
PDF hosted at the Radboud Repository of the Radboud University

Nijmegen
 

 

 

 

The following full text is a publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/49066

 

 

 

Please be advised that this information was generated on 2023-05-23 and may be subject to

change.

http://hdl.handle.net/2066/49066


Tenascin-X 
Clinical and Biological Aspects 

Manon Zweers 



^ Tenasdn-X 
^ # Clinical and Biological Aspects 

^ ί̂  ̂••:·-,̂••·•• 

•.Jt • iw 

* r -..••î 

l" <*' fÉf/ • - · • 'i'W':'' . 'iß 



Manon Zweers Tenascin-X -Clinical and Biological Aspects-
Thesis University Medical Center Nijmegen, The Netherlands 
With summary in Dutch - 144 p. © 2004 

Print 

Cover design and layout 

ISBN 

dhv drukkers Nijmegen 

Manon C. Zweers 

90-9018847-9 

No part of this book may be reproduced in any form without written permission of the au
thor. All published papers are reprinted with permission and with credit to their resource. 



Tenascin-X 
Clinical and Biological Aspects 

Een wetenschappelijke proeve op het gebied van de Medische Wetenschappen 

Proefschrift 

Ter verkrijging van de graad van doctor aan de Radboud Universiteit Nijmegen, 

op gezag van de Rector Magnificus Prof. dr. C.W.P.M. Blom, volgens besluit 

van het College van Decanen in het openbaar te verdedigen op 

vrijdag 4 februari 2005 

des namiddags om 1.30 uur precies 

door 

Manon Chérïette Zweers 

geboren op 25 september 1975 te Rheden 



Promotor: Prof. dr. J. Schalkwijk 

Co-promotor: Dr. M. den Meijer 

Manuscriptcommissie: Prof. dr. Β. Hamel (voorzitter) 
Dr. A.H. van Kuppevelt 
Prof. dr. R. Grahame (Center for Rheumatolosy, 
University College Hospitals, London) 



Aan iedereen in mijn sedachten, 
mijn ouders in het bijzonder 





Contents 

Abbreviations 8 

Preface 9 

Chapter 1 General Introduction 11 

Chapter 2 A Recessive Form of Ehlers-Danlos Syndrome Caused by 37 

Tenascin-X Deficiency 

Chapter 3 Haploinsufficiency of TNXß is Associated with 49 
Hypermobility Type of Ehlers-Danlos Syndrome 

Tenascin-X: A Candidate Gene for Benign Joint 55 
Hypermobility Syndrome and Hypermobility Type 
Ehlers-Danlos Syndrome? 

Chapter 4 Deficiency of Tenascin-X Causes Abnormalities in Dermal 57 
Elastic Fiber Morphology 

Chapter 5 Elastic Fiber Abnormalities in Hypermobility Type Ehlers- 67 
Danlos Syndrome patients with Tenascin-X Mutations 

Chapter 6 Transplantation of Reconstructed Human Skin on Nude 77 
Mice: A Model System to Study Expression of Human 
Tenascin-X and Elastic Fiber Components 

Chapter 7 Serum Tenascin-X Concentration as a Determinant of 87 
Systolic Blood Pressure 

Chapter 8 A High Tenascin-X Serum Concentration is a Risk 93 

Indicator for Abdominal Aortic Aneurysm 

Chapter 9 Summary and General Discussion 103 

References 113 

Nederlandse Samenvatting 127 

Dankwoord 131 
Curriculum Vitae 134 
List of Publications, International Presentations, Awards 135 
Color Illustrations 137 



Abbreviations 

AAA 
bFGF 

BJHS 

ΒΡΕ 
CAH 
CFS 
CHO 
CI 
DBP 
DMEM 

ECM 
EDS 
EG F 

ELISA 

EMILIN 

FACIT 

FCS 
FNIII 

H6E 
HT-EDS 

LOXL 

LTBP 

MAG Ρ 

MFAP 

MMP 
OMIM 

OPD 
OR 
PCR 
PIIINP 

SBP 
SD 
SLRP 

TGF-a 

TGF-(i 

TNC 
TNF-a 

TNX 
TNXB 

VEGF-B 

Xß 

abdominal aortic aneurysm 
basic f ibroblast growth factor 
benign jo in t hypermobi l i ty syndrome 
bovine pi tu i tary extract 
congenital adrenal hyperplasia 
chronic fat igue syndrome 
Chinese hamster ovary 
confidence interval 
diastolic blood pressure 
Dulbecco's modif ied Eagle's medium 
extracel lular matr ix 
Ehlers-Danlos syndrome 
epidermal growth factor 
enzyme-linked immunosorbent assay 
elastin microf ibr i l interface located protein 
f ibr i l associated collagen w i th interrupted helix 
fe ta l calf serum 
f ibronect in type III 
hematoxylin and eosin 
hypermobil i ty type Ehlers-Danlos syndrome 
lysyl oxidase like 
latent transforming growth factor β binding protein 

microf ibr i l associated glycoprotein 

microf ibr i l associated protein 

matr ix metal loproteinase 

online Mendelian inheritance of man 

o-phenylenediamine dihydrochlonde 

odds ratio 

polymerase chain reaction 

procollagen III amino-terrmnal propeptide 

systolic blood pressure 

standard deviation 

small leucine rich proteoglycan 

transforming growth factor α 

transforming growth factor β 

tenascin-C 

tumor necrosis factor α 

tenascin-X 

tenascin-X gene 

vascular endothel ia l growth factor Β 

tenascin-X gene 

8 



Preface 
The extracellular matrix is essential for normal organization and function of all tis
sues in our body. It forms a complex network of macromolecules that provides spe
cific environmental signals to control cell morphology, migration, differentiation, 
proliferation and metabolism. Abnormalities in extracellular matrix composition and 
architecture correspond with the onset and progression of major diseases including 
cancer, cardiovascular- and heritable connective tissue diseases. An extracellular 
matrix protein that has received much attention for its presumed role in develop
ment, wound healing and cancer, is tenascin-C. Already during the early nineties, 
studies were undertaken at the Department of Dermatology of the University Medi
cal Center Nijmegen to elucidate the role of tenascin-C in various pathologic condi
tions of the skin. Disappointingly, the tenascin-C knockout mouse did not have an 
obvious phenotype, challenging the alleged importance of tenascin-C. Therefore, 
the observed connective tissue abnormalities in a patient who lacked tenascin-X, 
another member of the tenascin family, sparked our interest to investigate the role 
of tenascin-X in connective tissue biology. In collaboration with the Department of 
Pediatrics of the University of California, San Francisco, we embarked on a study to 
examine tenascin-X in Ehlers-Danlos syndrome. In 2000, a PhD project grant was 
awarded by the University Medical Center Nijmegen, which has resulted in this the
sis. 
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General introduction 

CONNECTIVE TISSUE 
Extracellular matrix 
The development and normal function
ing of all cell types in an organism de
pend on interaction with molecules in 
their environment. The major classes of 
molecules that regulate development 
and functioning are growth- and differ
entiation factors, cell adhesion mole
cules and extracellular matrix compo
nents. The extracellular matrix provided 
the basis for evolution, since it accom
modated organization of multicellular 
tissues with high stability and integrity. 
Traditionally, the extracellular matrix 
was thought to serve solely a structural 
role, resisting and dissipating mechani
cal load and providing shape to virtually 
all tissues. Essentially four types of ma
jor macromolecules comprise the ex
tracellular matrix: collagens, elastin, 
proteoglycans and glycoproteins, each 
of which is produced and maintained by 
cells specific to the tissue type. Multiple 
families of the different types of mac
romolecules have currently been identi
fied. Structures such as collagen fibrils 
endow tensile strength to numerous tis
sues, including skin, tendons and bones. 
Elastic fibers provide resilience to spe
cialized tissues such as blood vessels 
and lungs and proteoglycans are impor
tant constituents of tissues such as car
tilage and skin. Over the last years, it 
has become evident that the extracellu
lar matrix not only has a structural role, 
but that correct extracellular matrix 
functioning is pivotal in the physiology 
of cells and tissues. The dynamic inter
action between cells and the extracellu
lar matrix influences various cellular 
processes such as growth, differentia
tion, migration, development and sur
vival. To date, different cell-surface 
receptors mediating the influence of 
the extracellular matrix constituents on 
the cell have been identified. The ma
jor class of proteins that connect cells 
to the extracellular matrix is the in

tegri η receptor family. Integnns are 
heterodimenc transmembrane receptors 
that bind with their globular head do
main to most extracellular matrix com
ponents. Intracellularly, association of 
integnns with the actin cytoskeleton is 
important in mediating cellular signal
ing, thereby altering gene expression 
and affecting e.g. cell migration, sur
vival, proliferation and differentiation. 
In addition, integnns have been impli
cated in the assembly of the extracellu
lar matrix. Production of extracellular 
matrix components is regulated by 
growth factors and cytokines, which are 
often specifically bound by extracellular 
matrix components. Interestingly, ex
tracellular matrix components can in 
turn regulate the expression of recep
tors for growth factors. Clearly, the ex
tracellular matrix is a complex ordered 
aggregate of different macromolecules, 
whose structural integrity and composi
tion is essential in maintaining normal 
tissue architecture, development and 
tissue-specific function. 

Skin86153 

The skin is covering the entire body sur
face and, since it compromises 15-20% 
of the body weight, is the largest organ 
of man. The skin provides a structural 
and functional barrier between the in
ner tissues of the organism and the ex
ternal environment, protecting against 
mechanical, physical and microbial 
stress. Skin consists of an outer epithe
lial layer of ectodermal origin, the epi
dermis, and an inner connective tissue 
layer of mesenchymal origin, the der
mis. A basement membrane, known as 
the dermal-epidermal junction, sepa
rates these two distinct compartments 
of the skin and provides adhesion be
tween them, thus maintaining the over
all integrity of the skin (figure 1A). 

The epidermis is a keratinized, 
stratified squamous epithelium that 
consists mainly of keratinocytes. The 
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Figure 1 Histologic sections of human skin, murine knee and human aorta. Skin section showing epi
dermis (e), papillary and reticular dermis (p and r)(A). Knee section illustrating bone (b) and ligament 
(I) (B). Human aorta consists of different layers; tunica intima (i), tunica media (m) and tunica adven-
titia (a) (C). 

epidermis is organized into four differ
ent layers; the basal cell layer, the 
spinous cell layer, the granular cell 
layer and the cornified cell layer, 
through which a keratinocyte migrates 
from the dermal-epidermal junction to 
the surface. This translocation is ac
companied with proceeding differentia
tion of the keratinocytes, characterized 
by alterations in cytokeratin expression. 
The basal cell layer contains proliferat
ing keratinocytes and is connected to 
the dermal-epidermal junction through 
hemidesmosomes and integhn recep
tors. Keratinocytes are connected by 
desmosomal junctions. Terminal differ
entiation ultimately results in the for
mation of the cornified layer of non
viable keratinocytes that provides the 
actual barrier function of the skin. 

The dermis is organized into dif
ferent layers, which differ in connective 
tissue density and arrangement. The 
papillary dermis underlies the dermal-
epidermal junction and provides com
pliance to the skin. The periadnexal 
connective tissue surrounds the pilose-
baceous structures and is continuous 
with the papillary dermis. The papillary 

dermis contains many blood vessels, 
which exchange cells and metabolites 
with the epidermis. Thin collagen bun
dles and oxytalan elastic fibers that ex
tend perpendicularly from the dermal-
epidermal junction into the papillary 
dermis accommodate deformation of 
the skin. Fibroblasts are more abundant 
and metabolically active in the papillary 
dermis as compared to the underlying 
reticular dermis. The reticular dermis 
forms the bulk of the skin and contains 
many thick interwoven collagen fiber 
bundles and a horizontal network of ma
ture elastic fibers. Fibroblasts are less 
abundant and blood vessels are ar
ranged into a deep horizontal vascular 
plexus. The matrix of the reticular der
mis provides tensile strength and elastic 
recoil and withstands deformation of 
the skin. 

Joints134361 

Bones of the skeleton are joined to
gether at different parts of their surface 
by flexible connective tissues that form 
joints (figure 1B). Joints are, in most 
cases, designed to carry out a range of 
movements. Functionally, joints are 
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classified into three major groups: sy
narthroses, amphiarthroses and 
diarthroses. Synarthroses do not allow 
flexure (e.g. joints between bones of 
the skull), amphiarthroses allow limited 
movement (e.g. connection between 
fibula and tibia) and diarthroses are 
freely movable joints (e.g. knee, shoul
der and hip joints). Structurally, joints 
can be classified as fibrous, cartilagi
nous, or synovial. Fibrous joints connect 
bones by a fibrous connective tissue, 
rich in collagen fibers, whereas carti
laginous joints connect bones by carti
lage. All synovial joints are diarthroses, 
the most common type of joints. In 
synovial joints, the surfaces of the 
bones are completely separated; the 
bones are covered by articular cartilage 
and enveloped by articular capsules. 
The articular capsules consist of two 
layers, a fibrous capsule and a synovial 
membrane. The fibrous capsule consists 
of dense connective tissue connecting 
the articulating bones. Ligaments are 
thickenings of the fibrous capsule and 
are composed of parallel-arranged col
lagen fibril bundles, providing great 
tensile strength, thereby preventing dis
location of the joint. The cells lining the 
interior of the fibrous capsule and a 
connective tissue with elastic fibers 
form the synovial membrane. The cells 
of the synovial membrane secrete a 
fluid, lubricating the joint and supplying 
nutrients to and removing waste of the 
chondrocytes of the articular cartilage. 
Articular cartilage is essentially a non
vascular and non-sensory structure, con
sisting mainly of connective tissue, se
creted by the chondrocytes. The ex
tracellular matrix of articular cartilage 
contains an extensive system of colla
gen fibrils and a network of proteogly
cans retaining water, thus resisting 
compressive forces and decreasing fric
tion. At specialized regions, the synovial 
membrane extends into tendons. Ten
dons are connective tissue structures 
that link muscle to bone, constituted of 
densely packed collagen bundles pro

duced by flattened fibroblasts and sur
rounded by tendon sheaths. Tendons 
have a great tensile strength and elas
ticity to some extent due to the elastic 
fibers in the tendon sheaths. 

Blood vessels291361 

Blood vessels form a complex network 
that can be divided into several catego
ries, depending on function, structure 
or size. In general, the arteries and 
veins are compromised of a tunica in
tima, tunica media and tunica adventi-
tia (figure 1C). The tunica intima con
sists of a single layer of elongated endo
thelial cells and a thin sub-endothelial 
connective tissue layer. In arteries, the 
tunica media is separated from the tu
nica intima by the internal elastic lam
ina, which is an elastic membrane. The 
tunica media is characterized by multi
ple layers of smooth muscle cells ar
ranged concentric to the lumen. They 
are connected to each other by tight 
and gap junctions, essential for regulat
ing diffusion of nutrients and exit of 
blood cells. Smooth muscle cells are re
sponsible for the production of the con
nective tissue by which they are sur
rounded. Among the cells, collagen 
bundles and proteoglycans are present. 
In arteries, a varying number of concen
tric elastic lamellae intercalated with 
layers of smooth muscle cells are pre
sent. The elastic lamellae are the most 
numerous in the ascending aorta and 
decrease in number proportionally with 
blood pressure in abdominal aorta. In 
human aorta, elastic fibers are about 
20% of the dry weight. The tunica ad-
ventitia consists mainly of dense con
nective tissue with many collagen fibrils 
and sparse elastic fibers. As opposed to 
the tunica media, the collagen bundles 
are arranged longitudinally. Fibroblasts 
are the main cell type in the tunica ad-
ventitia. The different types of arteries 
and veins differ in thickness and compo
sition of the three layers. Capillaries 
and post-capillaries are the smallest 
blood vessels and have only a layer of 
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endothelial cells and a basement mem
brane. 

