly pinpoints again the TGF-

β pathway as the central wrongdoer in aneurysm pathogenesis. Similar to the findings in aortic wall tissue 
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of TGFBR2 mutation patients, we revealed an upregulation of TGF-β signaling, as shown by increased 

pSMAD2 and pERK signaling. As we also identified whole gene deletions of TGFB2 in combination with 

nonsense mutations, we proposed loss-of-function as the pathogenic mechanism. Again, it can be 

questioned how loss of function mutations can cause a downstream pathway upregulation. One of the 

hypothesis derived from our observations is that upregulation of TGF-β1 expression in the aorta of TGF-

β2 deficient patients, in other words dysregulation of the balance of TGF-β ligands, may contribute to the 

development of TAA. We also demonstrated that ascending aortic tissue of Tgfb2+/-: Fbn1+/C1039G mice 

showed an upregulation in expression of Tgfb1, recapitulating the findings of increased TGF-β1 in human 

aortic wall tissue. Possibly, upregulation of TGF-β1 is the result of an overshoot in an attempt to 

compensate for the initial loss of TGF-β2 signaling. Alternatively, low TGF-β signaling in certain cell 

populations can set the stage for paracrine overdrive in neighboring cells with relatively preserved 

signaling capacity as elaborated below.  

The VSMCs of the thoracic aorta have different origins: the ascending aorta is composed of cells derived 

from the second heart field and cardiac neural crest, whereas the cells in the descending aorta originate 

from the somatic mesoderm (proximal descending aorta) or splanchnic mesoderm (distal descending 

aorta) [10]. Since aneurysms occur throughout the aorta, there is not a common origin for VSMC at sites 

prone to aneurysm formation, but remarkably, aneurysm formation always occurs at locations where cells 

of divergent origins can interact (at the transition regions). Since cells from different origin respond in 

different ways to TGF-β stimulation, it is likely that cells of one lineage are more sensitive to perturbed 

TGF-β signaling, compared to cells of another origin [11]. This means that loss of TGF-β signaling in one 

cell type, still can stimulate neighboring cells of a different origin, which might be less sensitive to the 

initial decrease of TGF-β signaling.  

Interestingly, in the meantime, our observation of excessive amounts of TGF-β1 ligand has been confirmed 

in the aortic media of patients with SMAD3 mutations leading to an LDS phenotype [12], in the circulation 

of MFS patients and in Fbn1+/C1039G mice [13] and, more recently, in the aortic wall of TGFB3 mutation 

patients [14]. Potential mechanisms for this upregulation consist either of increased absolute amounts of 

ligands being expressed and/or by the contribution of integrins, which can trigger TGF-β signaling by 

specifically activating TGF-β1. To further elucidate the exact role of TGF-β1, it needs to be tested whether 

targeted reduction in TGF-β1 expression can rescue the phenotype caused by TGF-β2 deficiency.  

Although the identification of loss-of-function mutations in TGFB2 favors the mechanistic hypothesis that 

drives vascular disease in LDS to be upregulation of TGF-β signaling, the identification of SKI as the SGS 

disease causing gene, does not add to the TGF-β paradox. In chapter V of this thesis we describe that 

mutations in SKI, a protein inhibiting TGF-β signaling, impede the normal inhibition of SMAD2 and SMAD3 

activation, leading to activated TGF-β signaling and causing SGS, a syndrome that shows a large clinical 

overlap with LDS. Because SKI is a known inhibitor of TGF-β signaling, mutations in SKI should cause an 

upregulation of TGF-β signaling. Indeed, dermal fibroblasts of SKI mutation-positive patients showed 

enhanced activation of TGF-β signaling cascades and increased expression of TGF-β responsive genes. 

Indeed, a difference in upregulation of SMAD2/3 and ERK1/2 phosphorylation, but not in the activation of 

JNK or p38 between SGS and control cells was observed. What does this imply? Firstly, since SKI is not 

known to interact with ERK1/2, it needs to be further investigated whether the increased ERK1/2 

activation seen in SGS cells is the effect of a direct unknown function of SKI or of indirect cellular events. 
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Secondly, this observation again suggests that the balance between the different TGF-β signaling cascades 

(canonical versus non-canonical) might play a key role in aneurysm pathogenesis.   

This leads us back to the question: does downregulation or upregulation of the TGF-β pathway trigger the 

development of aortic aneurysm and what is the pathogenic mechanism?  

Recently, it has been shown that mouse strains heterozygous for null alleles of either Tgfbr1 or Tgfbr2 do 

not develop aortic root aneurysm [15]. In contrast, TGF-β receptor knock-in mouse models (Tgfbr1M318R/+ 

and Tgfbr2G357W/+) and transgenic mice overexpressing mutant Tgfbr2 develop many of the phenotypic 

features observed in LDS patients. This indicates that haploinsufficiency for either TGF-β receptor gene is 

not sufficient to cause LDS and that a mutant TGF-β receptor protein is necessary to cause aortic disease. 

Aortic VSMC cultures from knock-in mice and transgenic overexpressing mice were starved and 

subsequently stimulated with TGF-β1 one hour before pSmad2 quantification. These cultures showed 

decreased pSmad2 levels, while no difference in pSmad2 levels was observed for VSMC cultures derived 

from haploinsufficient mice.  Since the aortic VSMCs of the mutant knock-in mice showed, in addition to 

the decreased pSmad2 levels, a trend towards increased expression of Tgfb1 and significant upregulation 

of Tgfb2, these mutant VSMCs seem to compensate for their signaling deficiency by the upregulation of 

TGF-β ligands. Assessment of the pSmad2 levels and expression of TGF-β target genes in the proximal 

aortas of mutant receptor knock-in mice, showed normal activation by 8 weeks of age but increased 

pSmad2 activation by 12 weeks of age. By 24 weeks of age, also increased pERK1/2 signaling besides 

increased pSmad2 signaling was revealed. So it seems that in LDS, vascular disease is driven by deficient 

TGF-β signaling and that the signaling pathway apparently compensates for this initial loss by the 

overexpression of ligand.  

Despite of the successful usage of TGF-β Nab in previous studies (mentioned above), the administration of 

TGF-β Nab failed to rescue the aortic phenotype in mutant receptor knock-in mice, which coincided with 

the inability to reduce pSmad2. Keeping in mind that the TGF-β Nab can exert different effects on the 

distinct TGF-β ligands, it is possible that the observed amounts of increased pSmad2 are the result of 

other impaired signaling pathways such as the angiotensin II or the activin pathway[16, 17].  

