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1. The extracellular matrix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Unfortunately, no one can be told what the Matrix is. 

You have to see it for yourself. 

- Morpheus, The Matrix. 
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The study of the biology of the extracellular matrix (ECM) is a relatively recent 

branch in biomedical sciences. It comprises a number of subspecialties including 

molecular cell biology, biochemistry, genetics and clinical science of research on 

diseases localized at or affecting the matrix-rich tissues, known as connective tissues.  

Connective tissue, such as bone, cartilage, vessel wall and skin, forms the supportive 

framework of the vertebrate body. It generally consists of few, sparsely distributed cells 

surrounded by fibers and an amorphous ground substance, known as the ECM. The ECM 

forms a complex three-dimensional network composed of a wide variety of 

macromolecules. These are collectively called the matrisome and are generally classified 

as collagens, proteoglycans, glycoproteins and elastin.1 Variations in the relative 

amounts of the different ECM macromolecules as well as in their organization give rise 

to a wide diversity of ECM types, each adapted to the functional requirements of a 

particular tissue. For instance, in the skin, constituents of the ECM are synthesized by 

dermal fibroblasts.2 Cell-matrix interactions in skin play an important role in normal 

homeostasis, aging, tensile strength, wound healing and disease. In the arterial walls, the 

endothelial cells, smooth muscle cells and fibroblasts are responsible for the synthesis of 

the ECM constituents.2 They play a key role in normal homeostasis, flexibility, tensile 

strength, formation and remodeling of blood vessels. 

While previously the ECM was thought to act mainly as a relatively inert scaffold to 

stabilize the physical structure of tissues, it is now clear that it is a dynamic structure 

that interacts with cells, generates signals through feedback loops to control the 

behavior of cells and sequesters a wide range of growth factors.3  

 

Because ECM macromolecules are important in the pathogenesis of connective tissue 

disorders, the properties, function and organization of the main ECM constituents 

relevant to the work presented in this thesis, will be reviewed in detail. 
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1.1.  The ECM macromolecules 

The biological functions of ECM macromolecules are not only determined by their 

molecular properties itself, but also importantly by their supramolecular organization in 

the ECM. Moreover, the large aggregates in the ECM, e.g. fibrils, microfibrils, filaments or 

networks, rarely consist of one specific macromolecule, but are mostly co-polymers of 

different macromolecules. 

 

The ECM macromolecules can be divided into three main classes4,5: 

1. Fibrous proteins, e.g. collagen, elastin, fibrillin, and fibronectin. These proteins 

are important structural proteins providing resistance to mechanical forces. 

2. Proteoglycans, e.g. hyalectans (aggrecan, versican), SLRPs (small leucine rich 

proteoglycans) (decorin, fibromodulin, lumican), and chondroitin sulfate. These 

proteins are covalently linked to glycosaminoglycans (GAG) chains, and provide 

resistance to compressive forces. Hyaluronan (also termed hyaluronic acid) 

represents an unusual GAG since it is synthesized as a huge, unmodified 

polysaccharide, which is not attached to a protein backbone. 

3. Matricellular proteins, e.g. thrombospondins, tenascins, and SPARC (secreted 

protein acidic and rich in cysteine). These proteins do not play a primary 

structural role in the ECM, but rather modulate cell-surface, as well as cell‐matrix 

interactions. 

 

The ECM macromolecules relevant for this work are collagens, and are described in 

more detail below. 
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1.1.1. The collagen superfamily 

Collagens are the most abundant proteins in the animal kingdom. They are 

widespread throughout the body where they provide structural integrity and strength. 

Collagens represent the most prevalent heterogeneous family of ECM proteins and 

display an extraordinary diversity in structure, tissue distribution and function.6 

Hitherto, 28 proteins known as collagens, as well as many other proteins which are 

considered part of the collagen superfamily, are described in vertebrates.7 

Based on their structure and supramolecular organization, they have been grouped 

into fibrillar collagens, fibril-associated collagens with interrupted triple helices 

(FACIT), network-forming collagens, anchoring fibrils, transmembrane collagens, 

basement membrane collagens and others with unique functions.8 The most common 

form of collagen is type I, which is a fibrillar collagen.  

Each collagen structure contains at least one triple helical domain, which is composed 

of three polypeptide chains (called the collagen α-chains). This triple helical domain is 

characterized by a repeating triplet sequence of Gly-Xaa-Yaa where Xaa is frequently 

proline and Yaa is frequently hydroxyproline. Each α-chain is a left-handed helix, and 

the three α-chains are coiled around each other in a right-handed super helical structure 

(Figure 1.1). Three collagen α-chains may assemble either into a heterotrimer, such as 

type I collagen, which consists of two α1(I) chains and one α2(I) chain, or into a 

homotrimer, such as type III collagen, which consists of three α1(III) chains encoded by 

a single gene. 

 

Collagens are important for a broad range of functions, including tissue scaffolding, 

cell adhesion, cell migration, angiogenesis, tissue morphogenesis and tissue repair. Their 

importance is reflected by the long list of human genetic diseases (Table 1.1) associated 

with disturbed production and/or functioning of different collagens, known as 

collagenopathies.9 This work mainly focuses on one of these collagenopathies, namely 

the Ehlers-Danlos syndrome (EDS), which is caused by genetic defects in the primary 

genetic structure, biosynthesis, processing and/or maturation of fibrillar collagens type 

I, III and V. A brief description of the fibrillar collagens is presented in the next 

paragraph. 
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Figure 1.1. Three-dimensional representation of the collagen triple helix conformation. Three left-

handed α-chains (A-B) intertwine into a packed, right-handed triple helical structure (C) with the central 

occurrence of the glycine residues depicted in red (D). (Adapted from 10) 
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Table 1.1. Overview of the collagen superfamily associated with human diseases. (Adapted from 6,11,12) 

TYPE GENE(S) ASSOCIATED HUMAN DISORDER 
Fibrillar collagens 

I COL1A1, COL1A2 
Osteogenesis Imperfecta, arthrochalasia EDS, classical 
EDS (rare), cardiac-valvular EDS (COL1A2), Caffey 
disease (COL1A1) 

II COL2A1 Several chondrodysplasias (e.g. Stickler syndrome) 

III COL3A1 Vascular EDS 

V COL5A1, COL5A2, COL5A3 Classical EDS (COL5A1, COL5A2) 

XI COL11A1, COL11A2, COL11A3a Stickler syndrome 

XXIV COL24A1 / 

XXVII COL27A1 Steel syndrome 

Fibril-associated collagens with interrupted triple helices (FACIT) 

IX COL9A1, COL9A2, COL9A3 
Multiple epiphyseal dysplasia 
Stickler syndrome (COL9A1, COL9A2) 

XII COL12A1 Muscular dystrophy/EDS overlap 

XIV COL14A1 Punctate palmoplantar keratoderma 

XVI COL16A1 / 

XIX COL19A1 / 

XX COL20A1b / 

XXI COL21A1 / 

XXII COL22A1 / 

Network-forming collagens 

IV 
COL4A1, COL4A2, COL4A3, 
COL4A4, COL4A5, COL4A6 

Familial porencephaly, Alport syndrome 

VI 
COL6A1, COL6A2, COL6A3,  
COL6A4c, COL6A5d, COL6A6 

Bethlem myopathy, Ullrich congenital muscular 
dystrophy (COL6A1, COL6A2, COL6A3) 

VII COL7A1 Dystrophic epidermolysis bullosa 

VIII COL8A1, COL8A2 Corneal dystrophy (COL8A2) 

X COL10A1 Metaphyseal chondrodysplasia, Schmid type 

Transmembrane collagens 

XIII COL13A1 / 

XVII COL17A1 Junctional epidermolysis bullosa 

XXIII COL23A1 / 

XXV COL25A1 / 

Multiplexins (Multiple triple helix domains and interruptions) 

XV COL15A1 / 

XVIII COL18A1 Knobloch syndrome 

Other collagens 

XXVI COL26A1 / 

XXVIII COL28A1 / 

          a COL11A3 was shown to be identical to COL2A1.13 

          b COL20A1 is only observed in chicken and is not described in human. 

          c The human COL6A4 gene is disrupted by a pericentric inversion resulting in two non-functional pseudogenes. 

          d COL6A5 was previously designated as COL29A1.14 

         EDS: Ehlers-Danlos syndrome 
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1.1.1.1. The fibrillar collagens 

The fibrillar collagens are present in almost all animals, and account for about 90% of 

the entire collagen amount.8 They represent the components of the well-known striated 

fibrils, which have a characteristic axial periodicity (D-period) observable on 

transmission electron microscopy (tEM) images. This typical D-periodic banded pattern 

of the collagen fibrils arises from the regular staggering of the triple helical molecules in 

which gap and overlap zones can be distinguished (Figure 1.2). 

The prototypic fibrillar collagens consist of an uninterrupted collagenous domain, or 

major triple helix, flanked by two non-collagenous domains, the amino (N) and the 

carboxy (C) propeptides. These flanking propeptides are attached to the triple helix via 

short extrahelical telopeptides, which enable the collagen molecules to assemble into 

fibrils. 

 

Figure 1.2. Schematic overview of the supramolecular structure of the fibrillar collagens. A collagen 

fibril is composed of units of fibrils (A). The fibril has an alternating light/dark staining (B) whereby the 

dark regions represent the gap-zone and the light regions the overlap-zone (C). (Collagen molecules are 

staggered from the N- to C-terminus (D). (Adapted from free medical dictionary) 

  

A 

B 

C 

D 

Gap Overlap 
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Historically, the fibrillar collagen subfamily comprised five members: the more 

abundant, major types I, II and III collagen, and the less abundant, minor types V and XI 

collagen. Additionally, two novel fibrillar collagen members, types XXIV and XXVII 

collagen have been identified. In the ECM of various tissues, different types of fibrillar 

collagens co-assemble within the same fibers. For example, collagen types I and V are co-

assembled in the skin and secondary corneal stroma,15-18 and types I and III in a number 

of tissues including skin, tendon and arterial wall.19 

 

 

1.1.1.2. Biosynthesis of fibrillar collagens 

The biosynthesis of fibrillar collagens has been studied extensively and encompasses 

a complex, multistep process that occurs both intra- and extracellularly and is assisted 

by several enzymes and proteins/chaperones. Figure 1.3 gives a schematic illustration of 

the type I procollagen biosynthesis, which is the best-studied type of collagen.  

As for all proteins, collagen biosynthesis starts with gene transcription in the 

nucleus. The transcriptional regulation is largely dependent on the cell type, but may 

also be controlled by several growth factors and cytokines.8 Moreover, sex hormones, 

such as estrogen and testosterone, have been found to be key mediators in pathways 

influencing collagen content.20  

The fibroblast is one of the major cell types that produce collagens and other ECM 

proteins in connective tissues. In this cell type, the precursors of collagen are processed 

along the rough endoplasmic reticulum (rER)-Golgi-secretory granule pathway in nearly 

the same manner as secretory proteins. After removal of the signal peptide by a signal 

peptidase, the pro-α-chains are subjected to extensive post-translational modification 

prior to triple helix formation.8,21  
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Specific proline and lysine residues are 

hydroxylated by prolyl 3-hydroxylase, 

prolyl 4-hydroxylase, and lysyl 

hydroxylases, respectively. The 

importance of hydroxylation is 

exemplified by the consequences of long-

term dietary deficiency in ascorbic acid 

(vitamin C), an essential cofactor for prolyl 

4-hydroxylase. 21 Furthermore, hydroxy-

lation stabilizes the structure of the 

collagen triple helix, increases its 

denaturation temperature, and represents 

sites for the attachment of 

carbohydrates.22,23 

Glycosylation of the hydroxyl groups of 

hydroxylysine is catalyzed by the enzymes 

hydroxylysyl galactosyl-transferase and galactosylhydroxylysyl glucosyltransferase.24 

Assembly of the three α-chains into trimeric procollagen monomers is preceded by the 

alignment of the C-terminal domains of three α-chains, which initiates the formation of 

the triple helix progressing to the N-terminus. The efficient folding of the individual pro-

α-chains into a trimer depends on the presence of ER resident chaperones, including BiP 

(binding immunoglobulin protein), calreticulin, PDI (protein disulfide isomerase), PPI 

(peptidyl-prolyl cis-trans-isomerase), and Hsp47 (heat shock protein 47). These 

chaperones assist native procollagen secretion in many ways: they prevent nascent 

procollagen chains from forming aggregates within the cell and from being degraded; 

they perform quality control mechanisms under stress conditions and facilitate 

procollagen secretion.  

Procollagen molecules en route from the ER to the Golgi apparatus are found in 

vesicular tubular clusters (VTCs).25 Within the Golgi, procollagen is organized into 

intermediate fibrils via their lateral aggregation. In a next step, the triple helical 

procollagens are packaged within the Golgi compartment into Golgi-to-plasma 

membrane carriers (GPCs) and subsequently released into the ECM. However, the 

plasma membrane of fibroblasts in situ during the early stages of connective tissue 

deposition is highly convoluted. Procollagen processing and collagen fibrillogenesis is 

initiated in GPCs. These carriers and their cargo are targeted to previously unidentified 

plasma membrane protrusions, now designated as fibripositors (fibril depositors) 

(Figure 1.4).21,26  

Did you know that James Lind, a Scottish 

physician, is called the Conqueror of 

Scurvy. He helped reform naval health 

practices providing citrus fruits to cure 

scurvy. Scurvy results from a lack of 

vitamin C, and is characterized by 

inadequate connective tissue renewal.  
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Following secretion into the ECM, the procollagen trimers are processed by removal 

of their N- and C-propeptide. Up till now, three groups of proteinases have been 

implicated in the maturation of fibrillar procollagens: the tolloid proteinases (including 

BMP1), the furin-like proprotein convertases, and the ADAMTSs (a disintegrin and 

metalloprotease with thrombospondin-like motifs). In general, tolloid proteinases are 

involved in C-terminal processing, and ADAMTS-2, -3, and -14 in N-terminal 

processing.27-29 Recently, it was shown that the processing of both N- and C-propeptides 

of types I and III collagen can also be mediated by the metalloproteases meprin α and 

meprin β.30,31 After successful removal of the N- and C-propeptide, the fibrillar collagens 

spontaneously aggregate into ordered fibrillar structures.  

 

 

Figure 1.3. Schematic illustration of type I procollagen biosynthesis. The collagen genes are 

transcribed in the nucleus, followed by translation on ribosomes and cotranslational translocation into 

the lumen of the ER. Unfolded pro-α-chains are subjected to extensive post-translational modification by 

prolyl and lysyl hydroxylases and hydroxylysine glycosylation. The C-propeptide domains of two pro- 

α1(I)- and one pro-α2(I)-chains associate into a trimer and fold with the assistance of general ER 

chaperones, including calnexin, calreticulin, BiP, GRP94 and PDI. The triple helix folding propagates 

towards the N-terminal end, assisted by collagen-specific chaperones such as HSP47 and/or FKBP65. 

After folding, procollagen is cotransported with HSP47 to the cis-Golgi network, where HSP47 dissociates. 

Procollagen is transported through the Golgi stack and secreted toward the ECM. Two models have been 

proposed for procollagen N- and C-propeptide removal, either intracellularly within Golgi-to-plasma 

membrane carriers or extracellularly. This figure is a simplified representation and is not drawn to scale. 

ER: endoplasmic reticulum, GLT: glycosyl transferases. 
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The exact location where cleavage of the N- and C-propeptides takes place is not 

clearly defined and has been highly debated.32 Two models have been proposed which 

mainly differ in the location of propeptide removal.33 The earliest model, referred to as 

the ”Birk model”, describes the cleavage of the N- and C-propeptide extracellularly, while 

the more recent “Kadler model” suggests that the cleavage of procollagen already starts 

intracellularly in GPCs that are targeted to fibripositors (Figure 1.4).21,26 However, it is 

possible that these distinct models represent different stages in fibril deposition.34 

Nevertheless, it is generally assumed that fibrillogenesis occurs close to the plasma 

membrane.35 

 

 

Figure 1.4. The fibripositor secretory 

pathway. (A) Transmission electron microscopy 

of transverse sections through embryonic mouse 

tail tendon shows bundles of extracellular collagen 

fibrils between adjacent cells. One (a), two (b), 

three (c) or more (not shown) membrane-

bounded collagen fibrils are also frequently 

observed within the cytoplasm. Membrane-

bounded collagen fibrils are also observed in 

plasma membrane (PM) extensions called 

fibripositors (d). Bar, 500 nm. (B-D) Schematics 

showing longitudinal representations of collagen 

fibrils in (B) a Golgi-to-PM transport compartment 

(GPC+cf) and within both (C) closed and (D) open 

fibripositors. The topology of membrane-bounded 

collagen fibrils observed in cross-section and the 

PM was determined by serial-section 3D 

reconstruction. Selected potential planes of 

section are represented by dotted lines. (a-c) 

Cross-section through one (a), two (b) and three 

(c) fibrils located within the cytoplasm; (d) cross-

section through a single fibril located within a 

fibripositor. (Adapted from 21) 
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1.1.1.3. Collagen fibrillogenesis and supramolecular assembly 

After processing of the propeptides, the fibrillar collagen molecules assemble into 

striated fibrils.34 Although in vitro studies initially pointed to fibrillogenesis as a self-

assembly process, the situation in vivo turns out to be more complex and requires the 

concerted action of several assisting proteins. It has been proposed that these proteins 

can be categorized into three general classes: organizers, nucleators and regulators.35 

At the plasma membrane, fibronectins and integrins serve as organizers of fibril 

assembly. The interaction of fibronectins with integrins induces a conformational 

change that is a prerequisite for the assembly of fibronectin and allows its binding to 

ECM molecules including collagen. As several studies underscored the importance of 

correct fibronectin-integrin interactions for proper collagen fibril assembly, it is 

tempting to speculate that the engagement of collagen molecules with these organizers 

guides the nucleation of collagen fibrils to the plasma membrane.34,35 

This nucleation event is guided by the so-called nucleators, i.e. types V and XI 

collagen. Collagen fibrils are usually composed of different fibrillar collagen types.36 In 

type V collagen, the N-propeptide domain is only partially processed, and protrudes 

beyond the fibril surface. As such, it controls fibrillogenesis of heterotypic type I/V 

collagen fibrils by sterically hindering the addition of collagen monomers.32 Several 

studies suggest that type III collagen might also control the diameter of type I collagen 

fibrils.37,38 The N-propeptide domain of type III collagen is usually released more slowly 

than the C-propeptide domain, resulting in type III pN-collagen (PIIINP).39,40 PIIINP can 

be found on the surface of collagen fibrils and might control their diameter, much like 

type V collagen, which regulates the fibril diameter of type I collagen fibrils,36 and type 

XI collagen, which controls fibrillogenesis of heterotypic collagen II/XI fibrils.41 

Numerous other proteins have been shown to influence the rate of assembly, size and 

structure of collagen fibrils and are considered as regulators during collagen fibril 

formation.35  

Targeted disruption of genes encoding SLRPs, such as decorin, pointed towards a 

regulatory role of these proteins in collagen fibril formation. Another group of 

molecules involved in the regulation of collagen fibrillogenesis are the FACIT collagens, 

among which types XII and XIV collagen. As their name implies, FACIT collagens are 

capable of binding to the surface of fibrils, where they also regulate early stages of 

fibrillogenesis.34  
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In addition, the glycoprotein tenascin-X was suggested to regulate the spacing 

between fibrils by mediating bridging interactions with fibrillar collagens (types I, III, V), 

FACIT collagens (types XII and XIV), decorin and perhaps other matrix proteins.42-44 

As fibrillogenesis proceeds, fibril growth occurs through linear and lateral fusion of 

intermediate collagen fibrils which are subsequently stabilized by the formation of 

intra- and inter-molecular cross-links, catalyzed by enzymes of the lysyl oxidase (LOX) 

and lysyl oxidase-like (LOXL1-4) family.21 Other proteins, such as SLRPs, can also 

regulate this step. It has been proposed that these molecules can influence collagen 

cross-linking patterns by acting as a co-receptor, thereby promoting LOX-mediated 

cross-linking or by preventing this event by shielding lysine residues.45  

 

 

1.1.1.4. Type I and III collagen in skin and arteries 

Within this work, we will mainly focus on types I and III collagen, both present in skin 

and arterial tissues.19,46 

 

Type I (pro)collagen is the most abundant collagen and is the fibrillar collagen 

prototype. It accounts for more than 90% of the organic mass of bone and is the major 

collagen of tendons, skin, ligaments, cornea and many interstitial connective tissues. The 

predominant isoform of type I collagen is a heterotrimer consisting of two identical 

α1(I)-chains and one α2(I)-chain, encoded by the COL1A1 and COL1A2 genes 

respectively. Mutations in the COL1A1 and COL1A2 genes predominantly lead to 

autosomal dominant osteogenesis imperfecta (OI), a heritable disease mainly 

characterized by a variable degree of bone fragility, with clinical severity ranging from 

nearly asymptomatic to perinatal lethality. Other rare conditions related to very specific 

type I collagen defects include the arthrochalasia type of EDS, Caffey disease, EDS/OI 

overlapping phenotypes and some other EDS phenotypes associated with cardiac-

valvular problems and/or propensity to arterial ruptures.47 
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Type III (pro)collagen has only been studied since 1971, when Miller and colleagues 

postulated the existence of another collagen in skin besides type I collagen.48 Type III 

collagen is a homotrimer consisting of three identical α1(III)-chains, encoded by the 

COL3A1 gene. Genetic defects in the COL3A1 gene lead to the vascular subtype of EDS, 

which may cause sudden death due to rupture of the large arteries and hollow organs. 

The vascular subtype of EDS is described in more detail in chapter 2.  

Type III collagen is the second most abundant collagen and occurs specifically in 

tissues exhibiting elastic properties and is an important component of reticular fibers in 

the interstitial tissue of the skin and vessels, but also lungs, liver, spleen, uterus and 

gastro-intestinal tract. Additionally, a small but significant amount of type III collagen is 

deposited in the articular cartilage of mature joints. Type III collagen is found in 

association with type I collagen in all soft tissues, among which skin and arteries.49 Type 

III collagen can be distinguished from types I and II collagen by its lack of 3-

hydroxyproline (3-Hyp) at any site and the occurrence of cysteine residues (involved in 

disulfide bonds) within the triple helix.50  

The human skin is composed of three primary layers: the epidermis, the dermis and 

the hypodermis (Figure 1.5A). Types I and type III collagen occur in the dermis, which 

consists of two morphologically different layers. Loose, thin collagenous fibers are 

characteristic for the adventitial dermis, while thick, coarse collagen bundles are the 

main feature of the reticular dermis. The human aorta is also composed of three 

primary layers, the adventitia, the media and the intima (Figure 1.5B). The two main 

types of collagen found in the aorta are types I and III, both collagens account for 80-

90% of the total collagen present in the aorta.51-53 Type III collagen localizes heavily to 

the adventitia. However, discrepancies exist between published relative amounts of type 

I and III collagen in aorta, which probably relate to differences in the tissue extraction 

methods used to solubilize the insoluble collagen.54 
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Figure 1.5. Tissue structures. (A) Skin structure with epidermis and dermis layer. (B) Artery structure 

with adventitia, media and intima. (Adapted from free medical dictionary) 
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1.2. Other ECM proteins  

1.2.1. Elastic fibers and microfibrils 

Elastic fibers are, in addition to fibrillar collagens, of particular interest for this 

thesis because they are important constituents of elastic tissues, including the skin and 

arteries. They consist of a hydrophobic elastin core, of which the main component is 

tropoelastin, and a microfibrillar surface.55 Elastic fibers provide elastic stretch and 

recoil to the tissues without inducing damage. As such, elastic fibers serve at least three 

critical functions.56 Firstly, they are major structural elements that are responsible for 

endowing the properties of elastic recoil and resilience on dynamic connective tissues. 

Secondly, molecules (e.g. latent TGFβ binding proteins (LTBPs)) associated with fibrillin 

microfibrils and elastic fibers regulate the activity and availability of the transforming 

growth factor beta (TGFβ) family of growth factors in elastic tissues. Thirdly, elastic-

fiber-associated molecules also directly mediate cell attachment, and thereby regulate 

migration, survival and differentiation.57  

Microfibrils are widely distributed filamentous, extracellular multimolecule 

structures, of which the main component is fibrillin.58 Their architecture is tissue 

specific, where they endow mechanical stability and structural integrity. In elastic 

tissues, microfibrils provide a scaffold for tropoelastin deposition resulting in the 

formation of elastic fibers. Defects in microfibril and elastic fiber constituents are 

implicated in a spectrum of human diseases such as, among others, cutis laxa (elastin, 

fibulin-4, fibulin-5), Marfan syndrome (fibrillin-1) and congenital contractural 

arachnodactyly (fibrillin-2).59 
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1.2.2. Proteoglycans and glycoproteins 

Together with collagens, proteoglycans (PGs) represent major structural 

components of the ECM.60 PGs comprise a heterogeneous group of macromolecules that 

contain a variable number of glycosaminoglycan (GAG) side chains attached to a core 

protein.61 GAG chains exhibit a considerable structural diversity resulting from a 

complex biosynthetic pathway. The functions of proteoglycans are versatile and can be 

mediated by the core proteins as well as their GAGs.62 The major biological function of 

proteoglycans derives from the physicochemical characteristics of the GAG component 

of the molecule, which provides hydration and swelling pressure to the tissues enabling 

it to withstand compression forces. The importance of the correct synthesis of GAGs is 

exemplified by the identification of mutations in genes encoding key enzymes of this 

biosynthetic pathway, leading to severe multisystemic disorders in humans. For 

example, loss-of-function mutations in B4GALT7 (galactosyltransferase I) have been 

identified in a very rare subtype of EDS,63 currently referred to as spondylodysplastic 

EDS.64 

Glycoproteins are proteins that contain covalently attached sugar residues, called 

glycans. Two well-known types of glycoproteins are recognized based on their structure 

and the mechanism of synthesis: N-linked, and O-linked glycoproteins. The addition of 

glycans is often required for a glycoprotein to function properly and reach its ultimate 

destination in the cell or organism. Glycoproteins are found inside the cells, and within 

cell membranes where they function as membrane proteins, as well as in extracellular 

fluids and the ECM.65 Glycans play an important role in many biological processes, such 

as e.g. molecular recognition, inter- and intracellular signaling, immune defense, 

inflammation and cell adhesion.65 Besides collagens, other ECM glycoproteins include 

fibronectin, the tenascin family, the laminin family and thrombospondins. 
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2. Heritable connective tissue 

disorders 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

People have scars. In all sorts of unexpected places. 

Like secret road maps of their personal histories. 

- Meredith, Grey’s Anatomy. 
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The diversity and functional importance of the ECM is illustrated by the occurrence of 

numerous heritable connective tissue disorders (HCTD). Mutations in the structural 

components of the ECM and in the enzymes involved in their post-translational 

processing and folding cause conditions such as e.g. osteogenesis imperfecta (OI), 

numerous chondrodysplasias, Ehlers-Danlos syndrome and Marfan syndrome. 