COLLAGENS AND ELASTIC FIBERS 
The collagens 
Collagens are the most abundant mole
cules in the animal kingdom, and are 
even found in the earliest forms of 
metazoan life. Collagens are major 
structural components responsible for 
providing structural support and 
strength to the extracellular matrix of 
skin, tendon, blood vessels, bone and 
most other connective tissues. All colla
gens are characterized by the presence 
of triple-helical domains270297 that are 
composed of three identical polypeptide 
chains (α-chains, homotnmers) or three 
genetically distinct chains (hetero-
tnmers). The specific repeating triplets 
of Gly-X-Y, in which X and Y are often 
proline and hydroxyproline, are re
quired to form the collageneous triple 
helix. Glycine is the smallest amino acid 
that fits in the central core of the triple 
helix. The stenc repulsion between hy
droxyproline and proline results in the 
helical conformation. The triple helical 
domain is stabilized by hydrogen bond
ing of hydroxyproline along the he
l ix 3 0 1 6 8 1 8 2 . To date, 42 collagen genes 
have been described, the products of 
which combine to form at least 27 
homotnmenc and/or heterotrimenc 
molecules. Collagens can be categorized 
on the basis of the triple-helix size and 
physicochemical properties. Fibrillar 
collagens (type I, II, III, V, XI, XXIV and 
XXVII) form discrete fibrils with a cross-
striated pattern, and provide resistance 
to tensile stress in tissues such as skin, 
tendons, bone and cartilage. Other, 
non-fibnllar collagens are basement 
membrane collagens (types IV and VII) 
or occur as transmembrane proteins 
(types XIII and XVII). Non-fibnllar colla
gens can be associated with fibril sur
faces (fibril-associated collagens with 
interrupted triple helices FACIT, types 
IX, XII, XIV, XVI and XIX). Other colla
gens contain multiple triple helix do

mains and interruptions (MULTIPLEXIN; 
types XV and XVIII) or are short-chain 
collagens (types VI, VIII and X) 
30 105 177 182 250 

Fibrillar collagens 
Fibrillar collagens constitute the major
ity of the collagens, probably account
ing for over 70% of total, as they are 
found in virtually all connective tissues. 
Fibrillar collagens have a highly con
served intron/exon structure62. Fibrillar 
collagens form long, unbranched, 
banded fibrils, with a characteristic 67 
nm axial periodicity (D), due to the 
staggered alignment of fibril mono
mers240. Synthesis of fibrillar collagen 
starts with the translation of pre-
procollagen mRNA at the endoplasmic 
reticulum. Intracellularly, the procolla
gen α-chain is post-translationally modi
fied by hydroxylation of lysyl and prolyl 
residues to form hydroxylysine and hy
droxyproline respectively. This process 
is catalyzed by three different hydroxy
lases; prolyl 3- and 4- hydroxylase and 
lysyl hydroxylase188248. In addition, 
some hydroxyproline residues are glyco
sylated by hydroxylysyl-galactotrans-
ferase or galactosylhydroxy-lysylglucosyl 
transferase, which transfer galactose 
and glucose to some of the hdroxylysine 
and galactosylhydroxylysine residues, 
respectively1 8 7 3 4 2 3 4 3. The soluble pro
collagen consists of a C-terminal exten
sion (NC1 domain), a collagenous do
main with triple helix, and an N-
terminal extension, consisting of a short 
triple helical domain and a non-
collagenous NC2 domain. Assembly of 
the triple helix is initiated by associa
tion of three appropriate α-chain colla
genous domains through the non-
covalent interactions of the NC1 do
mains. Then, the collagenous triple he
lix self-assembles through a process of 
nucleation and subsequent folding in 
the C- to-N direction. The formation of 
the triple helix precludes further en
zyme-linked post-translational modifica
tions, and the pro-collagen is readily 
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secreted into the extracellular space. As 
the fibrillar pro-collagen is secreted, 
collagen-type specific N- and C-
proteinases cleave the N-terminal and 
C-terminal propeptides from the colla
genous domains. This results in a strong 
reduction of solubility of the colla
genous domains, causing spontaneous 
lateral aggregation of triple heli
ces101·182·287. The importance of the 
cleavage of the N-propeptide of colla
gen type I in fibrillogenesis is illustrated 
by the finding in patients suffering from 
dermatosparaxis type of Ehlers-Danlos 
syndrome, in whom deficiency of N-
proteinase results in highly aberrant 
collagen fibrils64·259·337. Aggregation into 
fibrils is followed by cross-linking within 
and between collagen molecules, pro
viding tensile strength and stability to 
the collagen fibrils. This process is cata
lyzed by lysyl oxidase, catalyzing the 
oxidative deamination of lysine and hy-
droxylysine residues, resulting in spon
taneous assembly of adjacent collagen 
molecules97·178·338. Different types of 
collagen molecules are usually present 
within the same fibril. Heterotypic f i
brils containing types I, III and V colla
gen are present in tissues such as der
mis, tendon, ligaments and bone, and 
fibrils containing collagen types II and XI 
are predominantly present in carti
lage182. Collagen type V and XI are im
plicated in regulating fibril diameter102. 

Small leucine-rich proteoglycans 
Although aggregation of collagen mole
cules into collagen fibrils is basically a 
self-assembly process, the finding of 
tissue-specific arrangement and organi
zation of fibrils of different types of col
lagen indicates that the process of f i
brillogenesis is very complex. Cells, ex
ternal forces and macromolecules, 
which determine tissue architecture, 
affect the packing and orientation of 
collagen fibrils. The importance of small 
leucine-rich proteoglycans (SLRPs) in 
regulating fibrillogenesis has become 
clear from studies of SLRP-deficient 

mice2"·179'300'391. The SLRP family con
sists of 13 members, most of which are 
proteoglycans that bind to collagens and 
other macromolecules. Biglycan is 
highly expressed in bone, and mice de
ficient in biglycan develop osteoporosis. 
Deficiency of biglycan results in tissue-
specific alterations in collagen fibril di
ameter and irregularly shaped collagen 
fibrils66. Mice deficient for decorin have 
a fragile skin, with reduced tensile 
strength. The collagen fibrils of tail 
tendon and skin show the same altera
tions as in the absence of biglycan; col
lagen fibers appear coarser with irregu
lar outlines73. Lumican is a major com
ponent of the cornea. Mice deficient for 
lumican develop progressive corneal 
opacification with age. Structural al
terations of the collagen fibrils are 
probably directly responsible for the 
corneal opacification, since absence of 
lumican results in irregular, thick and 
loosely packed collagen fibrils. In addi
tion, lumican deficient mice develop 
skin fragility and skin laxity, resembling 
that of certain types of Ehlers-Danlos 
syndrome54·55,170. The importance of 
SLRPs in fibrillogenesis is further em
phasized by the finding in fibromodulin-
deficient mice, which are predisposed 
to develop osteoarthritis and ectopic 
tendon ossification. The collagen fibrils 
in fibromodulin-null mice are irregularly 
shaped and the average fibril diameter 
is decreased170·349. Probably, the spe
cific actions of the different SLRPs de
termine the architectural and mechani
cal properties of the collagen matrix. 
Another protein that is likely involved in 
fibrillogenesis is thrombospondin-2, 
since mice deficient for throm
bospondin-2 have structural alterations 
of collagen fibrils in their skin192. 

Non-fibrillar collasens 
The non-fibrillar basement membrane 
collagens (types IV and VII) are the col
lagenous component of basement mem
branes. The polypeptides are distin
guished by their large molecular weight, 
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extended triple helices and imperfec
tions in the Gly-X-Y triplet sequence. 
The basement membrane collagens form 
a network, through lateral associations 
between the triple helical domains. 
Type VII collagen is the major compo
nent of the anchoring fibrils found in 
numerous tissues, including the dermal-
epidermal junction, the function of 
which is to anchor the basement mem
brane to the underlying stroma. 

The FACIT collagens are charac
terized by short triple helical domains 
interrupted by non-collagenous se
quences. The conserved cysteine resi
dues and imperfections in the triple he
lix allow lateral association with the 
surface of interstitial fibrillar collagens, 
serving as linkers between fibrillar col
lagens and other extracellular matrix 
macromolecules. The distribution of 
FACIT collagens is unique and mostly 
highly tissue-specific182. 

The transmembrane collagens 
(types XIII and XVII) are integral plasma 
membrane proteins and both contain a 
hydrophobic transmembrane region. The 
N-terminus of the collagen is located 
intracellularly and the collagenous do
mains are located at the outside of the 
cell. Collagen type XIII has a ubiquitous 
expression pattern, suggesting a general 
function in connective tissues, whereas 
collagen type XVII shows a more re
stricted distribution. Collagen type XVII 
is a hemidesmosomal component in 
skin, uterus and the oral cavity, and was 
originally identified as an autoantigen in 
bullous pemphigoid and herpes gesta
tionis, and hence named bullous pem
phigoid antigen (BP180) 77120121156. Col
lagen type XVII maintains linkage be
tween cells and extracellular compo
nents. 

The MULTIPLEXIN collagens 
(types XV and XVIII) are found in base
ment membrane zones, where they may 
contribute to the structural and func
tional integrity of the basement mem
brane. The NCI domain of MULTIPLEXIN 
collagens has been shown to bind to the 

glycoproteins fibulin-1 and -2, and to 
the largest and most common pro
teoglycan of the basement membrane, 
perlecan118320. The exact function of 
the MULTIPLEXIN collagens is unknown, 
although mutations in collagen type 
XVIII result in Knobloch syndrome, which 
suggests a function in retinal structure 
and closing of the neural 
t u b e 2 3 4 219 330 348_ 

The short-chain collagens (types 
VI, VIII and X) are microfibnl-forming 
collagens, organized into an extensive 
filamentous network. They contain po
tentially cell-binding sequences (argin-
ine-glycine-asparagine: RGD). A number 
of cytokines and complement and re
lated factors share homologues se
quences of collagen type VIII and X182. 
Collagen type X is probably involved in 
the deposition and mineralization of 
cartilage, whereas collagen type VIII as
sociates with elastic fibers in the vascu
lature, possibly providing structural and 
adhesive support for smooth muscle 
cells. Mutations in collagen type VI re
sult in Bethlem myopathy, character
ized by joint contractures and muscle 
wasting, indicating to be essential for 
normal myotubule stability and func
tion172249250. 

The elastic fibers 
Elastic fibers provide elasticity and re
silience to all deformable tissues, allow
ing long-range deformability and passive 
recoil184312313. These properties are es
sential for tissues subject to periodic 
stress, such as skin, lung, blood vessels 
and many other connective tissues. Ul-
trastructurally, elastic fibers are com
posed of two distinguishable compo
nents; an amorphous and a microfibril
lar component135268269. The amorphous 
component, as the name implies, does 
not posses a regular repeating structure 
or banding pattern and composes ap
proximately 90% of the elastic fiber. 
The protein of this amorphous compo
nent is elastin, which is primarily re
sponsible for the elastic properties of 
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the elastic fiber. The microfibrillar 
component is composed of small un-
branching fibrils with an average diame
ter of 10-12 nm, located on the periph
ery of the amorphous component and 
interspersed with it. Microfibrils are not 
only found associated with elastic f i 
bers, but are also structural elements in 
tissues essentially devoid of elastin (e.g. 
the ciliary zonule of the eye), where 
they serve an anchoring function. The 
microfibrillar component is predomi
nantly composed of the glycoproteins 
fibrillin-1 and -2316·393, but several other 
glycoproteins are associated with the 
microfibrillar component as well184. Mi
crofibrils are thought to act as a scaf
fold for the amorphous elastin deposi
tion, determine the growth direction of 
the elastic fiber and may serve to align 
the precursor of elastin, tropoelastin. 
Elastogenesis occurs in most elastic tis
sues during late prenatal and neonatal 
development. Intriguingly, elastic fibers 
are designed to maintain elastic func
tion during lifetime, because the turn
over of elastin is generally very low, 
with the exception of the elastic fibers 
of the uterus. 

F/asi;'n 
Elastin, when mature, is the most in
soluble protein in the vertebrate body. 
The soluble precursor of the amorphous 
elastin, tropoelastin, was first identified 
in aorta of copper-deficient animals335. 
Tropoelastin has a molecular weight of 
72-74 kDa, and is encoded for by a sin
gle gene. The human gene contains 34 
exons, some of which code for hydro
phobic domains and others for lysine 
containing cross-link domains. The hy
drophobic domains of tropoelastin pre
dominantly consist of aliphatic amino 
acids, such as alanine, valine, proline 
and glycine. Stretches of hydrophobic 
amino acids are highly repetitive, but 
vary in number and nature between dif
ferent species. In the cross-link do
mains, lysyl residues usually occur in 
pairs, within proline-rich regions or 

stretches of alanyl residues. Potential 
cross-linking regions are not distributed 
equally along the molecule. Post-
translationally, some prolyl residues are 
hydroxylated. The function of hydroxy-
lation of prolines is unknown, since they 
do not participate in cross-link forma-
(.;on61,75,165.184,233,312,313 

Elastogenesis is a complex and 
not completely understood process. Mi
crofibrils are the first visible compo
nent, forming a lattice on which elastin 
appears. How tropoelastin is targeted to 
sites of elastogenesis is incompletely 
understood. Intracellularly, tropoelastin 
is synthesized and bound to a 67 kDa 
elastin-binding protein, which prevents 
premature intracellular aggregation. 
Probably, this 67 kDa elastin-binding 
protein is also involved in targeting tro
poelastin to the microfibrils, by modu
lating the position of the cell-surface 
where tropoelastin is secreted148'149·286. 
Unlike procollagen, tropoelastin is in
corporated into the elastic fiber without 
proteolytic cleavage. In vitro, tropo
elastin undergoes a process of ordered 
self-aggregation, a process called coas-
cervation, caused by the alignment of 
hydrophobic domains. In vivo, tropo
elastin probably binds the microfibrils, 
then coascervates and subsequently be
comes cross-linked by lysyl oxidase. Ly
syl oxidase is a copper-dependent en
zyme that catalyzes the oxidative 
deamination of lysyl residues, forming 
allysine178,338. The cross-links are then 
spontaneously formed by the reaction of 
allysines with themselves or with un
modified lysyl residues. The formed 
cross-links can be bi- (lysinonorleucine), 
tri- (merodesmosine) or tetra-functional 
(desmosine and isodesmosine), but it is 
likely that each cross-link normally joins 
only two chains. Currently, multiple ly
syl oxidases have been identified, in
cluding lysyl oxidase-like (LOXL) pro
te ins-1, -2, .3 and-48'158·176·180'185·216'217. 
LOXL1 has recently been shown to be 
specific for tropoelastin cross-linking 
due to its expression pattern, and defi-
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ciency of L0XL1 results in aberrant elas
tic fibers in skin, lung, uterus and 

Fibrillins 
Fibrillin-1 and fibrillin-2 are the major 
components of the microfibrillar scaf
fold, but also microfibnl-associated 
glyco-proteins (MAGPs), microfibnl-
associated proteins (MFAPs), certain 
collagens, and some small leucine-nch 
proteoglycans are associated with mi
crofibrils. Fibrillin-1 and -2 are cys-
teine-nch glycoproteins (ca. 350 kDa) 
with multidomain structures, including 
47 epidermal-growth factor (EGF)-like 
repeats, of which 43 have a calcium-
binding consensus sequence 
1185 140 181332 T h e s e d o m a l n s a r e l n t e r . 

spersed with 8-cysteine modules, homo
logues to the transforming growth fac
tor ß (TGF-ß) binding motifs of latent 
TGF-ß-binding proteins (LTBPs)140181299. 
Fibrillins have N- and C-terminal cleav
age sites for funn-convertase and ex
tracellular deposition requires removal 
of the C-terminus294 308. Microfibrils as
semble close to the cell surface, possi
bly through interaction of RGD se
quences in fibrillin with integnn recep
tors318. Extracellularly, fibrillin mono
mers are arranged into a head-to-tail 
alignment with a periodicity of -56 nm, 
giving microfibrils a 'beads-on-a-stnng' 
appearance. Binding of fibrillin-1 to 
heparan sulphate proteoglycans possibly 
affects microfibrillar assembly into a 
beaded structure358. The polymer is sta
bilized by covalent cross-links, both di
sulfide bonds and transglutaminase-
denved peptide linkages5303365. Fi
brillin-1 and -2 have distinct but over
lapping expression patterns; fibrillin-2 is 
generally expressed earlier in develop
ment than fibrillin-1394. This has led to 
the idea that fibrillin-2 is particularly 
important for elastic fiber formation, 
and that fibrillin-1 is involved in main
taining tissue homeostasis. Different 
heritable connective tissue diseases are 
associated with mutations of fibrillins; 

fibrillin-1 mutations cause Marfan syn
drome, which is associated with cardio
vascular, lung, ocular and skeletal de
fects (for review see Robinson and God
frey311), whereas fibrillin-2 mutations 
cause congenital contractural arachno-
dactyly288 377. Fibrillin-3 shows a partial 
overlapping expression pattern with f i-
bnllin-1 and -2. Fibrillin-3 expression is 
abundant in microfibrils in developing 
tissues, including fetal lung, brain, 
aorta, perichondrium and skin67. 

Microfibnl-associated proteins 
Other structural components of the mi
crofibrils are microfibnl-associated gly-
coprotein-1 (MAGP-1) and MAGP-218\ 
MAGP-1 is a small (31 kDa) glycoprotein 
consisting of two structural domains; an 
acidic N-terminal half rich in proline 
and glutamine residues, and a C-
terminal portion that has a positive 
charge and contains 13 cysteine resi
dues. MAGP-1 is probably disulfide-
bonded to microfibrils, since MAGP can
not be extracted from microfibrils in 
the absence of a reducing agent. MAGP-
1 forms a ternary complex in vitro with 
fibrillin-1 and deconn364. In addition, 
MAGP-1 forms a complex with both tro-
poelastin169 and biglycan, suggesting 
that MAGP-1 acts as a linker molecule 
between tropoelastin and the microfi
bril301. MAGP-2 also localizes to elastin-
associated and elastin-free micro-fibrils, 
but shows a more restricted tissue ex
pression pattern and developmental lo
calization than MAGP-1114. MAGP-2 
shows only limited homology with 
MAGP-1, which is confined to the C-
terminal region116. MAGP-2 is rich in ser
ine and threonine residues and contains 
an RGD sequence that binds to avß3 in
tegnn117. Interaction studies have shown 
that MAGP-2 can bind to fibrillin-1 and -
2, as well as to fibulin-1272. Therefore, 
MAGP-2 might function as a bridging 
molecule between the microfibrils and 
the cell-surface during elastogenesis. 