 

At the crossroad of Marfan Syndrome and Autosomal Dominant Polycystic Kidney Disease 

In Chapter VII of this thesis we investigated the intersection of MFS and ADPKD. In a large family 

diagnosed with polycystic kidneys and thoracic aortic aneurysms (one of the key features of MFS), we 

performed linkage analysis and subsequently whole exome sequencing (WES), expecting to identify the 

genetic cause of the observed phenotype. Linkage analysis allowed us to limit our search area to a region 

of 40 Mb on chromosome 16. Ideally, WES should have disclosed two to four unique, heterozygous, non-

synonymous, nonsense, frameshift or splice-site variants in this region. However, we were confronted 

with the limitations of  WES. First of all, one needs to be aware that, using WES, not every base will be 

covered and that, as such, one may miss the causal variant if it is located in an insufficiently covered 

region. Secondly, WES is a biased approach, allowing the detection of exonic and splice-site variants, while 

it gives little to no information about intronic or intergenic variations. Thirdly, because of the short reads, 

structural variations will not be revealed. So in addition to WES, microarray analysis and FISH or the more 
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recent TLA technology (or whole genome sequencing) are necessary to identify CNVs and, in case of 

duplications, the exact location of the duplicated part.   

Using WES in our family, we could not reveal a potential disease causing variant. Therefore, we listed the 

low covered or uncovered regions. As expected, because of the GC-rich content of the first exon of a gene, 

we observed that these exons often were not or poorly covered. As for example, all the pathogenic 

mutations so far identified in SKI are located in the first exon (Chapter VI), this is a plausible cause for a 

false negative finding, i.e. missing the potential disease causing variant. Because of the numerous genes 

with a poorly covered first exon, we first prioritized these genes based on literature and expression data 

and subsequently performed Sanger sequencing. Unfortunately no potential disease causing variant was 

identified. However, because we did not perform Sanger sequencing of every low covered region, the 

possibility that the variant was missed remains. 

The WES experiment in Chapter VII was part of the first WES experience in our center. Now, three years 

and 200 HiSeq runs later, our knowledge and expertise regarding this technique has expanded. Even 

more, sequencing techniques have known a viral evolution in such extent that WES is now considered as 

”old-fashioned”. With whole genome sequencing (WGS) becoming more affordable, WES will slowly need 

to make way for WGS. Definitely some challenges remain. The amount of data generated by WGS is 

overwhelming. So we are not only faced with the problem of how and where to store these data but the 

development of appropriate software and hardware for data analysis is a continuous endeavor for bio-

informaticians. Additionally, the sequencing efficiency remains variable and repetitive regions are hard to 

align. Finally, there is a lack of functional assays to test the pathogenic character of non-coding variants, so 

initial data analysis will still focus on the exome. For this very same reason, although we identified two 

duplicated regions, one gene-less and another comprising seven genes, we decided to focus on the latter 

one, especially because it is easier to prove its potential pathogenicity. This might have been an erroneous 

decision and the true pathogenic variant in our family may lie in the gene-less region.  

Recently, the advent of third generation sequencing (TGS) technology has started a new era. For this 

single molecule based sequencing technique less input material is needed, while longer reads are 

generated allowing the accurate detection of structural variants. This technology might be extremely 

useful, in particular, for the identification and exact localization/orientation of the duplication in family A 

(Chapter VII). This is only one example to demonstrate that TGS will shed a different light on disease 

causing gene discovery for various hereditary disorders.  

The study of the intersection of MFS and ADPKD in order to elucidate the pathogenic mechanisms 

underlying aneurysm formation and polycystic kidney remains challenging. Ideally, we had identified a 

variant in a new gene, preferably clearly linking renal cyst formation to TGF-β signaling. But instead two 

duplicated regions within the linked region were revealed. The seven genes of the first duplicated region 

were overexpressed in zebrafish, elucidating a novel role for FOXF1, since we showed that FOXF1 

overexpression caused ectopic branching of the distal tubuli. Our current hypothesis is that a defect in cell 

polarization, which has shown before to occur in ADPKD epithelia, can explain the cellular basis of this 

event [18]. The renal tubules are lined with an epithelial cell layer. Accurate apico-basal polarization is 

essential for the fluid transport in renal tubules in order for the kidney to perform its correct secretory 

function. For example, Na+/K+ ATPase is normally localized on the basal renal tubule cell membrane, while 

in ADPKD epithelia it is misallocated to the apical side. To test the hypothesis of impaired cell polarization, 
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we are currently performing a 3D cell culture assay in MDCK cells overexpressing wildtype and mutant 

FOXF1 and stained for GP135 and β-catenin as apical and basolateral markers, respectively. 

Whether FOXF1 overexpression is also affecting the vasculature, still needs to be further investigated. On 

the one hand, missense mutations in FOXF1 cause alveolar capillary dysplasia (ACD) and 16% of 

newborns with ACD show cardiac abnormalities, including aortic coarctation [19, 20]. On the other hand, 

FOXC2, one of the other genes of the duplication, is also important for cardiovascular development and 

arterial specification [21]. So possibly another gene of the first duplicated region is responsible for the 

aneurysm phenotype. Additionally, we need to look further into the possibility that the second, geneless 

duplicated region, might contribute to the observed phenotype because of the disruption of potential 

enhancers, resulting in dysregulation of gene expression. This can be investigated by generating mice 

(using Crispr/Cas genome editing) with corresponding rearrangements [22]. 

 

Fishing for genes in the NGS era 
 

Molecular genetic testing has lately gone through a revolution. Initially, it focused on rare genetic 

disorders, but currently it covers a broad range of applications including complex diseases and personal 

risk assessment . Assessing a correct molecular diagnosis is not only important for disease prognosis and 

health care management. Patients also rely on it for family, education and career planning and it can 

provide answers for lifelong medical conditions. Recently, the advent of whole exome and whole genome 

sequencing (WES/WGS) has hyper-accelerated disease gene discovery, which in turn opens new 

opportunities for treatment strategies. But, the glee of new disease-causing gene discovery is 

accompanied with the sobering insight that the human genome is crowded with numerous rare and ultra-

rare variants. Moreover, the number of these variants only increases together with the number of 

available exomes and genomes. The major problem we are currently facing is how to accurately interpret 

all these variants that may contribute to the patient’s phenotype. In silico prediction definitely has its place 

in the challenge of variant prioritization but every algorithm has its limitations with regards to specificity 

and sensitivity. Therefore, physiologically relevant functional assays, preferably in a high-throughput 

mode, can pave the way to a ‘functionalized’ human genome, and ease the identification of true disease 

causing variants. Modeling human hereditary disorders by introducing human mutations in animal 

models has led to major insights in the causal link between a genetic mutation and a certain phenotype. An 

animal model that gained momentum in the 1990s, after a rather slow start in 1950s to 1980s, is the 

zebrafish or Danio rerio. This teleost inhabits the shallow freshwater river-beds in India, Pakistan and 

some other south-eastern Asian countries but has been introduced as a model for basic research by 

George Streisinger in the 1960s. Although humans and zebrafish look completely different, 71,4% of 

human genes have at least one zebrafish orthologue. Because of this genetic homology, their large 

offspring size, their short generation time and small size, zebrafish have developed as a time and cost 

efficient animal model. Probably the biggest advantage of zebrafish is their transparency during their first 

days of development, offering opportunities for in vivo modeling and real time examination. Multiple 

mutant and transgenic reporter lines have been generated and gene expression data on zebrafish are 

publicly available and curated in ZFIN (the Zebrafish Model Organism Database). Also, the zebrafish 

community possesses an extensive genetic toolkit to precisely target candidate genes and alleles. 