Although these conditions are individually rare, collectively they are a source of 

significant morbidity and mortality. Furthermore, studies on these conditions have been 

of great importance in understanding fundamental aspects of ECM assembly and 

function. 

 

 

2.1. The Ehlers-Danlos syndrome 

The Ehlers-Danlos syndrome (EDS) comprises a heterogeneous group of inherited 

disorders, of which the main clinical characteristics are skin hyperextensibility and 

fragility, delayed wound healing with atrophic scarring, easy bruising, joint 

hypermobility, and generalized connective tissue fragility, which can result in a variety 

of complications such as umbilical and inguinal hernia, internal organ prolapse, arterial 

rupture.  

People with lax joints and multiple scars were first described in the medical writings 

of Hippocrates, dating back to 400 BC. The first association of joint hypermobility to skin 

hyperextensibility was published in 1892 by a Russian dermatologist, Dr. 

Chernogubov.66 The syndrome derives its name from additional clinical case reports 

presented by two physicians: Edvard Ehlers, a Danish dermatologist, in 1901, and Henri-

Alexandre Danlos, a French physician with expertise in chemistry of skin disorders, in 

1908 (Figure 2.1). Both physicians combined the pertinent features of the syndrome and 

accurately delineated the phenotypic features of this group of inherited disorders. The 

name, Ehlers-Danlos syndrome, was coined 

in 1936. 

 

Figure 2.1. Portraits of Edvard Ehlers (left) and 

Henri-Alexandre Danlos (right). Their contribution 

to the clinical description resulted in the eponym 

”Ehlers-Danlos Syndrome”. (Adapted from 67)  
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Some patients with EDS can demonstrate amazing, almost unnatural, contortions, 

often arousing the curiosity of onlookers. The famous Italian violinist, Paganini (1782-

1840), capable of miraculous feats in his playing owing to his hypermobile and loose 

joints, had phenotypic traits of EDS. In the late 19th century, historians described 

performers with EDS who displayed their hyperextensible maneuvers publically in 

circuses and travelling shows. Some achieved celebrity status, acquiring titles such as 

"India Rubber Man," "The Elastic Lady," and "The Human Pretzel" (Figure 2.2). 

 

Figure 2.2. Circus performers who suffered from the Ehlers-Danlos syndrome. The India Rubber 

Man (A), the Elastic Lady (B), the Human Pretzel (C). (Adapted from 68-70 respectively) 
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The prevalence of EDS is estimated around 1/5,000 

births, and both males and females of all racial and ethnic 

groups can be affected.67 The spectrum of severity ranges 

from very mild to extremely disabling or lethal disease 

manifestations. Classification of EDS started in the late 

1960s and in 1986 an international nosology for HCTD 

was proposed at a meeting in Berlin. This so-called Berlin 

nosology documented ten EDS subtypes, each assigned a 

Roman numeral, taking into account the clinical 

manifestations and mode of inheritance.  

A decade later, developments in the elucidation of the 

biochemical and molecular bases of EDS and the growing 

clinical experience, gave rise to the refined and simplified 

Villefranche classification (1997), which redefined EDS 

into six named types.71 For each subtype, major and 

minor clinical diagnostic criteria were defined. The most 

common types are the classical (types I and II), 

hypermobile (type III) and vascular (type IV) types, while 

the kyphoscoliosis (type VI), arthrochalasis (types VII A 

and B) and dermatosparaxis (type VII C) types are very 

rare entities.  

Over the past years, the pathogenic spectrum of EDS 

has expanded, as new forms of EDS had been detected 

that could not be classified unambiguously into one of the 

six recognized subtypes. With the advent of next-

generation sequencing (NGS) facilities, mutations have 

been identified in an array of new genes, that are not 

always, at first sight, involved in collagen biosynthesis 

and/or structure. As such, this has led to a refinement of 

the Villefranche classification: a task that was recently 

accomplished by an international panel of experts, and 

has been published in March 2017.64 The revised 2017 

international classification of EDS is presented in Table 2.1. 

 

Did you know that members of 

the Ehlers-Danlos community 

identify themselves as zebras 

(http://ehlers-danlos.com). 

Initially this was because of the 

phrase that is taught to medical 

students throughout their 

training – “When you hear the 

sound of hooves, think horses, 

not zebras”. Literally speaking it 

means assume the common 

disease instead of the rare. EDS 

is commonly misdiagnosed, 

mistaken or simply ignored, 

much like the zebras, so it 

became their satirical mascot. 

There is not one type of zebra 

with the same stripes; but when 

you see a zebra, you know it’s a 

zebra. 
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Table 2.1. The updated international classification of EDS. MI: mode of inheritance, AD: autosomal 

dominant, AR: autosomal recessive, GJH: generalized joint hypermobility. (Adapted from 64) 
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Table 2.1. Continued. 
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As this work is mainly focused on the vascular type of EDS, this subtype will be 

described more in detail in following paragraphs. 

 

 

2.1.1. Vascular EDS 

2.1.1.1. Clinical diagnosis 

The vascular type of Ehlers-Danlos syndrome (vEDS) is an uncommon, autosomal 

dominant HCTD. The frequency is estimated as 1/50,000-1/200,000 births. The 

diagnosis of vEDS is established by clinical examination and family history. The updated 

EDS classification designed major and minor diagnostic criteria, which establish the 

diagnosis of vEDS according to the following guidelines 64,71:  

 

 The presence of one or more major criteria is either necessary for clinical 

diagnosis or highly indicative and warrants laboratory confirmation. 

 A minor criterion is a sign of lesser diagnostic specificity. The presence of one or 

more minor criteria contributes to the diagnosis of a specific type of EDS. 

 In the absence of major criteria, minor criteria are not sufficient to establish the 

diagnosis. 

 The presence of minor criteria might be suggestive of the diagnosis of EDS-like 

condition(s). 

 

 

An overview of the major and minor diagnostic criteria for vEDS is listed in the 

following table 2.2. 
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Table 2.2. Major and minor diagnostic criteria for vEDS. (Adapted from 64) 

MAJOR CRITERIA  MINOR CRITERIA 

Family history of vEDS with documented 

causative variant in COL3A1 
 

Bruising unrelated to identified trauma 

and/or in unusual sites 

Arterial rupture at a young age  
Thin, translucent skin with increased 

venous visibility 

Spontaneous sigmoid colon perforation in 

the absence of known diverticular disease 

or other bowel pathology 

 Characteristic facial appearance 

 Spontaneous pneumothorax 

Uterine rupture during the third trimester 

in the absence of previous C-section and/or 

severe peripartum perineum tears 

 Acrogeria 

 Talipes equinovarus 

Carotid-cavernous sinus fistula (CCSF) 

formation in the absence of trauma 
 Congenital hip dislocation 

  Hypermobility of small joints 

  Tendon and muscle rupture 

  Keratoconus 

  Gingival recession and gingival fragility 

  Early onset varicose veins 

 

 

i. Skin symptoms 

Unlike other EDS types, the skin of vEDS patients is not hyperextensible, but rather 

thin and translucent, showing a visible venous pattern over the chest, abdomen and 

extremities (Figure 2.3A). Excessive wrinkling and thinness of the skin over hands and 

feet may produce an old-looking appearance, referred to as “acrogeria”. 

Extensive bruising is the most common sign and is often the presenting complaint, 

especially in children, which may be misdiagnosed as child abuse or self-inflicted injury 

(Figure 2.3B).  Ecchymoses and hematomas, which can cause a characteristic brownish 

discoloration of the skin, are frequently observed. However, easy bruising is, to a 

variable degree, a common complaint in all subtypes of EDS, which makes clinical 

diagnosis difficult. 
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ii. Facial dysmorphy 

Patients with vEDS often display a characteristic facial appearance, with prominent 

eyes (due to lack of subcutaneous adipose tissue around the eyes), a thin, pinched nose 

and small lips, hollow cheeks and lobeless ears (Figure 2.3C). 

 

Figure 2.3. Clinical features of vEDS. Patients often present with thin, translucent skin (A), extensive 

bruising (B), and a have characteristic facial appearance (C). (Adapted from 72-74 respectively) 

 

  



 

INTRODUCTION   30 

iii. Complications 

The generalized vascular fragility largely dominates the clinical picture. 

Complications are rare in childhood; 25% will have a first complication by the age of 20 

years, and more than 80% will have had at least one complication by the age of 40. The 

calculated median survival for vascular EDS patients is 48 years, of which most deaths 

result from arterial rupture.75,76 

 

Mortality due to digestive perforations in patients suffering from vascular EDS is 

relatively low, estimated at 2%.75 Most digestive complications occur in the sigmoid 

colon but the small intestine can occasionally be affected.77 Spontaneous ruptures of the 

spleen and the liver have also been described.78 

 

Pregnancy can increase the likelihood of a uterine or vascular rupture in women 

suffering from vEDS.79 Maternal mortality is approximately 12%.75,80,81 The highest risk 

is during labour, delivery and in the immediate post-partum period. Uterine 

haemorrhages occur frequently during the post-partum period and are sometimes only 

treatable by hysterectomy. 

 

Arterial ruptures in vEDS patients often occur without preceding vascular dilatation 

or aneurysm formation.82 The exact nature of the vascular lesions is disputed in the 

literature, as most of these correspond to arterial dissections or tears caused by the 

deterioration of congenitally thin and fragile tissue, leading to hematomas, false 

aneurysms or intracavitary bleeding. Arterial ruptures or dissections are responsible for 

the majority of deaths as they are unpredictable.83 All anatomical areas can be affected, 

with a tendency toward arteries of large and medium caliber,84 of which the proximal 

branches of the aortic arch, the descending thoracic and the abdominal aorta, the renal, 

mesenteric, iliac and femoral arteries and the carotids have been widely documented 

and are a typical complication in vEDS patients (Figure 2.4).85-91 
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Figure 2.4. Distribution of 

132 vascular compli-

cations in 24 patients 

with a clinical diagnosis 

of vEDS. SMA: superior 

mesenteric artery, IMA: 

inferior mesenteric artery, 

SFA: superficial femoral 

artery. (Adapted from 92) 

 

 

 

 

 

 

 

 

 

 

 

2.1.1.2. Management and treatment 

Management for patients with vEDS is difficult and mainly includes preventive and 

symptomatic measures. To date, there is no consensus on the best practice for medical 

surveillance, and medical or surgical intervention. Patients are encouraged to avoid 

intense physical activity, such as collision sports and isometric activities, and consider 

physical therapy to retain tone and strengthen muscles around the joints, rather than 

building mass. Given the rarity of the disorder, each vEDS patient should carry a ‘vEDS 

passport/Emergency Care Card’ and set up a care team, which includes a primary care 

practitioner, a vascular surgeon, and a general surgeon. This team exists to care for the 

affected patient in the case of major complications, such as bowel rupture, arterial 

dissection or rupture. Surveillance may include arterial screening by doppler 

ultrasound examination, magnetic resonance (MR) angiogram or computed tomography 

(CT) angiogram, preferably on an annual basis.93  
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The major target of medical intervention is the maintenance of blood pressure in 

the normal or low normal range to minimize the likelihood of arterial dissection or 

rupture. Hitherto, the only evidence-based treatment strategy is the administration of 

celiprolol, a cardioselective β-blocker with β2 agonist vasodilatory properties. 

Celiprolol is reported to reduce heart rate and pulsatile pressures in essential 

hypertension and could therefore decrease the continuous and pulsatile mechanical 

stress on collagen fibers within the arterial wall.94,95 Of note, stimulation of β2-

adrenergic receptors is associated with activation of TGFβ,96 which in turn is associated 

with collagen synthesis.97 Upregulation of collagen synthesis, in response to celiprolol, 

might strengthen the arterial wall and reduce its susceptibility to rupture, which is a 

beneficial effect for patients with vEDS, but not for e.g. Marfan patients who suffer from 

arterial stiffness. 

Surgical management of vEDS patients is a formidable challenge. The best setting 

for vascular surgery is a planned repair, whereas an open intervention should be 

avoided as much as possible because of the inherent vessel fragility. Some vascular 

events can be treated effectively with embolization,98,99 while covered stents might exert 

a pressure that arteries cannot withstand over the long run. Bowel rupture almost 

always requires surgical intervention, but rarely leads to death. 

In order to optimize early diagnosis, surveillance and management of this rare 

disorder, one should establish educational programs to increase awareness and help 

clinicians familiarize with this disorder, and centers of excellence to increase the 

expertise of health care providers (e.g. surgeons, cardiologists, geneticists, and 

psychologists), who can provide expert periodic evaluation. Furthermore, it is important 

to collect all sequence data from testing laboratories, and to facilitate contact with all 

vEDS patients and their families, by e.g. web-based registries, for both clinical 

information and involvement in clinical trials. 
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2.1.1.3. Differential diagnosis 

Historically, arterial aneurysm and dissection have been synonymous with vEDS. 

Vascular complications, including arterial aneurysms and dissections, subcutaneous 

hematomas, gum bleeding, prolonged perioperative and menstrual bleeding have also 

been described in other, “non-vascular” subtypes of EDS.100,101 Most of these reports are 

anecdotal, and the prevalence of such complications in the different EDS subtypes is not 

well documented. In view of the vast clinical and genetic heterogeneity of EDS, it may 

therefore be difficult for clinicians to predict for a specific EDS patient, whether bleeding 

complications should be taken into account, and how patients should be followed.  

Other forms of EDS or other HCTD should be considered in individuals with easy 

bruising, joint hypermobility, and/or chronic joint dislocation who have normal collagen 

III biochemical studies or molecular analysis of COL3A1. Disorders to consider in the 

differential diagnosis of vEDS are listed in table 2.3. 

 

Table 2.3. Disorders to consider in the differential diagnosis of vEDS. (Adapted from 102) 

DISORDER 
OVERLAPPING 

CLINICAL FEATURES 

DISTINGUISHING 

CLINICAL FEATURES 

Classical EDS 

(COL5A1/A2,  

COL1A1) 

 Typically not associated with 

blood vessel, bowel, or organ 

rupture; however, mutation of 

COL1A1 has been reported in 

individuals with classic EDS and 

aneurysm and dissection of large 

vessels. 

 Soft, doughy, stretchy skin 

 Abnormal scars 

 Significant large-joint 

hypermobility 

Kyphoscoliotic EDS 

(PLOD1) 

 Vascular rupture may be a 

feature 

 Progressive scoliosis 

 Hypotonia 

 Easy bruising and tissue fragility 

 Fragility of the globe 

Periodontal EDS 

(C1R/S) 

 Bruising and skin staining, 

particularly shins 

 Rare 

 Features of the classic type with 

the additional findings of early 

periodontal friability 

Classical-like EDS 

(TNXB) 

 Easy bruisable skin 

 Absence of atrophic scarring 

 Acrogeria 

 Generalized joint hypermobility 

 Axonal polyneuropathy 
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Table 2.3. Continued 

DISORDER 
OVERLAPPING 

CLINICAL FEATURES 

DISTINGUISHING 

CLINICAL FEATURES 

Isolated arterial 

aneurysm 

 Single arterial aneurysm or 

dissection 

 Usually not the result of a type 

III collagen defect 

Loeys-Dietz syndrome 

(TGFBR1, TGFBR2, 

SMAD3, TGFB2) 

 Vascular findings 

 Aggressive arterial aneurysms 

and high incidence of pregnancy-

related complications 

 Skeletal manifestations 

 ~75% of affected individuals 

have craniofacial manifestations 

 ~25% of affected individuals 

have systemic manifestations 

but minimal or absent 

craniofacial features 

Polycystic 

kidney 

disease, AD 

(ADPKD) 

(PKD1/PKD2) 

 ADPKD should be considered in 

individuals with intracranial 

aneurysm 

 Vascular abnormalities include 

intracranial aneurysms, aortic 

root dilatation, and thoracic 

aorta dissection; mitral valve 

prolapse 

 Generally late-onset 

 Bilateral renal cysts and cysts in 

other organs 

 Abdominal wall hernias 

 Renal manifestations including 

hypertension, renal pain, and 

renal insufficiency 

Marfan syndrome 

(FBN1) 

 Marfan syndrome should be 

considered if the presenting 

vascular complication is an 

aortic aneurysm or dissection 

 vEDS and Marfan syndrome can 

be distinguished relatively easily 

on physical examination 

 Individuals with Marfan typically 

have dolichostenomelia and 

arachnodactyly, lens dislocation, 

and dilatation or aneurysm of 

only the aorta 

Gastrointestinal 

entities 

 Gastrointestinal entities to be 

considered in individuals of any 

age with large or small bowel 

rupture are perforated 

diverticulitis, irritable bowel 

disease, or inflamed Meckel's 

diverticulum. 

 Isolated gastrointestinal 

bleeding, as seen in 

pseudoxanthoma elasticum and 

hereditary hemorrhagic 

telangiectasia, is not part of the 

usual presentation of vEDS. 
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2.1.1.4. Molecular genetics 

Heterozygous pathogenic variants in the type III procollagen encoding gene, 

COL3A1, are the underlying genetic defect in vEDS.103 In very rare instances, biallelic 

pathogenic variants in COL3A1 have been identified.104 The distribution of type III 

collagen, primarily in skin and the walls of arteries and hollow organs, explains the 

clinical findings. The type III procollagen molecule is a polymer of three identical 

peptides, and when one of the two alleles that encode the monomers is mutant, only 1/8 

of the resulting polymers will be normal;105 this form of molecular pathogenesis is 

termed dominant negative (Figure 2.5). 

 

Rare exceptions are specific heterozygous arginine-to-cysteine substitutions in the 

COL1A1 gene, encoding type I procollagen, (c.934C>T, p.(Arg312Cys); c.1720C>T, 

p.(Arg574Cys) and c.3277C>T, p.(Arg1093Cys)) that are also associated with vascular 

fragility, mimicking COL3A1-vEDS.106  

 

 

Figure 2.5. The molecular pathogenesis of vEDS. Patients who are heterozygous for mutations in 

COL3A1 that do not cause premature chain termination produce about equal amounts of normal and 

abnormal type III procollagen polypeptides. These interact to form the homotripolymer type III 

procollagen protein. However, only 1⁄8 of the proteins will contain three normal polypeptides, whereas 

the other 7⁄8 will contain at least one mutant polypeptide and will function abnormally. (Adapted from 

107) 
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B A 
 Pm      Pc       Cm      Cc 

Molecular testing involves: (1) Single-gene testing, DNA sequence analysis of COL3A1, 

which detects >95% of pathogenic variants, followed by gene-

targeted  deletion/duplication analysis if no pathogenic variant is found, or collagen 

screening and cDNA amplification. (2) A multi-gene panel that includes COL3A1 and 

other genes of interest may also be considered. (3) More comprehensive genomic 

testing including whole-exome sequencing (WES) or whole-genome sequencing 

(WGS) may be considered if single and/or multi-gene testing fails to confirm a diagnosis 

in an individual with features of vEDS. (4) Biochemical analysis of collagens produced 

by cultured fibroblasts from affected individuals to demonstrate abnormalities of type 

III procollagen production and processing, intracellular retention, reduced secretion, 

and/or altered mobility in cells from some individuals in whom no pathogenic variant 

was detected by genomic sequencing (Figure 2.6A).102  

 

Ultrastructural analysis can sometimes reveal images of dilation of the ER of skin 

fibroblasts, irregularities in the diameter of collagen fibrils (Figure 2.6B) and an 

unidentified fibrino-granular substance within the ECM. Given the high number of false 

negatives, the absence of these images should not exclude the diagnosis of vEDS. 

 

Figure 2.6. The biochemical and ultrastructural analysis of collagen. (A) SDS-PAGE analysis of 

pepsinized collagen secreted in culture medium (m) and intracellular retained (c) in a vEDS patient (P) 

and a control (C). (B) Ultrastructural features of the reticular dermis with transverse aspects of the 

collagen fibers in a vEDS patient. (Adapted from 80,108, respectively)  

https://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/gene/
https://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/genome/
https://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/gene/
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2.1.1.5. Genotype to phenotype correlation 

Hitherto, over 600 unique pathogenic variants in the COL3A1 gene have been 

identified by molecular testing, but no delineated variant hotspots were identified 

yet.75,109-112 The majority of variants are single amino-acid substitutions for glycine in 

the Gly-Xaa-Yaa repeat of the triple helical region of the type III procollagen molecule 

(Figure 2.7). Missense variants located at the extreme C-terminal end of the molecule 

usually cause the so-called acrogeric form of EDS, associated with severe vascular 

problems and early death. This relationship is however not absolute and severe clinical 

phenotypes have been reported with more N-terminal located variants as well.100  

About 1/4 of the known variants occur at splice sites, and most result in exon 

skipping. A smaller number of splice site variants lead to the use of cryptic splice sites 

with partial-exon exclusion or intron inclusion. Several partial-gene deletions have 

been reported as well. 

Less common, approximately 5%, are variants that create new termination codons 

and result in COL3A1 haploinsufficiency ("null" pathogenic variants).111 The 

consequence is synthesis of about one half the amount of normal type III procollagen. Of 

note, COL3A1 null variants do not usually lead to a detectable qualitative type III 

collagen defect. Patients with a heterozygous COL3A1 null allele may present a milder 

phenotype, with an extended life span, delay in age of first complication and 

complications that appear to be limited to vascular events.112 In addition, subgroups of 

patients have been identified bearing non-glycine missense and/or genetic variations at 

the C- and N-termini of type III procollagens, which are characterized by a later-onset 

and a milder phenotype. These findings may affect diagnostic strategy, genetic 

counselling and clinical follow-up of patients with vEDS.113  

About 50% of affected individuals have inherited the COL3A1 pathogenic variant from 

an affected parent, and about 50% of affected individuals have a de novo pathogenic 

variant. Parental mosaicism for COL3A1 mutations has been documented in vEDS and 

may explain unexpected recurrences in families where a “new” dominant mutation was 

identified 114.   
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Figure 2.7. COL3A1 gene variants detected in vEDS patients at the Center for Medical Genetics. 

Boxes represent exons of the COL3A1 gene with color code representing protein domains (yellow: N- and 

C-terminal domains, green: transition domains, blue: collagen helical domain). Glycine substitutions are 

presented on the left in a shortened, nonofficial nomenclature. Substitutions for other amino acids, splice-

site variants and insertions/deletions are shown on the right. (Adapted from 113) 
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3. Animal models for vascular 

EDS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Meet Fievel Mousekewitz. 

In his search to find his family, he discovered America. 

- An American Tail. 
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 Geneticists and scientists do not always use humans or humal samples for their 

experimental investigations because it is not always possible, or ethical. Instead, they 

use various animal, fungal, bacterial, and plant species as model organisms for their 

studies (Table 3.1). 

 Table 3.1. Models used to study genetic principles and human diseases. (Adapted from 115) 

 

Rodents are the most common type of mammal employed in experimental studies. 

The majority of genetic studies, especially those involving disease, have employed mice, 

not only because their genomes are so similar to that of humans, but also because of 

their availability, ease of handling, high reproductive rates, and relatively low cost of 

use. 

MODEL ORGANISM COMMON NAME RESEARCH APPLICATION 

Saccharomyces cerevisiae Yeast Used for biological studies of cell processes (e.g. 

mitosis) and diseases (e.g. cancer) 

Pisum sativum Pea plant Used by Gregor Mendel to describe patterns of 

inheritance 

Drosophila melanogaster Fruit fly Employed in a wide variety of studies ranging from 

early gene mapping, via linkage and recombination 

studies, to large scale mutant screens to identify 

genes related to specific biological functions 

Caenorhabditis elegans Roundworm 

(nematode) 

Valuable for studying the development of simple 

nervous systems and the aging process 

Xenopus  laevis 

Xenopus tropicalis 

Frog Valuable to study vertebrate embryology and 

development, basic cell and molecular biology, 

genomics, neurobiology and toxicology and human 

disease 

Danio rerio Zebra fish Used for mapping and identifying genes involved 

in organ development, as well as to study human 

disease 

Mus musculus House mouse Commonly used to study genetic principles and 

human disease 

Rattus norvegicus Brown rat Commonly used to study genetic principles and 

human disease 

http://www.nature.com/scitable/topicpage/Thomas-Hunt-Morgan-and-Sex-Linkage-452
http://www.nature.com/scitable/topicpage/Genetic-Control-of-Aging-and-Life-Span-847
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The development and characterization of increasingly complex mouse models have 

had profound effects on discoveries pertinent to gene function in mammalian systems. 

As we move forward, the expectation is that these insights will have increasing 

translational benefits for human patients. The robust understanding of mouse genetics, 

immunology, biochemistry, and physiology, and gene transfer technologies have now 

catapulted these rodent models to the forefront of preclinical studies, including the 

definition/validation of cellular and molecular mechanisms of disease, the creation of 

novel therapies, and the refinement of existing therapeutic modalities (Figure 3.1).116 

 

Figure 3.1. The utility of genetically modified mice in biomedical research. (Adapted from 116) 
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3.1. Preclinical vascular EDS mouse models 

Currently, two mouse models have been described for vEDS. The first model is a 

homozygous Col3a1 knockout mouse model (Col3a1tm1Jae) where a targeted mutation 

replaces the promoter and first exon of the murine Col3a1 gene with a PGKneo cassette 

(Figure 3.2), resulting in a total absence of collagen III product from the mutated 

allele.38,117 Homozygous Col3a1-/- mutant mice display an average survival rate of 5% at 

weaning age. The major cause of death is fragility and rupture of the major blood vessels 

after birth. About 60% of the surviving homozygous Col3a1-/- mutant mice display skin 

lesions arising in the shoulder area (Figure 3.3). Microscopic analysis of skin did not 

detect any overt abnormalities, whereas ultrastructural analysis demonstrated 

disorganization and severe diameter variability in the surviving homozygous Col3a1-/- 

mutant mice. Heterozygous Col3a1+/- mice display only non-life-threatening subclinical 

histological changes of the vascular wall but no arterial rupture.38,117  

 

Figure 3.2. Schematic diagram of the strategy used to target the Col3a1 gene. (Top) Restriction map 

of the Col3a1 gene genomic DNA fragment which covers the promoter, the first two exons, and the first 

intron of the Col3a1 gene. (Middle) The 18-kb replacement-type targeting vector carrying a neo gene 

driven by a phosphoglycerate kinase promoter, which replaced the XbaI and KpnI DNA fragment of the 

Col3a1 gene. (Bottom) The targeted allele in which the promoter region and the first exon that codes for 

the signal peptide of type III procollagen were deleted by homologous recombination; the genomic probe 

external to the 59 homologous arm is indicated, which hybridizes to a 5.5-kb and a 7-kb DNA fragment 

from mutant and wild-type alleles, respectively. 
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Figure 3.3. A type III collagen-deficient mouse with a skin wound on its left shoulder. (Adapted from 38) 

 

 

 
 
 

 
 
 
 
 
 
 
 
 
 

The second model is a haploinsufficient Col3a1 mouse model, which arose 

serendipitously during an unrelated gene-targeting study.118 Molecular genetic analysis 

demonstrated that the causal mutation is a spontaneous 185kb deletion, including the 

promoter region and exons 1–39 of the murine Col3a1 gene, which consists of 51 exons 

(Figure 3.4).119 No mice homozygous for the deletion (Col3a1∆1-39/Col3a1∆1-39) were ever 

identified, whereas the heterozygous +/Col3a1∆1-39 mice display sudden death from 

dissection of the thoracic aorta at an early age (median, 6 weeks), with a penetrance of 

28%. 