Microfibnl-associated protein 
(MFAP)-1, MFAP-3 and MFAP-4 have 
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been immuno-localized to elastic fibers 
in skin and other tissues313. However, 
the relationship of these molecules to 
the elastic fiber is not well understood. 
Several proteoglycans interact with mi
crofibrils and contribute to their inte
gration with other connective tissue 
networks. Versican, a large chondroitin 
sulphate proteoglycan that is mainly ex
pressed in aorta and skin, interacts with 
the N-terminus of fibrillin-1166. In addi
tion, versican can bind the elastic fiber 
components fibulin-1 and fibulm-Z6264. 
The negatively charged chondroitin sul
phate chains of versican may influence 
integration of microfibrils with other 
connective tissue components. Deconn 
and biglycan, members of the small leu-
cine-nch proteoglycan family, are also 
associated with microfibrils, and both 
have been shown to bind fibrillin-1 and 
MAGP-1301364. Deconn and biglycan 
knockout mice have great ultrastruc
tural abnormalities of collagen fibrils, 
but alterations in morphology of elastic 
fibers have not been described66 73. 

Latent TGF-ß bmd/ng proteins (LTBPs) 
Four LTBPs have been described and 
were shown to be structural homologous 
to fibrillin-1 and -2. Like fibrillins, 
LTBPs contain calcium-binding EGF do
mains and 8-cysteine domains. Most 
cells secrete LTBPs in a complex with 
TGF-ß, and by targeting LTBPs to the 
extracellular matrix form extracellular 
deposits of TGF-ß. Proteolytic process
ing of the LTBP-TGF-ß complex pre
cedes TGF-ß activation263. LTBP2 cannot 
bind TGF-ß. LTBP1 co-localizes with mi
crofibrils in skin and embryonic long 
bones167. This restricted expression pat
tern suggests that LTBP1 is not an inte
gral structural component. LTBP2 co-
localizes with microfibrils in elastic f i 
ber-rich tissues and injury induces ex
pression in trabecular bone and arter
ies115. LTBP2 null mice die between em
bryonic day 3.5-6.5, indicating that 
LTBP2 is essential in early mouse devel
opment334. Disruption of LTBP3 in mice 

results in craniofacial defects, spleen 
and thymus involution and lung abnor
malities. It is not known whether LTBP3 
is associated with microfibrils71. Re
cently, it was shown that ablation of 
LTBP4 in mice results in pulmonary em
physema, cardiomyopathy and colorec
tal cancer, associated with severe frag
mentation of elastic fibers347. Whether 
LTBP4 has a direct role in elastic fiber 
formation remains to be established. 
Interestingly, reduced sequestration of 
the LTBP-TGF-ß complex in fibrillin-1-
null mice results in enhanced TGF-ß-
signaling, causing pulmonary emphy-

EMIUNs 
The elastin microfibril interface located 
proteins (EMILINs) are a new family of 
glycoproteins of the extracellular ma
trix65. To date, five members of the 
EMILIN family have been identified; 
EMILIN-135, EMILIN-2e3, multimenn (also 
known as EMILIN-3)144, endoglyx-1 (also 
known as multimerin-2)60 and EMILIN-
5β1. All have high homology to each 
other and share similar gene organiza
tions. EMILINs are characterized by a C-
terminal region that is homologues to 
the globular domain of complement C1q 
protein. The gC1q domain can form sta
ble homotnmers, followed by mul
timene assembly of disulfide-bonded 
protomers. During development, EMILIN-
1 expression precedes the appearance 
of elastin32. In the adult, EMILIN-1 is 
present in the elastic fibers at the inter
face between the amorphous core and 
the microfibrils35. EMILIN-1 interacts 
with EMILIN-2, although EMILIN-2 has 
only a partial overlapping tissue expres
sion pattern. Ablation of EMILIN-1 ex
pression in mice induces abnormalities 
of elastic fibers in aorta and skin. In ad
dition, anchorage of vascular cells to 
the elastic lamellae of the aorta is im
paired. EMILIN-1 has been shown to in
teract with the cell surface through 
a4ß13'11 and with the elastic fiber com-



ponent fibulin-5, and hence might have 
an important role in elastogenesis392. 

Fibulins 
The fibulins are a family of glycopro
teins that have a diverse array of pro
tein ligands, owing to their molecular 
composition359. All fibulins contain a se
ries of calcium-binding EGF-like re
peats, followed by a C-terminal fibulin-
type module. Three family members 
have strongly been implicated in elastic 
fiber biology; fibulin-1, fibulin-2 and 
fibulin-5. Fibulin-1 is associated with 
the amorphous core of elastic fibers in 
skin and blood vessels310. In addition, 
fibulin-1 expression is found in various 
other organs, where it is associated with 
basement membranes or collagen fi
brils. Fibulin-2 shows a more restricted 
tissue distribution, with only partial 
overlap with f ibul in-1 1 9 1 2 6 7 3 9 6 . Fibulin-2 
is located at the interface between mi
crofibrils and the amorphous elastin 
core of various tissues, including skin, 
perichondrium, kidney and blood ves
sels. Fibulin-1 and fibulin-2 both inter
act with tropoelastin1 9 1 3 2 1, whereas 
fibulin-2 also can bind to fibrillin-1, 
which is in accordance with the ultra-
structural localization2 9 6 3 0 4. Fibulin-5 is 
another important structural compo
nent of the elastic fibers that is strongly 
expressed in the elastic lamina of blood 
vessels252. Fibulin-5 binds to tropo
elastin, but not to fibrillin-1 and is im
portant for elastogenesis, since ablation 
of fibulin-5 expression results in severe 
generalized elastinopathy251388. Fibulin-
5 is thought to function as a bridging 
molecule, connecting the cell surface 
through interaction with integrins to the 
elastic fibers. Mutations of fibulin-5 in 
humans result in cutis laxa, a connec
tive tissue disorder characterized by lax 
skin and lung emphysema210222. 

TENASCINS 
Tenascin family 
The tenascins are a family of large and 
complex extracellular matrix glyco

proteins, with a unique molecular struc
ture and tissue distribution. Five mem
bers of the tenascin family have been 
characterized in mammals: tenascin-C, 
tenascin-R, tenascin-W, tenascin-N and 
tenascin-X. Tenascin-Y is the avian 
orthologue of tenascin-X138, and two 
more distantly related tenascin-like 
molecules have been described in Dro-
sophila, which have been termed ten a 1 3 

and ten"114. The first family member, 
tenascin-C, was independently discov
ered by different laboratories and 
hence was given a number of different 
names, including myotendinous antigen, 
glial/mesenchymal extracellular matrix 
protein, cytotactin and hexabrachion. In 
1986, Chiquet-Ehnsmann et α/.59 re
named the protein to tenascin, a fusion 
of the Latin verbs 'tenere' (to hold) and 
'nasci' (to be born), to describe the lo
cation and developmental expression of 
the protein. The discovery that tenascin 
was a member of a family of related 
proteins led to its current name tenas-
cin-C, designating tenascin-cytotactin59. 
Tenascin-R has been originally discov
ered as 'restnctin' in chicken brain and 
as 'janusin' (J1-160/180) in rat brain. 
Tenascin-R expression was shown to be 
restricted to the central nervous system 
and the retina199. Tenascin-X was ini
tially discovered as an unknown gene 
termed gene X, which is located in the 
major histocompatibility locus and 
partly overlapping the gene encoding 
21-hydroxylase119246. Sequence analysis 
showed that it is highly homologues to 
tenascin-C and therefore a member of 
the tenascin family 3 8 2 2 5 2 2 6 . Lethias et 
α/.201 independently isolated the bovine 
homologue of tenacin-X, which they 
named flexilin. Tenascin-N was identi
fied in mice based on its homology with 
tenascin-W, tenascin-R and tenascin-C. 
It is expressed in brain, spleen and kid
ney, especially in the adult254. The 
newest mammalian family member is 
the murine homologue of zebrafish 
tenascin-W. Tenascin-W is expressed 
during palate formation and smooth 
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muscle development and in the adult in 
different tissues, including kidney and 
periosteum326. 

Tenascin structure 
Multiple domains that are typical for 
tenascins build up all tenascin family 
members5 6 5 8 3 2 5. They all consist of an 
N-terminal globular domain, followed by 
a short stretch of α-helical heptad re
peats. These heptad repeats allow three 
tenascin molecules to assemble into a 
triple-stranded coiled-coil structure, 
which is stabilized by inter-chain disul-
phide bonds. Tenascin-C, tenascin-R, 
tenascin-N and tenascin-W, but not 
tenascin-X, contain additional N-
terminal cysteines that are required to 
stabilize the linkage of two tnmers into 
hexamers by disulfide bonding. Although 
tenascin-R and tenascin-N could poten
tially form hexabrachions199 258, only 
tenascin-C and tenascin-W are known to 
do so94 326. Tenascin-R is a trimenc 
molecule, whereas tenascin-X is isolated 
mainly as monomers but might form di-
sulphide-linked tnmers as well. The a-
helical N-terminus is followed by a se
ries of tenascin-type EGF-hke repeats, 
which are encoded by a single exon. 
The EGF-hke repeats lack the acidic 
residues required for the binding of cal
cium. In humans, tenascin-C contains 
14.5 EGF-hke repeats; tenascin-R con
tains 4.5 and tenascin-X 18.5. Murine 
tenascin-W and tenascin-N both contain 
3.5 EGF-hke repeats. The major part of 
the tenascins comprises the fibronectin 
type III domains. Fibronectin type III 
domains are extended globular struc
tures composed of seven anti-parallel ß-
strands arranged in two sheets, which 
are highly elastic150. Particular peptide 
sequences in fibronectin type III do
mains can bind to an array of different 
extracellular matrix proteins. The num
ber of fibronectin type III domains is 
variable between the different types of 
tenascins. In humans, 17 fibronectin 
type III domains are known for tenascin-
C; 8 for tenascin-R and 29 for tenascin-

X. Alternative splicing of tenascin-C and 
tenascin-R in humans results in many 
different forms containing variable 
combinations of fibronectin type III do
mains. The C-terminus of the tenascins 
consists of a fibrinogen globular domain, 
which shows approximately 40% homol
ogy to the ß- and γ-chains of fibrinogen. 
The fibrinogen globular domain contains 
polypeptide loops formed by two con
secutive intrachain disulphide bonds, 
which contain a calcium-binding site. In 
tenascin-C, the calcium-binding proper
ties of the fibrinogen globe affect inter
actions with other proteins56 58 325. 

Tenascin function 
Most of the functional and regulatory 
studies were focused on tenascin-C. 
Tenascin-C is involved in a variety of 
interactions and activities that are of a 
bewildering complexity and often ap
pear conflicting. In vitro studies sug
gested various functions of tenascin-C, 
such as migration, proliferation, differ
entiation and modulation of cell adhe
sion (for review see e.g. Chiquet-
Ehnsmann and Chiquet58). For example, 
primary chick embryo and human fibro
blasts, endothelial and different types 
of tumor cells adhere specifically to 
tenascin-C, but remain rounded and 
particularly motile2'2. The adhesion of 
cells to tenascin-C is probably mediated 
by integnn receptors. For instance, the 
adherence of endothelial cells to tenas-
cin-C is mediated by a2ß1 and avß3 in-
tegnns344. In addition, tenascin-C inter
acts with various other cell-adhesion 
molecules and extracellular matrix pro
teins. Cell adhesion to fibronectin in
volves integnn a5ß1 and trans
membrane heperan sulphate proteogly
can syndecan-4 that regulate the as
sembly of adhesion complexes and rear
rangement of the actin cytoskele-
ton68 384. Interestingly, spreading of dif
ferent cell types on a fibronectin sub
strate is inhibited by tenascin-C, 
through interaction with both fi
bronectin and syndecan-4157266. The in-
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terference of tenascin-C with the adhe
sion of cells to fibronectin induces al
tered cell signaling. This includes sup
pression of Rho activation and a reduc
tion of cyclin-dependent kinase-2 re
sulting in disassembly of actin stress f i 
bers, rounding of cells and inhibition of 
proliferation237. Clearly, cell shape is 
important in determining cell differen
tiation and proliferation, and tenascin-C 
can affect cells through its effect on 
adhesion. 

Expression of tenascin-C is abun
dant during organogenesis, especially at 
epithelial-mesenchymal interaction 
sites, but absent or strongly reduced in 
the fully developed organs of the adult. 
Tenacin-C is found in low levels in for 
example the extracellular matrix in 
brain, musculoskeletal system, gastro
intestinal tract and skin. Tenascin-C ex
pression is induced in various pathologi
cal states, such as inflammation, infec
tion or tumongenesis. For example, 
tenascin-C is strongly induced in a vari
ety of skin diseases. Furthermore, 
tenascin-C expression is upregulated by 
mechanical stresses, such as in inci
sional and excisional skin wounds57 58. In 
addition, tenascin-C is detected in the 
stroma of different kinds of tumors. Al
together, tenascin-C appears to have a 
significant role in cell and tissue func
tion. Surprisingly, and to some extent 
disappointingly, tenascin-C knockout 
mice develop normally and do not have 
an obvious phenotype. Knockout mice 
have the same size as their wildtype lit-
termates, they have a viable offspring, 
and histological examination of all prin
cipal organ systems revealed no gross 
deficits. Furthermore, healing of skin 
wounds was not impaired. However, 
careful investigation of the tenascin-C 
null mice revealed subtle abnormalities 
(for review see: Mackie and Tucker214) 
Corneal wound healing seems to be im
paired, organization of mammary tumor 
stroma is altered and tumors are infil
trated by an excessive number of mono
cytes and macrophages. In addition, 

tenascin-C knockout mice show an al
tered behavior. 

Tenascin-R is expressed in devel
oping neural tissues. Tenascin-R is syn
thesized by oligodendrocytes with high 
expression during the period of active 
myelmation. Tenascin-R is also ex
pressed by subpopulations of neurons, 
including horizontal cells of the retina 
and motoneurons in the spinal cord. 
From zn vifro studies, a number of func
tions have been ascribed to tenascin-R. 
Tenascin-R promotes neunte outgrowth, 
it promotes adhesion and differentiation 
of oligodendrocytes and astrocytes and 
is repellent for growth cone advance 
when offered as a substrate boundary 
with a neunte outgrowth conductive 
molecule209275276. These influences are 
probably mediated by neuronal recep
tors for tenascin-R, including F3/F11/ 
contactin immunoglobulin superfamily 
adhesion molecule". In vitro, tenascin-
R interacts with the chondnotin sul
phate proteoglycans versican and phos-
phacan, which may influence the prop
erties of the extracellular matrix7. The 
functions that have been suggested for 
tenascin-R from in vitro studies were 
partly confirmed in tenascin-R null 
mice. Tenascin-R knockout mice are vi
able and fertile. The anatomy of al ma
jor brain areas and the formation and 
structure of myelin appears normal. 
However, subtle alterations are found, 
including a decreased immunoreactivity 
of phosphacan and a reduced conduc
tion velocity at the optic nerve381. Fur
thermore, tenascin-R null mice show 
behavioral alterations, such as in
creased anxiety and motor coordination 
deficits106. In contrast to tenascin-R and 
tenascin-C, deficiency of tenascin-X re
sults in an overt phenotype. 

Tenascin-X 
Tenasan-X cDNA and gene structure 
Tenascin-X is encoded by an unusual 
gene termed XB in the class III region of 
the major histocompatibility locus on 
chromosome 6p21.3 (figure 2). It was 
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initially discovered because it partly 
overlaps with the gene encoding steroid 
Zl-hydroxylase2"16. Sequence analysis 
showed that the XB gene encoded a 
tenascin-C like sequence225 226, and 
hence the protein was named tenascin-
X39. In humans, the complete tenascin-X 
gene encompasses over 65 kb and en
codes a 12 kb open reading frame. The 
gene contains 44 exons encoding a pro
tein of 3,816 amino acids. Exon 1 is a 
5'-untranslated region that lies more 
than 10 kb upstream from the other ex
ons340. Exon 2 contains a small amount 
of 5'-untranslated region, a signal pep
tide of 22 amino acids, required for se
cretion of the protein into the extracel
lular space, and three heptad repeats 
flanked by 5 conserved cysteine resi
dues. Exon 3 encodes a series of 18.5 
EGF-like repeats. The 29 fibronectin 
type III domains are encoded by exons 
4-39. The first fibronectin type III do
main (exons 4 and 5) and the last three 
domains (exons 34-39) are each encoded 
by a pair of 'split exons'. All other f i
bronectin type III domains are encoded 
by a single exon (figure 2). Although ex
tensive alternative splicing of f i
bronectin type III domains has been de
scribed for tenascin-C, tenascin-R and 
murine tenascin-X163 227 317, there is no 
alternate splicing of fibronectin type III 
repeats in human tenascin-X340. Exons 
40-44 encode the C-terminal fibnnogen-
like domain and the 3'-untranslated re
gion. Potential N-glycosylation sites are 
present on the heptad domain, f i
bronectin type III domain 28 and on the 
fibnnogen-like domain39. 