Morpholino’s (MO), which are antisense oligonucleotides transiently suppressing gene expression, are 
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used extensively to confer gene knockdown. However, the use of MO’s has notable drawbacks. MO’s are 

stable only for a few days, therefore limiting phenotyping to the embryonic stage. Additionally, MO’s can 

give rise to off-target effects. However, this can be circumvented by using appropriate controls such as 

multiple MO’s targeting the same gene. Nevertheless, there is a shift in the field towards the use of 

CRISPR’s (clustered regularly interspaced short palindromic repeats) to create stable mutants. Using this 

methodology, targeted genetic modifications can be induced more easily by injecting guide RNAs (gRNA), 

that direct site-specific DNA cleavage, together with the Cas9 nuclease. Identical to MO’s, off-target effects 

can be an issue, but a lot of effort is put into the improvement or the development of in silico tools to 

predict the best gRNA with the highest efficiency and its possible off-target effects. In addition, to ensure 

that the observed phenotypes are caused by the introduced mutation and are not just a result of off-target 

effects, multiple mutant lines targeting the same gene will need to be generated.  

Another major advantage of zebrafish is that they lend themselves perfectly for high-throughput testing as 

larvae can be raised and imaged in 96-well plates. However, because phenotyping zebrafish and image 

analysis is currently the bottleneck, there is an urgent need for automated systems to scale up the use of 

zebrafish in human disease modeling and even bring it to clinic. The improvement of embryo 

manipulation techniques and the development of quantitative phenotyping methods, taking advantage of 

additional transgenic reporter lines, will be necessary. Of course, as with every genetic tool, zebrafish have 

their limitations. One needs to be aware that for approximately 30% of the human genes no zebrafish 

orthologue is available. As such, not every human gene can be modeled in zebrafish. Also, the zebrafish 

genome underwent a teleost specific duplication, so many of the zebrafish genes have a one-to-many or 

many-to-one orthologous relationship with the human genome, making it hard to interpret the effect of 

knocking out certain genes.  

We are evolving from a world where genetic data had a rather confirmatory role to a world where 

WES/WGS data will, in the end, drive diagnosis. To make it possible to use WES/WGS in a clinical setting, 

functional annotation of variants needs to be incorporated in clinic as well. Therefore, I believe that every 

genetic lab, eventually, will need a zebrafish facility to perform functional assays and to functionally model 

human variants in a high-throughput way, or at least establish a collaboration with a lab that does so. 

Additionally, a transparent exchange of variants associated with accurate phenotypes is required. So, in 

my opinion, we need to get rid of our own lab-centered thinking, work toward better collaborations and 

be straight when it comes to data sharing. Because only then, medical science will flourish and ultimately 

the patient will benefit from that. 
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SUMMARY 

An aortic aneurysm is an enlargement or dilatation of the main artery in the human body. If left untreated, 

it can result in aortic dissection and rupture, making it one of the most life threatening forms of 

cardiovascular disease. Thoracic aortic aneurysm (TAA) is a prominent clinical feature of several 

hereditary connective tissue disorders, including Marfan syndrome (MFS) and Loeys-Dietz syndrome 

(LDS). Because of the relatively high incidence and the lethality of the disease, there is an increased need 

for therapies based on the underlying molecular defect. Therefore, unraveling the genetic basis of TAA is 

necessary in order to completely understand the pathogenesis of aortic aneurysm in general and TAA in 

particular. Through the elucidation of the genetic basis of different hereditary disorders associated with 

TAA, such as LDS, Shprintzen-Goldberg syndrome (SGS) and autosomal dominant polycystic kidney 

disease (ADPKD), we delivered an important contribution to this objective.  

the years, increasing evidence was gathered showing that perturbed transforming growth factor (TGF)-β 

signaling underlies LDS. Heterozygous mutations in genes encoding positive effectors of TGF-β signaling, 

including either subunit of the TGF-β receptor (TGFBR1/2) or SMAD3, were reported to cause LDS. 

Although the mutations results in loss of function of the respective genes, an upregulation of TGF-β 

signaling was observed, hereby engendering controversy regarding the mechanism of the disease. 

In this thesis we have identified heterozygous mutations or deletions in the gene encoding the TGF-β2 

ligand causing a phenotype within the LDS spectrum. Additionally, we show upregulation of TGF-β 

signaling in aortic tissue from affected individuals which confirms previous findings in TGFBR1/2 and 

SMAD3 mutation patients. Furthermore, we demonstrate that haploinsufficient Tgfb2+/- mice have aortic 

root aneurysms and both increased canonical and noncanonical TGF-β signaling. Mice that harbor a 

mutant MFS allele (Fbn1+/C1039G) on top of the Tgfb2 haploinsufficiency show aortic aneurysmal worsening 

in association with high expression of TGF-β1 and consequently increased TGF-β signaling. Since this shift 

in TGF-β ligand use is also observed in the aorta of LDS spectrum patients with SMAD3 mutations, this 

implies that increased TGF-β1 expression contributes to aortic disease. Alternative hypothesis might be 

that low TGF-β signaling in certain cell populations evokes an overshoot of TGF-β signaling in neighboring 

cell types in an attempt to compensate for this initial loss. 

In addition to TGFBR1/2, TGFB2 and SMAD3, we and others identified mutations in TGFB3 and SMAD2 to 

cause a LDS like phenotype. Most literature so far has focused on TGFBR1/2 but the four recently 

identified genes have been described less extensively. In an attempt to fill this gap, we provide a 

comprehensive overview of the known and novel SMAD2/3 and TGFB2/3 mutations. We summarize and 

compare the clinical features of the unpublished affected individuals with those reported in the literature. 

For none of the four genes, a mutational hotspot has been observed. However, the majority of SMAD2/3 

mutations resides in a conserved domain that mediates oligomerization of SMAD2 or SMAD3 to SMAD4. 

Additionally, for TGFB2 and TGFB3, 29% and 38% of mutations, respectively, affect the four amino acids of 

the furin cleavage site, hereby disturbing the release of mature TGF-β. 

SGS is a connective tissue disorder that has considerable phenotypic overlap with MFS and LDS, including 

aortic aneurysm. We have identified causative variations in ten individuals with SGS in the proto-

oncogene SKI, which is a known repressor of TGF-β activity. Cultured dermal fibroblasts from affected 



 

 

individuals show enhanced activation of TGF-β signaling cascades and higher expression of TGF-β-

responsive genes relative to control cells. Morpholino-induced silencing of SKI paralogs in zebrafish 

recapitulate the phenotypic abnormalities seen in humans with SGS. These data support the fact that 

increased TGF-β signaling is also involved in the pathogenetic mechanism underlying SGS. Moreover, it 

confirms the observation that high signaling contributes to multiple syndromic presentations of aortic 

aneurysm. 