 

Figure 3.4. Schematic representation of the proximal end of mouse chromosome 1. A 185kb deletion 

spanning the putative regulatory region and exons 1–39 of the Col3a1 gene. (Adapted from 119) 
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Interestingly, a sex ratio bias is observed in the haploinsufficient Col3a1 mouse 

model, with male mice dying twice as likely as females (2:1, male:female) (Figure 3.5). 

No other features or structural abnormalities are detected in any of the organs of older 

animals. 

 

Figure 3.5. Affected animals die prematurely, with evidence of a sex ratio bias. A comparison of age 

at death due to aortic dissection reveals 77% of deaths occur between 4 and 10 weeks of age. (Adapted 

from 119) 
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The predominant type of defect in human vEDS is 

a glycine substitution that affects the structure of 

the type III procollagen protein. Both mouse models 

are homozygous or heterozygous nulls, which 

represents only 5% or less of all known instances of 

vEDS. These mouse models are difficult to exploit 

because heterozygous mice are not subjected to 

death from arterial rupture, whereas homozygotes 

have an average survival rate of 5% at weaning age 

with most dying within 48h of birth. There is a need 

for usable vEDS animal models to further clarify the 

mechanisms underlying aortic rupture and 

determining the factors that contribute to the 

phenotype. Animal models with missense and 

splicing mutations are currently under investigation. 

 

 

 

 

  

Did you know that the black 6 

mouse (C57BL/6) was developed 

by Clarence Cook Little (1881-

1971) around 1920. Today, it is the 

most widely used inbred strain and 

the second mammalian species -

after the human- to have its DNA 

sequenced. 

Black 6 mice have many unusual 

characteristics that make it useful 

for some work: they are unusually 

sensitive to pain and to cold, they 

are more susceptible to morphine 

addiction, atherosclerosis and age-

related hearing loss, and unlike 

most mouse strains, they drink 

alcoholic beverages voluntarily. 
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The Ehlers–Danlos syndromes (EDS) comprise a heterogeneous group of diseases, 

characterized by fragility of the soft connective tissues. The clinical spectrum of severity 

ranges from very mild skin and joint hyperlaxity to life-threatening vascular 

complications. Vascular complications are observed in the majority of the EDS subtypes, 

but our understanding of its pathogenesis is incomplete. Reports on vascular 

complications in EDS subtypes are anecdotal and information is dispersed, except for 

the vascular subtype (vEDS). Of all EDS subtypes, vEDS has the worst prognosis because 

of a propensity to rupture arteries, bowel, or uterus at a young age, and effective medical 

treatment is limited. Pre-clinical investigation of vEDS has been hampered by the lack of 

suitable animal models to study the mechanisms underlying vascular rupture and 

determine the factors that contribute to the phenotype. 

The general goal of this doctoral thesis is to gain insight in the vascular phenotypes 

within the EDS-spectrum, and the underlying pathogenic mechanisms. In particular, we 

aim to explore the role of abnormal type III collagen in the pathogenesis of vEDS and 

collagen fibrillogenesis.  

 

Objective 1 

A.  Generating and characterizing a Col3a1 transgenic mouse model 

to unravel the role of (abnormal) type III collagen in vEDS and 

collagen fibrillogenesis 

In the first part of this doctoral thesis, we aimed to develop a mouse model, which 

enables us to study the development and progression of vEDS. In manuscript ①, we 

describe a transgenic mouse model overexpressing a Col3a1 transgene, which harbors a 

typical glycine substitution that was previously identified in several independent human 

vEDS patients with a severe phenotype. Extensive phenotypic characterization of this 

novel Col3a1 transgenic mouse model is crucial in order to determine whether or not it 

can serve as a model for vEDS. Both the skin and the aorta were scrutinized in detail 

using biomechanical, histological, electron microscopic, and biochemical techniques. 
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In the second part of manuscript ①, we aimed to further elucidate the role of 

abnormal type III collagen in collagen fibrillogenesis. Collagen fibrillogenesis is 

orchestrated by a wide range of ECM macromolecules, such as SLRPs, but also by 

interactions between different collagen types. Type I collagen, the most abundant 

collagen type, is often found in association with types III and/or V collagen in almost all 

soft tissues, including bone. Type V collagen is shown to play a regulatory role in 

modulating the diameter of type I collagen fibrils, whereas the role of type III collagen in 

collagen fibrillogesis has not fully been elucidated. A few studies discovered that type III 

collagen, particularly type III pN-collagen, might control the diameter of type I collagen 

fibrils, much like type V collagen does. However, further studies are required to gain 

more insight in this mechanism. In manuscript ①, we further explored collagen 

fibrillogenesis by studying the fibril formation of type III collagen with type I, extracted 

from skin biopsies of Col3a1 transgenic mice.  

 

B. Exploring the sexually dimorphic features of type III collagen 

To this day, males still dominate animal studies. This is mostly based on practical 

concerns: male mice are larger and thus offer easier targets for attaching electrodes, 

they do not have estrous cycles that can complicate pharmacology, and in many fields 

there is a significantly larger body of literature and data sets on which to build. In 

contrast, females are less aggressive and easier to handle, they are smaller and thus 

require less weight-administered drug, and they generally are less expensive. As such, 

many studies continue to be performed in only one gender, mostly males, because doing 

otherwise would increase complexity and cost. 

While characterizing the Col3a1 transgenic mouse model, a consistent sex bias was 

observed in our experimental results. We found that male skin is stronger than female 

skin, in both transgenic and non-transgenic mouse lines, and that only mutant male mice 

develop a vEDS-like phenotype. In manuscript ②, we study the differences in 

biomechanical properties of the skin and the biochemical properties of type III collagen 

of wildtype male and female mice. With this study, we aimed to highlight the importance 

of gender in studies involving collagen and other extracellular matrix components. 
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Objective 2 

Documenting the vascular phenotypes in non-vascular EDS subtypes 

Historically, vascular fragility has been synonymous with the vascular subtype of EDS, 

but vascular complications have also been observed in other EDS subtypes. However, 

not much is known about the prevalence, severity and nature of the vascular 

complications. The large clinical and genetic heterogeneity of EDS makes it very hard for 

clinicians to predict when to consider vascular complications in the diagnosis of their 

EDS patients. 

In manuscript ③, we aimed to review the medical literature on EDS in a systematic 

manner to better document the prevalence and nature of vascular complications in 

patients with a non-vascular subtype of EDS. Herewith, we try to help clinicians 

familiarize with the spectrum of vascular complications in EDS and consider this 

diagnosis in the appropriate clinical setting. 

 

 



 

RESEARCH OBJECTIVES   52 

  



  

 

 

 

MATERIALS & METHODS 
 

 

 

  



 

MATERIALS & METHODS   54 

  



 

MATERIALS & METHODS   55 

In this section a brief overview of the general principles of the applied methodologies 

is given. A more detailed description of each technique and used materials and methods 

are provided in the respective manuscripts. 

 

1. Mouse modeling 

1.1. Generation of BAC transgenic mice 

Bacterial artificial chromosomes (BAC) have been widely used for mice 

transgenesis in biomedical research to study gene expression, developmental biology, 

and gene therapy. Due to their large insert size, they can often accommodate the 

complete structure of genes of interest, including long-range cis-regulatory elements 

required for gene expression at physiological levels with the same developmental timing 

and expression patterns as endogenous genes. The most rapid and effective method to 

generate BAC transgenic mice is the direct microinjection of BAC DNA into the 

pronucleus of fertilized mouse eggs.120 

The overall strategy is described in manuscript ① and presented in more detail in 

appendix A, Fig S1. Briefly, a BAC clone containing the complete C57BL/6 mouse Col3a1 

gene (41kb) was used, in which a 1kb genomic fragment containing two nucleotide 

changes was inserted in the BAC clone by Red/ET recombineering, which refers to 

recombination-mediated genetic engineering. The Red/ET recombineering technique is 

an in vivo reaction and is based either on the red genes of phage lambda or the 

recE/recT genes of the Rac prophage. The central step in Red/ET recombineering is the 

crossover step between a targeting construct containing homology arms and the target, 

which can be a gene locus on the E. coli chromosome or any other stretch of DNA, such 

as BACs.121,122 We used a targeting construct containing a murine Col3a1 genomic 

fragment in which the target nucleotides were substituted by site-directed mutagenesis. 

The c.547G>A nucleotide change corresponds to the helical p.(Gly182Ser) substitution, 

while the c.549A>C nucleotide change is a silent substitution creating an MwoI 

restriction site for positive colony screening. 
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The modified BAC DNA was purified and then linearized by restriction digestion with 

PI-SceI. Prior to microinjection, BAC DNA concentration was measured and BAC 

integrity was evaluated by pulsed-field gel electrophoresis (PFGE). Small, sheared DNA 

fragments may be produced during BAC DNA purification and/or DNA storage, which 

may produce transgenic mice that contain BAC DNA fragments instead of intact BAC 

molecules. 

Linear BAC DNA with either wild type or modified Col3a1 were each injected (1 

ng/µl) into separate pronuclei of C57BL/6 fertilized eggs, which were implanted into the 

oviduct of pseudopregnant CBA x C57BL/6J females. A tail biopsy of each founder was 

used to isolate genomic DNA for genotyping. An overview of the generation of BAC 

transgenic mice is presented in Figure 1.1. 

 

 

Figure 1.1. Generation of BAC transgenic mice. The modified BAC is injected into fertilized oocytes and 

integrates randomly into the chromosomal DNA. The microinjected eggs are then transplanted into the 

oviduct of a pseudopregnant female. The transgene is carried by 20–30% of the offspring, commonly 

known as “founders”. To establish lines of transgenic mice, the founders are then mated with wild type 

mice, and 50% of the offspring will inherit the BAC. BAC: bacterial artificial chromosome. (Adapted from 

123) 
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 How to ‘execute’ a transgenic mouse line 

Multiple zygotes were injected with the Col3a1 BAC transgene and then implanted 

into the oviduct of pseudo-pregnant females, which resulted in a F0 generation 

comprising multiple founder mice. All founder mice from the F0 generation were 

screened for the presence of the Col3a1 BAC transgene and revealed three separate 

founder lines. Each founder line has a variable copy number and a unique transgene 

insertion site because the transgenic construct integrates randomly as multiple head-

to-tail tandem copies in the mouse genome. However, as the transgene integrates 

randomly, there is a possibility of disrupting a normal gene sequence, which may lead to 

an unexpected phenotype. 

After we verified transmission from founder mice (F0) to offspring (F1), Col3a1 

expression was examined within each line of the F1 or F2 generation and revealed one 

distinct male founder line (L1) with a 7-fold overexpression of the mutant Col3a1 

transgene. Once this mouse line aged 13-14 weeks, all males spontaneously developed 

skin wounds, whereas their female littermates and other mouse lines with a lower 

transgene expression profile did not. This observation suggests a sex- and dose 

dependent phenotype. 

To rule out the possibility of an unknown genetic defect phenotype, more than two 

independent lines were further examined because the independent lines should not 

have the same insertion site. Biomechanical and ultrastructural analyses were 

performed on three male founder lines with a different Col3a1 expression profile: L1 

with a 7-fold overexpression of Col3a1, L2 with a 2-fold, and L3 without significant 

overexpression (see appendix A, Fig S2A). The biomechanical tensile strength test 

revealed an overall reduction in tensile strength of the skin with significance for L1 

(p<0.001) and L2 (p=0.01), and no significance for L3 (p>0.05) compared to a non-

transgenic (NT) control group. Furthermore, abnormal collagen fibrils were observed in 

skin biopsies of both L1 and L2, with L1 more severely affected than L2. Both analyses 

demonstrated similar phenotypic characteristics for L1 and L2, with a dose dependent 

severity. Based on these observations, we could exclude that the phenotype observed in 

L1 was caused by the disruption of another gene.  
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To rule out the possibility that our phenotype was caused by disturbances in collagen 

stoichiometry, due to the overexpression, rather than by the point mutation itself in 

Col3a1, we also analyzed a transgenic mouse model overexpressing a wild type Col3a1 

transgene. The phenotypic characteristics of this control mouse model was similar to NT 

mice, which demonstrates that the severe phenotype in L1 is due to the helical glycine 

substitution in type III collagen. Because of its severe skin phenotype and high transgene 

expression profile, we ‘executed’ the L1 or Col3a1Tg-G182S mouse line for further studies. 

 

 

1.2. Biomechanical tensile testing 

Type III collagen occurs especially in tissues exhibiting elastic properties. Skin, for 

example, exhibits direction-dependent biomechanical behavior, influenced by the 

structural orientation of its collagen-rich fibrous network and its viscous ground-

substance matrix. Much of our current understanding of skin behavior has come from 

biomechanical tensile testing, in which the tissue is stretched and the force that 

develops is measured. 

In manuscripts ① and ②, fresh mouse skin and aorta biopsies of equal sizes were 

tested for their tensile strength. Each specimen was stretched at a constant deformation 

rate until breaking, while the load and deformation values were recorded continuously. 

Following parameters can be analyzed with this technique: (1) The breaking strength, 

which is defined as the load required to break the specimen (maximum load). (2) The 

strain at maximum load, extensibility, is the deformation at the maximum load divided 

by the original specimen length. The original specimen length was defined as the sum of 

the distance between the clamps and the deformation that occurred until a preselected 

load value of 1% of the mean maximum load per sample group was obtained. (3) The 

energy absorbed during the stretching of a specimen was calculated as the integrated 

area between the curve and the strain axis from the starting point to the breaking point 

(relative failure energy). (4) The maximum stiffness of the tissue was measured as the 

maximum slope of the load-strain curve.124 
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2. Molecular toolbox 

2.1. Expression analysis by quantitative real-time PCR 

The method of choice for nucleic acid (RNA, cDNA) quantification in all areas of 

molecular biology is real-time PCR or quantitative PCR (qPCR).125 The method is so-

called because the amplification of DNA with a polymerase chain reaction (PCR) is 

monitored in real time. It is, in contrast to the conventional PCR, quantitative, meaning 

that it enables us to determine the exact concentration of the amplified DNA in the 

sample. For the measurement of the accumulating product, several fluorescent DNA-

binding dye- and probe-based detection chemistries are available. As the reaction 

progresses, the fluorescent signal is recorded and plotted against the cycle number into 

a sigmoidal amplification curve. The point at which the fluorescent signal increases 

above the background and crosses a threshold is referred to as the quantification cycle 

or Cq-value. At this point, the fluorescent signal is proportional to the amount of 

amplified product and as such correlates with the initial amount of starting material, 

thereby allowing quantification. Low Cq-values are indicative for high amounts of input 

material whereas high Cq-values represent low amounts of material. 

A popular application of this technique is gene expression analysis. To this purpose, 

total RNA is extracted from control and transgenic mouse fibroblast cultures with 

inclusion of a DNase treatment step in order to prevent potential amplification of 

contaminating genomic DNA (gDNA). The obtained RNA is subsequently reverse 

transcribed into complementary DNA (cDNA), which is used as input material for 

reverse transcription qPCR (RT-qPCR). In order to enable comparison and calculate 

relative expression levels between different samples, the results are normalized against 

stably expressed reference genes.126 Although qPCR is simple to perform, good assay 

design and proper quality control are essential to generate reliable and biologically 

relevant data. RT-qPCR was used in manuscripts ① and ② to determine the expression 

levels of Col3a1 and Col1a1 in mouse dermal fibroblasts.  
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2.2. Ultrastructural analysis by Transmission Electron Microscopy 

Biological materials contain large quantities of water. To be able to view it by electron 

microscopy, the first stage in preparing is the fixation, one of the most important and 

most critical stages. Samples need to be fixed in a way that the ultrastructure of the 

tissues remains as close to the living material as possible. In manuscripts ① and ②, 

fresh mouse skin and aorta biopsies were incubated in fixative solution containing 

glutaraldehyde and formaldehyde and placed in a vacuum oven.127 After fixation, the 

samples were washed and subsequently dehydrated through a graded ethanol series. 

Samples were then bulk stained with uranyl acetate, and embedded in Spurr's resin. 

After embedding in the resin, the samples were sectioned with an ultra-microtome 

followed by post-staining in uranyl acetate and in lead stain. Sections were collected on 

copper slot grids and ready to be viewed with a transmission electron microscope 

operating at 80 kV for skin tissues and 120 kV for collagen fibrils. 

Transmission electron microscopy (TEM) is a very powerful tool for material 

science. It operates on the same basic principles as the light microscope but uses 

electrons instead of light. TEMs use electrons as "light source" and their much lower 

wavelength makes it possible to get a resolution a thousand times better than with a 

light microscope. TEM is used to examine the structure, composition, and properties of 

specimens in submicron detail. An image is formed from the electrons transmitted 

through the specimen, magnified and focused by an objective lens and appears on an 

imaging screen, a fluorescent screen in most TEMs, plus a monitor, or on a layer of 

imaging plate, or to be detected by a sensor such as a CCD camera.  

 

 

2.3. Biochemical collagen analysis by SDS-PAGE 

The abundance of the (major) fibrillar collagens in the skin makes this tissue a 

valuable tool in the detection of qualitative or quantitative alterations in collagen 

production. Abnormal migration patterns of types I, III and V (pro)collagen chains are 

especially useful in the detection of certain EDS and OI forms. 
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In order to evaluate migration patterns of (pro)collagen, skin biopsies need to be 

processed to extract collagen proteins. The best-studied collagen extraction method is 

the pepsin-solubilized collagen (PSC) extraction method, which was applied in 

manuscripts ① and ② on mouse skin biopsies. Polymerized fibrillar collagens are 

insoluble fibrous proteins, and their solubilization is routinely done by mild 

pepsinization by which short terminal regions, possessing the polymerization sites 

(cross-links), are cleaved off. After the pepsinization stage, an ultra-centrifugation is 

performed to separate the insoluble material from the collagen, which is in the liquid 

phase. The liquid phase is subjected to precipitation with NaCl, which enables collection 

of collagen precipitates by centrifugation. Precipitates are usually resuspended in acetic 

acid, however, in order to further precipitate types I and III collagen, the solution needs 

to be pH neutralized. Different concentrations of NaCl can be applied to preferentially 

precipitate e.g. types I or III collagen (Table 2.1). 

 

Table 2.1. Selective salt precipitation of types I and III collagen. (Adapted from 128) 

 Collagen(s) precipitating from 

Concentration of NaCl (M) Neutral salt solvent Dilute acid solvent 

0.7  Types I, II, III 

1.5 - 1.8 Type III  

2.2 - 2.5 Type I  

 

 

Next, purified and isolated collagens are separated in response to an electric field by 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) based on their 

molecular weight, with low molecular weight proteins migrating faster compared to 

high molecular weight proteins. Samples are run in reducing and non-reducing 

conditions by adding reducing agents (e.g β-mercapto-ethanol or dithiotreitol (DTT)) to 

overcome disulfide bridges whereas sodium dodecyl sulfate (SDS) denatures the 

proteins and confers a negative charge to the polypeptides in proportion to their length. 

Migration of collagens in this system result in a distinct banding pattern, which can be 

visualized by e.g. Coomassie Blue staining. 
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The difference in migration rate of α1(III) and α1(I) chains in mammalian species such 

as rat, calf and rabbit are more marked than in human. The α1(III) and α1(I) chains from 

a human source migrate very close to each other, which hamper a good resolution of 

these two bands. This problem can be partly overcome by comparing reduced and 

unreduced tracks, or by interrupted gel electrophoresis, described by Sykes and 

colleagues in 1976.129  

 

 

3. PRISMA 

Important medical questions are typically studied more than once and often by 

different research teams in different locations, which hamper the clinical decision-

making. A systematic review attempts to collect empirical evidence that fits pre-

specified eligibility criteria to answer a specific research question. Systematic reviews 

differ from traditional narrative reviews in several ways. Narrative reviews tend to be 

mainly descriptive, do not involve a systematic search of the literature, and thereby 

often focus on a subset of studies in an area chosen based on availability or author 

selection.130 

In manuscript ③, we systematically reviewed the literature on vascular 

complications in EDS, other than the vascular type, according to the PRISMA (Preferred 

Reporting Items for Systematic reviews and Meta-Analyses) statement. The PRISMA 

statement consists of a four phase flow diagram: identification, screening, eligibility and 

inclusion, which can be consulted on http://www.prisma-statement.org. The flow 

diagram maps out the number of records identified, included and excluded, and the 

reasons for exclusions. 

Often, systematic reviews include a meta-analysis component, which involves using 

statistical techniques to synthesize the data from several studies into a single 

quantitative estimate or summary effect size. In contrast to traditional hypothesis 

testing, effect sizes measure the strength of the relationship between two variables, 

thereby providing information about the magnitude of the intervention effect.131 
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Manuscript ① 

Generating and characterizing a Col3a1 transgenic 

mouse model to unravel the role of (abnormal) type III 

collagen in vEDS and collagen fibrillogenesis 
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Abstract 

 

Type III collagen is a major fibrillar collagen consisting of three identical α1(III)-chains 

that is particularly present in tissues exhibiting elastic properties, such as the skin and 

the arterial wall. Heterozygous mutations in the COL3A1 gene result in vascular Ehlers-

Danlos syndrome (vEDS), a severe, life-threatening disorder, characterized by thin, 

translucent skin and propensity to arterial, intestinal and uterine rupture. Most human 

vEDS cases result from a missense mutation substituting a crucial glycine residue in the 

triple helical domain of the α1(III)-chains. The mechanisms by which these mutant type 

III collagen molecules cause dermal and vascular fragility are not well understood. We 

generated a transgenic mouse line expressing mutant type III collagen, containing a 

typical helical glycine substitution (p.(Gly182Ser)). This Col3a1Tg-G182S mouse line 

displays a phenotype recapitulating characteristics of human vEDS patients with signs of 

dermal and vascular fragility. The Col3a1Tg-G182S mice develop severe transdermal skin 

wounds, resulting in early demise at 13-14 weeks of age. We found that this phenotype 

was associated with the production of severely malformed collagen fibrils, affecting 

proper collagen secretion and deposition in the extracellular matrix of dermal and 

arterial tissues. These results indicate that expression of the glycine substitution in the 

α1(III)-chain disturbs formation of heterotypic type III:I collagen fibrils, and thereby 

demonstrate a key role for type III collagen in collagen fibrillogenesis in dermal and 

arterial tissues. 

 

 

 

Keywords: type III collagen, vascular Ehlers-Danlos syndrome, heritable connective 

tissue disorder, transgenic mouse model, fibrillogenesis 
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Introduction 

 

Type III collagen is a member of the 

fibrillar collagens, which all share a 

triple helical domain, composed of Gly-

Xaa-Yaa repeats flanked by globular 

amino (N-) and carboxy (C)-terminal 

propeptides. Type III collagen is 

particularly present in tissues exhibiting 

elastic properties, including the dermis, 

the blood vessels, the gastro-intestinal 

tract, the uterus and various internal 

organs, such as the lungs and the liver, 

where it takes up about 10-30% of the 

total collagen content.1,2 It is a 

homotrimer, consisting of three 

identical α1(III)-chains, encoded by 

COL3A1 (MIM 120180), which co-

assembles with type I collagen to form 

heterotypic fibrils.3 The role of type III 

collagen in the organization and 

biological properties of the collagenous 

extracellular matrix (ECM) is poorly 

understood. The ratio of type III to type I 

collagen has been reported to be 

inversely proportional to the diameter 

of collagen fibrils during different stages 

of development in several tissues, 

leading to the hypothesis that type III 

collagen acts as a negative regulator of 

collagen fibril diameter.3,4 

Heterozygous mutations in the COL3A1 

gene result in vascular Ehlers-Danlos 

syndrome (vEDS) (MIM: 130050).5 Of all 

EDS subtypes, vEDS has the worst 

prognosis because of a propensity to 

rupture of medium-sized and large 

arteries (often without preceding  

 

 

dilation or aneurysm formation), bowel 

(usually sigmoid colon) and uterus at 

young age. More than 80% of all vEDS 

patients have experienced at least one 

such catastrophic event by the age of 40 

years, reducing the average life 

expectancy to 48 years.6 In addition, 

patients usually have a thin, translucent 

skin, excessive bruising and a 

characteristic facial appearance.7,8 

Management options are limited to 

avoidance of invasive procedures, non-

specific symptomatic treatment, 

appropriate genetic counseling and 

emergency intervention. The only 

evidence-based treatment strategy to 

date for vEDS is celiprolol, a long-acting 

β1-adrenergic receptor (AR) antagonist 

with partial β2-AR agonist properties, 

which has been shown to significantly 

decrease the incidence of arterial 

rupture in vEDS patients.9 Most human 

vEDS cases result from missense 

mutations leading to the substitution of 

a crucial glycine in the repetitive Gly-

Xaa-Yaa sequence of the collagen triple 

helix domain. These mutations have a 

dominant negative effect, as eventually 

only one in eight mature collagen 

homotrimers are normal. Mutations that 

introduce a premature termination 

codon (PTC) and result in COL3A1 

haploinsufficiency are very rare and 

have been associated with milder 

phenotypes.10,11 
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Two Col3a1 mouse models, both 

resulting in a quantitative defect of type 

III collagen production, have been 

proposed as preclinical vEDS mouse 

models. In the first model, a Col3a1 

knockout mouse model,12 homozygous 

mutant animals have an average 

survival rate of 5% at weaning age, with 

most animals dying from aortic rupture 

within 48 hours after birth. 

Heterozygous mutant animals only 

display late-onset histological vascular 

lesions.13 The second model arose 

serendipitously during a gene-targeting 

study in the mouse and concerned a 

deletion of 185kb, encompassing exons 

1-39 of the Col3a1 gene, leading to the 

introduction of a PTC (Col3a1Δ). 

Whereas homozygotes are not viable, 

heterozygotes die of spontaneous aortic 

rupture at 4-10 weeks.14 Because both 

models do not reflect the molecular 

defect underlying the vast majority of 

human vEDS, we created a transgenic 

mouse line expressing a common helical 

glycine substitution (p.(Gly182Ser)) in 

the α1-chain of type III collagen 

(Col3a1Tg-G182S). As a control, we 

additionally developed a transgenic line 

overexpressing wild-type type III 

collagen (Col3a1Tg-WT) to discriminate 

between a phenotype arising from the 

glycine substitution or the 

overexpression of the Col3a1 gene. 