Tenascin-X forms a genetic unit 
with steroid 21-hydroxylase (CYP21B), 
the fourth component of serum com
plement (C4) and the putative nuclear 
protein kinase RP, termed the RCCX 
module3 3 1 3 β 9. Tandem duplication of 
this region in a bimodular structure has 
generated additional genes for comple
ment C4, a non-functional CYP21A gene 

and an XA gene. CYP21A has 98% se
quence homology to CYP21B, but con
tains various mutations producing 
frameshifts and three premature stop 
codons, and hence cannot encode a 
functional 21-hydrolase. The XA gene 
overlaps the 3' end of CYP21A and is 
encoded on the opposite strand of 
CYP21A. XA has the same transcriptional 
direction as the tenascin-X gene, XB. 
The XA gene is ca. 4.5 kb long and is 
highly homologues to XB. However, 
compared with XB, the XA gene is trun
cated at its 5' end and contains an in
tragenic 121 bp deletion, resulting in a 
frameshift and a premature stop codon. 
Although the structure suggests that XA 
is a pseudogene, it is specifically ex
pressed as a 2.6 kb transcript in the ad
renal gland119. Since the XA gene con
tains a truncated open reading frame, it 
is unlikely that the XA mRNA could en
code a protein. Currently, the function 
of the XA transcript is unknown. In addi
tion, a 74 kDa protein, homologues to 
XA, is specifically expressed in the ad
renal gland. Its transcription is regu
lated by sequences identical to the XA 
promoter that lie within intron 26 of XB. 
This transcript, termed short XB (XB-S), 
is identical to the 673 C-terminal amino 
acids of tenascin-X, consisting of five 
fibronectin type III repeats and a f i
brinogen domain356. 

The RCCX locus is highly suscep
tible to gene conversion events, result
ing in mutations causing diverse dis
eases. For example, systemic lupus ery
thematosus is associated with C4A defi
ciencies; IgA deficiency is associated 
with C4 mutations and deficiency of 
CYP21B results in congenital adrenal 
hyperplasia (CAH). Deletions of CYP21B 
can extend into XB, creating a fusion 
gene28 389. This results in a complete de
letion of CYP21B and a 121 bp deletion 
in the tenascin-X gene, truncating the 
open reading frame44. 
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Figure 2 Gene and protein structure of tenascin-X. The RP/C4/Cyp21/TNX (RCCX) gene locus is local
ized on chromosome 6p21.3. The gene encoding tenascin-X (TNX) overlaps partly with Cyp21B and is 
transcribed in opposite direction. A 30-kb deletion creates a TNX and Cyp21B deficient allele. Δ indi
cates a 121-bp deletion normally present in XA. Dashed lines represent duplication boundaries (A). 
Representation of intron-exon structure of tenascin-X (B). Schematic view of tenascin-X protein. 
Tenascin-X is composed of an N-terminal heptad domain, 18.5 epidermal-growth factor (EGF)-like re
peats, 29 fibronectin (FN) type Ill-repeats and a carboxy-terminal fibrinogen-like domain (FB) (C). 

Tissue distribution of tenascin-X 
Tenascin-X is expressed abundantly dur
ing embryonic development and in the 
adult in a variety of tissues, as has been 
shown using in situ hybridization and 
immunohistochemistry. In developing 
rat, tenascin-X is highly expressed in the 
epicardium, the interdigital space of 
the limbs, tendon sheaths, perimysium 
of muscle, synovium and blood vessel 
adventitia43. In addition, Burch et α/.43 

showed that tenascin-X is present in the 
developing pharynx, the hilum of the 
lung and in the olfactory bulb of the 
rat. However, Deckner et α/.76 could not 
confirm the presence of tenascin-X 
mRNA in the developing rats' olfactory 
bulb. An expression pattern similar to 
developing rat has been found in devel
oping mice; tenascin-X is present along 
skeletal muscle fibers and cardiac mus
cle, throughout the dermis and in the 
digestive tract and blood vessels164,227. 
Tenascin-X is also found in developing 
spinal cord tissue193,227,228. No immu-
nostaining was observed in the develop
ing murine lung227. In fetal bovine tis
sues, tenascin-X is localized in tendon, 
skin and in the femoral head carti
lage201. In addition, Touri et α/.368 de

scribed the distribution of tenascin-X in 
developing rat and human eye, where it 
is associated with the basement mem
brane zone of the cornea. The avian 
orthologue of tenascin-X, tenascin-Y, is 
present in chicken developing lung, 
muscle, kidney and skin137. In the adult, 
tenascin-X shows a similar distribution 
pattern as during development. Tenas
cin-X is present in skin, muscle gut, vas
culature, synovium and peripheral 
nerves206,228. Ultrastructural immunolo-
calization of bovine tenascin-X in dermis 
and glomeruli showed that it is always 
localized in the vicinity of collagen fi
brils201. Interestingly, tenascin-X mRNA 
appears to be upregulated in response 
to spinal cord injury76. Furthermore, 
staining intensity of synovial membranes 
is increased in osteoarthritis, rheuma
toid arthritis and in synovial membrane
like interface tissues from aseptic loos
ening of total hip replacement206. 
Tenascin-X has also been detected in 
different tumor cells. Mouse glioma and 
renal carcinoma cells both express 
tenascin-X in Wtro141,317,373. Transplanta
tion of both carcinoma cell lines into 
nude mice resulted in an apparent 
downregulation of the expression of 
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tenascin-X in the transplanted tumor 
cells and the host-mouse fibrous 
stroma317. Furthermore, tenascin-X is 
deposited in the perivascular stroma 
around the tumor vessels and in the ad-
ventitia of astrocytomas141. In contrast 
to tenascin-C, the expression level is 
higher in low grade astrocytomas than 
in high grade astrocytomas1"1. A differ
ential expression of tenascin-C and 
tenascin-X was also shown in a swine 
model for heritable cutaneous malig
nant melanoma. Tenascin-C is highly 
upregulated in the swine melanoma in 
comparison to normal skin, whereas 
tenascin-X expression is downregulated 
approximately 30-fold110. 

Regulation of tenasan-X expression 
Little is known concerning the regula
tion of the expression of tenascin-X. 
The principal tenascin-X promoter is lo
cated near the first untranslated exon, 
which is located ca. 10 kb upstream 
from the ATG translational start site. 
The non-coding exon contains both posi
tive as well as negative regulatory ele
ments. Interestingly, the DNA upstream 
from the untranslated exon lacks a TA-
TAA box and a CAAT box340, thus resem
bling tenascin-R112200. The promoter re
gion contains multiple Sp1 (specificity 
protein-1) and Sp3 sites, which are able 
to bind their associated proteins and 
activate transcription of tenascin-X m 
vitro. The promoter regions of mouse 
and human share little sequence simi
larity, except for a 78-bp region near 
the non-coding exon, which is 96% iden
tical. Studies of the murine tenascin-X 
promoter confirmed the importance of 
the Sp1 element242. However, no physio
logical factors elevating the expression 
of tenascin-X have been identified so 
far. Sakai et o/.317 have tested the ef
fect of a panel of cytokines and growth 
factors on the expression of tenascin-X 
by normal rat kidney fibroblasts and 
murine renal carcinoma cells. None of 
the tested growth factors and cytokines 
(including EGF, transforming growth 

factor (TGF)-a, TGF-ß1, basic fibroblast 
growth factor (bFGF) and tumor necro
sis factor-α (TNF-a)) affected synthesis 
of tenascin-X. The glucocorticoid hydro
cortisone down-regulated the steady 
state levels of tenascin-X mRNA and the 
de novo synthesis of tenascin-X protein 
by normal rat kidney fibroblasts, but 
not murine renal carcinoma cells. Inter
estingly, hydrocortisone was shown to 
induce the expression of a truncated 
isoform of tenascin-X in glioma cells373. 
The stimulatory effect of hydrocortisone 
and the finding of reduced expression of 
tenascin-X in different tumors, indicates 
that downregulation of tenascin-X ex
pression is a critical event during tu-
mongenesis. In addition to steroid hor
mones, mechanical stress could affect 
expression of tenascin-X. Mechanical 
loading of the skeletal muscle of 
chicken wing resulted in a downregula
tion of the expression of tenascin-Y 
mRNA within 4 hours. In contrast, 
tenascin-C expression is strongly in
duced upon mechanical loading of the 
skeletal muscle104, which is mediated by 
stress-responsive enhancer elements58. 
Thus, tenascin-Y regulation appears to 
be reciprocal to that of tenascin-C. Fur
thermore, induction of fibrosis in cuta
neous and muscle tissue by high-dose 
gamma radiation is associated with a 
strong upregulation of tenascin-C, 
whereas tenascin-X levels are unaf
fected1 1 1. 

Functions of tenasan-X 
In contrast to tenascin-C, relatively few 
studies have focused on the functions of 
tenascin-X. In vitro, tenascin-C, tenas-
cin-Y and tenascin-X show hepann-
binding activity under physiological salt 
conditions, indicating that hepann-
binding is a common feature of the 
tenascins1 3 8 2 0 2 2 2 7. Unlike tenascin-C9, 
the fibnnogen-like domain is not in
volved in the hepann-binding ability. A 
conformational hepann-binding site on 
bovine tenascin-X was mapped to f i-
bronectin type III domains 10 and I I 2 0 2 , 
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which correspond to domains 8 and 9 of 
human tenascin-X. In addition, Chinese 
hamster ovary (CHO) cell lines interact 
with a recombinant fragment containing 
bovine fibronectin type III domains 10 
and 11, and this interaction is mediated 
by heparan sulphate chains202. The same 
site in tenascin-X can interact with the 
dermatan sulphate chains of decorin, a 
small leucine rich proteoglycan88. Re
sults of adhesion assays showed that 
many different cell types adhere to 
tenascin-X, but remain rounded and do 
not assemble actin stress fibers 
89 90 137 202 S t u d i e s U S ] n g recombinant 

fragments of bovine tenascin-X showed 
that a recombinant peptide, containing 
bovine fibronectin type III domains 9-10, 
promotes cell attachment through an 
RGD sequence. This is a conserved motif 
that is involved in the adhesion of many 
extracellular matrix proteins to in-
tegnns (for review see Arnaout et αι.3). 
The recombinant fibronectin type III 
domains 9-10 interact with cells through 
the integnn avß3. Although both human 
and bovine tenascin-X contain an RGD 
site in fibronectin type III domain 8 and 
10 respectively, an RGD sequence is ab
sent in murine tenascin-X and tenascin-
C, raising doubts about the importance 
of this site for integnn-binding of tenas-
cins. Another cell-adhesive site is the 
fibrinogen domain, which was shown to 
interact with osteosarcoma (MG63) cells 
through a ß1-containing integnn90. The 
cell-adhesive properties of tenascin-X, 
mediated by integnn receptors, suggest 
that tenascin-X could affect cell behav
ior. Interestingly, Hagios et α/.137 have 
shown that muscle cells adhere to 
tenascin-Y, which supports muscle cell 
growth and restricts muscle cell differ
entiation, possibly through a5 integnn. 
Furthermore, tenascin-Y acts as an in
hibitor of glial cell migration and sen
sory regeneration in nerve roots. 

Using the yeast two-hybrid sys
tem, Ikuta et al. identified the interac
tion of vascular endothelial growth fac
tor Β (VEGF-B) with murine fibronectin 

type III domains 13-25161. In addition, 
they showed that murine fibronectin 
type III repeats 13-25 enhances the abil
ity of VEGF-B to stimulate endothelial 
cell proliferation, mediated by in
creased tyrosine phosphorylation of the 
VEGF-R1/Flt-1 receptor. Since VEGF-B 
and tenascin-X are abundantly ex
pressed in the heart, skeletal muscle 
and smooth muscle cells of vessels, 
Ikuta et α/.161 suggested that, in vivo, 
tenascin-X could regulate endothelial 
cell proliferation and development of 
blood vessels. However, using cultured 
embryonic hearts, no effect of tenascin-
X on VEGF-B induced proliferation of 
endothelial cells was found162. In con
trast, an enhancement of VEGF-A and 
bFGF induced endothelial cell prolifera
tion by tenascin-X was observed162. 
Thus, the in vivo function of tenascin-X 
in regulating vasculogenesis and angio-
genesis remains to be elucidated. 

A true in vivo function for tenas-
cin-X became apparent by studies of 
Burch et al.M. Because the XB and 
CYP21B genes overlap, Burch et αι.44 

reasoned that a deletion in CYP21B and 
XB might produce a contiguous gene 
syndrome of congenital adrenal hyper
plasia (CAH) and a connective tissue 
disorder, caused by tenascin-X defi
ciency. They identified a 26-year old 
man, completely lacking 21-hydroxylase 
and tenascin-X protein, who had besides 
CAH also hyperextensible joints and 
skin, easy bruising and poor wound heal
ing. These clinical features strongly re
sembled classical type of Ehlers-Danlos 
syndrome (EDS), although at the ultra-
structural level no abnormalities in col
lagen fibrils, typical for EDS, were 
found. However, the diameter of the 
collagen fibrils appeared somewhat 
smaller than normal. In addition, ab
normal electron-dense elastin bodies 
were found beneath the dermal-
epidermal junction, and a diffuse in
crease in perivascular matrix and ab
normal packing of the lamina of myelin 
sheaths of cutaneous nerves were ob-
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served. Fibroblasts cultured from this 
patient showed that no tenascin-X 
mRNA or protein was synthesized, 
whereas production of tenascin-C, 
laminin and collagen type V was normal. 
This indicates that tenascin-C does not 
compensate for the loss of tenascin-X. 
In their search for mutations causing 
tenascin-X deficiency, Burch et al. iden
tified a large 30-kb deletion, encom
passing CYP21B and C4B and creating a 
XA/XB fusion gene. This results in a 121 
bp deletion in the tenascin-X gene, 
truncating the open reading frame. 
However, they could only identify one 
mutated tenascin-X allele in this pa
tient, obscuring whether the observed 
connective tissue abnormalities puta-
tively due to tenascin-X-deficiency are 
dominantly or recessively inherited. Re
cently, we have described five unre
lated patients with a complete defi
ciency of tenascin-X (see chapter 2 of 
this thesis). Mutations resulting in null 
alleles were demonstrated in all pa
tients, indicating a recessive mode of 
inheritance324. Tenascin-X-deficient pa
tients had hypermobile joints, hyperex-
tensible skin and easy bruising, confirm
ing a causative role for tenascin-X in the 
pathology of Ehlers-Danlos syndrome. 

In order to study the mechanism 
by which deficiency for tenascin-X re
sults in EDS, Mao et al. inactivated mur
ine tenascin-X218 219. These mice, lacking 
tenascin-X, have a phenotype strongly 
resembling human tenascin-X defi
ciency. Examination of these mice 
showed a significant reduction of the 
density of collagen in skin, Achilles ten
don and tail. In addition, ultrastructural 
studies showed a normal size and shape 
of the fibrils, whereas collagen fibril 
number in skin was strongly decreased. 
As a result, the force required to 
stretch and break the skin was greatly 
reduced, indicating altered biomecham-
cal properties. In vitro studies of the 
fibroblasts of tenascin-X-deficient mice 
showed a reduction of deposition of col
lagen type I into the insoluble extracel

lular matrix, whereas no alterations 
were found in the synthesis of collagen 
type I, or in the activity of enzymes 
specifically degrading triple helical col
lagen. This suggests that tenascin-X 
plays an essential role in regulation of 
fibril deposition, independent of colla
gen synthesis and fibnllogenesis. Possi
bly, this is mediated through interaction 
of tenascin-X with collagen fibrils and 
fibroblasts. Cells have been shown to 
adhere to tenascin-X8990202 and tenas-
cin-X is localized in the vicinity of colla
gen fibrils in dermis201, suggesting a 
possible interaction of tenascin-X with 
collagen fibrils. This interaction could 
be mediated by deconn, which has been 
shown to bind both tenascin-X88 and col
lagen f ibr i ls 2 6 2 8 0 3 2 7 . Interestingly, 
deconn null mice have a phenotype that 
is reminiscent of EDS, with apparent 
skin hyperextensibility and reduced ten
sile strength73. In conclusion, tenascin-X 
appears to be involved in the regulation 
of collagen fibril deposition, and the 
mechanism by which it does so is clearly 
different from previously identified col
lagen-modifying enzymes and small leu-
cine-nch proteoglycans. 