In order to further delineate the mutational and phenotypic spectrum of SGS, we have reported on eight 

recurrent and three novel SKI mutations in eleven SGS patients. All were heterozygous missense 

mutations located in the R-SMAD binding domain, except for one novel in-frame deletion affecting the 

DHD domain, which mediates binding to proteins that recruit transcriptional corepressors. Adding these 

findings to the existing data, clearly reveals a mutational hotspot, with 73% (24 out of 33) of the hitherto 

described unrelated patients having mutations in a stretch of five SKI-residues (from p.(Ser31) to 

p.(Pro35)). This implicates that initial molecular testing could be focused on mutation analysis of the first 

half of exon 1 of SKI. In contrast to previous studies, we show that not all SGS patients have intellectual 

disability. Additionally, the incidence of aortic root dilatation is lower than previously reported, which 

may be due to selection bias of the patients in the first study and the relatively young age of patients in 

this report. Nevertheless, lifelong follow-up of the aorta in these patients seems warranted. 

ADPKD, which is caused by mutations in PKD1 or PKD2, two polycystin encoding genes, has a clinical 

overlap with MFS. Aortic and arterial aneurysms occur in ADPKD patients more often compared to the 

general population and vice versa, kidneys cysts are more frequently observed in MFS patients. In order to 

investigate the genetic link between aortic aneurysm and polycystic kidney, we have performed linkage 

analysis on a family presenting with both TAA and mild cystic kidneys, revealing a unique linked region on 

chromosome 16q21-q24.1. By performing copy number variation analysis, we have identified two 

duplicated regions in the linkage interval, one (chr16: 86862531-870228808) gene-less and the other 

(chr16: 86357163-86725305) containing seven genes, including three genes encoding transcription 

factors of the FOX gene family (FOXC2, FOXF1, FOXL1), one gene encoding a methenyl tetrahydrofolate 

synthetase containing domain protein (MTHFSD) and three long non coding RNAs (LOC732275, FENDRR, 

FLJ30679). By overexpressing these genes separately and in combination with each other in zebrafish, we 

have revealed a potential role for FOXF1 in cyst formation since FOXF1 overexpression zebrafish develop 

ectopic branching of the pronephros. Whether FOXF1 overexpression also contributes to aneurysm 

formation is currently being investigated by overexpressing FOXF1 in tg(fli:egpf) zebrafish, which 

harbours a reporter for the cardiovascular system.   
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SAMENVATTING 

Een aorta aneurysma is een verbreding of dilatatie van de grote lichaamsslagader. Wanneer een aorta 

aneurysma niet behandeld wordt, kan een aorta dissectie of zelfs een scheur in de aortawand ontstaan. 

Hierdoor behoort aorta aneurysma tot één van de meest levensbedreigende vormen van cardiovasculaire 

aandoeningen. Thoracale aorta aneurysma (TAA) is een vaak voorkomend klinisch kenmerk van 

verschillende erfelijke bindweefsel aandoeningen zoals Marfan syndroom (MFS) en Loeys-Dietz syndroom 

(LDS). Door de relatief hoge incidentie en de lethale gevolgen van TAA, is er een hoge nood aan therapieën 

die gebaseerd zijn op het onderliggende moleculaire defect. Daarom is het noodzakelijk om de genetische 

basis van TAA op te helderen om zo de pathogenese van aorta aneurysma in het algemeen en TAA in het 

bijzonder, op te helderen. Door een licht te werpen op de genetische basis van verschillende erfelijke 

aandoeningen geassocieerd met TAA, zoals LDS, Shprintzen-Goldberg syndroom (SGS) en autosomaal 

dominant polykystische nierziekte (ADPKD), kunnen we een belangrijke bijdrage leveren tot dit doel. 

Doorheen de jaren verscheen er meer en meer bewijs dat verstoorde transforming groei factor (TGF)-β 

signalisatie aan de basis ligt van LDS. Heterozygote mutaties in de genen die coderen voor positieve 

agonisten van TGF-β signalisatie pathway, tot welke beide subunits van de TGF-β receptoren (TGFBR1/2) 

en SMAD3 behoren, veroorzaken LDS. Hoewel deze mutaties leiden tot een loss-of-function van de 

desbetreffende genen, wordt er toch een opregulatie geobserveerd van TGF-β signalisatie. Dit leidt tot 

heel wat controverse rond het exacte mechanisme van aorta aneurysma pathogenese. 

In deze thesis zien we voor het eerst heterozygote mutaties of deleties in het gen dat codeert voor het 

TGF-β2 ligand, wat resulteert in een fenotype binnen het LDS spectrum. We merken een verhoogde TGF-β 

signalisatie op in het aortaweefsel van deze patiënten, wat eerdere bevindingen in TGFBR1/2 en SMAD3 

mutatie patiënten bevestigt. Ook tonen we aan dat haploinsufficiënte Tgfb2+/- muizen aneurysma’s van de 

aortawortel hebben en zowel toegenomen canonieke als niet-canonieke TGF-β signalisatie vertonen. 

Muizen met zowel een mutant MFS allel (Fbn1+/C1039G) als Tgfb2 haploinsufficientie, vertonen een 

verslechtering van het aorta aneurysma fenotype. Bovendien wordt in deze dubbel mutante muizen een 

toename in expressie van TGF-β1, en bijgevolg een opregulatie van TGF-β signalisatie, geobserveerd. 

Aangezien een gelijkaardige shift in gebruik van TGF-β ligand ook waargenomen wordt in de aorta van 

LDS patiënten met SMAD3 mutaties, impliceert dit dat verhoogde TGF-β1 expressie bijdraagt tot de ziekte. 

Een alternatieve hypothese houdt in dat lage TGF-β signalisatie in bepaalde cel populaties een overshoot 

van TGF-β signalering uitlokken in naburige cellen in een poging om te compenseren voor dit initieel 

verlies.  

Naast TGFBR1/2, TGFB2 en SMAD3, zijn ondertussen ook mutaties in TGFB3 en SMAD2 geïdentificeerd die 

een LDS-achtig fenotype tot gevolg hebben. Tot nu toe heeft de meeste literatuur zich toegelegd op 

TGFBR1/2 maar de vier recent geïdentificeerde genen zijn veel minder uitgebreid beschreven. In een 

poging om tegemoet te komen aan dit gebrek aan kennis, geven we een diepgaand overzicht van de 

gekende en enkele nieuwe SMAD2/3 en TGFB2/3 mutaties. We vergelijken en vatten de klinische 

kenmerken samen van de niet gepubliceerde aangetaste individuen met deze gerapporteerd in de 

literatuur. Voor geen enkel van de vier genen wordt een mutatie hotspot geobserveerd. Niettemin, wordt 

de meerderheid van de SMAD2/3 mutaties teruggevonden in een geconserveerd domein dat 

oligomerisatie van SMAD2 of SMAD3 naar SMAD4 medieert. Daarboven, beïnvloedt 29% van de TGFB2 
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mutaties en 38% van de TGFB3 mutaties de vier aminozuren van de furin knipplaats waardoor de 

vrijstelling van matuur TGF-β wordt verstoord. 