While Col3a1Tg-WT mice do not develop 

any obvious abnormal phenotype, 

Col3a1Tg-G182S mice present a phenotype 

resembling human vEDS, including 

vascular and dermal fragility, and 

severely malformed dermal and aortic 

collagen fibrils. Our findings 

demonstrate that the glycine 

substitution in type III collagen affects 

formation of heterotypic type III:I 

collagen fibrils, thereby reporting a key 

role for type III collagen in type I 

collagen fibrillogenesis. The Col3a1Tg-

G182S mouse line therefore appears as a 

powerful new model for in-depth 

analyses of the role of (abnormal) type 

III collagen in fibrillogenesis and 

preclinical pharmacological studies for 

vEDS.   
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Results 

 

Generation of a novel Col3a1 

transgenic mouse line harboring a 

glycine substitution. 

In order to study the effect of mutant 

type III collagen, we generated two 

transgenic Col3a1 mouse lines using the 

bacterial artificial chromosome (BAC) 

transgenic technology (Fig S1): a mutant 

line harboring a typical helical glycine 

substitution (Col3a1Tg-G182S), and a wild-

type control line (Col3a1Tg-WT) allowing 

us to assess the phenotypic effect of 

overexpressing the Col3a1 gene (Fig 1A).  

The expression of the Col3a1 transgenes 

was analyzed in isolated skin fibroblasts 

of the various founder lines by reverse  

 

 

 

transcription quantitative PCR (RT-

qPCR) (Fig S2A). Expression profiles are 

presented as the ratio between 

transgene to endogenous Col3a1 gene 

expression. Remarkably, a sex bias was 

observed with males mainly 

overexpressing the Col3a1 transgenes. 

We selected one founder line of each 

genotype (L1 and Lz), showing a 

comparable 6-7-fold overexpression 

relative to non-transgenic (NT) mice, for 

further analysis (Fig 1B). These mouse 

lines will be referred to as Col3a1Tg-G182S 

or abbreviated TgG182S (referring to L1) 

and Col3a1Tg-WT or TgWT (referring to Lz) 

throughout the manuscript. 

 

 

 

 

Fig 1. Schematic representation and expression analysis of Col3a1 transgenic mouse lines. (A) Schematic 

representation of the bacterial artificial chromosome (BAC) clones used to generate Col3a1Tg-WT and Col3a1Tg-G182S 

transgenic mouse lines. Nucleotide changes, c.547G>A and c.549A>C in exon 6, were introduced to generate a 

p.(Gly182Ser) substitution, and a MwoI restriction site for positive selection, respectively. (B) RT-qPCR expression 

analysis of Col3a1 in NT, TgWT, and TgG182S mice. Graph shows the mean fold change for Col3a1 in TgWT and TgG182S 

mouse skin fibroblasts relative to the NT control, which is converted to 1. Error bars show the standard error of the 

mean. NT: non-transgenic. 
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The Col3a1Tg-G182S mouse line shows 

signs of vascular fragility with 

aberrant collagen fibrils in the aorta. 

vEDS in humans is associated with 

vascular fragility mainly affecting 

medium-sized and large arteries. In 

order to investigate the presence of 

vascular fragility in our mouse lines, a 

uniaxial tensile strength test was 

performed on the thoraco-abdominal 

aorta of 12-week old mice. We used the 

maximum load measurement, defined as 

the load required for tissue rupture, to 

characterize the biomechanical aspects 

of the aortic tissue. No significant 

difference in tensile strength, expressed 

in Newton (N), of the aorta was 

measured between NT and Col3a1Tg-WT 

mice (p>0.05), but a significant 

reduction in the maximum load was 

measured for the Col3a1Tg-G182S mice 

compared to Col3a1Tg-WT (p=0.002) or 

NT (p<0.001) mice (Fig 2A). These 

results thereby demonstrate increased 

vascular fragility in Col3a1Tg-G182S mice. 

We next evaluated the overall collagen 

content in the aorta histologically. The 

adventitia (a), the outer layer of the 

aortic wall, is mainly composed of type I 

collagen secreted by fibroblasts.15 In the 

media, the middle layer, smooth muscle 

cells (smc) also secrete collagen and 

contribute to the formation of the ECM 

[16]. The total collagen content in the 

adventitia was evaluated by picrosirius 

red staining (Fig 2, D-F), and was 

significantly reduced for the Col3a1Tg-

G182S mice compared to Col3a1Tg-WT 

(p<0.001) and NT (p=0.03) mice (Fig 

2B). In addition, we observed a 

significant reduction in the thickness of 

the adventitia for Col3a1Tg-G182S mice 

compared to Col3a1Tg-WT (p<0.001) or 

NT (p<0.001) mice (Fig 2C). Smc and 

collagen fibrils in the aorta were further 

analyzed by transmission electron 

microscopy (TEM). We observed 

reduced contact between the smc and 

the elastic lamina (el) in the Col3a1Tg-

G182S mice, which results in increased 

open intercellular space (Fig 3, A-C). 

Collagen fibrils in the adventitia of 

Col3a1Tg-G182S mice had a variable 

diameter and irregular contour, while 

the NT and Col3a1Tg-WT mice displayed 

collagen fibrils with an overall uniform 

diameter (Fig 3, D-F). Quantification of 

the cross-sectional area of collagen 

fibrils confirmed a significant difference 

in distribution of fibril diameter 

between Col3a1Tg-G182S mice and 

Col3a1Tg-WT (p=0.02) or NT (p<0.001) 

mice, while no difference was observed 

between Col3a1Tg-WT and NT mice 

(p>0.05) (Fig 3G). Of note, the number of 

collagen fibrils in the adventitia was 

comparable between Col3a1Tg-G182S and 

Col3a1Tg-WT (p>0.05) mice, although 

reduced compared to NT (p=0.02) (Fig 

3H). 
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Fig 2. Reduced aortic tensile strength and adventitial thickness in Col3a1Tg-G182S mice. (A) A tensile strength test 

of the thoraco-abdominal aorta shows a significant reduction for TgG182S mice compared to both TgWT and NT controls 

(*** p<0.001). The collagen content (B) and thickness (C) of the adventitia show a significant reduction in TgG182S mice 

compared to both TgWT and NT controls (*** p<0.001). Error bars show the standard error of the mean. 

Measurements were performed on picrosirius red stained aorta cross-sections from NT (D), TgWT (E), and TgG182S (F) 

mice. The red birefringence represents mature collagen fibrils in the adventitia. Scale bar: 100µm. NT: non-transgenic, 

a: adventitia. 
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Fig 3. Abnormal distribution and morphology of smooth muscle cells and collagen fibrils in the aorta of 

Col3a1Tg-G182S mice. Ultrastructural analysis shows a normal morphology of smooth muscle cells in the media of NT 

(A) and TgWT (B) mice compared to a poor organization in TgG182S mice (C). Scale bar: 5µm. Collagen fibrils in the 

adventitia of NT (D) and TgWT (E) mice show a uniform diameter compared to a more variable diameters in TgG182S 

mice (F). Abnormal collagen fibrils are indicated by white triangles, scale bar: 2µm. (G) The frequency (%) of collagen 

fibrils in the aorta, with a given diameter (nm), shows a significant difference in distribution for TgG182S mice 

compared to both TgWT and NT controls (*** p<0.001). (H) The average number of collagen fibrils within a given area 

(ROI) is significantly lower in TgG182S mice compared to NT controls (* p=0.02). NT: non-transgenic, el: elastic lamina, 

smc: smooth muscle cells. 
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The Col3a1Tg-G182S mouse line shows 

signs of skin fragility with aberrant 

collagen fibrils in the dermis. 

Thin, translucent skin with poor wound 

healing is another hallmark of vEDS. The 

skin of Col3a1Tg-G182S mice was noted to 

be very thin and easily torn during 

handling and shaving, in contrast to 

Col3a1Tg-WT mice. Interestingly, Col3a1Tg-

G182S mice spontaneously developed 

open skin wounds starting from 13-14 

weeks of age, whereas Col3a1Tg-WT mice 

did not. Skin lesions were first observed 

around the shoulder and neck region, 

and then started penetrating the dermis, 

thereby exposing subdermal tissue, and 

subsequently extended to body-sides, 

abdomen and back (Fig S2B). The skin 

lesions were not due to fighting since 

they were observed in individually 

housed mice, and showed complete 

penetrance. The wounds evolved fast 

and Col3a1Tg-G182S mice had to be 

euthanized within 1-2 weeks after first 

appearance of the wounds. The tensile 

strength of unwounded skin from 12-

week old mice showed no difference 

between NT and Col3a1Tg-WT mice 

(p>0.05). In contrast, a significant 

reduction in the maximum load was 

observed for the Col3a1Tg-G182S mice 

when compared to Col3a1Tg-WT (p<0.001) 

or NT (p<0.001) mice (Fig 4A), 

demonstrating increased dermal 

fragility in these mice. 

TEM analysis was performed on skin 

biopsies from 12-week old mice to 

determine the collagen architecture in 

the dermis. In normal conditions, 

collagen fibrils are densely packed in the 

ECM for structural support, as observed 

in NT and Col3a1Tg-WT mice (Figs 4B and 

4C). In contrast, the dermal ECM of 

Col3a1Tg-G182S mice showed a poor 

organization, with malformed and 

loosely packed collagen fibrils (Fig 4D). 

The number of collagen fibrils in the 

dermis was significantly reduced for 

Col3a1Tg-G182S mice when compared to 

Col3a1Tg-WT (p<0.001) and NT (p<0.001) 

(Fig 4E). In addition, the diameter of 

collagen fibrils in the dermis of Col3a1Tg-

G182S mice was highly variable, with 

some fibrils showing an extremely large 

diameter (Figs 4D and 4F). 

Quantification of the cross-sectional 

area of collagen fibrils confirmed a 

significant difference in distribution of 

fibril diameter between Col3a1Tg-G182S 

mice and Col3a1Tg-WT (p<0.001) or NT 

(p<0.001) mice (Fig 4F). No significant 

difference was observed between NT 

and Col3a1Tg-WT mice (p>0.05). 
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Fig 4. Reduced dermal tensile strength and abnormal distribution and morphology of collagen fibrils in the 

skin of Col3a1Tg-G182S mice. (A) A tensile strength test of unaffected abdominal skin shows a significant reduction for 

TgG182S mice compared to both TgWT and NT controls (*** p<0.001). Ultrastructural analysis of unaffected skin shows a 

uniform distribution of collagen fibrils in the dermis of NT (B) and TgWT (C) mice compared to a poor distribution and 

abnormal fibril morphology in TgG182S mice (D). Scale bar: 2µm. (E) The average number of collagen fibrils within a 

given area (ROI) is significantly lower in TgG182S mice compared to NT controls (*** p<0.001). (F) The frequency (%) 

of collagen fibrils in the skin, with a given diameter (nm), shows a significant difference in distribution for TgG182S 

mice compared to both TgWT and NT controls (*** p<0.001). NT: non-transgenic. 

 

 

 
  



  

 

Col3a1Tg-G182S mouse fibroblasts show 

no signs of ER-stress. 

The observation of a reduced amount of 

collagen in the ECM of the dermis 

prompted us to look for signs of 

intracellular retention and/or increased 

degradation of collagen. In the dermis of 

Col3a1Tg-G182S mice, we observed some 

fibripositor (fibril-depositor) structures 

with severely malformed collagen fibrils 

(S2E and S2F Figs). However, at 

ultrastructural level, we did not observe 

pronounced increase of endoplasmic 

reticulum (ER) dilation or presence of 

autophagosomes in the fibroblasts of 

Col3a1Tg-G182S mice, compared to those of 

the Col3a1Tg-WT mice. Furthermore, the 

expression of the Unfolded Protein 

Response (UPR) markers Bip, and Chop 

in cultured fibroblasts of Col3a1Tg-G182S 

mice was not elevated (data not shown). 

Hence, we do not have arguments for 

massive induction of ER-stress.  

 

The α1(III)-G182S substitution affects 

formation of heterotypic type III:I 

collagen fibrils in vitro. 

In order to maintain the original ratio of 

type III:I collagen, we co-precipitated 

types I and III collagen from pepsinized 

skin biopsies of NT, Col3a1Tg-WT and 

Col3a1Tg-G182S mice. SDS-PAGE analysis 

revealed increased amounts of type III 

collagen extracted from the Col3a1Tg-WT 

skin biopsies and decreased amounts 

from the Col3a1Tg-G182S skin biopsies, 

compared to Col3a1Tg-WT and NT (Fig 

5A). In NT skin biopsies, the ratio of type 

III:I collagen is 0.5, indicating that one-

third of the collagen present is type III. 

The type III:I ratio in Col3a1Tg-WT skin 

biopsies is 1.0, indicating that half of the 

collagen is type III, while in Col3a1Tg-

G182S skin biopsies the type III:I ratio is 

0.3, showing a reduction of type III 

collagen to one-quarter. The 

concentration of type III collagen 

protein, computed by means of 

quantitative amino acid analysis, 

confirmed the SDS-PAGE results (Fig 

S2G). Type III collagen was further 

separated from type I collagen by 

specific salt precipitation to test the 

stability of its triple helix by circular 

dichroism. No pronounced difference in 

thermal stability between type III 

collagen of Col3a1Tg-WT and Col3a1Tg-G182S 

mice was observed (Fig S2H). In 

addition, amino acid analysis and mass 

spectrometry showed no difference in 

posttranslational modifications of type 

III collagen.  

The skin-extracted type I:III collagen 

mixture was used to compare the rate of 

heterotypic type I:III fibril formation in 

vitro. Interestingly, we did not observe 

any difference in the dynamics of fibril 

formation between the collagen 

mixtures extracted from Col3a1Tg-G182S 

and Col3a1Tg-WT skin biopsies (Fig 5B). 

Of note, the fibril formation occurred 

faster with the collagen mixture 

extracted from NT skin biopsies, than 

with collagen mixture extracted from 

Col3a1Tg-G182S and Col3a1Tg-WT skin 

biopsies (Fig 5B). The in vitro self-
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assembled fibrils were imaged by TEM 

to evaluate the banding pattern and 

thickness of the fibrils. The well-

assembled heterotypic type I:III collagen 

fibrils originating from the collagen 

mixtures extracted from Col3a1Tg-G182S, 

Col3a1Tg-WT and NT skin biopsies all had 

a normal 67nm-banding pattern (Fig 

5C). Nevertheless, the in vitro assembled 

fibrils originating from the collagen 

mixture extracted from Col3a1Tg-G182S 

biopsies had a more variable diameter, 

and were in general significantly thicker 

than the ones originating from Col3a1Tg-

WT (p=0.002) or NT (p<0.001) skin 

biopsies (Fig 5D). Together, these in 

vitro results corroborate our in vivo 

observations in the aorta and the skin 

(Figs 3H and 4F) and demonstrate that 

type III collagen has a major function in 

determining fibril diameter. 

 

 

 

 
 

 

 

 

Fig 5. Affected formation of heterotypic type III:I collagen fibrils in vitro. (A) Specific salt precipitation of types I 

and III collagen extracted from skin biopsies of non-transgenic (NT), TgWT and TgG182S mice. SDS-PAGE analysis of 

skin-extracted type III:I collagen was performed under non-reducing conditions, and the ratio of type I:III was 

calculated. (B) Spectrophotometric fibril formation analysis of skin-extracted type III:I collagen. Absorbance upon 

fibril formation was measured at 313nm. (C) Ultrastructural analysis of the in vitro formed heterotypic type III:I 

collagen fibrils. Arrows indicate the 67nm-banding pattern and the fibril diameter, scale bar: 100nm. (D) The 

frequency (%) of in vitro assembled collagen fibrils with a given diameter (nm) shows a significant difference in 

distribution for TgG182S mice compared to both TgWT and NT controls (** p<0.01).  
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Discussion 

 

In order to study the role of (abnormal) 

type III collagen in the pathogenesis of 

vEDS and collagen fibrillogenesis in 

general, we generated a novel transgenic 

Col3a1 mouse model, Col3a1Tg-G182S, 

harboring a Col3a1 transgene with a 

mutation that results in a typical glycine 

substitution in the triple helical domain 

of the α1(III) chain. The phenotype of 

these mice resembles that of human 

vEDS. The skin of Col3a1Tg-G182S mice is 

very thin and fragile, reminiscent of the 

skin features of vEDS patients. At 13-14 

weeks of age, Col3a1Tg-G182S mice 

spontaneously develop transdermal skin 

wounds, which evolve very rapidly, 

necessitating euthanasia before the 

occurrence of any major vascular 

manifestation. Interestingly, similar skin 

wounds were reported in 60% of the 

surviving homozygous Col3a1-/- mice.12 

Wound healing studies in the 

heterozygous Col3a1+/- mice, 

investigating the effect of Col3a1 

expression on myofibroblast 

differentiation and scar formation, 

suggests a role for type III collagen in 

tissue regeneration and repair, which 

aligns with the wound healing problems 

observed in our Col3a1Tg-G182S mice.17 

A hallmark for vEDS is propensity to 

arterial and intestinal rupture. 

Homozygous Col3a1-/- mice showed 

frequent intestinal enlargement and 

occasional intestinal rupture resulting in 

death. Collagen fibrils were missing or  

 

 

highly reduced in the submucosa and 

serosa of homozygous Col3a1-/- 

intestines, suggesting that collagen 

fibrils in these areas are mostly type III 

collagen fibrils.12 In contrast, there was 

no evidence of gastrointestinal 

complication or rupture in the haplo-

insufficient heterozygous +/Col3a1Δ 

mouse model,14 nor in our Col3a1Tg-G182S 

mice. 

Arterial aneurysms or dissections were 

not observed in the Col3a1Tg-G182S mice 

before they had to be euthanized at age 

13-14 weeks, however, we provide 

evidence for vascular fragility by 

demonstrating a significant reduction in 

tensile strength of the aortic wall in 12 

week-old Col3a1Tg-G182S mice. The 

collagen content and thickness of the 

adventitia was significantly diminished 

and collagen fibrils were malformed. 

These abnormalities were not observed 

in the Col3a1Tg-WT, thereby confirming 

that these abnormalities are the result of 

the glycine substitution in the α1(III)-

chain, and not merely result from 

overexpressing WT type III collagen. In 

the previously reported Col3a1 

knockout and haploinsufficient mouse 

models, the age at which consequences 

of vascular fragility became evident, 

varied. In the surviving homozygous 

Col3a1-/- mice, arterial aneurysms and 

large blood vessel ruptures occurred 

around six months of age. The 

heterozygous Col3a1+/- mice did not 
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present with vascular manifestation, but 

their collagen content in the abdominal 

aorta and tensile strength was also 

reduced.12,13 In the haploinsufficient 

heterozygous +/Col3a1Δ mouse model, 

acute aortic dissections occurred 

between 4 and 10 weeks of age without 

preceding aneurysms, and with 

incomplete penetrance.12 

In a natural history study by Pepin et al., 

male index patients were more likely to 

have a vascular rupture as a first 

complication than female index 

patients.6 A similar difference between 

males and females was observed in 

heterozygous Col3a1+/- mice, with aortic 

lesions observed in 88% of male and 

47% of female mice, and in 

haploinsufficient +/Col3a1Δ mice, with 

male mice dying twice as likely as 

females of aortic dissections.13,14 

Remarkably, the Col3a1 expression 

analysis in our transgenic Col3a1 mouse 

lines revealed a sex divergence, with 

males expressing much more Col3a1 

than females. Difference in collagen 

content according to sex is reported by 

several groups, showing an overall 

higher expression of collagen in male 

versus female skin.18,19 This could 

explain why the skin phenotype is 

observed only in our Col3a1Tg-G182S 

males. However, this was not true for all 

transgenic founder lines. The gender 

disprecancy in transgene expression 

might also be due to a chromosomal 

position effect related to the BAC 

insertion site.  

The transgenic Col3a1Tg-G182S mouse line 

overexpresses a Col3a1 transgene 

harboring a helical glycine substitution 

near the N-terminal propeptide of type 

III collagen. We confirmed 

overexpression of the Col3a1 transgene 

at mRNA level, but the overall type III 

collagen protein content was severely 

diminished in the skin of Col3a1Tg-G182S 

mice. Biochemical collagen analysis of a 

human vEDS patient with the same 

substitution as our Col3a1Tg-G182S mouse 

line showed a reduced secretion of type 

III collagen in the medium fraction 

(personal observation). The structural 

glycine substitution might destabilize 

the type III collagen protein, making it 

prone to degradation intra- or 

extracellularly. However, our 

ultrastructural data and expression 

analysis does not support presence of 

increased protein degradation by ER-

stress or autophagy. Overall, our 

observations nonetheless suggest that 

the p.(Gly182Ser) mutation results in a 

reduced availability of type III collagen 

in the ECM. 

Besides a reduced type III collagen 

content, we also observed decreased 

amounts of total collagen content in the 

adventitia of the aorta and decreased 

numbers of collagen fibrils in the dermis 

of the Col3a1Tg-G182S mice (mainly type I 

collagen in both tissues). The collagen 

fibrils displayed a more variable 

diameter, compared to NT and Col3a1Tg-

WT, with an increased number of thicker 

fibrils. This is similar to previous 
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observations in the homozygous Col3a1-

/- mice, where TEM of the adventitia and 

the skin also showed a reduced amount 

of collagen fibrils with an increased 

fibril diameter.12 It was previously 

shown that collagen fibril diameter is 

inversely proportional to the ratio of 

collagen type III to type I. Fibrils with a 

high type III:I collagen ratio (such as in 

tissues exhibiting a degree of elasticity, 

e.g. skin, aorta, gut and lung) are thinner, 

whereas fibrils enriched in type I 

collagen often have a larger cross-

sectional diameter and length.20,21 

Together these observations suggest 

that diminished availability of type III 

collagen in the ECM, i.e. a quantitative 

defect, is responsible for the 

abnormalities in collagen fibril diameter 

in our Col3a1Tg-G182S mouse line. 

Interestingly, increased dermal collagen 

fibril diameters were previously also 

reported in a human vEDS patient 

harboring a p.(Gly183Cys) substitution, 

which corresponds to the murine 

Gly182 residue, located near the N-

terminal propeptide of type III 

collagen.22 Type III pN-collagen is 

thought to have a regulatory role in 

fibril formation, as it is found along thin 

collagen fibrils in human skin.23 

Regarding the location of the glycine 

substitution, there might be an effect on 

the regulatory role of type III pN-

collagen, however, further investigation 

is needed. 

Ultrastructural studies of the dermis of 

the Col3a1Tg-G182S mice also showed 

dramatic alterations in the architecture 

of the growing heterotypic collagen 

fibrils within the fibripositors. These 

findings suggest that the decreased 

availability of and/or the structural 

abnormalities within the α1(III)-chains 

interfere with fibrillogenesis of 

heterotypic type III:I fibrils already 

during Golgi-to-PM transport.  

In conclusion, our observations suggest 

that the Col3a1Tg-G182S mice overexpress 

mutant Col3a1 at mRNA level, but 

eventually have a reduced amount of 

type III collagen in the ECM, at least in 

skin. Whether this is due to reduced 

translation or due to intra- or 

extracellular degradation of mutant type 

III collagen remains elusive. The 

dramatic alterations in fibripositor 

architecture suggest that either lack or 

structural abnormality of type III 

collagen molecules, or both, disturbs 

fibrillogenesis of heterotypic type III:I 

collagen fibrils during Golgi-to-PM 

transport. Eventually, this results in a 

reduction of fibrils in the dermal and 

arterial ECM, leading to dermal and 

vascular fragility. The fibrils in the 

adventitia and dermis have a more 

variable diameter, with a tendency 

towards thicker fibrils, which could be 

attributed to a decreased collagen III:I 

ratio.  

As such, our findings underscore a key 

role for type III collagen in early 

collagen fibrillogenesis in skin and 

arterial development. This Col3a1Tg-G182S 

mouse line provides an important new 
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tool for pathogenesis exploration and 

advanced understanding of the role of 

abnormal type III collagen in collagen 

fibrillogenesis and vEDS in general. 

  



 

RESULTS   83 

Materials and methods 

 

Generation of the mutant and wild-

type Col3a1 transgenic mouse lines 

A Bacterial Artificial Chromosome (BAC) 

clone containing the complete C57BL/6 

murine Col3a1 gene (mBAC) was 

obtained from the BACPAC Resource 

Center (BPRC, Children's Hospital 

Oakland Research Institute). Nucleotide 

substitutions were introduced in the 

Col3a1 BAC clone by Red/ET 

recombination. The c.547G>A 

substitution generated a typical helical 

glycine substitution p.(Gly182Ser).24 

Due to an extra amino acid in the signal 

peptide of murine type III collagen, this 

substitution corresponds to the human 

p.(Gly183Ser), which is the second most 

reported substitution in human vEDS 

according to the Ehlers-Danlos 

Syndrome Variant Database.25,26 A 

second silent nucleotide substitution, 

c.549A>C, was introduced to create an 

MwoI restriction site for positive colony 

screening following PCR amplification 

with primers flanking the mutation 

(306bp). Sanger sequencing 

(ABI3730XL automated sequencer, 

Applied Biosystems) confirmed both 

nucleotide substitutions (Fig S2C) and 

MwoI digest of the 306bp PCR fragment 

confirmed the presence of the second 

silent nucleotide substitution (Fig S2D). 

A fluorescent reporter sequence 

(tdTomato) was inserted by Red/ET 

recombination after the last exon of the 

mBAC Col3a1 gene, separated by a self- 

 

 

cleaving T2A peptide sequence.27 The 

overall strategy is illustrated in S1 Fig. 

Additionally, a second control transgenic 

mouse line was generated using the 

same Col3a1 BAC clone without 

nucleotide changes. BAC circular DNA 

was linearized with PI-SceI, and injected 

(1ng/µl) into separate pronuclei of 

C57BL/6J fertilized eggs, which were 

then implanted into the oviduct of 

pseudopregnant CBAxC57BL/6J females 

to generate B6-Tg(RP23-383L15-

Col3a1-G182S) and B6-Tg(RP23-

383L15-Col3a1) founder lines. None of 

the obtained transgenic founder lines 

showed differences in fertility and litter 

sizes. 

  

Genotyping and breeding of Col3a1 

transgenic mice 

Tail biopsies were digested in lysisbuffer 

(1x Gitschier’s buffer, 0.5% Triton X-100, 

proteinase K (400µg/ml)) to isolate 

genomic DNA. All newborns were 

screened for the CAM gene present in 

the mBAC clone by PCR. CAM positive 

mice were mated to C57BL/6J mice. 

Mouse care and use were according to 

the guidelines of the animal ethics 

committee of the Ghent University and 

the international guidelines for animal 

research. 

 

Explant skin fibroblast culture 

Abdominal non-affected skin biopsies 

from 12-week old mice were explanted 
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into cell culture flasks (BD Biosciences) 

and incubated at 37°C in a humidified 

atmosphere containing 5% CO2. 

Fibroblasts were grown and maintained 

in DMEM (Gibco) supplemented with 

FCS (Biochrom AG), 

Penicillin/Streptomycin (Gibco), 

Kanamycin (Gibco), NEAA (Gibco), and 

Fungizone (Gibco).  