Independent of Mao et α/.219, Ma-
tsumoto et al. created tenascin-X null 
mice230. They describe the tenascin-X 
null mice as grossly normal, with no ap
parent defects in any of the major or
gan systems. However, they do not de
scribe skin or joints of these mice. Sub
cutaneous injection of highly metastatic 
B16-BL6 melanoma cells results in an 
increased tumor invasion and pulmonary 
metastasis in tenascin-X null mice as 
compared to wild-type mice. Footpad 
homogenates showed an increase in 
metalloproteinase-2 (MMP-2), pro-MMP2 
and pro-MMP9 in tenascin-X null mice. 
Although MMP-2 and MMP-9 specifically 
degrade collagen type IV, no decrease 
in collagen type IV was observed230. 
Controversially, no difference in MMP 
activity was found in tenascin-X-
deficient fibroblasts compared with 
wild-type fibroblasts. In addition, co-
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Table 1 Clinical and genetic findings in Ehlers-Danlos syndrome 

EDS Type Major clinical symptoms Genetic defect Inheritance MIM 
number 

Classical 

Hypermobility 

Vascular 

Kyphoscoliosis 

Arthrochalasis 

Joint hypermobility 
Skin hyperextensibility 
Atrophic scarring/poor 
wound healing 
Easy bruising 

Joint hypermobility 
Minimal cutaneous in
volvement 
Chronic musculoskeletal 
pain 

Rupture of arteries, in
testine, uterus 
Thin, translucent skin 
Typical facial features 

Joint hypermobility 
Ocular involvement 
Muscle hypotonia 
Kyphoscoliosis 

Congenital hip luxations 
Severe joint hypermobil
ity 
Short stature 

COL5A1 
COL5A2 
COL1A1 
N.B. <50% can be explained 
by mutations in C0L5A1, 
COL5A1 aCOLIAI 

Unknown 

C0L3A1 

PL0D1 
(Lysyl hydroxylase-1) 

COL1A1 
C0L1A2; 
Mutations result in loss of 
protease cleavage site 

AD 

AD 

AD 

AR 

AD 

130000 
130010 

130020 

130050 

225400 

130060 

Dermatosparaxis Severe skin fragility 
Cutis laxa 

ADAMST2; 
Mutations result in defi
ciency of procollagen I N-
proteinase 

AR 225410 

culturing of fibroblasts with B16-BL6 
melanoma cells even resulted in a de
creased MMP-2 activity in tenascin-X 
null fibroblasts241. A reduced adhesion 
of tenascin-X-deficient fibroblasts to 
fibronectin and B16-BL6 melanoma cells 
could provide an explanation for the in
creased tumor invasion and metastasis 
observed in the tenascin-X null mice241. 
According to Matsumoto et o/.229, mice 
lacking both tenascin-X and tenascin-C 
are viable and fertile, and do not have 
any gross organ deficits, although their 
skin is hyperextensible. Inoculation of 
footpads of single and double knockout 
mice with B16-BL6 melanoma cells indi
cated that tenascin-C is involved in 
promoting proliferation of tumor cells in 
tenascin-X knockout mice. Strikingly, 
although tumor proliferation and inva
sion is only increased in tenascin-X null 
mice and tenascin-X/tenascin-C double 

knockout mice, Matsumoto et al.219 re
port similar decreases of survival rates 
in tenascin-C null mice and tenascin-X 
null mice. Clearly, in view of the con
tradictory results, the role of tenascin-X 
in tumor promotion requires further in
vestigation. 

HERITABLE CONNECTIVE TISSUE DIS
ORDERS 
Ehlers-Danlos Syndrome 
The Ehlers-Danlos syndrome (EDS) is a 
heterogeneous group of heritable con
nective tissue disorders that is charac
terized by articular hypermobility and 
varying degrees of tissue fragility af
fecting skin, ligaments, blood vessels 
and internal organs (for clinical details 
see Steinmann et α/.346 and Beighton20). 
Classification of EDS is made on clinical 
grounds, mode of inheritance and bio
chemical and molecular analysis, when 
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possible45. The classification of EDS be
gan in the late 1960s, and resulted in 
the Berlin nosology in 1986, in which 
the nomenclature was formalized21. 
Elucidation of the molecular basis of 
several types of EDS has resulted in a 
refinement of the classification of EDS: 
'The 1997 Villefranche Nosology'22 (ta
ble 1). This classification recognizes six 
major types of EDS, and for each type 
major and minor criteria are defined. 
The presence of 1 or 2 major criteria is 
essential for the clinical diagnosis; the 
minor criteria contribute to the diagno
sis of a specific type of EDS. The preva
lence of the different types of EDS is 
not exactly known. While Beighton gives 
an estimation of 1 in 156,000 in south
ern England17, McKusick claims that EDS 
is the most common type of heritable 
connective tissue disorders232. Holzberg 
et al. even report a frequency of 9% in a 
mainly black population155. The inci
dence is likely to increase with in
creased awareness of physicians. The 
prevalence of EDS can be estimated 
around 1 in 5,000 births, with no racial 
predisposition. 

Classical type 
The classical type of EDS (formerly type 
I and II) is characterized by joint laxity, 
hyperextensible skin and widened atro
phic scarring. The minor criteria include 
smooth, velvety skin, easy bruising, 
muscle hypotonia and complications of 
joint hypermobility (e.g. pes planus, 
sprains, dislocations). The classical type 
of EDS has an autosomal dominant in
heritance. In the former type I or 'gra
vis type', approximately 50% of all indi
viduals have a history of premature 
birth2 2. Ultrastructural studies of the 
skin from patients with classical type of 
EDS demonstrated that the collagen f i
brils have an increased diameter (13-
40%) and an irregular width and shape 
as compared to normal collagen f i
brils151. Approximately 5% of the colla
gen fibrils are aggregated and highly 
abnormal in shape and diameter, and 

are referred to as "cauliflower" f i
brils143. In skin, the heterotypic collagen 
fibrils comprise largely type I, III and V 
collagen. Not surprisingly, mutations in 
collagen type I and V have been associ
ated with the classical type of EDS. 
Linkage analysis provided evidence for 
the involvement of the αϊ chain of col
lagen type V, encoded for by COL5A1, 
which is located on chromosome 
9q3447 AS. Biochemical analysis of type V 
collagen molecules produced by cul
tured fibroblasts of affected individuals 
supported the idea that abnormalities 
of collagen type V contribute to the 
phenotype of classical type of EDS74 25b. 
The coding sequences of the COL5A1 
and COL5A2 genes have been screened 
for mutations, and in a fraction of cases 
of classical EDS, mutations have been 
found in these genes. Deletions in the 
COL5A1 gene that resulted from exon 
skipping of the C-terminal propep
tide3 5 1 383 or the triple helical do
main4 6 7 4, and a point mutation changing 
a cysteine into a serine74 have been de
scribed in patients with classical type of 
EDS. In addition, mutations in COL5A2 
have been identified, including a single 
base mutation substituting a glycine 
with an arginine306 and exon-skipping 
mutations236 in the triple helical do
main. Approximately 30% of all affected 
individuals is haploinsufficient for 
COLSAI3 1 3 2 9 3 6 0 3 8 2. Null alleles for 
COL5A1 are caused by mutations that 
result in premature stop-codons, lead
ing to nonsense-mediated decay. How
ever, only a limited proportion (<50%) of 
all classical type of EDS pedigrees is 
linked to mutations in COL5A1 or 
COL5A2 genes. A mutation in type I col
lagen resulting in classical EDS has been 
described by Nuytinck et α/.260. They 
found an arginine to cysteine substitu
tion in the procollagen «1 (I) chain in 
two unrelated patients. A complete de
ficiency for the procollagen al (I) chain 
results in a variant of classical EDS142 319. 
Although mutations in type I collagen 
are generally associated with the con-
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nective tissue disorder osteogenesis im
perfecta, patients lacking the procolla
gen al (I) chain have normal bones. Al
together, mutations in type I and V col
lagen can only explain part of all classi
cal EDS cases. 

Hypermobility type 
The hypermobility type of EDS (formerly 
type III) is possibly the most frequently 
occurring type of EDS. It is character
ized by generalized joint hypermobility 
and skin involvement (hyperextensibility 
or smooth, velvety skin). Minor criteria 
include recurrent joint dislocations and 
chronic musculoskeletal pain. The hy
perextensibility of the skin is highly 
variable. Musculoskeletal pain is often 
chronic, progressive, and early in onset 
and sometimes debilitating. Certain 
joints, including shoulder, patella and 
temporomandibular joints dislocate fre
quently346. Hypermobility of the joints is 
scored on a 9-point scale with one point 
for each of the following characteris
tics; passive dorsiflexion of the l ittle 
finger beyond 90°, passive apposition of 
the thumb to the forearm, hyperexten-
sion of the elbow beyond 10°, hyperex-
tension of the knee beyond 10° and 
trunk flexion without bending of the 
knees allowing the palms to be placed 
flat on the floor23. The inheritance of 
hypermobility type of EDS is autosomal 
dominant. The genetic cause of hyper
mobility type EDS is largely unknown. 
Only one family has been described with 
a missense mutation in COL3A1253, con
verting a glycine into a serine in the col
lagen helix. This results in a phenotype 
resembling hypermobility type EDS, 
without obvious vascular complications. 
Mutations in COL3A1 generally result in 
the severe vascular type of EDS. No 
other cases of COL3A1 mutations in hy
permobility type of EDS have been re
ported. 

Clinically, no clear distinction 
can be made between hypermobility 
type EDS, familial articular hypermobil
ity syndrome (formerly type XI EDS) and 

benign joint hypermobility syndrome. 
Familial articular hypermobility syn
drome is characterized by severe joint 
hypermobility, occasional congenital hip 
dislocation, but no skin involvement, 
which is similar to benign joint hyper
mobility syndrome. Many authorities 
now accept that familial articular hy
permobility syndrome, benign joint hy
permobility syndrome and hypermo
bility type EDS are identical1 0 7 '1 2 7 1 2 , ·2 4 5. 
Elucidation of genetic causes will likely 
provide insight into the nosologic rela
tionship between these diseases. 

Vascular type 
The vascular type of EDS (formerly type 
IV) is characterized by thin, translucent 
skin, through which the venous pattern 
is readily visible, intestinal/ arte
rial/uterine fragility or rupture and 
typical facial features. In addition, ac-
rogeria, hypermobility of the small 
joints, varicose veins and muscle and 
tendon rupture can occur. Skin hyperex
tensibility and hypermobility of the 
large joints is minimal or absent. 
Clearly, the vascular type of EDS is the 
most life-threatening and disabling type 
of EDS, and many individuals suffering 
from this disease do not live beyond the 
age of 50 due to fatal arterial or bowel 
rupture. The inheritance of the vascular 
type of EDS is autosomal dominant. The 
incidence is currently estimated at 1 in 
50,000. The first clues to the genetic 
cause came from Pope et o/.284, who 
found that in the aorta and skin the to
tal amount of collagen was reduced and 
no type III procollagen was detectable. 
Subsequently, Byers et α/.51 found that 
fibroblasts of a patient with vascular 
type of EDS synthesized type III procol
lagen but failed to secrete the majority 
of the protein, due to over-modification 
of the protein. Currently, a consider
able variety of mutations in the procol
lagen «1 (III) chain have been de
scribed, the majority of which are gly
cine substitutions in the triple helical 
domain, exon-skipping mutations or 
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large genomic deletions. In general, in-
frame mutations affect collagen synthe
sis and secretion, whereas other muta
tions result in null alleles. Genetic het
erogeneity is obvious from the fact that 
each patient or family has a unique 
COL3A1 mutation. 

Kyphoscoliosis type 
The main features of the kyphoscoliosis 
type of EDS (formerly type VI) are gen
eralized joint hypermobility, scleral fra
gility and rupture of the ocular globe, 
severe muscle hypotonia and progres
sive kyphoscoliosis. Furthermore, easy 
bruising, tissue fragility, arterial rup
ture and marfanoid habitus may be pre
sent. The disease is inherited as an 
autosomal recessive trait. The occur
rence of the disease is very rare. The 
classification of kyphoscoliotic EDS is 
often divided into two types; in one 
type there is a reduced activity of lysyl 
hydroxylase, which catalyzes posttrans-
lational modification of lysyl residues, 
whereas in the second type no reduc
tion of enzyme activity is found. A vari
ety of mutations have been identified in 
the gene encoding lysyl hydroxylase 
PLOD13798 U5 390 

Arthrochalasw type 
The arthrochalasia type of EDS (for
merly type VII) is inherited in an auto
somal dominant fashion, and is caused 
by mutations in COL1A1 or C0L1A2, re
sulting in deficient processing of the N-
terminal procollagen a1 (I) or al (I) 
chain. Most mutations result in skipping 
of exon 6, which encodes the cleavage 
site for procollagen I N-terminal pepti
dase in both genes50 72 292 372. Phenotypi-
cally, patients with arthrochalasia type 
of EDS have severe generalized joint 
hypermobility, with recurrent joint dis
locations, and congenital bilateral hip 
dislocation. In addition, tissue fragility, 
muscle hypotonia, skin hyperextensibil-
ity, kyphoscoliosis and mild osteopenia 
can be seen22. The disease is very rare; 

currently 28 families have been de
scribed. 

Other types of EDS 
The dermatosporaxis type of EDS was 
first recognized in cattle. In man, clini
cal features include severe skin fragility 
and sagging, redundant skin. A genetic 
defect was recognized in procollagen I 
N-proteinase, an enzyme involved in the 
cleavage of the N-terminal domain of 
procollagen type I, required for secre
tion. Dermatosporaxic EDS is very rare, 
6 patients have been described so 
far63 M ™ 337. Progeroid type of EDS is a 
sporadic, recessively inherited trait, 
characterized by mental retardation, 
short stature and progeroid appearance. 
Mutations have been described in the 
gene encoding galactosyltransferase I, 
an enzyme that is involved in the syn
thesis of common linkage regions of pro
teoglycans262. Other types of EDS in
clude X-linked type EDS (formerly type 
V), characterized by dermal hyperex-
tensibility and mild hypermobility of the 
small joints, and often associated with 
sprains and arthritis. Fibronectin-
deficient EDS (formerly type X), shows 
all cardinal features of EDS, but has an 
autosomal recessive inheritance and is 
associated with abnormal platelet ag
gregation4. Whether this type of EDS is a 
separate entity is questionable, since 
only one family has been reported so 
far. 

Benign joint hypermobility syndrome 
(BJHS) 
Joint laxity differs strongly among races 
and between sexes, women being gen
erally 1.5 to 3 times more lax jointed 
than men127128139171194. Hypermobility 
is a situation in which: 'the joints are 
unduly lax and the range of motion is in 
excess of the accepted normal in most 
of the joints examined'186. Epidemiol
ogical studies have shown a prevalence 
of joint hypermobility ranging from 
0.6%23 to 43%27, depending on the crite
ria used. The prevalence of joint hy-
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permobility also varies with race, age 
and sex. In a West-African population, 
the prevalence of joint hypermobility 
among women was reported to be as 
high as 57%, using a Beighton score of 4 
as a cutoff2 7. Using the same criteria for 
joint hypermobility, the frequency of 
joint hypermobility was ca. 14% in Dutch 
school populations (4-17 years), with a 
significant difference between males 
and females307. When joint hypermobil
ity is associated with musculoskeletal 
pain, the benign joint hypermobility 
syndrome (BJHS) is said to exist. BJHS 
was first recognized as a distinct pa
thology in 1967 by Kirk et o/.186. The di
agnosis BJHS is made based on diagnos
tic criteria known as 'the 1998 Brighton 
criteria' (table 2). BJHS is generally as
sociated with recurrent joint disloca
tions, widespread soft tissue lesions and 
chronic joint pain. BJHS is a dominantly 
inherited connective tissue disorder of 
unknown genetic origin, with extensive 
clinical overlap with hypermobility type 
EDS. Therefore, BJHS is believed to be 
identical to the hypermobility type of 
EDS. 

Marfan syndrome 
Mutations in fibrillin-1 have been shown 
to cause Marfan syndrome, an auto
somal dominantly inherited connective 
tissue disorder. The disease has an inci
dence of 1-3 in 10,000, affecting both 
women and men, regardless of ethnic
ity. Marfan syndrome is a pleiotropic 
disorder, meaning that identical muta
tions can result in a variety of different 
phenotypes. Generally, Marfan syn
drome is characterized by abnormalities 
of skeletal, ocular and cardiovascular 
systems. However, deficits in skin, 
lungs, skeletal muscle, fascia and adi
pose tissue can also be present. The 
skeletal aspects include excessive 
length of the extremities, resulting in a 
tall stature, and joint hypermobility, 
and the sequelae thereof. Furthermore, 
anterior chest deformities, scoliosis and 
pes planus are associated with Marfan 

syndrome. A hallmark of Marfan syn
drome is ectopia lentis, which occurs in 
approximately 80% of the patients, and 
is almost always bilateral. Ectopia lentis 
is a congenital displacement of the lens, 
resulting from defective zonule (suspen
sory ligaments) formation. A significant 
proportion of the patients has some de
gree of lens displacement. The most 
common cardiovascular problems affect 
the aorta and the mitral valves. Al
though life expectancy of Marfan pa
tients now approximates that of the 
general population due to advances in 
cardiovascular surgery and medical 
therapy, in the past the main cause of 
premature death was dissection or rup
ture of the ascending aorta. Aortic an
eurysm is caused by progressive dilata
tion of the aorta, and often an enlarge
ment of the aortic root is already seen 
in neonates, which extends gradually 
into the ascending aorta. The earliest 
clinical symptoms often involve the mi
tral valve and include regurgitation and 
mitral valve prolapse. The diagnosis of 
Marfan syndrome can be made accord
ing to the so-called Ghent criteria, 
which is primarily based on clinical 
grounds (for detailed clinical description 
see Godfrey123 and Pyeritz and Dietz289). 