SGS is een bindweefselaandoening met een aanzienlijke fenotypische overlap met MFS en LDS, inclusief 

aorta aneurysma. We identificeren causale variaties in tien individuen met SGS in het proto-oncogen SKI, 

welke een gekende repressor is van TGF-β activiteit. Gekweekte huidfibroblasten van aangetaste 

individuen vertonen een toegenomen activatie van TGF-β signalisatie cascade en een verhoogde expressie 

van TGF-β responsgenen in vergelijking tot controle cellen. Morpholino-geïnduceerde silencing van de SKI 

paralogen in zebravis vat de fenotypische afwijkingen die gezien worden in SGS patiënten samen. Deze 

data ondersteunen het feit dat toegenomen TGF-β signalisatie betrokken is in het pathogenetische 

mechanisme dat aan de basis ligt van SGS. Bovendien bevestigt het de observatie dat verhoogde 

signalisatie bijdraagt tot verscheidene syndromale vormen van aorta aneurysma. 

Om het mutatie en fenotypisch spectrum van SGS verder af te lijnen, rapporteren we acht terugkerende en 

drie nieuwe SKI mutaties in elf SGS patiënten. Deze zijn allemaal heterozygote missense mutaties in het R-

SMAD bindingsdomein, buiten één nieuwe in-frame deletie welke het DHD domein aantast en zo de 

binding medieert met proteïnen die transcriptionele corepressors rekruteren. Als we deze bevindingen 

toevoegen aan de reeds bestaande data, zien we duidelijk een mutatie hotspot, waarbij 73% (24 van de 

33) van de tot nu toe beschreven, niet verwante, patiënten, mutaties hebben in een stretch van vijf 

opeenvolgende aminozuren (van p.(Ser31) tot p.(Pro35)). Dit wijst erop dat, in SGS patiënten, initieel 

moleculaire onderzoek gericht kan worden op mutatie analyse van de eerste helft van exon 1 van SKI. 

Daarboven blijkt het voorkomen van aortawortel dilatatie niet zo frequent te zijn als eerst gerapporteerd 

wat verklaard kan worden door selectiebias van de patiënten in de eerste studie en de jonge leeftijd van 

patiënten in dit verslag. Niettemin blijft levenslange follow-up van de aorta in deze patiënten aangeraden. 

ADPKD, wat veroorzaakt wordt door mutaties in PKD1 of PKD2, twee polycystin coderende genen, heeft 

een klinische overlap met MFS. Aorta en arteriële aneurysma komen frequenter in ADPKD patiënten voor 

in vergelijking tot de globale populatie. Andersom, worden nierkysten vaker geobserveerd in MFS 

patiënten. Om het genetisch verband tussen aorta aneurysma en polykystische nieren te onderzoeken, 

voeren we koppelingsanalyse uit in een familie met zowel TAA als milde nierkysten. Dit bracht een uniek 

gekoppelde regio aan het licht op chromosoom 16q21-q24.1. Door copy number variation analyse uit te 

voeren, identificeren we twee gedupliceerde regio’s in het gekoppelde gebied, één (chr16: 86862531-

870228808) bevat geen genen en in de andere regio (chr16: 86357163-86725305) liggen zeven genen. 

Van deze zeven genen coderen drie genen voor transcriptiefactoren van de FOX familie (FOXC2, FOXF1, 

FOXL1) en één gen codeert voor een methenyl tetrahydrofolaat synthetase bevattend domein eiwit 

(MTHFSD). Ook bevat de regio nog drie lange niet-coderende RNAs (LOC732275, FENDRR, FLJ30679). Door 

deze genen individueel en in combinatie met elkaar tot overexpressie te brengen in zebravis, ontdekken 

we een mogelijke rol voor FOXF1 in kystevorming. FOXF1 overexpresserende zebravissen ontwikkelen 

namelijk ectopische vertakkingen van de pronephros. Of FOXF1 overexpressie ook bijdraagt tot 

aneurysma vorming wordt momenteel onderzocht in tg(fli:egpf) zebravissen, welke een reporter voor het 

cardiovasculair systeem bevat. 
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LIST OF ABBREVIATIONS 

AAA Abdominal Aortic Aneurysm 

ADCL Autosomal Dominant Cutis Laxa 

ADPKD Autosomal Dominant Polycystic Kidney Disease 

ALK5 Activin receptor-Like Kinase 5 

AMP Adenosine MonoPhosphate 

AOS Aneurysm-Osteoarthritis Syndrome 

ARCL1B Autosomal Recessive Cutis Laxa type Ib 

ATS Arterial Tortuosity Syndrome 

BAV Bicuspid Aortic Valve 

BSA Bovine Serum Albumine 

Ca2+ Calcium 

CBP CREB-Binding Protein 

CNRQ Calibrated Normalized Relative Quantity 

CNS Central Nervous System 

CNV Copy Number Variation 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeat 

CTGF Connective Tissue Growth Factor 

DHD Dachshund-Homology Domain 

DNA DeoxyriboNucleic Acid 

dpf Days Post Fertilization 

EBV Ebstein-Barr Virus 

ECG ElektroCardioGraphy 

ECM Extracellular Matrix 

EDS Ehlers-Danlos Syndrome 

EGF Epidermal Growth Factor 

ER Endoplasmic Reticulum 

ERK Extracellular signal-Regulated Kinase 

FISH Fluorescent In Situ Hybridization 

GATK Genome Analysis ToolKit 

GD Geleophysic Dysplasia 

GPS G-protein linked receptor Proteolytic Site 

gRNA Guide RiboNucleic Acid 

H&E Hematoxylin-Eosin 

IGV Integrative Genomics Viewer 

JNK c-Jun N-terminal protein Kinase 

kb KiloBases 

LAP Latency Associated Protein 

LDS Loeys-Dietz Syndrome 

lincRNA Long Intragenic Non-Coding RiboNucleic Acid 

LTBP Latent Transforming growth factor beta Binding Protein 

MAPK Mitogen-Activated Protein Kinase 

MAQ Multiplex Amplicon Quantification 

Mb MegaBases 

MDCK Madin-Darby Canine Kidney 

MEM Minimum Essential Medium 
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MFS Marfan Syndrome 

MLPA Multiplex Ligation-dependent Probe Amplification 

MO Morpholino 

mRNA messengerRiboNucleic Acid 

NGS Next Generation Sequencing 

OFT OutFlow Tract 

PBS Phosphate-Buffered Saline 

PC1 Polycystin 1 

PC2 Polycystin 2 

PCP Planar Cell Polarity 

PCR Polymerase Chain Reaction 

qPCR Real-time Polymerase Chain Reaction 

RGD Arginine-Glycine-Aspartic acid 

R-SMAD Receptor-activated SMAD 

SGS Shprintzen-Goldberg Syndrome 

SKI Sloan-Kettering Institute 

SMAD2 Sma and Mothers Against Decapentaplegic Homolog 2 

SNP Single Nucleotide Polymorphism 

SSS Stiff Skin Syndrome 

TAA Thoracic Aortic Aneurysm 

TGFB2 Transforming Growth Factor beta 2 

TGF-β Transforming Growth Factor beta 

TGS Third Generation Sequencing 

TRP Transient Receptor Potential 

TRPP Transient Receptor Potential Polycystic 

VSMC Vascular Smooth Muscle Cells 

VVG Verhoeff-Van Gieson 

WES Whole Exome Sequencing 
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DANKWOORD 

Ik ga het niet ontkennen: wat heb ik naar dit moment uitgekeken! Niet omdat ik wilde dat mijn 

doctoraatsperiode snel voorbij zou zijn, maar omdat het een zalig gevoel geeft om terug te kunnen blikken 

op een fantastische tijd. Walt Disney heeft ooit gezegd: “You can design and create, and build the most 

wonderful place in the world. But it takes people to make the dream a reality.” Ik kan hem hier niet anders 

dan gelijk in geven. Het feit dat ik kan terugblikken op een fantastische tijd, heb ik vooral aan al de 

geweldige mensen te danken die deel hebben uitgemaakt van deze reis. Ik ben dan ook iedereen 

ontzettend dankbaar voor de kansen die ik gekregen heb, de hulp die ik heb mogen ontvangen en de 

interesse in wat doe. Aangezien ik niemand zou willen vergeten, wil ik jullie allemaal graag zeggen: Merci, 

merci, merci! 