 

Reverse transcription quantitative 

PCR (RT-qPCR) 

Total RNA was extracted from 

fibroblasts using the RNeasy® kit 

(Qiagen), according to the 

manufacturer’s instructions. Isolated 

total RNA was treated with RNase-free 

DNase I (Qiagen). Equal mRNA amounts 

were pooled (n=3 per founder line),13 

and reverse transcribed using the iScript 

cDNA Synthesis Kit (Bio-Rad 

Laboratories). RealTime ready DNA 

Probes Master (Roche) and 

LightCycler® 480 ResoLight Dye (Roche) 

were used for RT-qPCR, and reactions 

were run in triplicate on the 

LightCycler® 480 Real-Time PCR 

Instrument (Roche). The Cq values were 

further analyzed using qBasePLUS 

software (Biogazelle), and normalized to 

reference genes Sdha and Ywhaz 

(primers available upon request).  

 

Tensile strength test 

Unaffected abdominal skin (25x10mm) 

and the thoraco-abdominal aorta, distal 

from the arch, were dissected from 12-

week old Col3a1Tg-G182S (n=5), Col3a1Tg-

WT (n=5) and non-transgenic (NT) (n=10) 

mice, and kept in PBS for a maximum 

period of 24 hours. Uniaxial tensile tests 

were performed at room temperature 

using an Instron® 5942 

electromechanical test system (Instron). 

The system was configured with 

lightweight BioPuls pneumatic side 

action grips and surfalloy jaw faces. Skin 

and aorta specimens were tested with a 

50N and 10N full-scale load cell, 

respectively, and were loaded onto the 

machine with 10mm distance between 

the two vertical clamps. Tissues were 

stretched at a constant displacement 

rate of 12mm/min until rupture or 

maximum load/extension. The load and 

deformation values were recorded 

continuously for each strain increment 

of 0.2%. The breaking strength was 

defined as the load required to break the 

specimen, called maximum load.28 Other 

parameters analyzed, but not presented, 

were: extensibility (strain at maximum 

load), relative failure energy (energy 

absorbed during stretching), and 

maximum stiffness (maximum slope of 

the load-strain curve). 

 

Picrosirius red staining 

The thoraco-abdominal aorta was 

dissected from 12-week old Col3a1Tg-

G182S (n=2), Col3a1Tg-WT (n=2) and NT 

(n=2) mice, fixed in 3.7% 

paraformaldehyde in PBS, and further 

processed for paraffin embedding. The 

collagen content of the aortic wall was 

assessed by staining 5µm sections with 
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Picrosirius red (Sigma-Aldrich), as 

described previously.29 Samples were 

examined with an Axio Observer.Z1 

microscope (Zeiss) equipped with an 

AxioCam 506 color camera system, 

using a 10x numerical aperture EC Plan-

NEOFLUAR objective and polarized filter. 

Images were acquired controlling for 

equal exposure times using ZEN 2012 

(blue edition) software (Zeiss). The total 

collagen content of picrosirius red 

stained aorta sections was analyzed 

using Volocity software (Perkin Elmer). 

Data are presented as fractional area of 

collagen content. Distances were 

measured using Fiji software (ImageJ). 

Spatial calibration was applied against 

each scale bar. 

 

Transmission electron microscopy 

Unaffected abdominal skin and thoraco-

abdominal aorta of 12-week old 

Col3a1Tg-G182S (n=2), Col3a1Tg-WT (n=2) 

and NT (n=2) mice were fixed and 

processed for transmission electron 

microscopy (TEM), as described 

previously.30 Grids were examined with 

a JEM1010 TEM (JEOL). In vitro formed 

fibrils were stained with 1.0% 

phosphotungstic acid, pH 7.0, and 

imaged with a FEI G20 TEM (FEI), 

operated at 120kV. The number and 

cross-sectional area of fibrils were 

measured using the Fiji software 

(ImageJ). Three independent regions of 

interest were selected per sample and 

fibril areas were measured by counting 

the pixels per fibril, which accounts for 

µm2. Spatial calibration for diameter 

measurements was applied against each 

scale bar. 

 

Extraction of mouse type I and III 

collagen, Mass Spectrometry and 

amino acid analysis 

Extraction of type I and III collagen was 

performed on equal amounts of 

abdominal skin from 12-week old 

Col3a1Tg-G182S (n=3), Col3a1Tg-WT (n=3) 

and NT (n=3) mice, as described 

previously.31 Types I and III collagen 

were simultaneously precipitated with 

0.7M NaCl after pepsin digestion. 

Precipitates were analyzed by amino 

acid analysis and SDS-PAGE, run on a 

NuPAGE Novex BisTris 4–12% gel 

(Thermo Fisher Scientific) and stained 

with GelCode Blue Stain Reagent, 

followed by Mass Spectrometry, 

performed on in-gel trypsin digested 

peptides, as described previously.31 In 

order to calculate the ratio of type III:I 

collagen, the density of the collagen 

bands on the SDS-PAGE gel were 

measured using the Fiji software 

(ImageJ). 

 

Collagen fibril formation assay 

Skin-extracted types I and III collagen 

solutions were diluted to a final 

concentration of 0.1μM in PBS, pH 8.2. 

Measurements were performed at 34°C 

and the absorbance was monitored at 

313nm in function of time in a Cary 

Series UV-Vis spectrophotometer 

(Agilent Technologies). Experiments 
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were performed at least three times 

independently.  

 

Thermal stability of type III collagen 

Specific salt precipitation with 1.8M 

NaCl at neutral pH was performed on 

skin-extracted types I and III collagen 

acid solutions to separate type III from 

type I collagen. Type III collagen 

solutions were diluted to a final 

concentration of 0.5µM in 50mM 

Tris/HCl buffer, pH 7.5, containing 0.2M 

NaCl. Circular dichroism spectra of type 

III collagen was recorded on an Aviv 202 

spectropolarimeter (Aviv) at 222nm.32 

The temperature was increased from 10 

to 60°C at a rate of 10°C/h. Experiments 

were performed at least three times 

independently. 

 

Statistical analysis 

Differences in mean and distribution 

were analyzed by RStudio, using 

respectively a Student’s t-test and a 

Kolmogorov–Smirnov test. For all 

analyses, the null hypothesis was 

rejected at the 0.05 level. 

  



 

RESULTS 87 

Acknowledgements 
 

The authors wish to thank Marine Vanhomwegen (Center for Medical Genetics Ghent), 

Keith Zientek and Dawn Jennings (Shriners Hospital for Children Portland) for their 

excellent technical assistance, and Delfien Syx (Center for Medical Genetics Ghent) for 

her critical review of the manuscript.  

 

 

Funding 

 

This work was supported by a Methusalem Grant from the Ghent University to ADP 

[BOFMET2015000401] and by the Research Foundation Flanders, Belgium to fellows 

FM, MJMB, SJ, BNL. The generation of the transgenic mouse lines was performed by the 

group of BNL, who is a recipient of a European Research Council Grant and of a Ghent 

University Multidisciplinary Research Platform Grant [GROUP-ID consortium]. The 

biochemical analyses were performed by the group of HPB, supported by grants from 

the Shriners Hospital for Children [85100, 85500]. 

 

 

Supplemental information 

 

Appendix A. 



 

RESULTS 88 

References 

 

1. Emanuel BS, Cannizzaro LA, Seyer JM, Myers JC. Human alpha 1(III) and alpha 2(V) 

procollagen genes are located on the long arm of chromosome 2. Proc Natl Acad Sci U S 

A. 1985;82(10):3385-9. 

2. Gelse K, Poschl E, Aigner T. Collagens--structure, function, and biosynthesis. Adv 

Drug Deliv Rev. 2003;55(12):1531-46. 

3. Keene DR, Sakai LY, Bachinger HP, Burgeson RE. Type III collagen can be present 

on banded collagen fibrils regardless of fibril diameter. The Journal of cell biology. 

1987;105(5):2393-402. 

4. Romanic AM, Adachi E, Kadler KE, Hojima Y, Prockop DJ. Copolymerization of 

pNcollagen III and collagen I. pNcollagen III decreases the rate of incorporation of 

collagen I into fibrils, the amount of collagen I incorporated, and the diameter of the 

fibrils formed. The Journal of biological chemistry. 1991;266(19):12703-9. 

5. Pope FM, Martin GR, McKusick VA. Inheritance of Ehlers-Danlos type IV 

syndrome. J Med Genet. 1977;14(3):200-4. 

6. Pepin M, Schwarze U, Superti-Furga A, Byers PH. Clinical and genetic features of 

Ehlers-Danlos syndrome type IV, the vascular type. N Engl J Med. 2000;342(10):673-80. 

7. Beighton P, De Paepe A, Steinmann B, Tsipouras P, Wenstrup RJ. Ehlers-Danlos 

syndromes: revised nosology, Villefranche, 1997. Ehlers-Danlos National Foundation 

(USA) and Ehlers-Danlos Support Group (UK). Am J Med Genet. 1998;77(1):31-7. 

8. Watanabe A, Shimada T. Vascular type of Ehlers-Danlos syndrome. Journal of 

Nippon Medical School = Nippon Ika Daigaku zasshi. 2008;75(5):254-61. 

9. Ong KT, Perdu J, De Backer J, Bozec E, Collignon P, Emmerich J, et al. Effect of 

celiprolol on prevention of cardiovascular events in vascular Ehlers-Danlos syndrome: a 

prospective randomised, open, blinded-endpoints trial. Lancet. 2010;376(9751):1476-

84. 

10. Leistritz DF, Pepin MG, Schwarze U, Byers PH. COL3A1 haploinsufficiency results 

in a variety of Ehlers-Danlos syndrome type IV with delayed onset of complications and 

longer life expectancy. Genet Med. 2011;13(8):717-22. 

11. Schwarze U, Schievink WI, Petty E, Jaff MR, Babovic-Vuksanovic D, Cherry KJ, et al. 

Haploinsufficiency for one COL3A1 allele of type III procollagen results in a phenotype 

similar to the vascular form of Ehlers-Danlos syndrome, Ehlers-Danlos syndrome type 

IV. Am J Hum Genet. 2001;69(5):989-1001. 

12. Liu X, Wu H, Byrne M, Krane S, Jaenisch R. Type III collagen is crucial for collagen 

I fibrillogenesis and for normal cardiovascular development. Proceedings of the National 

Academy of Sciences of the United States of America. 1997;94(5):1852-6. 



 

RESULTS 89 

13. Cooper TK, Zhong Q, Krawczyk M, Tae HJ, Muller GA, Schubert R, et al. The 

haploinsufficient Col3a1 mouse as a model for vascular Ehlers-Danlos syndrome. Vet 

Pathol. 2010;47(6):1028-39. 

14. Smith LB, Hadoke PW, Dyer E, Denvir MA, Brownstein D, Miller E, et al. 

Haploinsufficiency of the murine Col3a1 locus causes aortic dissection: a novel model of 

the vascular type of Ehlers-Danlos syndrome. Cardiovasc Res. 2011;90(1):182-90. 

15. Murata K, Motayama T, Kotake C. Collagen types in various layers of the human 

aorta and their changes with the atherosclerotic process. Atherosclerosis. 

1986;60(3):251-62. 

16. Schlumberger W, Thie M, Rauterberg J, Robenek H. Collagen synthesis in cultured 

aortic smooth muscle cells. Modulation by collagen lattice culture, transforming growth 

factor-beta 1, and epidermal growth factor. Arteriosclerosis and thrombosis : a journal 

of vascular biology / American Heart Association. 1991;11(6):1660-6. 

17. Volk SW, Wang Y, Mauldin EA, Liechty KW, Adams SL. Diminished type III 

collagen promotes myofibroblast differentiation and increases scar deposition in 

cutaneous wound healing. Cells Tissues Organs. 2011;194(1):25-37. 

18. Pines M, Schickler M, Hurwitz S, Yamauchi M. Developmental changes in skin 

collagen biosynthesis pathway in posthatch male and female chickens. Poultry science. 

1996;75(4):484-90. 

19. Markova MS, Zeskand J, McEntee B, Rothstein J, Jimenez SA, Siracusa LD. A role 

for the androgen receptor in collagen content of the skin. J Invest Dermatol. 

2004;123(6):1052-6. 

20. Lapiere CM, Nusgens B, Pierard GE. Interaction between collagen type I and type 

III in conditioning bundles organization. Connective tissue research. 1977;5(1):21-9. 

21. Fleischmajer R, Olsen BR, Timpl R, Perlish JS, Lovelace O. Collagen fibril formation 

during embryogenesis. Proc Natl Acad Sci U S A. 1983;80(11):3354-8. 

22. Smith LT, Schwarze U, Goldstein J, Byers PH. Mutations in the COL3A1 gene result 

in the Ehlers-Danlos syndrome type IV and alterations in the size and distribution of the 

major collagen fibrils of the dermis. J Invest Dermatol. 1997;108(3):241-7. 

23. Fleischmajer R, Timpl R, Tuderman L, Raisher L, Wiestner M, Perlish JS, et al. 

Ultrastructural identification of extension aminopropeptides of type I and III collagens 

in human skin. Proc Natl Acad Sci U S A. 1981;78(12):7360-4. 

 24. Zhang Y, Buchholz F, Muyrers JP, Stewart AF. A new logic for DNA engineering 

using recombination in Escherichia coli. Nature genetics. 1998;20(2):123-8. 

25. Dalgleish R. The human type I collagen mutation database. Nucleic acids research. 

1997;25(1):181-7. 

26. Dalgleish R. The Human Collagen Mutation Database 1998. Nucleic Acids Res. 

1998;26(1):253-5. 



 

RESULTS 90 

27. Kim JH, Lee SR, Li LH, Park HJ, Park JH, Lee KY, et al. High cleavage efficiency of a 

2A peptide derived from porcine teschovirus-1 in human cell lines, zebrafish and mice. 

PloS one. 2011;6(4):e18556. 

28. Christensen H, Andreassen TT, Oxlund H. Age-related alterations in the strength 

and collagen content of left colon in rats. Int J Colorectal Dis. 1992;7(2):85-8. 

29. Montes GS, Junqueira LC. The use of the Picrosirius-polarization method for the 

study of the biopathology of collagen. Memorias do Instituto Oswaldo Cruz. 1991;86 

Suppl 3:1-11. 

30. Osorio F, Tavernier SJ, Hoffmann E, Saeys Y, Martens L, Vetters J, et al. The 

unfolded-protein-response sensor IRE-1alpha regulates the function of CD8alpha+ 

dendritic cells. Nat Immunol. 2014;15(3):248-57. 

31. Pokidysheva E, Zientek KD, Ishikawa Y, Mizuno K, Vranka JA, Montgomery NT, et 

al. Posttranslational modifications in type I collagen from different tissues extracted 

from wild type and prolyl 3-hydroxylase 1 null mice. The Journal of biological chemistry. 

2013;288(34):24742-52. 

32. Mizuno K, Boudko S, Engel J, Bachinger HP. Vascular Ehlers-Danlos syndrome 

mutations in type III collagen differently stall the triple helical folding. J Biol Chem. 

2013;288(26):19166-76. 

  

  

  



 

RESULTS 91 

 

Manuscript ② 

Exploring the sexually dimorphic features of type III 

collagen 

 

  



 

RESULTS 92 

  



 

RESULTS 93 

Differential expression of type III collagen in male and female mouse 

skin 

 

Sanne D’hondt1, Yoshihiro Ishikawa2, Hans Peter Bächinger2, Fransiska Malfait1 

 

1Center for Medical Genetics, Ghent University and University Hospital, Ghent, BE 

2Department of Biochemistry and Molecular Biology, Oregon Health & Science 

University Portland and Shriners Hospitals for Children Portland, OR, USA 

 

Corresponding author 

Fransiska Malfait, MD, PhD 

Center for Medical Genetics, Ghent University Hospital, 0K5 

De Pintelaan 185, 9000 Ghent, Belgium 

+32 9 332 36 01 

Fransiska.Malfait@UGent.be 

 

 

In preparation. 

 

  



 

RESULTS 94 

Abstract 

 

Collagens are the most prevalent components of the extracellular matrix. They represent 

one-third of the total body protein content, and occur in a wide array of tissues where 

they provide structural integrity and strength. Collagen synthesis occurs continuously 

throughout life to repair and replace damaged collagen and build new cellular 

structures. However, collagen levels drop with age due to decreased production and 

increased degradation. Several studies have shown that, beside age, also sex influences 

collagen content. The skin of male mice displays a higher density and diameter of 

collagen fibrils, compared to female skin. These observations are associated with higher 

skin thickness and tensile strength in male mice, compared to females. Here we confirm 

the latter finding in wild-type mice, and we describe higher levels of type III collagen 

and larger collagen fibril diameters in skin of male mice, compared to female skin. In 

addition, we report a difference in methionine modification in type III collagen extracted 

from male and female skin biopsies. Amino acid analysis revealed a methionine 

sulfoxide, the oxidized form of methionine, in male type III collagen extracts, but not in 

females. Although, little is known about the effect of methionine oxidation on the 

processing and function of type III collagen, age might play an important role as 

methionine sulfoxide is believed to contribute to biological aging. Besides age, 

androgens might also be a key mediator in pathways influencing collagen content. 

Although further in-depth analysis is required, these findings highlight the importance 

of gender in studies involving collagen and other extracellular matrix components. 

 

 

 

Keywords: skin, sex difference, type III collagen, post translational modification 

  



  

 

Introduction 

Collagens are the most abundant 

proteins in the animal kingdom. They 

represent one-third of the total body 

protein content, are the most prevalent 

component of the extracellular matrix 

(ECM), and occur in a wide array of 

tissues where they provide structural 

integrity and strength. Collagens make 

up 75% of our skin and are produced by 

fibroblasts located in the dermis. 

Collagen synthesis occurs continuously 

throughout life to repair and replace 

damaged collagen or build new cellular 

structures.1-4 Collagen levels drop with 

age due to a decrease in production and 

an increase in degradation. In mammals, 

age-related changes in skin collagen 

content, proportion among collagen 

types, and collagen cross-linking have 

been described.5-8 

Another factor that is responsible for 

differences in collagen levels is gender. 

In 1991, a study on broilers showed that 

the type I collagen content of male skin 

is higher than the content of female skin, 

resulting in an increase in skin tensile 

strength.9 In 2004, Markova and 

colleagues found significant differences 

in type I collagen content between the 

skin of wild type male and female mice, 

which became more evident at 

puberty.10 It is known that the endocrine 

system is one of the most important 

factors involved in the initiation of 

aging. For skin, both estrogen and 

testosterone affect collagen density, skin  

 

thickness and elasticity. Estrogens can 

increase glycosaminoglycans (GAGs) to 

maintain fluid balance and structural 

integrity. Both estrogen and testosteron 

can also increase collagen production in 

the skin, where they maintain epidermal 

thickness and allow skin to remain 

plump, hydrated and wrinkle-free.11,12 

Thus, the effects of the 

estrogen:testosterone ratio may be a key 

mediator in pathways influencing 

collagen content.  

Collagen differences between males and 

females have only been described for 

type I collagen, but little is known about 

the influence of gender on the 

expression of other collagen types. In 

this study we evaluated the influence of 

gender on the expression, production 

and modification of type III collagen in 

wild type mice. Type III collagen is a 

major fibrillar collagen, consisting of 

three identical α1(III)-chains encoded 

by the COL3A1 gene. Type III collagen is 

expressed throughout embryogenesis 

and in a wide variety of adult tissues, 

including skin. In analogy with previous 

observations for type I collagen, we 

found higher levels of type III collagen 

and larger collagen fibril diameters in 

the skin of male mice, compared to 

female skin. These findings are 

associated with higher skin thickness 

and tensile strength in male mice, 

compared to females. Interestingly, 

amino acid analysis of skin-extracted 
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type III collagen revealed a methionine 

sulfoxide, the oxidized form of 

methionine, in males, but not in females. 

It is shown that Met oxidation 

contributes to biological aging and 

modulates protein function, 13,14 but its 

effect on type III collagen processing and 

assembly is not known. Factors, such as 

the endocrine system, are also believed 

to mediate collagen content in males and 

females. Herewith, we aim to highlight 

the importance of gender in studies 

involving collagen and other 

extracellular matrix components.  
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Results 

 

Tensile strength analysis of skin from 

male and female mice 

In order to determine sex-related 

differences in biomechanical properties 

of mouse skin, a uniaxial tensile strength 

test was performed on skin biopsies of 

12-week old, male and female wild type 

mice. The maximum load, which is 

defined as the load required to break the 

tissue, was measured. Figure 1 

illustrates that the maximum load of 

male skin is significantly higher 

compared to age-matched females 

(p<0.001, Student’s t-test), which 

confirms that the skin of male mice is 

significantly stronger compared to that 

of female mice. 

 

Collagen fibril diameter in skin 

biopsies of male and female mice 

Collagen fibrils were analyzed 

ultrastructurally in skin biopsies of 12-

week old wild type mice. Transmission 

electron microscopic images showed 

that the overall diameter of collagen 

fibrils in the dermis was significantly 

smaller in female (26.98±0.28nm) 

versus male (33.41±0.37nm) samples 

(p<0.001, Student’s t-test) (Figure 2). 

Together, these observations 

demonstrate that wild type male mice 

express more collagen in the skin and 

that their collagen fibrils are 

significantly thicker compared to age-

matched female mice. 

 

 

 

 

 

Figure 1. A tensile strength test of abdominal skin 

shows a significant difference between male and 

female mice (*** p<0.001). 
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Figure 2. Ultrastructural imaging of collagen fibrils in the dermis of 12-week old male and female mice. Scale bar: 

2µm. The frequency (%) of collagen fibrils in the skin, with a given diameter (nm), shows a significant difference in 

distribution for male and female mice (p<0.001).  

 

 

 

 

 
Figure 3. Picrosirius red stained skin biopsies from male and female mice were used to measures skin thickness. The 
red birefringence represents mature collagen fibrils in the (hypo)dermis. Scale bar: 100µm. The thickness of the 
dermis shows a significant difference between male and female mice (*** p<0.001). 
 

 

 

  



  

 

Collagen content in skin biopsies of 

male and female mice 

Histopathological examination of skin 

biopsies from 12-week old wild type 

mice showed visible differences in skin 

thickness (318.8±6.9 µm for males and 

151.9±4.4 µm for females), which 

consequently results in a higher collagen 

content in males, compared to female 

mice (Figure 3). 

To further analyze the collagen content 

in wild type mice, skin biopsies of 12-

week old male and female mice were 

processed by pepsin digestion and 

specific salt fractionation to isolate types 

I and III collagen. Biochemical collagen 

SDS-PAGE analysis of these collagen 

extracts showed a clear difference, with 

males having more types I and III 

collagen compared to female mice 

(Figure 4). The difference in type III 

collagen content was further quantified 

by amino acid analysis, which 

determines the pico moles (pmol) of 

each amino acid separately. Male 

collagen extracts contained significantly 

more type III collagen compared to 

female extracts (p=0.02, Student’s t-test) 

(Figure 5), which aligns with the SDS-

PAGE results (Figure 4). Collagen 

expression was also measured at RNA 

level in fibroblasts cultured from skin 

biopsies of 12-week old wild type mice.  

 

 

However, no significant difference in 

expression of Col3a1 and Col1a1, which 

encode the α1-chains of type III and I 

respectively, was detected between  

male and female mouse fibroblasts (data 

not shown). 

 

Amino Acid Analysis of type III 

collagen  

The amino acid chromatogram revealed 

a relatively high peak for the 3-

hydroxyproline (3-Hyp) residue in male 

samples (Figure 6 and Table 1), whereas 

type III collagen normally does not 

contain 3-Hyp.15 It is well established 

that 4-Hyp residues stabilize the 

collagen triple helix through water-

bridged intramolecular hydrogen 

bonding, however, the function of the 

much less abundant 3-Hyp is unknown. 

Furthermore, males showed a lower 

mole% of the amino acid Methionine 

(Met) compared to females (Table 1), 

and only in males, an additional 

unidentified peak was observed in the 

chromatograms around 4.5 minutes. 

This peculiar peak (indicated with red 

arrow in Figure 6) co-elutes with the 3-

Hyp in the second channel. 
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Met is a sulfur-containing amino acid, 

which is particularly vulnerable to 

oxidation to Met-sulfoxide (MetO). 

When combining commercial Met-

sulfoxide with a standard calibrator for 

amino acid analysis, the MetO peaked in 

overlap with the 3-Hyp and the 

unidentified peak in male type III 

collagen (Figure 6). This result suggests 

that the 3-Hyp peak was incorrectly 

annotated and that only in male type III 

collagen, the overall Met is modified by 

oxidation to MetO in male, but not in 

female type III collagen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Specific salt precipitation of types I and III 

collagen extracted from skin biopsies of 12-week old 

male and female mice. SDS-PAGE analysis of skin-

extracted type I:III collagen was performed under 

non-reducing conditions. 

 

 

Figure 5. Amino acid analysis of skin-extracted type 

III collagen of 12-week old male and female mice to 

quantify the concentration of type III collagen. Error 

bars show the standard error of the mean (* p=0.02). 
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Figure 6. Chromatographic profile of amino acids hydrolyzed from skin biopsies. Left panels: male samples 

show an additional unidentified peak (indicated by a red arrow). Middle panels: female samples show a normal 

profile. Right panels: a reference sample (red) was run together with a methionine (Met)-sulfoxide (black), of which 

its elution time overlaps with the unidentified peak in the male samples. Top panels: detection at 570nm. Lower 

panels: detection at 440nm, as proline (Pro) and hydroxyproline (OH-Pro) are imino acids and have no absorbance 

maxima within the visible light spectrum. 

 

 

 

Table 1. Amino acid analysis of skin-extracted type III collagen to quantify the concentration of α1(III)-chains. 

The table shows the concentration (mg/ml) of type III collagen, and the mole% of 3-hydroxyproline residues and the 

amino acid methionine in each male and female extraction sample. 
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Discussion 

Sex differences have been recognized in 

the incidence and course of diseases. 

Collagen diseases affect women and men 

differently. For example, systemic 

sclerosis is more common in women 

with a female to male ratio of 8:1, and 

systemic lupus erythematosus affects 

women nine times more than men. It has 

been shown by multiple independent 

research groups that collagen content in 

skin is different among men and women. 

We show a higher type I and III collagen 

content in 12-week old male mouse skin, 

which is consistent with the findings by 

Markova and colleagues where they 

showed that there are significant 

differences in type I collagen content 

between the skin of wild type male and 

female mice.10 

Another study suggests that collagen 

fibril diameter is related to sex,16 which 

is in line with our results showing a 

moderately large collagen fibril 

diameter in male skin, compared to 

female. The higher collagen content and 

fibril diameter in males are associated 

with the overall higher tensile strength 

of male skin. This is in agreement with 

previous findings reported in e.g. 

broilers, osteopontin mutant mice, and 

in matrix metalloproteinase (MMP)-9-

null mice.9,17,18 However, the sex-

dependent mechanisms modulating 

collagen expression and distribution in 

men and women are not completely 

recognized. 