Already in 1955, McKusick231 sug
gested that the primary defect in Mar
fan syndrome was located in the elastic 
fiber. Immunohistochemical studies 
showed fragmentation of the elastic f i
bers in both skin and aorta 6 1 ' 1 5 1 2 7 9 3 5 2 . 
Identification of fibriUin-1 as the main 
component of microfibrils316 allowed 
demonstration of abnormalities of the 
microfibrillar component in skin and 
dermal fibroblast cultures of individuals 
with Marfan syndrome34·124·154·238295. 
Subsequently, linkage studies mapped 
the Marfan locus to the long arm of 
chromosome 15, where the gene encod
ing fibrillin-1 is localized198·366. In 1991, 
Dietz et αί.7 8 described the first de novo 
fibrillin-1 missense mutation in two spo
radic Marfan syndrome patients. Since 
then, almost 400 different mutations in 
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Table 2 The 1998 revised Brighton criteria 
for diagnosis of BJHS 
Major criteria 

• Beighton score of 4/9 or greater (either 

currently or historically) 

• Arthralgia for longer than 3 months in 4 or 

more joints 

Minor criteria 

Diagnosis of BJHS requires: 

Two major criteria, or one major + two minor 
criteria, or four minor criteria, or two minor 
criteria and an unequivocally affected first-
degree relative. 
BJHS is excluded by the presence of Marfan 
syndrome or EDS (other than hypermobility 
EDS) 

the fibriUin-1 gene have been identi
fied. As with the vascular type of EDS, 
genetic heterogeneity is evident from 
the fact that each patient or family has 
its unique mutation. Mice harboring tar
geted fibrillin-1 alleles recapitulate as
pects of the phenotype of Marfan syn
drome, and have been a useful tool in 
studying the pathogenesis of Marfan 
syndrome79'183'273·274. Studies of these 
mice revealed that fibrillin-1 is impor
tant in maintaining elastic fiber homeo
stasis, rather than in guiding correct 
elastic fiber formation2 7 3 , 2 7 4. Recently, 
Neptune et α/.255 demonstrated that de
ficiency of fibrillin-1 alters the seques
tration of the latent complex of TGF-li 
in the extracellular matrix, resulting in 
dysregulation of TGF-ß activation. The 
activation of this cytokine is associated 

with destruction of the extracellular 
matrix, due to increased activity of 
MMPs and infiltration of inflammatory 
cells. Clearly, insight into the patho
genic mechanism will contribute to the 
development of treatments. 

Cutis laxa 
Cutis laxa is a heterogeneous condition 
characterized by redundant, loose, sag
ging or deep wrinkling of skin, due to 
defects in the elastic fiber system. Both 
autosomal dominant and recessive types 
of cutis laxa occur, the recessive cutis 
laxa generally being more severe. In the 
recessive form of the disease, the skin 
changes are often accompanied by seri
ous deficits of the internal organs, in
cluding pulmonary emphysema and aor
tic aneurysm18·19·151·380. In addition, a 
non-heritable acquired form of cutis 
laxa exists, which is characterized by 
late-onset destruction of elastic fibers, 
due to dermal inflammation367. The 
term 'cutis laxa' is also used to describe 
a trait associated with several other 
syndromes, including e.g. De Barsy syn
drome and Costello syndrome146·190·282. 

In three families with autosomal 
dominant cutis laxa, frameshift muta
tions in the elastin gene have been 
found354,395. These were all single nu
cleotide deletions in the 3'-end of the 
gene, in exon 30 and 32 respectively. 
The frameshift mutation in exon 32 pro
duced a stable but abnormal tropo-
elastin, larger than the predicted size. 
Incorporation of this protein into the 
elastic fiber probably results in an ab
normal packing354. In contrast, two 
frameshift mutations in exon 30, pre
dicted to result in tropoelastin with 
missense C-termini, caused destabiliza-
tion of the mRNA of both alleles. Alter
native splicing of exon 30 is likely to 
rescue the phenotype395. Recently, 
Markova et α/.222 identified a mutation 
in fibulin-5 in a patient with autosomal 
dominant cutis laxa. This patient was 
heterozygous for a 483 bp internal du
plication of fibulin-5, resulting in a lar-

• Beighton score of 1, 2 or 3/9 (0 to 3 if aged 
50 years or older) 

• Arthralgia (>3 months) in one to three 
joints or back pain (>3 months), spondylo
sis, spondylolysis/spondyloisthesis 

• Dislocation/subluxation in more than one 
joint, or in one joint or more than one oc
casion 

• Soft tissue rheumatism >three lesions (e.g. 
epicondylitis, tensosynovitis, bursitis) 

• Marfanoid habitus (tal l, slim, span: height 
ratio >1.03, upper: lower segment <0.89, 
arachnodactyly (positive Steinberg/wrist 
sign)) 

• Abnormal skin: striae, hyperextensibility, 
thin skin or papyraceous scarring 

• Eye signs: drooping eyelids or myopia or 
antimongoloid slant 

• Varicose veins or hernia or uterine/rectal 
prolapse 
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ger transcript. Molecular studies of the 
fibulin-5 gene in a large consanguineous 
family demonstrated the presence of a 
homozygous missense mutation, result
ing in a severe form of recessive cutis 
laxa210. No mutations in fibulin-5 or 
elastin were detected in other five pa
tients222, indicating that fibulin-5 and 
elastin mutations are not the exclusive 
cause of the disease. Clearly, cutis laxa 
is a molecular heterogeneous disorder. 

SVAS/Williams syndrome 
Besides cutis laxa, two other disorders 
have been associated with mutations in 
the elastin gene: supravalvular aortic 
stenosis (SVAS), which can occur as an 
isolated disease, and Williams syn
drome, which is a neuro-developmental 
disorder that has SVAS as a compo
nent70'9596·265. SVAS is characterized by 
narrowing of the ascending aorta that 
may lead to cardiac hypertrophy and 
heart failure, if not corrected. SVAS is 
due to mutations in the elastin gene re
sulting in functional haploinsufficiency 
as a result of nonsense-mediated mRNA 
decay70·95·235'370. In Williams syndrome, a 
submicroscopic deletion of chromosome 
7q11.23 is present, which encompasses 
the elastin locus211'257'386. To study the 
pathogenic mechanism by which hap
loinsufficiency results in the observed 
phenotype, Li et al. generated mice 
with a disruption of the elastin 
gene204,205. Interestingly, mice com
pletely lacking elastin die of obstructive 
arterial disease, due to increased 
subendothelial proliferation and rear
rangement of smooth muscle cells204. 
Mice that are hemizygous for elastin 
survive and appear grossly normal, but 
the arteries have thinner elastic lamel
lae and increased numbers of smooth 
muscle cell layers205. Recently, Faury ef 
a/.100 have shown that these mice adapt 
to the altered extracellular matrix 
properties of the arteries through main
taining a hypertensive state. In this 
way, the altered vessel wall compliance 
will be compensated for by increased 

arterial pressure, so that the effective 
diameter of the arteries will be the 
same. In addition, this suggests that 
elastic fiber components should be con
sidered as candidate genes for essential 
hypertension. 

AIMS OF THIS THESIS 
Before the start of this project, Burch 
et al.44 described a patient with a con
tiguous-gene syndrome, consisting of 
congenital adrenal hyperplasia and a 
connective tissue disorder resembling 
Ehlers-Danlos syndrome, apparently due 
to tenascin-X deficiency. Although this 
suggested for the first time a pivotal 
role for any of the tenascins in vivo, the 
exact function of tenascin-X remained 
unclear. The work described in this the
sis was specifically aimed at answering 
the following questions: 

1. Does tenascin-X deficiency exist in
dependent of a contiguous gene syn
drome, and if so, does it result in 
Ehlers-Danlos syndrome? 

2. Are mutations in tenascin-X a genetic 
basis for generalized joint hypermobil-
ity? 

3. How do alterations in tenascin-X ex
pression levels affect the properties of 
connective tissue? 

4. Is the altered connective tissue com
position the result of abnormal deposi
tion, or is it due to increased break
down of the extracellular matrix? 

5. Does variation in tenascin-X expres
sion affect physiologic functions and 
pathophysiologic processes, not related 
to Ehlers-Danlos syndrome? 
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Background: The Ehlers-Danlos syndrome is a heritable connective tissue disor
der caused by defects in fibrillar collagen metabolism. Mutations in the type V 
collagen genes account for up to 50 percent of classic Ehlers-Danlos syndrome 
cases, but many other cases are unexplained. We investigated whether the defi
ciency of the tenascins, extracellular matrix proteins that are highly expressed 
in connective tissues, was associated with the Ehlers-Danlos syndrome. 
Methods: We screened serum samples from 151 patients with the classic, hy-
permobility or vascular types of the Ehlers-Danlos syndrome; 75 patients with 
psoriasis; 93 patients with rheumatoid arthritis; and 21 healthy persons for the 
presence of tenascin-X and tenascin-C by enzyme-linked immunosorbent assay. 
We examined the expression of tenascins and type V collagen in skin by immu-
nohistochemical methods and sequenced the tenascin-X gene. 
Results: Tenascin-X was present in serum from all normal subjects, all patients 
with psoriasis, all patients with rheumatoid arthritis, and 146 of 151 patients 
with the Ehlers-Danlos syndrome. Tenascin-X was absent from serum the five 
remaining patients with Ehlers-Danlos syndrome, who were unrelated. Tenascin-
X deficiency was confirmed in these patients by analysis of skin fibroblasts and 
by immunostaining of skin. The expression of tenascin-C and type V collagen was 
normal in these patients. All five of these patients had hypermobile joints, hy-
perelastic skin, and easy bruising, without atrophic scarring. Tenascin-X muta
tions were identified in all tenascin-X-deficient patients; one patient had a ho
mozygous tenascin-X gene deletion, one was heterozygous for the deletion, and 
three others had homozygous truncating point mutations, confirming a causative 
role for tenascin-X and a recessive pattern of inheritance. 
Conclusions: Tenascin-X deficiency causes a clinically distinct, recessive form of 
Ehlers-Danlos syndrome. This finding indicates that factors other than the colla-
gens or collagen-processing enzymes can cause the syndrome and suggests a cen
tral role for tenascin-X in maintaining the integrity of collagenous matrix. 

NEW ENGLAND JOURNAL OF MEDICINE (2001 ) 345: 1167-1175 

INTRODUCTION 
The Ehlers-Danlos syndrome is a geneti
cally heterogeneous group of heritable 
connective-tissue disorders character
ized by hyperextensible skin, hyper-
mobile joints, and tissue fragility2 1 , 2 2. 
Ultrastructural studies of the skin in the 
Ehlers-Danlos syndrome frequently re
veal abnormal heterotypic collagen fi

brils containing collagen types I, III and 
V, indicating that the syndrome is a dis
order of the collagen fibri l3 7 6. This con
cept is supported by the identification 
of mutations in genes encoding the f i
brillar collagens or collagen-modifying 
enzymes in patients with the Ehlers-
Danlos syndrome46·49·74·122·160'336 3 3 7 · 3 6 0 383. 
Thirty to 50% of patients with classic 
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Ehlers-Danlos syndrome have haploin-
sufficiency of the gene encoding type V 
collagen (COL5A1)329382. Thus, although 
type V collagen mutations are an impor
tant cause of classic Ehlers-Danlos syn
drome, other genes are probably in
volved in its pathogenesis. 

The tenascins are a family of at 
least three structurally similar extracel
lular-matrix proteins92. Two of them, 
tenascin-C and tenascin-X, are ex
pressed in the tissues affected in the 
Ehlers-Danlos syndrome, including skin, 
tendons, muscle, and blood ves-
s e l s 4 3 109 213 227 323 - p ^ p a t t e r n s u g g e s t s 

a potential role in the Ehlers-Danlos 
syndrome. 

Tenascin-X is a large extracellu
lar-matrix protein that was originally 
identified because the gene encoding it 
overlaps CYP21, the gene that encodes 
steroid 21-hydroxylase39246. We previ
ously described a patient with a con
tiguous-gene syndrome consisting of 
congenital adrenal hyperplasia (due to 
21-hydroxylase deficiency), and classic 
Ehlers-Danlos syndrome (apparently due 
to deficiency of tenascin-X)44. In that 
index patient, tenascin-X protein and 
messenger RNA were absent from skin 
and cultured skin fibroblasts, and a 
large deletion encompassing all of 
CYP21 and part of the tenascin-X gene 
was found on one allele. Although the 
findings in this patient suggested an es
sential function for one of the tenascins 
in vivo9193, it remained unclear whether 
Ehlers-Danlos syndrome due to tenascin-
X deficiency is dominant or recessive. 
Furthermore, it was not known whether 
isolated deficiency of tenascin-X with
out congenital adrenal hyperplasia oc
curs, and if so, whether it causes the 
Ehlers-Danlos syndrome. Because tenas-
cin-X is a secreted protein, we identi
fied tenascin-X in normal serum and 
then developed protein-based assays to 
measure tenascin-X and tenascin-C in 
serum samples collected from patients 
with the Ehlers-Danlos syndrome. 
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METHODS 
Study population 
The human-research committees of 
both participating institutions approved 
the study protocol, and all patients 
gave written informed consent. Serum 
was obtained from 151 patients with the 
Ehlers-Danlos syndrome, who were iden
tified through the Dutch Ehlers-Danlos 
syndrome organization. The referring 
diagnosis was classic Ehlers-Danlos syn
drome in 35 patients, isolated joint hy-
permobility in 87, and vascular-type 
Ehlers-Danlos syndrome in 1; 28 patients 
were unclassified. Serum was also col
lected from 21 normal persons, 75 pa
tients with psoriasis, and 93 patients 
with rheumatoid arthritis. The samples 
were stored at -20oC until used. 

Five tenascin-X-deficient indi
viduals and their available relatives 
were examined by one of us according 
to the criteria of Beighton et al. for 
Ehlers-Danlos syndrome subtypes22. We 
used the nine-point Beighton scale to 
score joint hypermobility. Patients re
ceived a score of 1 for each fifth finger 
dorsiflexed more than 90 degrees, 1 for 
each thumb apposed to the wrist, 1 for 
each elbow hyperextended more than 
10 degrees, 1 for each knee hyperex
tended more than 10 degrees, and 1 if 
the palms could be placed on the floor 
with the knees locked. A score of five or 
more defines hypermobility. Skin hy-
perelasticity was scored on a three-
point scale (0, 1, or 2); higher scores 
indicate greater elasticity. Two 4-mm 
punch-biopsy specimens were obtained 
from the upper thigh of each tenascin-
X-deficient person for culture of dermal 
fibroblasts and immunohistochemical 
studies. 

Enzyme-linked immunosorbent assay, 
immunohistochemical analysis, and 
Western blotting 
Tenascin-X was detected with a rabbit 
polyclonal antiserum44 356 and a new 
guinea pig antiserum, both raised 
against a 100 kD carboxy-terminal frag-



Table 1 Serum Levels of Tenascin-X and Tenascin-C* 

Subjects 

Normal subjects 

Patients with pso
riasis 

Patients with clas
sic Ehlers-Danlos 
syndrome 

Patient 1 

Patient 2 

Patient 3 

Patient 4 

Patient 5 

Obligate het
erozygotes 

Tenascin-X 

No. 
tested 

21 

20 

31 

12 

ng/ml 

476 ±117 

470 ± 95 

448 ± 217 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

2 1 7 ± 5 7 ΐ 

Tenascm-C 

No. 
tested 

7 

34 

31 

μg/ml 

1.1 ±0.4 

1.3 ±0.8 

1.2 ±0.5 

2.1 

1.1 

1.8 

1.1 

2.0 

Not de
termined 

*Serum levels of tenascin-X and 
tenascin-C were determined by 
enzyme-linked immunosorbent 
assay. Tenascin-C levels in normal 
subjects and patients with psoria
sis sera are from Latijnhouwers et 
al". Tenascin-X and tenascin-C 
levels were read from calibration 
curves by using recombinant C-
terminal tenascin-X and purified 
tenascin-C. The indicated tenas-
cin-X concentrations should be 
interpreted as equivalent to re
combinant tenascin-X, because 
neither the serum form nor full-
length native tenascin-X is avail
able for use as a standard. Plus-
minus values are means ± SD. 
ÎP<0.001 for the comparison with 
the normal subjects. 

ment of human tenascin-X expressed in 
Escherichia coli. Tenascin-C was de
tected with mouse monoclonal antibody 
TZHS374 and A107 rabbit polyclonal an
tiserum (Telios, LaJolla, CA). No cross-
reactivity between tenascin-X and-
tenascin-C was found. Tenascin-C in se
rum was measured by enzyme-linked 
immunosorbent assay (ELISA) according 
to the method described by Latijnhou
wers ei o/.196, with a lower limit of de
tection of 5 ng per milliliter. Tenascin-X 
was measured with use of a sandwich 
ELISA with affinity-purified rabbit anti-
tenascin-X for antigen capture. Detec
tion of tenascin-X was performed with 
use of guinea pig anti-tenascin-X, fol
lowed sequentially by biotinylated goat 
anti-guinea pig immunoglobulin and 
peroxidase-conjugated avidin-biotin 
complex (Vector Labs, Burlingame, CA). 
The lower limit of detection of the 
ELISA for tenascin-X was 100 pg per mil
liliter. 

A semi-quantitative ELISA was 
first used to screen patients with the 
Ehlers-Danlos syndrome, normal sub
jects, and patients with psoriasis or 
rheumatoid arthritis in a single (1:50) 
dilution of serum. For the quantitative 
determination of tenascin-X (table 1), 
we tested serial dilutions of serum. Pa
tients with the Ehlers-Danlos syndrome 

and control populations were compared 
by analysis of variance with post-hoc 
testing by Duncan's multiple range test. 

We immunostained cryosections 
of skin-biopsy specimens for tenascin-X 
and tenascin-C using the antiserums de
scribed above. Paraffin sections were 
stained with hematoxylin and eosin or 
an antiserum to collagen V (Dako, Car
pentaria, CA). Secondary antiserums 
(biotinylated anti-rabbit or anti-guinea 
pig immunoglobulin) were followed by 
peroxidase-conjugated avidin-biotin 
complex and aminoethyl-carbazol as the 
chromogenic substrate (Vector Labs, 
Burlingame, CA). Western blotting of 
serum and fibroblast culture super
natant was performed as described pre
viously44. 