Toch zijn er een paar mensen die ik hier graag extra in de bloemetjes had gezet … 

Tijdens één van de cursussen die ik tijdens mijn doctoraat gevolgd heb, vertelde Sarah Blackford, hoofd 

van de afdeling Education and Public Affairs van de Society for Experimental Biology en naar mijn inziens 

een wijze vrouw, me het volgende: “Tijdens je carrière zal je zeer veel mensen ontmoeten en talrijke 

samenwerkingen aangaan. Netwerken en zo veel mogelijk contacten leggen is dan ook uiterst belangrijk. 

Maar uiteindelijk zal je in je hele leven maar een handvol personen ontmoeten die echt een grootse 

invloed op je carrière zullen hebben, mensen waarvan je achteraf beseft dat zonder hen je leven er toch 

echt wel anders had uitgezien.” Wel, beste Bart, voor mij ben jij zeker één van deze personen en hiervoor 

ben ik je zeer dankbaar.   

Toen ik, exact 5 jaar geleden, de vacature voor een doctoraatsstudent in je ‘small but growing’ research 

groep zag, was ik meteen enthousiast. Dit werd door jou enkel nog maar verder aangewakkerd want geen 

enkele van de PI’s waarbij ik gesolliciteerd had, wist zo gedreven over zijn onderzoek te vertellen. Dat 

werkt zeer aanstekelijk en ik hoop dat ik dergelijk enthousiasme ook op mijn studenten mag afstralen! Ik 

weet dat ik van het begin af aan niet de makkelijkste doctoraatsstudente was. Vlak na m’n sollicitatie 

moest ik van jou en Lut voor m’n toekomstig doctoraatsproject een onderzoeksmandaat bij het CWO 

aanvragen. Deze aanvraag viel toen juist samen met de laatste weken van m’n masterthesis waarvoor ik 

toen in Tübingen zat. Ik zag het toen niet zo goed zitten om dit allemaal te combineren want ik moest me 

dan in 2 weken tijd volledig inlezen in een compleet ander onderwerp. Diezelfde avond dat ik je dit toen 

heb laten weten, heb je me via Skype opgebeld. Hoe je het gedaan hebt, weet ik nog altijd niet, maar je hebt 

me toen volledig kunnen overtuigen om er weer 100% voor te gaan. Bedankt hiervoor want ik heb er 

absoluut geen spijt van deel uitgemaakt te hebben van jouw onderzoeksgroep.   

Ik ga er ook geen doekjes om winden: Doordat je zo goed bent in wat je doet, ben je voor vele mensen ook 

een aanspreekpunt en bijgevolg druk bezet wat, zoals je een keer aan de lijve hebt mogen ondervinden, bij 

mij soms tot enige frustratie leidde. Desalniettemin heb je altijd een luisterend oor klaar. Ondanks je super 

drukke agenda wist je de laatste tijd toch nog een moment voor me vrij te maken om te brainstormen voor 

post-doc projecten. Merci voor alles! 

Een andere persoon die ik enorm dankbaar ben is mijn andere promotor: Lut. Beste Lut, zonder jou zou de 

Aorta-groep het best als chaos omschreven kunnen worden. Door de rust en beheerstheid die je uitstraalt 

ben je dan ook het perfecte tegengewicht voor Bart. Ik heb je altijd een beetje als ‘de mama’ van de groep 

beschouwd, want ik wist dat ik altijd bij je terechtkon. Die open deur aan de overkant van de gang was dan 

ook altijd een geruststelling. Ondertussen heb je besloten om de research kant, fysiek dan toch, een beetje 

achter je te laten en de diagnostiek kant van het CMG onveilig te gaan maken. Ik wens je daar dan ook heel 

veel succes toe, maar ik hoop stiekem toch dat ik je nog steeds mag komen lastig vallen als ik advies nodig 

heb.  
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I am very thankful to the chairman, Prof. Dr. Christiaan Vrints, and the members of the jury: Prof. Dr. Aida 

Bertolli-Avella, Prof. Dr. Miikka Vikkula, and Prof. Dr. Jean-Louis Bosmans. Thank you for taking the time 

reading and critically evaluating my manuscript. 

Nikhita, my neighbor and colleague, together we were the very first two PhD students of the Aorta group! 

We have introduced and optimized a lot of stuff in the lab. I will always remember the nice scientific 

discussions we had (your knowledge is impressive!). I wish you all the best, no matter what you will do or 

where you will end up, you will do great! 

Dorien P., de ‘andere Dorien’, mijn partner in crime voor feestjes op congressen, ongelooflijk bedankt om 

me mijn zotte kant niet te doen vergeten. We hebben heel wat afgelachen. Ik zal altijd met een big smile op 

m’n gezicht terugdenken aan onze eerste ESHG in Nürnberg: het geweldige feestje toen, onze 

nachtwandeling terug naar het hotel (tot op heden heb ik nog altijd geen idee hoe lang we daar nu over 

gedaan hebben), onze mooie collectie paaltjes die we tijdens deze wandeling verzameld hebben en het 

fabuleuze plan om deze paaltjes op de parking van het hotel toen rond de auto van Bart te zetten. Om dan 

natuurlijk de volgende ochtend, met misschien een klein hoofdpijntje, te beseffen wat we juist gedaan 

hadden en de paaltjes dan toch maar ergens anders neer te leggen omdat het anders wel redelijk duidelijk 

zou zijn dat wij daar achter zouden zitten. Hilarisch, al zeg ik het zelf ! 

M’n twee maatjes: Céline en Manou, jullie hebben mijn tijd als doctoraatsstudent toch wel veel 

aangenamer gemaakt. Vanaf het begin af aan klikte het direct tussen ons. Hoewel onze prille vriendschap 

direct op de proef werd gesteld door het IWT, bleven we mekaar steunen. Al die oefensessies die we toen 

samen gedaan hebben! Uiteindelijk maakte het niet uit wie het IWT haalde, zolang het maar iemand van 

het CMG was.  