 

Only in the past few years it has 

becoming increasingly clear that sex 

differences in disease manifestations are 

not due to a single cause. Etiologic 

factors can be found at many levels, 

including genetic (X-chromosome 

inactivation or mosaicism), cellular (sex-

specific receptor activity), organ 

(hormonal influences), sex, age, and 

environmental factors.19 Expression of 

collagen in cultured skin fibroblasts 

notably did not show a pronounced sex-

bias, probably because the endogenous 

collagen is not subjected anymore to 

natural in vivo compounds, i.e. 

androgen.20 It has been reported that 

androgen as well as estrogen influence 

sex-specific differences in the 

expression of type III collagen in the rat 

brain.21 However, the nature of the 

mechanisms involved in the profound 

effects of the androgen receptor 

pathway on collagen production and 

tissue content warrants further 

investigation. 

In addition to sex, age is also an 

important factor for changes in collagen 

concentration and relative proportion of 

types I and III collagen. We studied mice 

at 12 weeks of age, which corresponds 

to only just mature adult or just at the 

end of the pubertal growth. It is likely 

that sexual dimorphism in collagen 

expression may peak in mice of that 

particular age, and that this peak might 
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occur at a different developmental age 

in male and female mice. 

Amino acid analysis revealed the 

presence of modified Met in male type 

III collagen. Met is a sulfur-containing 

amino acid, which is subject to 

reversible oxidation and reduction, 

mediated either enzymatically or non-

enzymatically. Met in proteins plays an 

important role in oxidant defense redox 

sensing and regulation, as well as 

protein structure.14 Met-aromatic motifs 

are believed to play a unique role in 

stabilizing protein structure.22 

Conversion of Met to MetO will 

eliminate the hydrophobic bond, and is 

likely to perturb the normal 3D folding 

of the protein. As the overall proportion 

of Met is modified to MetO in male type 

III collagen, its protein stability and 

structure might be affected. Type III 

collagen has been shown to modulate 

the diameter of type I collagen fibrils,23-

25 and as collagen fibril diameter is 

related to sex, this finding might suggest 

a role for Met oxidation in modulating 

the diameter of collagen fibrils. 

However, further in-depth investigation 

is needed to confirm this novel finding. 

 With this study, we aim to raise 

awareness of taking into account 

differences in collagen levels between 

males and females when it comes to 

collagen research.  
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Materials and methods 

Mice 

C57BL/6J mice were originally 

purchased from Janvier Labs. Mice were 

housed in greenline IVC cages in a 

specific pathogen-free environment. 

Animal care and use were according to 

the animal ethics committee of the 

Ghent University and in accordance with 

EC guidelines for animal research. 

 

Tensile strength test 

Age-matched wild type mice (n=10 for 

each gender) of 12-weeks old were 

sacrificed and the abdominal area was 

depilated. Two equal areas on the skin 

were marked along the longitudinal axis 

of the animal (25mm in length and 

10mm in width) and subsequently 

removed. All dissected specimens were 

kept in PBS for a maximum period of 

24h. Uniaxial tensile tests were 

performed at room temperature using 

an Instron® 5942 electromechanical 

test system (Instron, Norwood, MA, 

USA). The system was configured with 

lightweight BioPuls pneumatic side 

action grips and surfalloy jaw faces. Skin 

samples were tested with a 50 N full-

scale load cell, for aorta and sigmoid 

colon samples a 10N full-scale load cell 

was used. Specimens were loaded onto 

the machine with 10 mm distance 

between the two vertical clamps. 

Tissues were stretched at a constant 

displacement rate of 12mm/min until  

 

 

 

rupture or maximum load/extension. 

The load and  

 

 

deformation values were recorded 

continuously for each strain increment 

of 0.2%. The breaking strength was 

defined as the load required to break the 

specimen (maximum load).26 

 

Picrosirius red staining 

Skin biopsies, dissected as described for 

the tensile strength test, from 12-week 

old wild type mice (n=3 of each gender) 

were fixed in 3.7% paraformaldehyde in 

PBS, and further processed for paraffin 

embedding. The collagen content of the 

dermis was assessed by staining 5µm 

sections with Picrosirius red (Sigma-

Aldrich), as described previously.27 

Samples were examined with an Axio 

Observer.Z1 microscope (Zeiss) 

equipped with an AxioCam 506 color 

camera system, using a 10x numerical 

aperture EC Plan-NEOFLUAR objective 

and polarized filter. Images were 

acquired controlling for equal exposure 

times using ZEN 2012 (blue edition) 

software (Zeiss). The thickness of the 

dermis was measured using Fiji 

software (ImageJ). Spatial calibration 

was applied against each scale bar. 

 

Extraction of Murine Type III 

Collagen from skin tissue 
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Equal amounts of abdominal skin were 

taken from 12 weeks old wild type mice 

and incubated in 1.0M acetic acid at 4°C 

with shaking for several hours. Pepsin 

was added to a final concentration of 

0.5mg/ml, and tissues were digested at 

4°C overnight. The solution was 

centrifuged to remove insoluble 

material, and then NaCl was added to a 

final concentration of 0.7M to 

precipitate collagens and the solution 

was incubated at 4°C overnight. 

Precipitates were collected by 

centrifugation at 13.000rpm for 15min 

and resuspended in 0.1M acetic acid. 

Saturated Tris was added to bring 

collagen solutions to neutral pH and 

then NaCl was added to a final 

concentration of 1.8M to preferentially 

precipitate type III collagen. The 

solution was incubated at 4°C overnight 

and then centrifuged at 13.000rpm for 

15min to collect the collagen 

precipitates. The pellets were 

resolubilized in 0.1M acetic acid, 

analyzed on SDS-PAGE gels, and 

lyophilized for further digestion and 

analysis.  

 

Transmission electron microscopy 

(TEM) 

Small fragments of depilated abdominal 

skin from 12-weeks old wild type mice 

were fixed and processed as described 

previously.28 Grids were viewed with a 

JEM1010 transmission electron 

microscope (JEOL). EM pictures were 

analyzed and cross-sectional collagen 

fibril areas were quantified using Fiji 

(Fiji Is Just ImageJ). Three independent 

ROI per animal of each genotype were 

selected, with a minimum contribution 

of at least 100 fibrils per ROI. 

Measurement of fibril areas was 

performed by counting the pixels per 

fibril which accounts for µm2. A single 

investigator blinded to the experimental 

groups performed the analyses. 

 

Amino Acid Analysis 

Acid hydrolysis was performed in 6x50-

mm Pyrex culture tubes placed in Pico 

Tag reaction vessels fitted with a 

sealable cap (Eldex Laboratories, Inc., 

Napa, CA). Samples were placed in 

culture tubes, dried in a SpeedVac (GMI, 

Inc. Albertsville, MN), and then placed 

into a reaction vessel that contained 

100ml of 6N HCl (Thermo Fisher 

Scientific) containing 2% phenol (Sigma-

Aldrich). The vessel was then purged 

with argon gas and vacuumed using the 

automated evacuation workstation 

Eldex hydrolysis/derivatization 

workstation (Eldex Laboratories, Inc.). 

Closing the valve on the Pico Tag cap 

maintained the vacuum during 

hydrolysis at 110°C for 24h. The 

hydrolyzed samples were then dried in a 

Savant SpeedVac. The dried samples 

were dissolved in 100 ml of 0.02N HCl 

containing an internal standard (100µM 

norvaline; Sigma). Appropriate further 

dilutions were made using the same 

dilution solvent for concentrated 

samples. Analysis was performed by ion 
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exchange chromatography with 

postcolumn ninhydrin derivatization 

and visible detection (440nm/570nm) 

with a Hitachi L-8800A amino acid 

analyzer (Hitachi High Technologies 

America, Inc., San Jose, CA) running the 

EZChrom Elite software (Scientific 

Software, Inc., Pleasanton, CA). 

 

Statistical analyses 

Differences between groups were 

analyzed by an unpaired, two-tailed 

Student’s t-test. All differences were 

considered to be significant at a 

probability greater than 95% (p<0.05). 
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Abstract 

 

Purpose: Within the spectrum of the Ehlers-Danlos syndromes (EDS), vascular 

complications are usually associated with the vascular subtype of EDS. Vascular 

complications are also observed in other EDS subtypes, but reports are anecdotal and 

information is dispersed. To better document the nature of vascular complications 

among ‘non-vascular’ EDS subtypes, we performed a systematic review. 

 

Methods: We queried three databases for English-language studies from inception until 

May 2017, documenting both phenotype and genotype of patients with non-vascular 

EDS subtypes. The outcome included the number and nature of vascular complications. 

 

Results: 112 papers were included and data was collected from 467 patients, of which 

77 presented with a vascular phenotype. Severe complications mainly include 

hematomas (53%), frequently reported in musculocontractural and classical-like EDS, 

intracranial hemorrhages (18%), with a high risk in dermatosparaxis EDS, and arterial 

dissections (16%), frequently reported in kyphoscoliotic and classical EDS. Other, more 

minor, vascular complications were reported in cardiac-valvular, arthrochalasia, 

spondylodysplastic and periodontal EDS. 

 

Conclusion: Potentially life-threatening vascular complications are a rare, but 

important finding in several non-vascular EDS subtypes, highlighting a need for more 

systematic documentation. This review will help clinicians familiarize with the spectrum 

of vascular complications in EDS, and guide follow-up and management. 

 

 

Keywords: Ehlers-Danlos syndrome, non-vascular subtypes, connective tissue disorder, 

vascular complications, systematic review  
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Introduction 

 

The Ehlers-Danlos syndrome (EDS) is an 

umbrella term for a group of clinically 

and genetically heterogeneous 

connective tissue disorders. Over the 

past two decades the Villefranche 

Nosology has been the standard for 

classifying EDS. It recognized six 

subtypes, most of which were caused by 

defects in the primary structure of 

collagen or collagen-modifying 

enzymes.1 Recent discoveries have 

however expanded the pathogenic 

spectrum to include EDS-variants that 

are caused by defects in both non-

collageneous extracellular matrix 

proteins and intracellular processes.2-10 

This has led to an EDS reclassification: a 

task that was recently accomplished by 

an International EDS Consortium.11 

Skin hyperextensibility and joint 

hypermobility are the clinical hallmarks 

of EDS, but more variable signs of soft 

connective tissue fragility are helpful in 

discriminating between the different 

types. Historically, arterial aneurysm 

and dissection have been synonymous 

with the vascular type of EDS (vEDS). 

This type of EDS is characterized by the 

presence of a thin, translucent skin, 

which bruises very easily, and joint 

hypermobility, which is often confined 

to the small joints. The clinical picture is, 

however, dominated by a remarkable 

vascular fragility that leads to 

spontaneous rupture of blood vessel 

walls, often without preceding vascular  

 

 

dilatation or aneurysm formation. Other 

life-threatening complications include 

rupture of the gastro-intestinal (GI) 

tract, gravid uterus, or other internal 

organs such as liver or spleen.12 The 

calculated median survival for vEDS 

patients is 48 years, with most deaths 

resulting from arterial rupture.13 

Complications are rare in childhood, but 

25% will have a first complication by the 

age of 20 years, and more than 80% will 

have had at least one complication by 

the age of 40 years. Therapeutic 

interventions are limited to 

symptomatic measures.14 Hitherto, the 

only evidence-based treatment strategy 

has been the administration of 

celiprolol, a cardioselective β-blocker 

with β2 agonist vasodilatory properties, 

which has been reported to reduce heart 

rate and pulsatile pressures in essential 

hypertension and could therefore 

decrease the continuous and pulsatile 

mechanical stress on collagen fibers 

within the arterial wall.15,16 vEDS is 

caused by heterozygous mutations in 

the type III procollagen-encoding gene 

COL3A1.17 Genotype-phenotype 

correlations have been extensively 

investigated. Substitution of triple 

helical glycine residues and splice donor 

site mutations leading to exon skipping 

are generally associated with a shorter 

life expectancy, whereas mutations 

leading to COL3A1 haploinsufficiency are 

usually associated with a milder 
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phenotype, a delay in the onset of 

complications and a longer life 

expectancy.18,19 

Vascular complications, including 

arterial aneurysms and ruptures, 

subcutaneous hematomas, gum 

bleeding, prolonged perioperative and 

menstrual bleeding have also been 

described in other, ‘non-vascular’ 

subtypes of EDS.20,21 Most of these 

reports are anecdotal, and the 

occurrence of such complications in the 

different EDS subtypes is not well 

documented. In view of the vast clinical 

and genetic heterogeneity of EDS, it may 

therefore be difficult for clinicians to 

predict for a specific EDS patient, 

whether vascular complications should 

be taken into account, and how patients 

should be followed. 

We reviewed the medical literature on 

EDS in a systematic manner to better 

document the nature of vascular 

complications in patients with a non-

vascular EDS diagnosis confirmed with 

molecular testing. This review will help 

clinicians familiarize with the spectrum 

of vascular complications in non-

vascular EDS subtypes, and guide 

follow-up and management. 

  

  



 

RESULTS 115 

Materials and methods 

 

Study design 

This systematic review was designed 

and carried out in accordance with the 

guidelines of the Preferred Reporting 

Items for Systematic reviews and Meta-

Analyses (PRISMA) statement for 

reporting systematic reviews.22 

 

Search strategy 

The aim of this study was to collect all 

available data on vascular complications 

in the non-vascular EDS subtypes 

described in the updated EDS 

classification (Table 1). We queried the 

PubMed and Web of Science databases, 

taking into account the different 

notations for the EDS subtypes (e.g. 

classic vs. classical). For e.g. classical 

EDS (COL5A1/2), the following 

keywords were used: Ehlers-Danlos 

syndrome, classic*, COL5A1, COL5A2, 

Ehlers-Danlos syndrome type I, Ehlers-

Danlos syndrome type II. All keywords 

for each EDS subtype are outlined in 

Table 1. Based on these keywords, 

search strings to query the respected 

databases for e.g. classical EDS 

(COL5A1/2) were constructed as 

follows: ("Ehlers-Danlos 

syndrome"[Title/Abstract] AND 

(classic*[Title/Abstract] OR 

COL5A1[Title/Abstract] OR 

COL5A2[Title/Abstract])) OR "Ehlers-

Danlos syndrome type I"[Title/Abstract] 

OR "Ehlers-Danlos syndrome type 

II"[Title/Abstract]. To exclude non- 

 

 

relevant references, queries were 

restricted to ‘title’ and ‘abstract’ in 

Pubmed and ‘topic’ in Web of Science. 

All search strings are outlined in Table 

S1. The Leiden Open Variation Database 

(LOVD) (http://www.lovd.nl/3.0/home) 

was queried for additional references. 

All references published from inception 

until May 31st, 2017 were eligible for 

inclusion in this review. A bibliography 

was created using EndNote X7 

(Thomson Reuters). 

 

Screening process and eligibility 

criteria 

Primary literature screening was 

performed by two investigators (SD and 

TVD), independently, according to the 

following inclusion criteria: (1) 

population: non-vascular subtypes of 

EDS, (2) language: English, (3) papers: 

no short conference proceedings or 

meeting abstracts, (4) availability of the 

full text. Next, eligibility for inclusion in 

the review after full-text screening of 

the remaining papers was further 

assessed using the following criteria: a 

description of both (1) the patient’s 

phenotype and (2) the pathogenic 

genetic defect. Patients for whom only 

linkage to a gene or a biochemical 

diagnosis was demonstrated were 

excluded. Hypermobile EDS was also not 

included since its genetic etiology 

remains unknown and because – prior 

to the updated 2017 classification on 
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EDS11 – its definition covered a broad 

clinical spectrum with variable signs of 

connective tissue fragility that largely 

overlapped with joint hypermobility 

syndrome. The following types of 

studies were considered: clinical trials, 

case-control studies, cross-sectional 

studies, cohort studies, case series, and 

case reports published in peer-reviewed 

scientific journals. Excluded were cell 

culture laboratory studies, animal 

studies, and reviews. Titles and 

abstracts were checked with regard to 

the predefined eligibility criteria. 

Abstracts with unclear methodology 

were included in full-text assessment to 

avoid exclusion of potentially relevant 

papers. 

  

Quality assessment 

Quality assessment tools for case series, 

case-control, cross-sectional and cohort 

studies are available from the National 

Heart, Blood, and Lung Institute 

(Bethesda, MD, USA) 

(https://www.nhlbi.nih.gov/). Quality 

assessment tools for case reports are 

available from the Joanna Briggs 

Institute (Adelaide, Australia) 

(http://joannabriggs.org/). Each study 

was classified into the following groups: 

(1) good if all quality criteria were 

judged as “present”, (2) fair if one or 

more key domains were “unclear”, and 

(3) poor if one or more key domains 

were “absent” (Table S2). 

 

Data extraction and aggregation 

Data extraction and aggregation was 

performed by a single investigator (SD). 

Uncertainties were resolved through 

discussion with the principle 

investigator (FM). The following data, if 

available, were extracted from the 

included references: (1) study 

characteristics (authors and year of 

publication), (2) patient attributes 

(patient and family identifiers, age at 

time of referral or vascular 

complication, and relevant 

comorbidities), (3) vascular features 

(type and location of vascular 

complication, recurrence, management, 

and cause of death) and (4) mutation. If 

a patient or family was described more 

than once, the most informative 

reference was used for data collection. 

The spectrum of vascular complications 

was further categorized into: (1) 

hematomas, (2) intracranial 

hemorrhages, (3) arterial dissections, 

(4) arterial aneurysms, (5) 

gastrointestinal (GI) bleedings, (6) 

perioperative hemorrhages, and (7) 

sporadic vascular complications. The 

data collection on hematomas only 

included those occurring spontaneously, 

from minor trauma or described as 

severe in nature (e.g. large, massive, 

repeated, profuse). Easy bruising was 

not included in this study because of 

multiple reasons. It is often described in 

a non-descriptive manner, and as a 

symptom it is prone to being over-

reported by both patients and 

caregivers. The authors therefor felt that 
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including easy bruising would lead to an 

overrepresentation of vascular 

complications in non-vascular EDS. The 

primary outcome was the total number 

of non-vascular EDS patients, along with 

the number of patients reported with 

none, one or more vascular 

complication(s). The secondary outcome 

included the number, type and location 

of reported vascular complications. 
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Results 

 

Search results and study 

characteristics 

A flow diagram of the search selection 

process is depicted in Figure 1. Our 

search strategy identified 809 unique 

papers, 547 of which were excluded 

after primary screening based on title 

and abstract. From the remaining 262 

papers selected for full-text screening, 

112 papers were found to meet the 

predefined inclusion criteria (Figure 1). 

All included papers are listed in Table S2 

and a brief overview of all included 

studies and patients is presented in 

Table 2. The type of studies reported by 

these papers included mainly case 

reports (=51) and series (n=59), a cross-

sectional study (n=1) and a cohort study 

(n=1). Quality of the included papers 

was assessed, of which 38 were 

classified as good, 43 as fair and 31 as 

poor. None of them were rejected based 

on quality properties alone, in order to 

obtain a large population in which it is 

possible to draw firm conclusions. These 

112 papers report on 467 patients (197 

males, 238 females, and 32 were not 

defined) from 342 unrelated families, 

and include 29 papers on classical EDS 

(cEDS; COL5A1/2: n=25; COL1A1 

p.(Arg312Cys): n=4),23-51 six on 

classical-like EDS (clEDS; TNXB),52-57 

three on cardiac-valvular EDS (cvEDS; 

COL1A2),58-60 ten on arthrochalasia EDS 

(aEDS; COL1A1/2),61-70 six on 

dermatosparaxis EDS (dEDS;  

 

 

ADAMTS2),71-76 22 on kyphoscoliotic 

EDS (kEDS; PLOD1: n=17, FKBP14: 

n=5),4,77-97 ten on brittle cornea 

syndrome (BCS; ZNF469: n=5; PRDM5: 

n=5),2,98-106 11 on spondylodysplastic 

EDS (spEDS; B4GALT7: n=5; B3GALT6: 

n=4; SLC39A13: n=2),5,8,9,107-114 12 on 

musculocontractural EDS (mcEDS; 

CHST14: n=11; DSE: n=1),6,7,115-124 two 

on myopathic EDS (mEDS; 

COL12A1),125,126 and one on periodontal 

EDS (pEDS; C1R/S).127 One paper that 

fulfilled the inclusion criteria was 

withheld because it contained data of a 

patient being described more 

thoroughly in another paper.128 

 

Non-vascular EDS with vascular 

complications 

77 of 467 (17%) individuals with non-

vascular EDS (age: ranging from birth to 

62 years) were reported with a total 

number of 100 vascular complications. 

Vascular complications were, in terms of 

percentage, most frequently reported in 

mcEDS-DSE (2/3, 67%), mcEDS-CHST14 

(27/43, 63%), clEDS (10/19, 53%), 

cvEDS (2/5, 40%), dEDS (5/15, 33%), 

cEDS-COL1A1 (3/12, 25%), kEDS-

FKBP14 (2/10, 20%), kEDS-PLOD1 

(8/54, 15%), spEDS-SLC39A13 (1/8, 

13%), cEDS-COL5A1/2 (12/110, 11%), 

aEDS (1/17, 6%), pEDS (3/55, 6%), and 

spEDS-B3GALT6 (1/25, 4%) (Figure 2A). 

Of these 77 individuals, 14 (18%) 

suffered more than one complication, 
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with an average of 1.3, ranging from 1 to 

6 complications per case. This, however, 

corresponds to only 3% (14/467) of all 

individuals included in this systematic 

review. The occurrence of multiple 

complications was reported most 

frequently in mcEDS-CHST14 (8/43, 

19%) (Table 3). No vascular 

complications were recorded in spEDS-

B4GALT7, BCS and mEDS. 

 

 

 

 

 

  

Figure 1 Flow diagram presenting the search and selection process. 
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Figure 2 Vascular complications in non-vascular EDS. (a) The number of patients with vascular complications are 

presented for each non-vascular EDS subtype in terms of percentage. The ratio indicates the absolute value of patients 

with vascular complication(s) to the total number per subtype. (b) The number of each complication type is presented 

in terms of percentage. GI: gastro-intestinal. 
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Mortality 

Overall, death due to vascular 

complications was reported in 8 

individuals (8/467, 2%). In cEDS-

COL5A1, three adult patients died from 

rupture of a large- or medium-sized 

artery (mean age: 35 years, range 28-43 

years)25 and one 9-year old patient died 

from multi-organ failure secondary to 

the rupture of an aneurysm of the 

superior mesenteric artery.31 One 

patient with cvEDS died from bleeding 

complications during aortic valve 

replacement surgery at the age of 45 

years.60 In dEDS, one patient died 

shortly after birth due to severe 

hemorrhage and shock.72 One patient 

with mcEDS-CHST14 died from a large 

intracerebral hemorrhage at the age of 

59 years, and finally one with kEDS-

PLOD1 died from an arterial rupture at 

an unspecified site and unknown 

age.89,116 

 

Vascular phenotypes and 

management 

To provide an overview of the type of 

vascular complications in non-vascular 

EDS patients, each reported 

complication (n=100) was categorized 

as (1) hematoma (53/100, 53%), (2) 

intracranial hemorrhage (18/100, 18%), 

(3) spontaneous arterial dissection 

(16/100, 16%), (4) arterial aneurysm 

(5/100, 5%), (5) GI bleeding (1/100, 

1%), (6) perioperative hemorrhage 

(5/100 5%), and (7) sporadic vascular 

complication (2/100, 2%). An overview 

of the vascular phenotypes is presented 

in Figure 2B, and Table 3 summarizes 

the reported type of complications per 

non-vascular EDS subtype.  

 

Hematoma 

The most frequent of all vascular 

complications was the formation of 

hematomas (53/100, 53%), either 

spontaneously (10/53, 19%) or after 

minor trauma (32/53, 60%), such as a 

minor fall. They were reported primarily 

in mcEDS patients (25/46, 54%) (DSE: 

2/3, 67%; CHST14: 23/43, 53%)6,115-122 

and clEDS patients (10/19, 53%),53,55-57 

and to a lesser extent in patients with 

dEDS (2/15, 13%),72,74 and cEDS-

COL5A1 (3/110, 3%).34,38 Most 

hematomas were subcutaneous (41/53, 

77%), but epidural, spinal, scalp, and 

stomach wall hematomas were reported 

as well. Management was only reported 

in mcEDS, where some hematomas from 

minor trauma required transfusion 

(n=7), surgical drainage (n=6), and/or 

admittance to the intensive care unit 

(n=3). One mcEDS-CHST14 patient 

presented with a spontaneous 

hematoma and was treated with 

emergency surgical drainage and 

transfusion.115 

 

Intracranial hemorrhage 

The second most frequently reported 

vascular complication was intracranial 

hemorrhage (18/100, 18%), including 

ten intracerebral, three subdural, one 

subarachnoid, one epidural, and three 
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unspecified hemorrhages. dEDS inferred 

a high risk of intracerebral hemorrhage, 

affecting 20% of the patients (3/15), 

mostly at birth.73,76 Intracranial 

hemorrhages were also reported in 

mcEDS-CHST14 (4/43, 9%),116,118,120 

kEDS-PLOD1 (4/54, 7%),78,80,86,87 pEDS 

(2/55, 4%),127 spEDS (2/61, 3%) 

(SLC39A13: 1/8, 13%; B3GALT6: 1/25, 

4%)5,9 and cEDS-COL5A1 (1/110, 1%).25 

 

Arterial dissection 

Overall, 13 patients suffered a total of 16 

arterial dissections (16/100, 16%). This 

includes eight patients with cEDS 

(8/122, 7%) (COL1A1: 2/12, 17%; 

COL5A1: 6/110, 5%),25,27,33,49,50 seven 

patients with kEDS (7/64, 8%) (PLOD1: 

5/54, 9%; FKBP14: 2/10, 

20%),79,80,89,95,97 and one with cvEDS 

(1/5, 20%).60 Dissections occurred most 

frequently in medium- or large-sized 

arteries, including the iliac, femoral, 

renal, celiac, hypogastric, subclavian, 

superior mesenteric, brachial and 

coronary arteries. Aortic dissection was 

reported in one patient with cEDS-

COL5A1.25 Data about management is 

limited and mostly anecdotal, but seven 

of these dissections were treated 

surgically and two using endovascular 

techniques.25,27,49,79,95,97 

 

Arterial aneurysm 

Arterial aneurysms were reported in 

five patients (5/100, 5%), including 

cEDS (4/122, 3%; COL5A1: 3/110, 3%; 

COL1A1: 1/12, 8% and kEDS-PLOD1 

(1/54, 2%).25,28,30,31,82 Large- (n=1) and 

medium-sized (n=3) arteries were 

affected and aortic root dilatation was 

described in one cEDS patient.28 Three 

aneurysms were reported to rupture, 

two of which concerned cEDS-COL5A1 

and one kEDS-PLOD1; they were 

managed using endovascular 

techniques.30,31,82 One patient 

underwent surgery twice and was 

followed-up using regular CT 

angiography.25 

 

Gastrointestinal bleeding 

Severe GI bleeding was reported in one 

cEDS-COL5A2 (1/110, 1%) patient who 

suffered a perforation of the terminal 

ileum at birth and was treated with an 

ileostomy.23 Several other more 

common GI problems are described 

below. 