Cell culture 
First to third passages of human skin 
fibroblasts were used. Cells were grown 
in Dulbecco's modified Eagle H21 me
dium (Gibco BRL, Rockville, MD), sup
plemented with 10 percent fetal calf 
serum, L-ascorbic acid (20 pg per millili
ter), penicillin, and streptomycin. Con
ditioned medium was harvested from 
confluent cultures for assay of tenascin-
X by ELISA and Western blotting. 
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Index Index 
Normal patient kD Normal patient kD 

^ ^ _ 450 
_ 250 

_ 148 

_ 140 

. ' - 83 

_ 51 
I 

Culture Serum 
Medium 

Figure 1 Detection of tenascin-X in culture me
dium and serum. The figure shows a Western 
blot of fibroblast-conditioned medium and serum 
from a normal subject and from the tenascin-X-
deficient index patient. In medium conditioned 
by normal fibroblasts, the 450-kD tenascin-X 
monomer was detected, whereas in serum only a 
140-kD species was present. No immunoreactive 
material was identified in fibroblast medium or 
serum from the tenascin-X-deficient patient. 

Mutational analysis 
Genomic DNA was prepared from pe
ripheral blood or fibroblasts, and poly
merase chain reaction (PCR) detection 
of the 30-kb tenascin-X deletion was 
carried out as previously described44. 
The coding sequence of tenascin-X was 
PCR-amplified with 23 primer pairs, 
with annealing at 620C and extension for 
2.5 minutes at 72°C for 35 cycles. The 
12.5-kb region coding for tenascin-X was 
sequenced directly from PCR products 
with use of 42 primers. The sequences 
of primers used for PCR and DNA se
quencing and the sizes of amplified 
products are available as supplemental 
material at http://content.nejm.org/ 
cgi/content/full/345/16/1167/T3. 

RESULTS 
Absence of tenascin-X in serum from 
patients with Ehlers-Danlos syndrome 
Tenascin-X is normally secreted by skin 
fibroblasts as a 450-kD protein that can 
be detected with antibodies against its 
carboxy-terminal (figure 1). Because 
tenascin-C is found in serum, we tested 
human serum for the presence of tenas-
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cin-X. Tenascin-X is also readily de
tected in normal serum, but the serum 
form of tenascin-X is a 140-kD protein 
probably resulting from proteolytic 
cleavage or alternative splicing of 
tenascin-X (figure 1). To confirm that 
the immunoreactive species in serum is 
derived from the tenascin-X gene, we 
verified that the serum of the tenascin-
X-deficient index patient44 also lacked 
tenascin-X (figure 1). 

Tenascin-X was readily detected 
by ELISA in serum from 21 healthy sub
jects and from 146 of 151 patients with 
the Ehlers-Danlos syndrome. However, 
five unrelated patients with the Ehlers-
Danlos syndrome (designated Patients 
1,2,3,4, and 5) lacked tenascin-X. We 
also tested serum from 75 patients with 
psoriasis and 93 patients with rheuma
toid arthritis to determine whether 
tenascin-X deficiency was a non-specific 
result of skin or joint disease. Tenascin-
X was present in the specimens in all of 
these patients. We repeated the ELISA 
at multiple dilutions of serum, using 
samples from the five tenascin-X-
deficient patients, normal subjects, pa
tients with classic Ehlers-Danlos syn
drome who were not deficient in tenas
cin-X in the initial screening, and pa
tients with psoriasis (table 1). The con
trol groups had similar serum concen
trations of tenascin-X, but tenascin-X 
was again undetectable in serum sam
ples from the five tenascin-X-deficient 
patients. Although tenascin-C is coex-
pressed with tenascin-X in tissues af
fected by the Ehlers-Danlos syndrome, 
all the patients had normal serum 
tenascin-C levels (table 1). 

Tenascin-X deficiency in skin and fi
broblasts of patients with the Ehlers-
Danlos syndrome 
Tenascin-X was readily detected in con
ditioned medium from cultures of nor
mal skin fibroblasts by Western blotting 
(figure 1) and ELISA, although the mean 
(± SD) amount of tenascin-X found in 
conditioned medium (0.54 ± 0.06 ng per 
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Figure 2 Histopatholosical findings in skin in patients with tenascin-X deficiency. Panels A, B, C, and 
D show normal control skin, and panels E through J show the skin and joint of patients with the Ehlers-
Danlos syndrome and tenascin-X deficiency. Hematoxylin and eosin staining revealed less dense eosi
nophilic staining in tenascin-X-deficient skin (panel E) than in normal skin (panel A) of the papillary 
dermis. Immunostaining with antiserum against recombinant tenascin-X showed strong staining of the 
papillary dermis and moderate staining of the deeper dermal layers in normal skin (panel B), but no 
staining for tenascin-X was seen in the extracellular matrix of tenascin-X-deficient skin (panel F). 
Staining for tenascin-C (panels C and G) and type V collagen (panels F and H) was similar in control 
and tenascin-X-deficient skin. (Magnification in panels A-Η: x250.) Panel 1 and J show the skin hyper-
extensibility and joint hypermobility typical of tenascin-X-deficient patients with the Ehlers-Danlos 
syndrome. 

milliliter in 48-hour supernatants of 
confluent cells) was substantially less 
than in serum. As expected, Western 
blotting and ELISA did not detect tenas
cin-X in medium conditioned by fibro
blasts of the five patients who lacked 
tenascin-X in their serum, a result that 

confirmed that these patients had 
tenascin-X deficiency. Histologic exami
nation of skin-biopsy specimens from 
tenascin-X-deficient patients revealed 
no gross morphologic abnormalities, al
though the collagen network in the pap
illary dermis appeared less dense (figure 
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Table 2 Clinical characteristics of five tenascin-X-deficient patients and three affected siblings 

PATIENTS 

SEX 

AND 

AGE 

(YR) 

HYPER-

EXTEN

SIBILITY 

SCORE* 

HYPER-

MOBILITY 

SCOREt 

EASY 

BRUISING 

ATRO

PHIC 

SCARS 

VEL

VETY 

SKIN OTHER SYMPTOMS 

Patient 1 
Sister of 
Patient 1 

Patient 2 

Sister of 
Patient 2 
Brother of 
Patient 2 

Patient 3 

Patient 4 

Patient 5 

F/43 

F/53 

F/39 

F/44 

M/43 

F/32 

M/44 

F/48 

1 

2 

1 

2 

1 

2 

1 

2 

5 

4 

7 

8 

7 

9 

4 

NC 

Joint pain, striae 

Goiter 

Multiple subluxations, IgA 
deficiency, spina bifida oc
culta 
Multiple subluxations, chronic 
obstructive pulmonary dis
ease 

Hypertension 

Congenital adrenal hyperpla
sia, Sudeck's atrophy of the 
left arm 
Mitral valve insufficiency, 
multiple subluxations, stroke, 
gastrointestinal bleeding 
Arrhytmia, cardiomyopathy, 
arteriosclerosis, amputation 
of the left leg 

'Skin hyperextensibility was scored on a three-point scale: 
tJoint hypermobility was assessed by the Beighton scale"; 
or more indicates hypermobility 

0 absent, 1 present, and 2 severe. 
ND denotes not determined. A score of 5 

2E) than in specimens of normal skin 
(figure 2A). Immunostaining showed 
abundant expression of tenascin-X 
throughout the dermis of normal skin 
(figure 2B), whereas tenascin-X was 
completely absent in skin from patients 
who lacked tenascin-X in their serum 
(figure 2F). Tenascin-C and type V col
lagen were expressed normally in der
mis of tenascin-X-deficient persons (fig
ure 2C, D, G and H). 

Clinical findings in tenascin-X defi
ciency 
All five tenascin-X-deficient patients 
and three clinically affected tenascin-X-
deficient siblings had hyperelastic skin 
and hypermobile joints (table 2 and fig
ure 2I, J), fulfilling major diagnostic cri
teria for classic Ehlers-Danlos syndrome. 
Minor diagnostic criteria supporting the 
diagnosis of classic Ehlers-Danlos syn
drome in the tenascin-X-deficient pa
tients included easy bruising in all, vel
vety skin in seven, joint pain in two, 
and multiple subluxations in three. No 
delayed wound healing or atrophic scars 
were noted. For this reason and because 

of the absence of dominant inheritance, 
four of the five patients were unclassi
fied at the time of referral. Of the eight 
tenascin-X-deficient patients, only Pa
tient 3 had coexisting congenital adre
nal hyperplasia. 

None of the parents of the five 
patients with tenascin-X deficiency 
were related, and none of the four par
ents available for study (from the fami
lies of Patient 1, 2 and 3) had clinical 
signs of Ehlers-Danlos syndrome. The 
father of Patient 1 had mitral insuffi
ciency, and the father of Patient 2 has 
atrial arrythmias and had had a cere
brovascular accident. 

These tenascin-X-deficient pa
tients also had a range of additional 
clinical findings not frequently associ
ated with Ehlers-Danlos syndrome (table 
2). These included congenital adrenal 
hyperplasia, spina bifida occulta, mitral 
valve prolapse, stroke, gastrointestinal 
bleeding, and premature arteriosclero
sis. Although these conditions contrib
uted substantially to the disability of 
this cohort of tenascin-X-deficient pa
tients, it is not yet clear whether these 
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Figure 3 Pedigrees ο/ the five tenascin-X-deficient patients. Patients identified in the init ial screen
ing are indicated by arrows. Solid symbols indicate persons with complete tenascin-X deficiency. Cir
cles indicate femal family members, squares male family members, and symbols with a slash mark 
deceased members. Three additional affected family members were identified in the families of Pa
tients 1 and 2. Brackets indicate adopted children in the family of Patient 2, and the triangle in the 
family of patient 5 represents a stillborn female child. NND denotes neonatal death. 

additional disorders were related to 
tenascin-X deficiency or were unrelated 
coexisting conditions. 

Genetics of tenascin-X deficiency 
The complete absence of tenascin-X 
messenger RNA and protein in our index 
patient suggested that tenascin-X defi
ciency is recessive44. The index patients 
phenotypically normal parents and sib
lings each shared one tenascin-X allele 
with him, providing further evidence of 
a recessive pattern of inheritance. 
However, only the index patient's pa
ternal tenascin-X allele carried a gene 
deletion, and complete sequencing of 
the tenascin-X gene failed to identify a 
second mutation. The present study al
lowed us to reexamine whether isolated 

tenascin-X deficiency is dominant or re
cessive (figure 3). In three of the fami
lies we studied (those of Patients 3, 4, 
and 5), the patient was the only af
fected member and both parents were 
phenotypically normal, a situation con
sistent with recessive inheritance or 
with the presence of new dominant mu
tations in each patient. In the other two 
families (those of Patients 1 and 2), 
there were three clinically affected sib
lings of the patients, all of whom were 
tenascin-X deficient. The presence of 
two or more affected siblings makes 
new mutation an unlikely mechanism of 
disease in these families. Furthermore, 
clinical Ehlers-Danlos syndrome and 
tenascin-X deficiency were confined to 
individuals of one generation in all five 
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families, also evidence of recessive in
heritance. Finally, we measured serum 
tenascin-X levels in 12 parents and chil
dren of tenascin-X-deficient individuals, 
who would be obligatory heterozygotes 
if tenascin-X deficiency were recessive. 
The mean serum tenascin-X concentra
tion in these persons was approximately 
half that in controls (table 1), a result 
consistent with haploinsufficiency and 
strongly supporting the hypothesis of 
recessive inheritance. 

Mutational analysis 
We tested the tenascin-X-deficient pa
tients for the 30-kb deletion described 
in the index patient44. This deletion cre
ates a fusion gene of tenascin-X and XA, 
a partial duplicate of tenascin-X. The 
XA gene has an internal deletion that 
truncates its open reading frame, ren
dering XA and the fusion gene nonfunc
tional. This fusion gene can be ampli
fied independently of the normal tenas-
cin-X gene by allele-specific PCR (figure 
4A). Patient 3 had the same contiguous 
gene syndrome as the index patient, but 
unlike the index patient, she was homo
zygous for the deletion, which explains 
both the presence of Ehlers-Danlos syn
drome and that of congenital adrenal 
hyperplasia (figure 4B). Both her par
ents and two siblings were heterozygous 
for the deletion and were clinically 
normal, providing evidence for recessive 
inheritance in this family. 

We next sequenced the tenascin-
X gene in the remaining patients to 
identify point mutations or small inser
tions or deletions. In Patient 1, we 
found a homozygous 2-bp deletion in 
exon 8 that encoded the fourth f i -
bronectin type III repeat (figure 4C). 
This deletion alters the open reading 
frame, affecting amino acids 1184 to 
1230, after which a premature termina

tion codon is encountered (not shown). 
The clinically normal father of this pa
tient was heterozygous for the deletion 
(figure 4C). We could not examine the 
mother because she had died (figure 3), 
but we found that one of her sisters car
ried the deletion. It is therefore likely 
that the mother of patient 1 also car
ried this mutation, which would be con
sistent with recessive inheritance. Pa
tient 5 was also homozygous for this 
mutation, but her parents were unavail
able for study. 

Patient 4 carried a homozygous 
2-bp insertion in exon 3, encoding the 
epidermal growth factor-like repeats of 
tenascin-X (figure 4D). The insertion of 
guanosine and thymine replaced the 
glutamic acid residue at position 707 
with a stop codon. Additional family 
members were not available for study. 
Patient 2 was heterozygous for the 30-
kb deletion, and did not have congenital 
adrenal hyperplasia. We were unable to 
identify a second tenascin-X in this pa
tient, although we sequenced the entire 
tenascin-X gene. This patient, like our 
index patient, may have had a mutation 
in factors, not yet defined, that regu
late tenascin-X gene expression. 

Finally, we wondered whether 
missense mutations could also cause 
classic Ehlers-Danlos syndrome. To an
swer this question, we sequenced the 
entire tenascin-X gene in 10 patients 
who had classic Ehlers-Danlos syndrome 
and normal serum levels of tenascin-X. 
In these patients, we identified 26 DNA 
polymorphisms, 8 of which change an 
amino acid (not shown). However, all 8 
polymorphisms were identified in a co
hort of 48 normal persons, demonstrat
ing that these polymorphisms do not by 
themselves cause disease. 
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In panel D, sequence analysis of exon 3, encoding the epidermal growth factor (EGF) repeat domain, 
demonstrates a homozygous insertion of guanosine and thymine in Patient 4, which changes a glutamic 
acid residue to a stop codon (asterisk). 
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DISCUSSION 
This study defines a new form of Ehlers-
Danlos syndrome that is both clinically 
and genetically distinct from previously 
described types22. All tenascin-X-
deficient patients fulfilled three criteria 
for Ehlers-Danlos syndrome: they had 
hyperelastic skin, hypermobile joints, 
and fragile tissue, manifested as easy 
bruising. Although the clinical findings 
of tenascin-X deficiency are similar to 
those of the classic type of Ehlers-
Danlos syndrome, the tenascin-X-
deficient patients lacked atrophic scars, 
a major diagnostic criterion for the 
classic type. Delayed wound healing is 
also found frequently in patients with 
classic Ehlers-Danlos syndrome. Delayed 
wound healing was found in our index 
patient but was not a prominent feature 
of the present cohort. Whether delayed 
wound healing is a rare finding in tenas
cin-X deficiency or is a consequence of 
the treatment of congenital adrenal hy
perplasia with glucocorticoids is not 
clear. 

Tenascin-X deficiency is also dis
tinguished from classical Ehlers-Danlos 
syndrome by its mode of inheritance. 
Classic Ehlers-Danlos syndrome is an 
autosomal dominant disorder. Tenascin-
X deficiency is recessive, as shown by 

the occurrence of Ehlers-Danlos syn
drome in only one generation in each 
family; the complete absence of tenas
cin-X protein from the serum, skin and 
fibroblast-conditioned medium of af
fected individuals; the lack of a clinical 
phenotype in parents and offspring with 
tenascin-X haploinsufficiency; and the 
identification of homozygous tenascin-X 
mutations in four of the five tenascin-X-
deficient patients. 

Although more study is needed to 
determine whether other conditions are 
associated with tenascin-X deficiency, 
the list of coexisting diseases in this co
hort with isolated tenascin-X deficiency 
is striking (table 2) and suggests that 
tenascin-X deficiency may be a particu
larly debilitating form of the Ehlers-
Danlos syndrome. The diagnosis should 
be considered in patients with the 
Ehlers-Danlos syndrome who do not 
have atrophic scars and in those without 
affected family members, or when the 
disease is confined to one generation. 
The availability of a simple serum-based 
test for tenascin-X deficiency should 
make accurate diagnosis of this defi
ciency possible in populations with the 
Ehlers-Danlos syndrome and should lead 
to more widespread recognition of this 
variant. 
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Ehlers-Danlos syndrome (EDS) is a het
erogeneous group of heritable connec
tive tissue disorders, generally affecting 
skin, joints and blood vessels. The most 
recent classification recognizes six sub
types22, of which the hypermobility type 
(HT-EDS, formerly EDS type III; MIM 
130020) is the most common. This type 
of EDS is similar to Benign Joint Hyper
mobility Syndrome (BJHS), and both are 
often considered to represent the same 
hyperlaxity syndrome, since no clear 
clinical distinction can be made127. Al
though various causative genes have 
been found in all other types of EDS, 
the genetic basis of HT-EDS or BJHS re
mains unexplained346. One family has 
been described that has a missense mu
tation in COL3A12", resulting in a phe-
notype resembling hypermobility type 
EDS, without obvious vascular complica
tions. Mutations in COL3A1 generally 
result in the severe vascular type of EDS 
(MIMI 30050). To our knowledge, no 
other cases of COL3A1 mutations in HT-
EDS have been reported. 