Célientje, je enthousiasme is onuitputbaar! God mag weten waar je dat vandaan blijft halen. De labodag die 

we samen georganiseerd hadden was, mijn inziens, een groot succes (of toch tot het moment dat we een 

speech begonnen af te steken ). Ik zal nooit je peptalk vergeten die je mij gegeven hebt vlak voordat ik 

m’n IWT moest verdedigen. Ik was zo nerveus maar jij wist me weer volledig te kalmeren. Merci! Ik wens 

je heel veel succes daar in Leuven.  

Manou, mijn bureaumaatje vanaf het prille begin, zonder jou is het toch maar stil in onze bureau . Je bent 

altijd geïnteresseerd in wat ik doe, zowel in het labo als in m’n vrije tijd. Ook toen ik in Durham zat, mailde 

je geregeld om te vragen hoe het met me ging. Altijd kan ik bij je terecht, of het nu gaat om een labovraag 

of gewoon eens om mijn hart te luchten. Bedankt voor al die zaken die je voor mij moest fixen (abstract 

submissie toen ik op huwelijksreis was, sequenties nakijken toen ik in Durham zat, …). Je bent één uit de 

duizend! Ik wens je nog heel veel succes met je doctoraat. En wie weet worden onze plannen om samen 

een bedrijfje op te richten ooit nog wel eens realiteit .   

Ook zou ik graag mijn Aorta- en niet-Aorta- (ex-)bureau collegaatjes willen bedanken voor al het lief en 

leed dat we gedeeld hebben in onze bureau: Ajay, Elyssa, Gerarda, Hanne, Ilse, Liesbeth en Elke. Bedankt 

voor de leuke tijden! Gerarda, ook bedankt voor het uitvoeren van de MLPA’s voor me toen ik in Durham 

zat, dat was een grote hulp. Lieve Ilse, jij bent één van de liefste personen die ik ken. Bedankt om steeds te 

vragen hoe het met de visjes gaat. Ik duim er mee voor dat die MYLK paper snel gepubliceerd is. Ik wens 

jou, Ajay, Liesbeth en Elyssa nog heel veel succes met het verdere BAV onderzoek! En onze bureau zou 

niet compleet zijn zonder de vrolijke “Goeiemorgen” van de eeuwig enthousiaste Hanne. Merci allemaal! 

Natuurlijk ook heel veel dank aan de andere Aorta-collega’s! Jeannette, hou je als ‘eilandje’ goed staande 

tegen dat BAV leger. En als je nog eens gezelschap zoekt voor al die feestjes op de ASHG, wil ik gerust nog 

eens meekomen . Heel veel succes nog met je verdere doctoraat maar ik twijfel er niet aan dat dat wel 

zal lukken! Lieve Eva, bedankt voor de leuke, ontspannende babbels, het is altijd gezellig met jou. Maaike 
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en Aline, als nieuwe post-doc’s in de Aorta-groep, ken ik jullie nog niet zo lang, maar ik heb zo’n gevoel dat 

we nog wel gaan samenwerken in de toekomst. And to our newest member Aleksandra: good luck with 

your PhD! 

Nog een extra dikke merci voor m’n twee bosnimfjes Ilse en Jeannette. Dames, bedankt voor de hulp bij de 

praktische organisatie van m’n doctoraatsverdediging. Ik blijf er van overtuigd dat dat elfenkostuum jullie 

prachtig had gestaan . 

Als er één ding is dat ik gedurende deze periode geleerd heb, is het wel dat samenwerken essentieel is. Ik 

wil dan ook heel graag enkele mensen van aan ‘de overkant’ van het CMG in de bloemetjes zetten want het 

is mede dankzij hen dat deze thesis tot stand gekomen is:   

Edwin, dikke merci om me met mijn MAQ experimenten uit de nood te helpen. Iemand heeft je eens als 

een ‘wizard’ omschreven, en ik moet ze gelijk geven: je kennis, gaande van MAQ assays tot CNV analyses is 

indrukwekkend en waarschijnlijk nog maar een tipje van de ijsberg die ik heb mogen ervaren.  

Olivia, Lieve en Gaby, ongelooflijk bedankt voor die ontelbare keren dat ik weer maar eens EBV 

getransformeerde cellen nodig had. Al het werk dat jullie voor de research doen komt toch maar bovenop 

jullie gewone werk en vind ik dus ook allesbehalve vanzelfsprekend. Mijn celkweek kennis is er dankzij 

jullie zeker op vooruit gegaan. Ook merci voor de babbels, de interesse naar m’n trouwvoorbereidingen, 

het advies voor leningen, en zo kan ik nog wel even verder gaan .  

Charlotte, Charlotje, één van de meest gedreven en intelligente laborantes die ik ooit ontmoet heb. Dat je 

naar de diagnostiek kant bent gegaan was dan ook een groot verlies voor de Aorta-groep. Wat waren het 

gezellige tijden toen je nog bij ons in de bureau zat! Ik wil je niet alleen hiervoor bedanken maar ook voor 

het uitvoeren van de high density SNP array’s voor mijn project. Merci!  

Ook wil ik zeker een paar mensen van de FISH hartelijk bedanken. Stefaan, Sabine en Erlyn: merci om me 

wegwijs te maken in de wondere wereld van de FISH. Een extra merci aan Stefaan om me met mijn 

projectje van de duplicatie op chromosoom 16 verder te helpen. 

Een goed draaiend labo kan niet zonder een nog beter draaiend secretariaat. Daarom wil ik alle mensen 

van het secretariaat van harte bedanken. In het bijzonder Ann (Van Bogaert), merci om die oneindige lijst, 

gaande van bestellingen van producten tot hotelreservaties, telkens maar weer in orde te brengen. Je 

wordt dagelijks door 1001 mensen lastig gevallen en toch blijf je telkens even vriendelijk. Ook de babbels 

over onze trouwvoorbereidingen zal ik niet snel vergeten! 

Ann (Schepers), ongetwijfeld de mama-figuur van vele doctoraatsstudenten en laboranten op het CMG, jou 

wil ik graag bedanken voor de hulp bij het uitvoeren van ELISA’s tijdens de eerste maanden toen ik hier op 

het CMG was! 

Igor, I am also very grateful to you. Not only you helped me out all the times when my computer decided 

not to like me anymore, but you also gave me a lot of advice for different functional experiments I 

performed. You are one of the most capable scientists I ever met. I wish you and Daria a great wedding! 

Ook een dikke merci aan alle andere research mensen van het CMG die ik tot nu toe nog niet vernoemd 

heb maar met wie ik gezellige babbels had in de gang, met wie het steeds plezant was om samen te gaan 

lunchen en voor wie een tripje naar de Efteling nooit te veel was: Anke, Annkatrin, Arvid, Elisa, Ellen G. en 

S., Esther, Eveline, Evi, Geert, Gretl, Ilse, Ken, Lieselot, Marieke, Mathias, Philip, Rafaël, Silke en Timon. 

Bedankt! 

Tijdens mijn doctoraat heb ik twee geneeskunde studentes mogen begeleiden: Stéphanie en Lauranne. 

Dames, jullie waren een grote hulp tijdens mijn thesis waarvoor dank. Bedankt ook om me te doen 



Dankwoord 

-184- 

herinneren steeds verwonderd te blijven, en ook een simpele agarose-gelelektroforese niet als 

vanzelfsprekend te vinden. 