 

Perioperative hemorrhage 

Perioperative hemorrhage (5/100, 5%) 

was reported in two patients with 

mcEDS-CHST14 (2/43, 5%) during a 

laparoscopic procedure and surgery for 

dislocations,63,118,123 in one patient with 

aEDS (1/18, 6%) who bled excessively 

at surgery (unspecified),63 in one patient 

with pEDS (1/55, 2%) who had a 

profuse bleeding after hysterectomy,127 

and in one cvEDS patient (1/5, 20%) 

who underwent aortic valve 

replacement surgery and died from it at 

the age of 45 years.60  

 

Sporadic vascular complications 
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One cEDS-COL5A1 patient (1/110, 1%) 

was reported with a pulmonary artery 

hypoplasia,28 and one dEDS patient 

(1/15, 7%) presented with a pleural 

serohemorrhagic effusion of the left 

lung.74 

 

Common and aspecific vascular 

features 

Several vascular and bleeding 

complications, which are presumed to 

be relatively frequent in the general 

population, have been reported in 

various EDS subtypes. Since these 

vascular features are potentially 

aspecific, we listed them complementary 

but did not add them to the total 

number of complications. 

Menometrorrhagia was reported in two 

patients with cEDS-COL5A1 (2/65 

females, 3%),28 and postpartum 

hemorrhaging was reported in one 

patient with aEDS (1/12 females, 8%) 

after birth of each of her children and in 

one clEDS (1/12 females, 8%).53,65 The 

severity of the latter was not described 

in literature. 

Minor GI bleeding was reported in two 

clEDS (2/18, 11%),53,57 two dEDS (2/15, 

13%),71 two mcEDS-CHST14 (2/43, 

5%),115 and one pEDS (1/55, 2%) 

patients.127 Two dEDS patients had a 

rectal prolapse with anal bleeding,71 and 

one clEDS patient had a gastric ulcer.53 

The origin of the bleeding was not 

specified in the other clEDS and the 

pEDS patient. 

Venous complication, such as varicose 

veins and deep venous thrombosis 

(DVT) were reported in a number of 

patients. In cEDS, seven patients 

presented with varicose veins (7/122, 

6%; COL5A1: 4/110, 4%; COL1A1: 3/12, 

25%) and three with a DVT (3/110, 

3%).28,33,42,44,48 Two patients with 

spEDS-SLC39A13 (2/8, 25%) presented 

with varicose veins,5 and one patient 

with kEDS-PLOD1 (1/54, 2%) presented 

with a DVT from compression stasis, 

which was treated by fasciotomy.93 In all 

of these patients these complications 

were reported over the age of 40 years, 

except for the kEDS-PLOD1 patient, who 

presented with a DVT at the age of 15 

years.93 

Five patients were reported with small 

bleedings: three of which suffered from 

gum bleeding (mcEDS-CHST14: 2/43, 

5%; cEDS-COL5A1: 1/110, 1%),28,118,123 

and two dEDS patients suffered from 

epistaxis (2/15, 13%).71,129 
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Discussion 

 

Vascular complications are an important 

finding in non-vascular subtypes of EDS. 

Overall, 77/467 (17%) of the patients 

included in this study presented with 

relatively severe vascular complications. 

In line with the clinical and genetic 

heterogeneity of this group of disorders, 

there are important differences in the 

number, severity and type of 

complications associated with the 

different EDS subtypes (Table 3). 

Vascular complications are, for example, 

most frequently reported in mcEDS 

(CHST14/DSE) and in clEDS (TNXB), 

being present in about two thirds to half 

of the patients, respectively. In contrast, 

to date no vascular complications have 

been reported for spEDS-B4GALT7, BCS 

and mEDS. 

In mcEDS and clEDS, the vascular 

phenotype is largely predominated by 

hematomas. In clEDS, hematomas are 

mostly spontaneous and subcutaneous, 

whereas in mcEDS they mostly occur 

after minor trauma, but, besides 

subcutaneous tissues, also affect other 

locations (e.g. scalp, spine, and buttock). 

Furthermore, these hematomas are 

different from the commonly reported 

easy bruising in EDS and the large 

hematomas in clEDS, because they can 

be severe in nature and sometimes 

necessitate surgery and blood 

transfusion. Of note, four mcEDS-

CHST14 patients were reported to have 

intracranial bleeding, of which one  

 

 

person died at the age of 59 years. As 

such this appears to be a rare, but 

important complication of mcEDS. 

cEDS, cvEDS, dEDS and kEDS, are 

associated with a lower, but nonetheless 

important risk for vascular 

complications. Moreover, in these 

subtypes, the majority of vascular 

complications are severe and potentially 

life-threatening, and include intracranial 

hemorrhages, arterial aneurysms and 

arterial dissections. The latter 

complications each account for 

approximately 5-16% of all reported 

vascular complications in non-vascular 

EDS. Arterial aneurysms have been 

reported in a few patients with cEDS 

(COL5A1/COL1A1) and kEDS-PLOD1. 

Arterial dissections are most frequently 

reported in kEDS-FKBP14 (20% of 10 

kEDS-FKBP14 patients) and cEDS due to 

COL1A1 p.(Arg312Cys) (17% of 12 

cEDS-COL1A1 patients), and to a lesser 

extent in kEDS-PLOD1 (9% of 54 kEDS-

PLOD1 patients) and cEDS-COL5A1 (5% 

of 110 cEDS-COL5A1 patients). One 

patient with cvEDS was also reported to 

have an arterial dissection. Similar to 

vEDS, these aneurysms and dissections 

mostly affect large- and medium-sized 

arteries such as iliac, femoral, renal, 

celiac, hypogastric, subclavian, superior 

mesenteric, brachial and coronary 

arteries. Aortic dissection was reported 

in only one patient with cEDS-COL5A1. 

Arterial aneurysms and dissections have 
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not been reported for any of the other 

EDS subtypes. Overall, arterial 

aneurysms and dissections are 

significantly less frequently reported 

than in vEDS, where such complications 

are reported in approximately half of 

patients.18,130 

In dEDS, one quarter of the patients 

suffered from intracranial hemorrhage, 

especially in the perinatal period. 

Intracranial hemorrhage was also 

reported in a range of other subtypes, 

including kEDS-PLOD1 (also in the 

perinatal period), mcEDS-CHST14, pEDS, 

spEDS (SLC39A13 and B3GALT6) and 

cEDS-COL5A1 (at an age ranging from 2 

to 62 years). Despite a relatively high 

occurrence of these severe vascular 

complications, reported mortality was 

only 2% (8/467). 

In addition to these severe and 

potentially life-threatening problems, 

several other, and often minor bleeding 

manifestations, such as gynecological 

and GI bleedings, perioperative 

hemorrhage, varicose veins, DVT, gum 

bleeding and epistaxis have been 

reported in a variety of EDS subtypes, 

including cEDS, clEDS, aEDS, dEDS, 

kEDS-PLOD1, spEDS-B3GALT6, mcEDS-

CHST14 and pEDS. However, it has to be 

noted that these bleeding manifestations 

are also relatively common in the 

general population: e.g. the estimated 

incidence for menometrorrhagia is 10-

20%,131 3-10% for perioperative 

hemorrhage,132 10-15% and 20-25% for 

varicose veins in men and women 

respectively.133 As such, these 

manifestations were not counted 

towards the total number of vascular 

complications, but were merely listed 

complementary in this review. 

Data on treatment and treatment 

outcome of arterial complications in 

non-vascular EDS is very limited, being 

reported in only 11 of 77 (14%) patients 

with complications. In case of arterial 

aneurysms and dissections, the vast 

majority underwent endovascular 

stenting (n=5), classical surgery (n=4) 

or conservative treatment (n=2). It is 

difficult, based on the available data, to 

formulate guidelines for the surveillance 

and follow-up of arterial aneurysms in 

non-vascular EDS. Especially for those 

subtypes associated with increased risk 

for arterial dissections and aneurysms 

surveillance strategies based on non-

invasive imaging, such as ultrasound, 

magnetic resonance angiography, and 

computed tomography angiography 

with or without venous contrast, could 

be recommended, similar to care 

guidelines for vEDS.134 Guidelines for 

cardiovascular care and surgery for 

Marfan and Loeys-Dietz syndrome, 

including annual cardiovascular 

imaging, blood pressure-lowering 

medication (e.g. angiotensin receptor 

blocker, β-blockers, or angiotensin-

converting enzyme inhibitor), and 

surgery when approaching surgical 

thresholds for aortic root dimensions or 

acute dissection, could also be used until 

EDS subtype-specific recommendations 
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are available.135,136 There are no reports 

about the use of celiprolol, the β-blocker 

that has proven to delay vascular 

complications in vEDS.15,16 One could 

argue, however, for its use in EDS 

subtypes with an increased risk of 

arterial rupture and/or aneurysm (e.g. 

cEDS, kEDS). Another drug that has 

anecdotally been reported to be useful 

in treating or preventing bleeding 

episodes and/or hematomas in several 

EDS subtypes, such as mcEDS, kEDS, and 

vEDS, is the procoagulant desmopressin 

(DDAVP).116,137,138  

When interpreting the results from this 

study, some comments must be made 

about its inherent limitations. First, the 

systematic and predefined search 

strategy aimed to identify all potentially 

relevant studies, but the risk of selection 

bias is not insuperable. Second, 

extensive natural history studies on EDS 

are rare: the data summarized here is 

mostly derived from either case reports 

(n= 51) or case series (n= 59), which are 

prone to publication and selection bias, 

because the cases are mainly self-

selected. Third, asymptomatic features 

(e.g. silent aneurysms) are often not 

actively screened for such retrospective 

studies. Finally, for some subtypes, such 

as dEDS, kEDS-FKBP14, spEDS-B4GALT7, 

mcEDS-DSE and mEDS very few patients 

have been reported to date. As such, it is 

likely that the current review is only a 

mere approximation of the occurrence 

and spectrum of vascular complications 

in non-vascular EDS. 

In conclusion, vascular complications 

are important and sometimes severe in 

some non-vascular EDS subtypes. They 

are mainly found in mcEDS, clEDS, dEDS, 

kEDS and cEDS. Hematomas are most 

frequently reported (53%) and 

predominate mcEDS and clEDS. Serious, 

potentially life-threathening 

complications such as intracranial 

hemorrhage, arterial aneurysms and 

dissections of large- and medium-sized 

arteries, each account for approximately 

18, 5 and 16% of vascular complications, 

and are most frequently seen in dEDS 

(intracranial hemorrhage), cEDS 

(arterial dissections and aneurysms) 

and kEDS (arterial dissections). No 

complications were reported yet in 

spEDS-B4GALT7, BCS and mEDS. Given 

the relatively high occurrence of 

vascular complications in EDS patients, 

referral for cardiovascular assessment 

and regular follow-up imaging may be 

required upon diagnosis, especially for 

cEDS, dEDS and kEDS. If vascular 

complications are detected, the type and 

location of the complication will guide 

treatment options. To optimize 

management and care guidelines, future 

research should, however, focus on 

more systematic documentation of 

vascular and bleeding complications and 

their management in natural history 

studies and registries. 
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1. General discussion 

With the entire human genome sequenced and the advantages of high-throughput 

sequencing techniques, such as whole exome and whole genome sequencing, it has 

become easier than it was decades ago to identify the genes that are causally linked to 

particular diseases. Unfortunately, identification of the gene responsible for a disease 

does not necessarily lead to a cure. To develop a therapy or cure, we need to understand 

where and when the particular gene is expressed, and more importantly, how the gene 

functions in normal as well as in affected cells. With this thesis, we aimed to contribute 

to the further understanding of the molecular basis of the vascular Ehlers-Danlos 

syndrome (vEDS), a heritable connective tissue disorder characterized by dermal and 

vascular fragility, and fragility of hollow organs. The molecular basis of this disorder has 

been well-elucidated, with over 600 pathogenic variants identified in the COL3A1 gene. 

However, the mechanisms by which mutant type III collagen causes the vEDS phenotype 

are not well understood. 

 

The genetic and physiological similarities between mice and humans have drawn 

considerable attention on rodents as potential models of human health and disease. 

Together with the wealth of resources, knowledge and technologies surrounding the 

mouse as a model system, these similarities have propelled this species to the forefront 

of biomedical research. The advent of genomic manipulation has quickly led to the 

creation and use of genetically engineered mice as powerful tools for cutting edge 

studies of human disease research, including the discovery, refinement, and utility of 

many currently available therapeutic regimes. Therefore we chose to use a mouse model 

for our research purpose. 
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1.1. The Col3a1 transgenic mouse model 

In a first manuscript (manuscript ①), we generated a transgenic Col3a1 mouse 

model in order to further elucidate the role of abnormal type III collagen in 

development and disease. Two mouse models have been reported for vEDS, however, 

both models are either homozygous or heterozygous nulls while the predominant type 

of defect in human vEDS is a glycine substitution that affects the structure of the type III 

procollagen protein. Today, a total of 632 pathogenic COL3A1 gene variants are reported 

according to the LOVD variant database.132 The most frequent disease-causing COL3A1 

variants are missense variants substituting a crucial glycine residue located between 

exons 6 and 47, encoding the triple helix domain of type III collagen (Figure 2.7, 

introduction: page 37). Since type III collagen is organized as a homotrimer of three 

identical α1(III)-chains, missense heterozygous variants act according to a dominant 

negative effect (Figure 2.5, introduction: page 34).75,76,113 The missense variant c.547G>A 

in exon 6, substituting a helical glycine for a serine residue (p.(Gly183Ser)) in human 

type III collagen, has been reported 22 times.132 We chose to generate a transgenic 

mouse model overexpressing this highly reported helical glycine substitution, as it is 

known to be associated with a severe vEDS phenotype in humans. Of note, the human 

and murine signal peptide sequence differs in one amino acid, whereby the human 

Gly183 corresponds to the murine Gly182 residue. 

Both homozygous and heterozygous knockout mouse models and the transgenic 

mouse model generated in the current project allow us to study the effect of type III 

collagen in the pathogenesis of vEDS and collagen fibrillogenesis in general. A Col3a1 

knockin mouse model might be another interesting approach to study vEDS and drug 

therapies, as knockin models correlate to the human condition, i.e. one wild type and 

one mutant allele. However, no Col3a1 knockin mouse models have been reported yet. 
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1.2. Resemblance of a vascular EDS phenotype 

Characterization of an animal model is of fundamental importance to determine 

whether or not it can serve as a model for a human disorder. Both Col3a1 knockout 

mouse models have been proposed as preclinical vEDS models. An overview of all 

reported features in both Col3a1 knockouts and our Col3a1Tg-G182S transgenic mouse 

model is presented in Table 1.1 and Figure 1.1, along with the diagnostic criteria for 

human vEDS according to the updated EDS classification.64  

Both Col3a1 knockout mouse models suffer from lethal arterial ruptures at a young 

age (ranging from 1.5-6 months), which is a life-threatening complication in human 

vEDS. The architecture and the morphology of the aortic wall and the collagen fibrils of 

both knockouts demonstrate abnormalities resembling those observed in our Col3a1Tg-

G182S mouse model. The aorta of all three mouse models displays a reduction of the 

overall collagen content and a variability in collagen fibril diameter. Although our 

Col3a1Tg-G182S mouse model does not suffer from bleeding complications before they had 

to be euthanized at age 13-14 weeks, these features might be a prerequisite for arterial 

ruptures. 

Another hallmark for vEDS is propensity to intestinal rupture in the absence of 

known diverticular disease or other bowel pathology. Only surviving homozygous 

Col3a1-/- mice display intestinal complications and rupture, while heterozygous 

+/Col3a1∆1-39 and Col3a1Tg-G182S mice do not. No features are reported on uterine 

fragility in any of the mouse models. 

Our Col3a1Tg-G182S mouse model displays a severe skin phenotype, with skin lesions 

similar to those reported in 60% of surviving homozygous Col3a1-/- mice. The skin of 

patients with vEDS bruises easily and is thin with increased venous visibility. 

Bruisability of the skin is noted during handling and shaving of Col3a1Tg-G182S mice, 

whereas skin translucency is hard to examine because of their fur. The architecture and 

morphology of collagen fibrils in the dermis of surviving homozygous Col3a1-/- and 

Col3a1Tg-G182S mice show alterations in the diameter and distribution of the collagen 

fibrils similar to those observed in skin biopsies of vEDS patients.108 Together, these skin 

features suggest a role for type III collagen in skin development, regeneration and 

repair. 
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Table 1.1. Overview of reported features in different Col3a1 mouse models resembling human vEDS.  
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Table 1.1. Continued. 
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Figure 1.1. Overview of the reported features in different Col3a1 mouse models. The Col3a1Tg-

G182S mice display overlapping features with other Col3a1 models, including skin wounds, abnormalities in 

collagen fibrils and reduced thickness of the adventitia. (Adapted from 38,117,119) 
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The vEDS phenotype is not in favor of males. Aortic lesions and dissections are more 

common in respectively Col3a1+/- and +/Col3a1∆1-39 male mice, and male vEDS patients 

have a lower life expectancy than female patients.93 Historically, women and female 

animals have been given short shrift in biomedical research, often on the assumption 

that results from males apply to females, or because of concern that hormonal cycles 

decrease the homogeneity of study populations.136,137 The National Institutes of Health 

(NIH) aim to increase the representation of females in cell- and animal-based research 

and in preclinical studies. 

In conclusion, we addressed the first objective of this PhD thesis by developing a 

Col3a1 mouse model, which displays a phenotype recapitulating characteristics of 

human vEDS and provides opportunities to gain further insights in the role of type III 

collagen in collagen fibrillogenesis. In addition, a consistent sex bias was noticed while 

characterizing the transgenic mouse lines, which extended the focus of the first 

objective. 

 

1.3. Male versus female 

Considering the copy number variability in transgenic mouse lines, the expression of 

Col3a1 was examined within all founder lines, for both males and females. Interestingly, 

within all tested lines, mainly males overexpressed the Col3a1 gene. Moreover, the skin 

tensile strength test showed a similar sex bias, with all male mice, even NT mice, 

showing a significantly stronger skin, compared to females. These observations were 

further outlined in a second manuscript (manuscript ②), where we examined the 

sexually dimorphic features of type III collagen. 

Dermatological studies have demonstrated sexual dimorphism in skin and collagen, 

which is consistent with our results.138-141 The density and fibril diameter of type I 

collagen is higher in the skin of male mice, as is the skin tensile strength and thickness. 

Most studies suggest a role for sex hormones (e.g. androgen, estrogen) in modulating 

the type I collagen content in the skin. Collagen differences between males and females 

have only been described for type I collagen, but little is known about the influence of 

gender on the expression of other collagen types. Our preliminary biochemical studies 

revealed higher levels of type III collagen in the skin of wild type male mice and the 

presence of methionine-sulfoxide (MetO), the oxidized form of methionine (Met), only 

in type III collagen extracts of male skin biopsies.  
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The biophysical and biochemical role of Met remains among the least well 

understood of the 20 amino acids. Met-aromatic motifs in proteins and peptides are 

believed to play a unique role in structure stabilization and oxidation of these motifs is 

likely to perturb the folding structure of proteins.142 The difference in fibril diameter 

between male and female mice might be associated with alterations in the structure and 

stability of type III collagen due to Met oxidation. Age might play an important role, as 

MetO is believed to contribute to biological aging by the loss of MetO reductase activity 

in a number of tissues.143,144 Although the effect of Met oxidation on the processing and 

function of type III collagen warrants further in-depth investigation, we herewith would 

like to emphasize the importance of balancing males and females in studies involving 

collagen and other extracellular matrix components. 

 

 

1.4. Type III collagen plays ‘hard to get’ 

The sequence of the human COL3A1 gene is 44kb in length and contains 52 exons.145 

The exceptional length of collagenous genes makes cloning challenging, and 

subsequent transfection even more. The use of short collagen fragments, i.e. collagens 

with a shortened triple helix domain (<10nm), is a general method used in in vitro 

collagen studies.146 However, the use of a short type III collagen fragment would affect 

our interpretation of the effect of the p.(Gly183Ser) substitution in the helical domain of 

the α1(III) chain.  

The composition of type III collagen is similar to that of other fibrillar collagens: a 

main triple helix containing propeptides at both ends, which are enzymatically cleaved 

off upon processing in the ECM. Tagging of collagen molecules is challenging, since the 

terminal propeptides are cleaved, and internal tagging affects the proper folding of the 

triple helix. The Col3a1 BAC transgene, used to generate the Col3a1Tg-G182S mouse model, 

contains a C-terminal red fluorescent protein sequence (tdTomato) and can only be used 

to screen cultured skin fibroblasts for tdTomato fluorescence, but not for secretion and 

assembly of mutant type III collagen in the ECM.  
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Collagen is an insoluble molecule, which makes it challenging to define the absolute 

amount and distribution of collagen in different tissues. Studies report more or less 

different results, since it depends on the tissue extraction methods used to solubilize 

collagen. Pepsin digestion, which cleaves the telopeptides of collagen, and differential 

salt precipitation was used to extract types I and III collagen from mouse skin biopsies. 

Aorta biopsies, unfortunately, did not yield suitable amounts of collagen for biochemical 

testsing. The pepsin extraction method does not allow to study PIIINP, whereas a 

neutral salt extract method does because the telopeptides of type III collagen are 

retained.  

 

 

1.5. Additional studies on vascular EDS mouse models 

Additional studies were reported on the homozygous and heterozygous Col3a1 

mouse models, including wound healing experiments, osteogenesis assays, blood 

pressure experiments, and compounds screenings. An overview of the most relevant 

studies is listed below.  

Volk et al. (2011) performed wound-healing experiments on the Col3a1+/- mice and 

demonstrated, both in vivo and in vitro, an increase in wound contraction and 

myofibroblast differentiation. Cutaneous wound healing also showed an increase in scar 

deposition in Col3a1+/- mice.135 These findings, together with the severe transdermal 

skin wounds observed in our Col3a1Tg-G182S mouse model, suggest a role for type III 

collagen in tissue regeneration and repair. 
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Volk et al. (2014) performed an osteogenesis assay on cultures of mesenchymal 

progenitors harvested from Col3a1-/- embryos, which revealed a decrease in alkaline 

phosphatase activity and capacity to undergo mineralization. Quantitative analysis of 

trabecular bone demonstrated a significant reduction in bone fraction volume in young 

adult, female Col3a1+/- mice. These findings suggest a role for type III collagen in 

trabecular bone formation and maintenance through its effects on osteoblast 

differentiation.147 Of note, in this mouse model, female Col3a1+/- mice seem to show a 

bone phenotype, while male Col3a1+/- mice display aortic lesions twice as likely as 

females. Although patients with vEDS display skeletal manifestations, including a 

distinctive facial appearance, spinal deformity, scoliosis, and osteoporosis, bone density 

and deformity was not observed or tested in our Col3a1Tg-G182S, nor in the +/Col3a1∆ 

mouse model. 

Faugeroux et al. (2013) tested the susceptibility of Col3a1+/− mice to develop arterial 

ruptures under high blood pressure conditions induced by angiotensin II. Aortic 

ruptures in early deceased Col3a1+/− mice were correlated with a significant reduction in 

collagen fibril production, demonstrating an important fragility in response to 

angiotensin II toxicity and its associated high levels in blood pressure as the incidence of 

early complications.134 This experimental setup would also be interesting to test the 

susceptibility of our Col3a1Tg-G182S mouse model, which will be discussed in the section: 

Future perspectives.  

Briest et al. (2011) tried to determine whether changing the balance between 

synthesis and degradation of collagen by chronic treatment with doxycycline, a 

nonspecific matrix metalloproteinase (MMP) inhibitor, could prevent the development 

of vascular pathology in Col3a1+/− mice. Treatment with doxycycline attenuated the 

decrease in the collagen content in aortas of Col3a1+/− mice, and prevented the 

development of stress-induced vessel pathology.148 Tae et al. (2012) confirmed the 

previous hypothesis of Briest and colleagues by treating the Col3a1+/− mice since 

weaning with doxycycline. After nine months of doxycycline treatment, collagen content 

and lesions in the aortas of Col3a1+/− mice were at the level of those of wild type mice. 

These findings provide experimental justification for the clinical evaluation of the 

benefit of doxycycline, at least in the haploinsufficient variety of vEDS.149 
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1.6. Vascular complications in other EDS subtypes 

Guidelines for (cardio-) vascular care and surgery of heritable connective tissue 

diseases with (cardio-) vascular complications (e.g. vEDS, Marfan, Loeys-Dietz 

syndrome) more or less overlap and are well delineated. They all include annual 

cardiovascular imaging, blood pressure-lowering medication (e.g. β-blockers, 

angiotensin processing or receptor blockers, diuretics), and surgery when approaching 

surgical thresholds for aortic root dimensions or acute dissection. By the motto ‘sharing 

is caring’, these guidelines might also apply to other heritable connective tissue 

diseases with vascular complications. Within the spectrum of EDS, vascular 

complications are usually associated with the vascular subtype of EDS, however, 

bleeding complications are also observed in other subtypes of EDS. In manuscript ③, 

we reviewed the medical literature on EDS in a systematic manner to better document 

the prevalence and nature of vascular complications in patients with a non-vascular type 

of EDS. Overall, 17% of these patients presented with relatively severe vascular 

complications. However, it has to be noted that there are important differences in the 

prevalence, severity and type of complications associated with the different EDS 

subtypes. Vascular complications are most prevalently found in cEDS, clEDS, kEDS, dEDS 

and mcEDS. Hematomas are most frequently reported and predominate mcEDS and 

clEDS, whereas intracranial hemorrhage, arterial aneurysms and dissections of large- 

and medium-sized arteries are most frequently seen in dEDS, cEDS and kEDS. 
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2. General conclusion 

If only a single nucleotide substitution in the COL3A1 gene can result in a severe, life-

threatening phenotype in humans, one might believe type III collagen has major 

issues. While molecular testing yields numerous unique COL3A1 pathogenic variants, 

research on type III collagen often leaves us empty-handed. Nevertheless, animal models 

serve as an important resource for pathogenesis exploration and to determine factors 

which contribute to the phenotype. Our findings underscore a key role for type III 

collagen in early collagen fibrillogenesis in both skin and arterial development. The 

processing of abnormal type III collagen during secretion and assembly remains elusive, 

however, type III pN-collagen might play an important role. 

As effective medical treatment of vEDS patients is limited, the Col3a1Tg-G182S mouse 

model could also be used to screen cardiovascular drugs and test the efficiency in 

reducing vascular events. In addition, we demonstrated that vascular events are not 

synonymous with vEDS, but are an important finding within the EDS-spectrum. 