During my PhD I was very lucky to have the opportunity to spend a few months at Duke University in the 

USA. This was an unbelievable experience for which I truly would like to thank Nicholas Katsanis, 

Christelle Golzio, Erica Davis and all the other members of the CHDM lab. Nico, you are a very inspiring 

person. Although it was only for a few months, being part of your research group taught me a lot. Thank 

you very much for this opportunity! Erica, although you were always very busy with the numerous 

research projects you are involved in, you managed to make some time to teach me how to inject zebrafish 

embryos, which I truly appreciated. The precision and zeal you work with make you the kind of scientist I 

wish to be someday. Christelle, I’m also very grateful to you, for all the advice you gave me with regard to 

my research project and for the help with the administrative part when I came to Duke. Never forget: 

Winter is coming!  

Na m’n verblijf in de VS kon ik maar niet genoeg krijgen van die zebravisjes. Daarom wil ik heel graag ook 

een paar mensen bedanken die het mogelijk gemaakt hebben om dit onderzoek in Antwerpen verder te 

zetten. Dries, als hoofd van het Zebrafishlab, wil ik je hartelijk bedanken voor je enthousiasme en 

bereidheid voor samenwerking. Zelfs toen ik je labo helemaal op stelten zette met de installatie van die 

injector, ben je zelf nog naar de Brico gereden om die bepaalde ringetjes te gaan halen om dat ene darmpje 

toch mooi aan de muur vast te maken, iets wat niet elke PI zomaar zou doen. Merci!  

Lucia, ik was meteen onder de indruk van je kennis en gedrevenheid. Bedankt voor al het advies, me 

wegwijs te maken in de wondere wereld van de verzorging van zebravissen en het nalezen van m’n FWO 

postdoc aanvraag.  

Natuurlijk wil ik zeker ook m’n collega-doctoraatsstudenten in het Zebrafishlab bedanken! Ellen, Evelyn 

en Isabelle, ongelooflijk merci om zo goed voor mijn transgene visjes te zorgen en voor al de tips wanneer 

ze weeral maar eens geen eitjes wilden leggen. Het wordt nogal eens vergeten dat zebravissen ook in de 

weekends eten moeten krijgen dus het feit dat jullie zelfs in de weekends in het labo staan heeft me doen 

inzien wat echte toewijding is. Chapeau! 

Dan zijn er nog een paar mensen die me met praktische labozaken uit de nood hebben geholpen:  

Gerda en Alain, bedankt voor de hulp met het pullen van de naalden voor m’n zebravisinjecties.  

Kristof, jou wil ik ook graag bedanken voor de hulp met het maken van de coupes van de zebravissen. 

Dankzij jou weet ik nu hoe je een vriesmicrotoom moet gebruiken en kan ik coupes kleuren. Merci!  

De MDCK cellen, protocols en zelfs antilichamen om het 3D celcultuur experiment mee te doen, heb ik 

gewoonweg gekregen van Mirjam Zegers van het RadboudUMC. Ongelooflijk bedankt om dit zomaar voor 

me te doen!  

Zebravisjes kweken is één ding, maar dan moeten ze nog bekeken worden onder een geschikte 

microscoop. Daarvoor wil ik graag Eva Geuens en Kris Vissenberg bedanken om zo vriendelijk en 

behulpzaam te zijn hun microscopen ter beschikking te stellen. 

Elbert Hubbard schreef ooit: “Never explain – your friends do not need it and your enemies will not believe 

you anyway.” Met deze quote zou ik, vanuit de grond van mijn hart, twee mensen willen bedanken aan wie 

ik inderdaad niet moest uitleggen wat ik doormaakte maar die, doordat we in hetzelfde schuitje zaten, 

perfect wisten wat er door me heen ging: Nathalie en Stijn. Nathalietje en Stino, ongelooflijk bedankt voor 

jullie onvoorwaardelijke vriendschap. Onze gezellige etentjes, op tijd en stond een feestje, onze vakanties 

samen, telkens waren ze een welgekomen afleiding van het werk. Ik hoop dat we dit nog vele, vele jaartjes 

mogen verderzetten! 



Dankwoord 

-185- 

Ook zou ik vanuit de grond van mijn hart mijn bomma en bompa willen bedanken voor de interesse in 

mijn onderzoek. Ookal gaat het soms over complexe materie, steeds vragen jullie hoe het met de visjes 

gaat en luisteren naar wat ik te vertellen heb. Bedankt!  

Natuurlijk kan ik mijn broertjes niet vergeten! Ze zeggen altijd dat je werk en privé gescheiden moet 

houden maar dankzij jullie, wat overigens één van de beste verjaardagskado’s ooit was, heb ik nu thuis 

zebravissen rondzwemmen . Ook jullie bedankt om steeds een luisterend oor klaar te hebben.   

Ik wil van deze gelegenheid ook ineens gebruik maken om mijn geweldige schoonfamilie te bedanken voor 

al hun steun en interesse.  

Er zijn twee mensen wiens zonder hun hulp, ik hier vandaag helemaal niet gestaan zou hebben. Liefste 

mama en papa, ik kan jullie nooit genoeg bedanken voor al wat jullie voor me gedaan hebben. Bedankt om 

me alle kansen te geven en me steeds te blijven steunen, wat ik ook deed en waar ik ook was.  

‘Safe the best for last’ zeggen ze wel eens: mijn allerliefste Tom Roelsje! Wat heb je met mij afgezien! 

Doctoreren is plezant maar brengt ook de nodige frustraties met zich mee, en daar kan jij nu wel van 

meespreken. Al die keren toen ik teleurgesteld en gefrustreerd thuis kwam om dan tegen jou te zagen dat 

die PCR of die transformatie niet lukte of dat die zebravissen weer geen eitjes wilde leggen, jij die dan zo 

begripvol mogelijk luisterde en me probeerde gerust te stellen terwijl je eigenlijk niet goed wist waar PCR 

nu weer voor stond of wat een transformatie was (dankzij m’n broertjes weet je ondertussen wel hoe 

zebravissen er uit zien ). Telkens wist je me weer op te beuren, al was het maar door supertrots te 

zeggen: “DNA staat voor desoxyribonucleïnezuur.” Dit doctoraat wil ik dan eigenlijk ook een beetje 

opdragen aan jou. Jij was er altijd om me dat duwtje in de rug te geven wanneer het niet meer ging, om 

samen te vieren wanneer het juist heel goed ging, om me moed in te spreken om toch voor een paar 

maanden naar de USA te gaan en om me te troosten toen ik daar was en je zo ontzettend miste. Elke kans 

gun je mij en steeds steun je me onvoorwaardelijk. Hoewel we beiden totaal verschillende zaken 

gestudeerd hebben en in een compleet verschillende branche werken, zijn we toch zo gelijkend: we zijn 

ambitieus, willen stiekem toch wel de beste zijn in wat we doen, gaan er volledig voor en zien mekaar 

ontzettend graag. Ik kan me geen betere ‘hubby’ inbeelden. Ik hou van je!  

 

  

 



 

 

 

 