Although the underlying pathogenic mechanisms in the vascular phenotypes are not 

completely understood, factors, other than mechanical failure of type III collagen, are 

believed to contribute to the phenotype. 
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3. Future perspectives 

The studies conducted in this work as well as in recently published reports have 

raised new questions and opportunities for future research. Future efforts will focus on: 

(i)  further characterizing the dermal complications observed in our Col3a1Tg-G182S 

mouse model. As the Col3a1Tg-G182S mice develop skin wounds spontaneously at 

13-14 weeks, it would be interesting to test their healing capacity at a younger 

age. Wound-healing experiments were performed on the Col3a1+/- mice by Volk 

and colleagues135 and could be a source of inspiration for future dermal testing on 

Col3a1Tg-G182S mice. Scratch assays can be performed both in vitro, by using 

cultured skin fibroblasts, as in vivo, by making a small incision in the skin of 

Col3a1Tg-G182S mice and study the wound healing process.  

(ii) further characterizing the vascular phenotype observed in our Col3a1Tg-G182S 

mouse model. Although we provide evidence for vascular fragility in the Col3a1Tg-

G182S mice, arterial aneurysms or dissections were not observed before they had 

to be euthanized. Blood pressure experiments were performed on the Col3a1+/- 

mice by Faugeroux and colleagues134 and demonstrated arterial ruptures under 

high blood pressure conditions, induced by angiotensin II. Angiotensin II infusion 

is widely used in mouse models for experimental hypertension in which elevated 

blood pressure is mediated by ligand stimulation of angiotensin II receptor type 1 

(AT1) causing significant end-organ damage, including cardiac hypertrophy.150 

(iii)  further testing possible treatments by performing compound screenings on the 

Col3a1Tg-G182S mouse model. Potential compounds might include β-blockers (e.g. 

celiprolol), angiotensin II receptor antagonists (e.g. losartan), or MMP inhibitors 

(e.g. doxycycline). 
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(iv) further unraveling the role of type III collagen in collagen fibrillogenesis. The N-

propeptides of both type V and III collagens have been suggested to have a 

regulatory role in type I collagen fibril formation.151 Studies on human adult skin 

indicate that when the collagen fibril reaches a diameter of 35–55nm, the N-

propeptide of type III collagen (type III pN-collagen) is retained at the surface of 

the fibril, possibly resulting in the prevention of further fibril growth.152 As the 

diameter of collagen fibrils is highly variable in Col3a1Tg-G182S mice, and the 

glycine substitution (p.(Gly182Ser)) is located near the N-terminal propeptide, 

the observed fibril malformations could result from an incomplete processing of 

the N-propeptide of type III collagen. If type III pN-collagen is excessively 

incorporated into collagen fibrils, normal collagen fibrillogenesis may be 

disturbed and cause alteration in collagen fibril diameter. In order to test this, 

type III pN-collagen could be analyzed by immuno-EM, which will allow us to 

detect the N-propeptide of type III collagen along the collagen fibrils in the 

tissues, or by characterizing a neutral-salt soluble type III collagen, which enables 

us to isolate type III collagen with its N-propeptide domain. The current 

experiments were performed on type III collagen extracts treated with pepsin, 

which cleaves collagen molecules from the telopeptide region. 

(v)  further investigating the differences in male versus female type III collagen 

during development. Although it is evident to assume that males and females 

differ in many aspects, the factors regulating sex-specific collagen expression are 

not completely understood. It is shown that testosterone and estrogen influence 

sex-specific collagen expression in developing tissues,20 however, the 

mechanisms involved in the effect of the androgen receptor pathway on collagen 

production and tissue content remain unclear. Interestingly, our preliminary 

biochemical studies revealed a Met modification in male type III collagen, which 

was not observed in females. This observation needs to be confirmed by amino 

acid analysis, and characterized biochemically. As it is believed that Met oxidation 

increases with age in body tissues,153 biological aging and oxidative stress might 

be the focus for further in-depth investigation. 
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Summary 

The Ehlers-Danlos syndromes (EDS) are a clinically and genetically heterogeneous 

group of heritable connective tissue disorders with a longstanding reputation as 

paradigm collagen diseases. EDS primarily affects the soft connective tissues, leading to 

skin hyperextensibility, joint hypermobility and generalized tissue fragility. The new 

2017 EDS classification recognizes 13 subtypes, of which the vascular subtype (vEDS) 

has the worst prognosis. Patients with vEDS are characterized by a thin, translucent skin 

and propensity to rupture of arteries, bowel and uterus at young age. The COL3A1 gene 

encodes the α1(III) chain of type III collagen, a major fibrillar collagen that is 

particularly found in the extracellular matrix (ECM) of connective tissues exhibiting 

elastic properties, such as skin, blood vessels and various internal organs. Most COL3A1 

mutations substitute a crucial glycine residue, which is pivotal for correct folding of the 

collagen triple helical domain.  

The main goal of this thesis was to better understand the pathophysiological role of 

type III collagen in the vascular type of EDS. To address the first objective of the work 

described in this PhD thesis, we generated and characterized a transgenic mouse model 

harboring a typical glycine substitution (p.(Gly182Ser)) in the α1(III) chain of type III 

collagen. 

Manuscript ① describes the generation and characterization of the mutant Col3a1Tg-

G182S mouse model. At 13-14 weeks of age, Col3a1Tg-G182S mice spontaneously develop 

transdermal skin wounds, which evolve very rapidly, necessitating euthanasia. The 

fragility of both skin and aorta of Col3a1Tg-G182S mice is demonstrated by significant 

reduction in tensile strength. Furthermore, the aorta’s outer layer, the adventitia, is 

significantly thinner in Col3a1Tg-G182S mice, and smooth muscle cells in the aorta’s middle 

layer make less connection with the elastic lamina, which results in increased open 

intercellular space. Ultrastructural analysis reveals loose packaging of collagen fibrils in 

the arterial and dermal ECM of Col3a1Tg-G182S mice. No abnormalities are observed in the 

Col3a1Tg-WT control mouse model, a model overexpressing wildtype collagen III, 

indicating that the observed phenotype in Col3a1Tg-G182S mice is due to the glycine 

substitution, and not merely result from overexpressing wildtype collagen III. Together, 

these results demonstrate a phenotype resembling human vEDS, including vascular and 

dermal fragility, thin, fragile skin, and wound healing problems. 
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The mechanisms by which abnormal type III collagen molecules cause dermal and 

vascular fragility are not well understood. In the second part of manuscript ①, we 

aimed to unravel the role of (abnormal) type III collagen in collagen fibrillogenesis. 

Although no difference in posttranslational modifications are detected, and the thermal 

stability of mutant type III collagen is only slightly shifted, we show that collagen fibrils 

in Col3a1Tg-G182S mice are significantly decreased in amount and severely malformed in 

both dermal and arterial tissues. The collagen fibrils in Col3a1Tg-G182S mice display a 

more variable diameter with an increased number of thicker fibrils. Furthermore, 

ultrastructural analysis of the dermis of the Col3a1Tg-G182S mice show dramatic 

alterations in the architecture of the growing collagen fibrils within the fibril depositing 

structures or fibripositors. These findings suggest that the decreased availability of 

and/or the structural abnormalities within the α1(III) chains interfere already early in 

collagen fibrillogenesis. 

In conclusion, our findings underscore a key role for type III collagen in early collagen 

fibrillogenesis in skin and arterial development. This Col3a1Tg-G182S mouse model 

provides an important new tool for pathogenesis exploration and advanced 

understanding of the role of abnormal type III collagen in collagen fibrillogenesis and 

vEDS in general. 

 

Of note, while characterizing the transgenic mouse lines, we noticed a consistent sex 

bias among all mouse lines. These findings have lead to an extension of the first 

objective of this PhD thesis, in which we aimed to study the sexually dimorphic features 

of type III collagen. In manuscript ②, we show that expression of Col3a1 and skin 

tensile strength within each mouse line is generally higher in males compared to 

females. Interestingly, preliminary biochemical studies revealed the presence of 

methionine sulfoxide, the oxidized form of methionine, in male type III collagen extracts, 

but not in female extracts. Although the effect of methionine oxidation on the processing 

and function of type III collagen warrants further in-depth investigation, our current 

findings highlight the importance of factors, such as sex, in studies involving collagen 

and other ECM components. 
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Historically, vascular fragility of medium-sized and large arteries has been 

synonymous with human vEDS, however, vascular complications have also been 

described in other, ‘non-vascular’ subtypes of EDS.  A second objective of this PhD 

thesis was to better document the nature of vascular complications among ‘non-

vascular’ EDS subtypes by performing a systematic review. Manuscript ③ described 

data collected from 467 non-vascular EDS patients, of which 77 presented with a 

vascular phenotype. Severe complications mainly include hematomas (53%), frequently 

reported in musculocontractural and classical-like EDS, intracranial hemorrhages 

(18%), with a high risk in dermatosparaxis EDS, and arterial dissections (16%), 

frequently reported in kyphoscoliotic and classical EDS. Other, more minor, vascular 

complications were reported in cardiac-valvular, arthrochalasia, spondylodysplastic and 

periodontal EDS. With this systematic review, we aim to help clinicians familiarize with 

the spectrum of vascular complications in EDS, and guide follow-up and management.  
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Samenvatting 

Het Ehlers-Danlos syndroom (EDS) omvat een heterogene groep van erfelijke 

bindweefselaandoeningen en staat bekend als schoolvoorbeeld voor collageen-

gerelateerde ziektes. EDS treft voornamelijk de zachte bindweefsels, wat resulteert in 

hyperextensibiliteit van de huid, hypermobiliteit van de gewrichten en algemene 

bindweefselfragiliteit. In de nieuwe EDS classificatie (2017) zijn 13 EDS subtypes 

opgenomen, waarvan het vasculaire subtype (vEDS) de slechtste prognose heeft. 

Patiënten met vEDS hebben een dunne, transparante huid en een sterk verhoogd risico 

op arteriële, intestinale en uterus rupturen op vrij jonge leeftijd. Het COL3A1 gen codeert 

voor de α1(III) keten van type III collageen, een majeur fibrillair of vezelvormend 

collageen dat specifiek voorkomt in de extracellulaire matrix (ECM) van bindweefsels 

met elastische eigenschappen, zoals huid, bloedvaten en verscheidene inwendige 

organen. De meeste COL3A1 mutaties substitueren een cruciaal glycine residu dat een 

centrale rol speelt in de correcte opvouwing van het triple helix domein van collageen.  

De hoofddoelstelling van dit onderzoekswerk was om de pathofysiologische rol van 

type III collageen in het vasculaire subtype van EDS beter te begrijpen. Ten einde de 

eerste doelstelling van dit doctoraatswerk te verwezenlijken, werd een transgeen 

muismodel ontwikkeld en gekarakteriseerd waarbij een typische glycine substitutie 

(p.(Gly182Ser)) geïntegreerd werd in de α1(III) keten van type III collageen.  

Manuscript ① beschrijft de ontwikkeling en karakterisatie van het mutant Col3a1Tg-

G182S muis model. Op een leeftijd van 13-14 weken ontwikkelen de Col3a1Tg-G182S muizen 

spontaan diepe huidwonden, die steeds ernstiger worden waardoor de muizen 

vroegtijdig geëuthanaseerd moeten worden. De fragiliteit van zowel de huid als de aorta 

van Col3a1Tg-G182S muizen werd met behulp van een biomechanische test aangetoond, 

waarbij de treksterkte van beide weefsels significant verlaagd is. Bovendien is ook de 

buitenste laag van de aorta, de adventitia, significant dunner in Col3a1Tg-G182S muizen, en 

maken de gladde spiercellen in de middelste laag van de aorta minder contact met de 

elastische lamina, wat resulteert in meer open intercellulaire ruimte. Ultrastructurele 

analyse toont aan dat collageen fibrillen in de ECM van de huid en de aorta veel losser 

gepakt zitten bij Col3a1Tg-G182S muizen. Er werden geen abnormaliteiten geobserveerd 

bij het Col3a1Tg-WT controle muis model, een model waarbij wildtype collageen III 

overgeëxpresseerd wordt, wat aangeeft dat het geobserveerde fenotype bij mutant 

Col3a1Tg-G182S muizen veroorzaakt wordt door de glycine substitutie en niet louter door 

overexpressie van wildtype collageen III. Tezamen bewijzen deze resultaten dat het 
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fenotype van Col3a1Tg-G182S muizen gelijkaardig is als bij patiënten met vEDS, zoals 

fragiliteit van de huid en arteriën, en wondheling problemen. 

De mechanismen hoe abnormale type III collageen moleculen fragiliteit van de huid 

en de arteriën veroorzaken zijn niet geheel gekend. In het tweede deel van manuscript 

①, werd getracht om de rol van (abnormaal) type III collageen in collageen 

fibrillogenese verder te ontrafelen. Ondanks het feit dat we geen verschil detecteren in 

posttranslationele modificatie en dat de thermische stabiliteit van mutant type III 

collageen slechts een onbeduidende verschuiving vertoont, kunnen we toch aantonen 

dat de collageen fibrillen van Col3a1Tg-G182S muizen significant gedaald zijn in aantal en 

ernstig misvormd zijn in zowel de huid als de aorta. De collageen fibrillen van Col3a1Tg-

G182S muizen vertonen een meer variabele diameter met een neiging naar algemeen 

dikkere fibrillen. Bovendien toont ultrastructurele analyse ook aan dat de architectuur 

van groeiende collageen fibrillen reeds ernstig verstoord is in de celstructuren die 

fibrillen afzetten in de ECM, ook wel fibripositors genoemd. Deze bevindingen 

suggereren dat gedaalde beschikbaarheid en/of structurele abnormaliteiten van de 

α1(III) keten reeds interfereert tijdens een vroeg stadium van collageen fibrillogenese. 

In conclusie kunnen we stellen dat onze bevindingen een belangrijke rol van type III 

collageen aantonen in het vroege stadium van collageen fibrillogenese tijdens huid en 

arteriële ontwikkeling. Dit Col3a1Tg-G182S muis model biedt een belangrijke toepassing 

voor pathologisch onderzoek en het beter begrijpen van de rol van abnormaal type III 

collageen in collageen fibrillogenese en vEDS in het algemeen. 

 

Een interessant aspect geobserveerd tijdens het karakteriseren van de transgene 

muis lijnen, was een consistente geslachtsgebonden bias in alle muis lijnen. Deze 

bevindingen hebben ertoe geleid de eerste doelstelling van dit doctoraatswerk uit te 

breiden naar het bestuderen van seksueel dimorfe kenmerken van type III collageen. In 

manuscript ② tonen we aan dat de expressie van het Col3a1 gen en de huid treksterkte 

in iedere muis lijn algemeen hoger is in mannetjes ten opzichte van vrouwtjes. 

Bovendien heeft preliminair biochemisch onderzoek de aanwezigheid van gesulfoxeerd 

methionine, een geoxideerde vorm van methionine, onthuld in type III collageen 

geëxtraheerd uit mannelijk huidweefsel. Onze huidige bevindingen benadrukken het 

belang van factoren, zoals geslacht, in studies betreffende collageen en andere ECM 

componenten, en dat verder onderzoek naar het effect van geoxideerd methionine op de 

functionele rol van type III collageen nodig is. 
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Historisch gezien is vasculaire fragiliteit van middelgrote en grote arteriën synoniem 

met humaan vEDS, echter worden vasculaire complicaties ook beschreven in patiënten 

met niet-vasculaire subtypes van EDS. Een tweede doelstelling van dit doctoraatswerk 

was om het karakter van vasculaire complicaties onder de niet-vasculaire EDS subtypes 

beter te documenteren door middel van een systematische review. Manuscript ③ 

omvat een data collectie van 467 gepubliceerde niet-vasculaire EDS patiënten, waarvan 

77 vasculaire complicaties vertonen. De meest ernstige complicaties betreffen 

hematoma’s (53%), frequent gerapporteerd in musculocontractural en classical-like 

EDS, intracraniële hemorragieën (18%), met een verhoogd risico bij dermatosparaxis 

EDS, en arteriële dissecties (16%), frequent gerapporteerd in kyphoscoliotic en classical 

EDS. Andere, meer mineur vasculaire complicaties werden gerapporteerd in cardiac-

valvular, arthrochalasia, spondylodysplastic en periodontal EDS. Met deze systematische 

review trachten we clinici te helpen om vertrouwd te raken met het spectrum van 

vasculaire complicaties in EDS, en het sturen van opvolging en management. 
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3-Hyp: 3-hydroxyproline 

 

ACE: angiotensin converting enzyme 

AD: autosomal dominant  

ADAMTS: a disintegrin and metalloprotease with thrombospondin-like motifs 

AR: autosomal recessive 

ARB: angiotensin receptor blocker 

AT1: angiotensin II receptor type 1 

 

BAC: bacterial artificial chromosome 

BiP: binding immunoglobulin protein 

BMP1: bone morphogenetic protein 1 

 

C-: carboxy 

C57BL/6: black 6 

CCSF: Carotid-cavernous sinus fistula 

cDNA: complementary DNA 

cEDS: classical EDS 

clEDS: classical-like EDS 

CMGG: Center for Medical Genetics Ghent 

CT: computed tomography 

 

DNA: deoxyribonucleic acid 

dEDS: dermatosparaxis EDS 

DTT: dithiotreitol 

 

ECM: extra cellular matrix 

EDS: Ehlers-Danlos syndrome 

ER: endoplasmic reticulum 
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FACIT: fibril-associated collagens with interrupted triple helices 

FISH: fluorescence in situ hybridization 

 

GAG: glycosaminoglycans 

gDNA: genomic DNA 

GLT: galactosyltransferase 

Gly: Glycine 

GPC: Golgi-to-plasma membrane carrier 

 

HCTD: heritable connective tissue disorders 

Hsp47: heat shock protein 47 

 

kEDS: kyphoscoliosis EDS 

 

LOX: lysyl oxidase 

LTBP: latent TGFβ binding protein 

 

mcEDS : musculocontractural EDS 

Met: methionine 

MI: mode of inheritance 

MMP : matrix metalloproteinase  

MRA: magnetic resonance angiogram 

 

N-: amino 

NaCl: sodium (natrium) chloride 

NGS: next-generation sequencing 

NIH: National Institutes of Health 

NT: non-transgenic 
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OI: osteogenesis imperfecta 

 

PIIINP: N-terminal propeptide of type III collagen 

PAGE: polyacrylamide gel electrophoresis 

PCR: polymerase chain reaction 

PDI: protein disulfide isomerase 

PFGE: pulsed-field gel electrophoresis 

PM: plasma membrane 

PPI: peptidyl-prolyl cis-trans-isomerase 

PRISMA: Reporting Items for Systematic reviews and Meta-Analyses 

PSC: pepsin-solubilized collagen 

 

qPCR: quantitative PCR 

 

RER: rough endoplasmic reticulum 

RNA: ribonucleic acid 

 

SDS: sodium dodecyl sulfate 

Ser: Serine 

SLRPs: small leucine rich proteoglycans 

Smc: smooth muscle cells 

 

TEM: transmission electron microscopy 

TGFβ: transforming growth factor beta 

 

VTC: vesicular tubular cluster 

vEDS: vascular Ehlers-Danlos syndrome 
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A. Supplemental information manuscript ① 
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Fig S1. Engineering the human vEDS mutation c.547G>A (p.(Gly182Ser)) in a Col3a1 BAC used to 

generate transgenic mice. (1) A genomic fragment around the mutation location in the mouse Col3a1 

gene was amplified from wild-type mouse Col3a1 BAC (mBACWT) and cloned into the pGEM®-T Easy 

Vector. Target nucleotides were substituted by site-directed mutagenesis within the vector. (2) A loxP-

PGK-gb2-kan/neo-loxP cassette was inserted into the modified Col3a1 fragment in the vector. (3) PCR 

amplified linear sequence containing the mutation and Kan/Neo gene, mBACWT, and pBAD-αβγ plasmid 

were transformed into E. coli cells subsequently. Herein the 1st Red/ET recombination took place and the 

linear sequence containing the mutation and Kan/Neo gene integrated into mBACWT. (4) Recombinants 

were selected by kanamycin selection and identified by PCR followed by MwoI digestion. (5) The Kan/Neo 

gene was excised using sW106 expressing the Cre gene, leaving one loxP site behind. (6) FRT-flanked 

Kan/Neo gene was inserted into a plasmid containing the T2A-tdTomato sequence. (7) For the 2nd 

Red/ET recombination, amplified T2A-tdTomato-FRT-PGK-gb2-kan/neo-FRT sequence was introduced 

into E. coli cells containing mBAC182S and pBAD-αβγ. After (8) resistance selection, (9) the Kan/Neo 

cassette was removed by Flpe/FRT recombination, leaving a residual FRT site behind. 
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Fig S2. (A) RT-qPCR expression analysis of Col3a1 in all transgenic founder lines. Graph shows the fold 

change for Col3a1 in Lx-z (TgWT) and L1-3 (TgG182S) mouse skin fibroblasts relative to the NT control, 

which is converted to 1. Error bars show the standard error of the mean. (B) Skin wounds in TgG182S mice 

start to appear from 13-14-weeks of age. (C) Sanger sequencing of the cDNA amplicon identified the 

nucleotide substitutions c.547G>A (corresponding to p.(Gly182Ser)) and c.549A>C (corresponding to 

MwoI restriction site). Nucleotide code R represents G or A, M represents A or C. (D) cDNA was amplified 

by PCR using primers flanking the nucleotide substitutions. MwoI restriction digest of the 306bp amplicon 

generated only in TgG182S mice two additional fragments, 186bp and 120bp. Ultrastructural analysis of 

fibripositor structures in skin fibroblasts of TgWT (E) and TgG182S (F) mice shows a disturbed secretion of 

abnormal collagen fibrils in TgG182S mice. Collagen fibrils inside the fibripositors are indicated by white 

triangles, scale bar: 5µm. (G) Amino acid analysis of skin-extracted type III collagen to quantify the 

concentration of α1(III)-chains. Graph shows the fold change for type III collagen of TgWT, and TgG182S mice 

relative to the NT control, which is converted to 1. Error bars show the standard error of the mean. (H) 

Thermal transition of collagen type III was recorded by spectrophotometry at 222nm while the 

temperature increased from 10-60°C at 0.1°C/min. The melting temperature for TgWT is 39.1°C, and 

38.2°C for TgG182S. ECM: extracellular matrix, NT: non-transgenic. 
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B. Supplemental information manuscript ③ 

 

Also available at the Genetics in Medicine website. 
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Table S1. Overview of search strings used to find relevant references in the electronic databases of 

PubMed and Web of Science. 
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Table S1. Continued. 
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Table S2. List of all references included in the study. References are numbered according to and can be 
found in the original paper. 
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Table S2. Continued. 
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Table S2. Continued. 
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Table S2. Continued. 
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Table S2. Continued. 
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Table S2. Continued. 
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Table S2. Continued. 
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Table S2. Continued. 
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jullie deskundige hulp bij het µCT scan experiment, bedankt aan de mensen van het 

Segers lab voor het delen van jullie expertise over tensile strength testing, bedankt aan 

de mensen van het VIB die mij geholpen hebben met allerhande technische zaken, en ten 

slotte wil ik ook alle co-auteurs bedanken voor hun constructieve bijdrage aan de 

manuscripten en de fijne samenwerking.  

#keepportlandweird 

In 2015, my PhD-adventure took a leap forward, all the way to Portland, to perform part 

of my PhD at the Shriners Hospital for Children. I did not hesitate to accept the 

challenge, because at that time that opportunity crossed my path at the right time and 

the right place. Thanks to the heartwarming hospitality of my mentor Prof. Dr. Hans 

Peter Bächinger and all the colleagues at the Shriners Research center, I have had the 

time of my life! Special thanks to Hans Peter, I sincerely appreciate you giving me the 

opportunity to temporarily join your research group; to Yoshi (aka the crazy Japanese), 

thanks for teaching me the in-house techniques and always willing to help me with new 

experiments; to Sara, thanks for your unconditional hospitality, the jolly trips together, 

the mind-blowingly good food, the fun and laughter… Apart from my Shriners 

colleagues, some other Portlandians were so kind and open to me, I easily felt at home. 

To Amanda, thank you for the funny and invigorating chats, Olive has the best mom she 

could ever wish for; to Megan, Gabe, Andrea, Ben, Anna, Tim, Mio, Kimberly, thanks for 

the fun trips, the delicious dinners and the cozy potluck parties. Hope to see you again, 

someday. 
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#wegowayback 

Al is het leven niet voorspelbaar, toch zijn er mensen in mijn leven die me zekerheid 

geven door hun bijzonder hechte en onvoorwaardelijke vriendschap. Judith, mijn BFF, 

onze wegen zijn al bijna een jaar (letterlijk) gescheiden, en na mijn doctoraat nog veel 

meer. Ik koester enorm je onvoorwaardelijke vriendschap, we weten elkaar altijd te 

steunen door dik en dun, en dat moeten we zo blijven doen, ook al zitten we elk aan de 

andere kant van de wereld. Ik mis je zo hard, Juud. Karolien, Astrid, Anaïs, mijn unief 

chicks, onze maandelijkse dinner dates waren keer op keer gezelligheid troef! Dankjewel 

voor de fijne babbels, jullie zijn stuk voor stuk topdames. Een bijzonder woordje van 

dank ook aan Lana, Mien, Kim, Evelien, Aline, Koen, Erlinde, Klaartje, Riet, en de 

volleybalmeiden, jullie zijn er doorheen die zes jaar doctoraat –en de vele jaren 

daarvoor- altijd geweest voor mij, elk op zijn/haar manier, en dat apprecieer ik enorm! 

#friendsforlife 

#familyfirst 

Al vanaf mijn kinderwieg ben ik omringd door een warme, liefdevolle familie. Zonder 

hen was ik nooit zo ver geraakt als vandaag. Mijn lieve oma en tante waren mijn 

inspiratiebron voor mijn wetenschappelijke studies. Mijn mama en papa hebben mij de 

vrijheid gegeven om me te laten ontplooien in de persoon die ik nu ben. Ik ben jullie dan 

ook onneidig dankbaar voor alle kansen die jullie mij gegeven hebben, en om mij het 

gevoel te geven dat no matter what, jullie altijd achter mij zullen staan. Ook wil ik mijn 

nichtjes bedanken voor de talloze fijne familie etentjes, weekendjes, sleepovers, en het 

delen van een lach en een traan. Ten slotte wil ik ook mijn zus, Flore, bedanken voor 

haar steun en toeverlaat. We kunnen ruzie maken zoals zussen, maar elkaar 

onvoorwaardelijk graag zien kunnen we nog beter. De laatste maanden hebben we beide 

heel intens samen beleefd door de komst van Estelle, mijn metekindje, het mooiste 

cadeau dat je mij kon geven. Ik ga jullie missen in het verre Australië. Like branches on a 

tree, we may all grow different directions, yet our roots remain as one. 

 

 

Sanne 

Sint-Eloois-Winkel, december 2017 



  

 

 