Recently, we showed that defi
ciency of the extracellular matrix pro
tein tenascin-X (TNX), encoded by the 
TNXB gene, causes a new type of reces-
sively inherited EDS324. Patients with 
complete deficiency of TNX showed 
marked joint hypermobility, skin hyper-
extensibility and easy bruising. The ab
sence of atrophic scars and recessive 
inheritance distinguishes TNX deficiency 
from classical type EDS. In our initial 
report324, only a few heterozygous fam
ily members were available for exami

nation. Here we have examined all 20 
heterozygous family members (individu
als from families Α-D in table 1) who 
were available for further study, re
gardless of clinical symptoms; in all of 
these we found significantly reduced 
serum TNX levels (56% +6% versus 100% 
±14% in the control population, p<0.001, 
Student's t-test, figure 1F), and, in 17 
of them, we confirmed heterozygosity 
for a truncating TNXB mutation (table 
1). Clinical examination revealed gener
alized joint hypermobility in nine family 
members (45%), using the Beighton 
score23, for HT-EDS or Brighton crite
ria1 3 0, for BJHS (table 1, figure 1E). Skin 
hyperextensibility and easy bruising, 
frequently seen in the individuals with 
complete TNX deficiency, were absent. 
A number of haploinsufficient patients 
had recurring joint dislocations and 
chronic joint pain, as are seen in HT-
EDS and BJHS. Only four family mem
bers carrying two normal TNXB alleles 
were available for study, of whom none 
had hypermobility. The local medical 
ethics committee (CMO Regio Arnhem-
Nijmegen) approved the study protocol, 
and informed consent was obtained 
from all patients. 

A striking finding is that 0 of the 
6 haploinsufficient males fulfilled the 
clinical criteria for HT-EDS or BJHS, 
whereas 9 out of 14 (64%) females were 
positive. This finding is in accordance 
with previous population-based studies 
that show a female preponderance in 
joint hypermobility syndromes194·307. In a 
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Table 1 Clinical and Molecular findings in 
TNX levels 

Individu
al' (sex) 

AIII2 (F) 

AIII3 (M) 

AIII6 (F) 
AIII7(F) 
AIII8(F) 
AIII9 (F) 
BM (M) 
BINI (F) 
BIII2 (F) 
BIII3 (F) 
CM (M) 
CI5 (F) 
CII1 (F) 
CIII3 (F) 
CIII4(F) 
CIII5 (M) 
DU (M) 
DI2 (F) 
DIM (F) 
DII2 (M) 
E (F) 

F (F) 
G1 (F) 

G2(F) 

H (F) 

MF) 
J(F) 

Year of 
Birth 

1961 

1964 

1974 
1977 
1981 
1984 
1931 
1976 
1979 
1981 
1919 
1924 
1944 
1978 
1980 
1981 
1919 
1931 
1962 
1964 
1961 

1970 
1972 

1977 

1961 

1954 
1974 

Mutation 

[GT44906]ins 

[GT44906]ins 

[GT44906]ins 
[GT44906]ins 
[GT44906]ins 
[GT44906]in5 
unknown 
unknown 
unknown 
30kb del 
[AA56063]del 
[AA56063]del 
[AA56063]del 
[AA56063]del 
[AA56063]del 
[AA56063]del 
30kb del 
30kb del 
30kb del 
30kb del 
30kb del 

[AA56063]del 
unknown 

unknown 

unknown 

unknown 
unknown 

individuals with TNXB haploinsufficiency/reduced serum 

Beighton [TNX] 
score" 
5/9 

4/9 

6/9 
5/9 
5/9 
5/9 
0/9 
5/9 
5/9 
5/9 
0/9 
N.D. 
1/9 
3/9 
6/9 
0/9 
0/9 
0/9 
2/9 
2/9 
3/9 

6/9 
6/9 

6/9 

2/9 

N.D. 
N.D. 

(% of control) 

52 

57 

59 
52 
50 
68 
56 
65 
62 
62 
55 
54 
46 
45 
53 
57 
53 
54 
59 
61 
58 

52 
56 

61 

64 

65 
54 

Clinical Feature(s) 
Velvety skin, piezogemc papules, back 
pain 
Used to be more pliant, Raynaud phe
nomenon 
Velvety skin, Raynaud phenomenon 
Striae 
Ankle sprains, knee pain 
Velvety skin 
Multiple ankle sprains 

Wheelchair dependent, joint pain 
Joint pain 

Piezogemc papules, lymphedema 
Velvety skin, multiple (sub)luxations 

Velvety skin 
Multiple fractures 

Piezogemc papules 
Chronic joint pain, multiple 
(sub)luxations, wheelchair dependent, 
HT-EDS/BJHS according to Brighton 
criteria 

Luxations, velvety skin, piezogemc 
papules 
Chronic pain, subluxations multiple 
joints 
Wheelchair dependent, chronic muscu
loskeletal pain, shoulder luxations, HT-
EDS/BJHS according to Brighton ente-

Π 3 
Diagnosed as HT-EDS 
Diagnosed as HT-EDS 

Pedigrees for families Α-D are depicted in figure 1. Patients Ε-J were identified in a cohort with HT-
EDS. G2 is a sister of G1 and was identified independently of the screening of the 80 patients with 
HT-EDS/BJHS. We examined all patients available for study except I and J. 
b(N.D.; not determined). 

control group of 30 unaffected females 
of the same age as the females with 
haploinsufficiency in the present study, 
we found no individuals with a Beighton 
score >4. This indicates that the preva
lence of generalized joint hypermobility 
in a population of females with haploin
sufficiency is significantly higher than in 
a control population (p<0.001, by χ2 

test). No sex differences in serum TNX 
values in unaffected and individuals 
with haploinsufficiency were found (not 
shown). 

Because our observations in fami
lies carrying previously described TNX 
mutations suggested an association of 
TNX haploinsufficiency with joint hy
permobility, we wondered about the 
prevalence of TNX haploinsufficiency in 
patients with HT-EDS. We measured TNX 
serum levels (by ELISA) in an unselected 
cohort of 80 patients with HT-EDS who 
were recruited through the Dutch or
ganization for patients with Ehlers-
Danlos syndrome. All patients were di
agnosed with HT-EDS by a medical spe
cialist, and -90% were female. Although 
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Figure 1 TNXß haploinsufficiency and generalized joint hypermobility. Pedigrees of families Α-D from 
table 1 (Α-D). Joint hypermobility in individual 1119 of family A (E). Distribution of TNX serum values in 
control, HT-EDS and heterozygous population. Values are given as percentage of the control mean (F). 

the mean serum TNX level was not dif
ferent in the cohort with HT-EDS overall 
(99.4% ±19.7%; figure 1F), six of these 
patients (7.5% [all female]) had serum 
TNX levels >2.5 standard deviations 
(65%) below the mean for unaffected 
individuals. On the basis of the normal 
distribution of serum TNX values, only 
0.6% of individuals would be expected 
to have such low serum TNX levels, 
which is significantly less than the fre
quency found in this HT-EDS population 
(p<0.001, by Fisher's exact test). 

Clinically, patients with reduced 
TNX levels showed hypermobile joints, 
often associated with joint subluxations 
and chronic musculoskeletal pain (table 
1). The clinical findings in these pa
tients differ from those with TNX defi
ciency. Patients with haploinsufficiency 
do not have skin hyperextensibility and 
lack easy bruising seen in TNX-deficient 

patients. In addition, TNXß haploinsuffi
ciency is expected to be an autosomal-
dominant trait, which is in accordance 
with the observed mode of inheritance 
of HT-EDS and BJHS. 

On screening for the presence of 
a 30-kb deletion described previ
ously44,324, we found that this deletion 
was present in one of these six patients. 
The 30-kb deletion creates a fusion 
gene of TNXB and XA, a partial dupli
cate of TNXß. The XA gene has an inter
nal deletion that truncates its open 
reading frame, rendering XA and the 
fusion gene nonfunctional119. The de
leted allele also lacks CYP21, so this in
dividual is also a carrier for congenital 
adrenal hyperplasia. Subsequently, we 
PCR amplified and directly sequenced 
the coding regions and the intron-exon 
boundaries of TNXß in the other five pa
tients presumed to have haploinsuffi-
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ciency (for primers used see ). One 
patient (F in table 1) was heterozygous 
for a 2-bp deletion ([AA56063]del), in 
exon 8, resulting in a premature stop 
codon at the position of amino acid 
1231. In the other four patients, we 
were unable to identify mutations in 
TNXB. These patients may have muta
tions, in regulatory sequences or in ex-
ons of TNXB gene, that have not yet 
been identified, or they may represent 
the extreme in normal variation of TNX 
expression. 

In conclusion, in this study we 
have reported a genetic defect associ
ated with HT-EDS or BJHS. On the basis 
of the observed phenotype in patients 
with complete TNX deficiency, and the 
high prevalence of generalized joint hy-
permobility in heterozygote females, 
this is likely to be a causative relation
ship. Reduced TNX expression could dis
turb deposition of collagen219 and the 
elastic fiber network44, as has been 
shown for complete TNX deficiency, re
sulting in increased laxity of ligaments 
and tendons. TNX8 haploinsufficiency is 

dominantly inherited and appears to 
produce clinical findings primarily in 
women, consistent with clinical descrip
tions of HT-EDS. Although we identified 
inactivating TNX mutations in only 2.5% 
of this cohort, 7.5% had serum TNX lev
els low enough to affect collagen me
tabolism. The present study demon
strates that TNXB haploinsufficiency is 
associated with HT-EDS and suggests 
that locus heterogeneity exists for this 
disorder, as it does for other types of 
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ANNALS OF THE RHEUMATIC DISEASES (IN PRESS) 

Joint hypermobility is a common find
ing, differing strongly between sexes 
and among races315. Joint hypermobility 
is not a disease in itself, but it can be 
part of heritable connective tissue dis
orders, such as Marfan syndrome, 
Ehlers-Danlos syndrome (EDS) and Be
nign Joint Hypermobility Syndrome 
(BJHS)127. Although Marfan syndrome 
and most types of EDS are clinically 
relatively easy to distinguish by their 
cardinal features, it is often less clear-
cut to differentiate between the hy
permobility type of EDS (HT-EDS, for
merly type III) and BJHS. Recently, Gra-
hame et α/.130 proposed a validated set 
of diagnostic criteria for BJHS; 'the Re
vised Brighton 1998 Criteria'. Its major 
criteria are a Beighton score of 4/9 or 
greater and arthralgia, but the diagnosis 
can also be based on the presence of 
minor criteria, including abnormal skin 
and joint (sub)luxations. HT-EDS can be 
identified using the Villefranche crite
ria; the major criteria of this classifica
tion include a Beighton score of 5/9 or 
greater and skin involvement22. Clearly, 
there is considerable overlap in the 
clinical features of BJHS and HT-EDS. 

Little is known about the genetic 
basis of HT-EDS or BJHS. Recently, we 
have shown that haploinsufficiency for 
the extracellular matrix protein tenas
cin-X is associated with HT-EDS397. 
Tenascin-X is abundantly expressed in 
almost all connective tissues, and a 140 
kDa fragment is present in serum. The 
level of serum tenascin-X likely reflects 

the rate of tenascin-X synthesis in the 
connective tissues, since individuals 
that are heterozygous for a tenascin-X 
null allele express approximately half of 
the normal level in their serum324. Clini
cally, tenascin-X haploinsufficient indi
viduals show generalized joint hyper
mobility, arthralgia and -40% of them 
have abnormal skin. In this study, we 
investigated whether haploinsufficiency 
for tenascin-X also occurs in individuals 
who are diagnosed with BJHS. In col
laboration with the Dutch BJHS patient 
organization, we collected sera from 54 
patients (53 female) diagnosed with 
BJHS by a medical specialist, most of 
whom were rheumatologists. We meas
ured tenascin-X serum levels in these 
patients, and found that the mean se
rum TNX level was not different in the 
BJHS cohort overall (97.6% ±25.8% vs. 
100% ±14.1% in the control group 
(n=154)). Of these patients, 14 (26%) 
had a tenascin-X serum level below the 
5th percentile of the controls (crude 
odds ratio 6.4, 95% confidence interval 
2.5 to 16.3). Furthermore, four of these 
patients (7.5%, all female) had serum 
tenascin-X levels more than 2.5 stan
dard deviations of control (65%) below 
the mean for normal individuals. Only 
0.6% of individuals would be expected 
to have such low tenascin-X serum val
ues based on the normal distribution, 
which is significantly less than the fre
quency found in this BJHS population 
(p<0.05, Fisher exact test). Interest
ingly, the percentage of reduced tenas-
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cin-X serum levels in BJHS is similar to 
what we have described in HT-EDS. 
None of the previously identified trun
cating tenascin-X mutations were pre
sent in any of the patients. It is likely 
that these patients may have other mu
tations in tenascin-X or they may repre
sent the extreme in normal variation of 
tenascin-X expressivity. Only two pa
tients were available for clinical exami
nation. Both patients showed hyper-
mobile joints, often associated with 

joint subluxations, and chronic muscu
loskeletal pain. 

We have shown that reduced 
tenascin-X serum levels are present in 
5-10% of the patients diagnosed with 
BJHS or HT-EDS397. These findings and 
the considerable overlap of the clinical 
symptoms suggest that no meaningful 
distinction can be made between these 
conditions. Both BJHS and HT-EDS are 
likely to be genetically heterogeneous 
and it is clear that the search for candi
date genes has only just begun. 
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Deficiency of the extracellular matrix protein tenascin-X (TNX) was recently de
scribed as the molecular basis of a new, recessive type of Ehlers-Danlos syn
drome. Here we report gross abnormalities of the elastic fibers and microfibrils 
in the dermis of these patients, and reduced dermal collagen content, as deter
mined by quantitative image analysis. The ascending, fine elastic fibers in the 
papillary dermis were absent or inconspicuous and had few branches. The coarse 
elastic fibers of the reticular dermis were fragmented and clumped. At the ultra-
structural level, irregular and immature elastin fibers and fibers devoid of mi
crofibrils were observed. In TNX deficient patients the dermal collagen density 
was reduced, but no structural abnormalities in the collagen fibrils were found. 
These findings suggest that both elastic fiber abnormalities and reduced collagen 
content contribute to the observed phenotype in TNX deficient patients. 

THE JOURNAL OF INVESTIGATIVE DERMATOLOGY (2004) 122: 885-891 

INTRODUCTION 
The Ehlers-Danlos syndrome (EDS) is a 
clinically and genetically heterogeneous 
connective tissue disorder, character
ized by hyperextensibility of the skin, 
hypermobile joints and tissue fragility22. 
The recognition of ultrastructural ab
normalities of the collagen fibrils and 
the subsequent identification of muta
tions in genes encoding collagen and 
collagen-modifying enzymes has led to 
the concept that EDS is a disorder of 
fibrillar collagen49,143. This paradigm 
was recently challenged by the finding 
that deficiency for the extracellular ma
trix protein tenascin-X (TNX) causes a 
clinically distinct, recessive form of 
EDS44"4. 

The tenascins are a family of 
large matricellular glycoproteins, which 
all share a similar modular structure 
consisting of an N-terminal domain pos
sibly responsible for oligomerization, a 
series of EGF-like repeats, a variable 
number of fibronectin type III domains 

and a C-terminal fibnnogen-like do
main. To date three members have 
been identified in mammals: tenascin-
C, tenascin-R and TNX56'92·173'244. TNX, 
the largest member of the tenascin fam
ily, is widely expressed during embry
onic development and in several con
nective tissues of the adult, including 
tendon sheats, muscle, blood vessels 
and throughout the entire dermis39,43·109. 
This expression pattern coincides with 
the connective tissue defects found in 
TNX deficient patients and indicates a 
pivotal role for TNX in maintaining the 
integrity of connective tissues. 

Although the association of TNX-
deficiency with EDS suggested one of 
the first functions for any of the tenas
cin family members, the exact patho
physiological mechanism resulting in 
this phenotype was hitherto unknown. 
Previous studies of skin of a TNX defi
cient EDS patient showed normal secre
tion of type I and type V collagen, and 
ultrastructural analysis did not reveal 
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gross abnormalities of the collagen f i 
brils4"'218. Histopathological examination 
of skin biopsies from five TNX-deficient 
probands suggested reduced staining of 
the dermal connective tissue324, and a 
recent study in TNX null mice also dem
onstrated a reduced collagen content in 
skin219. Whereas fibrillar collagens pro
vide the connective tissue with tensile 
strength, the elastic fiber system is an
other major structural matrix compo
nent, providing elasticity and resilience 
to connective tissues. The mature elas
tic fiber is largely composed of two dis
tinct components: amorphous elastin 
and microfibrils. Elastogenesis is 
thought to begin with the deposition of 
microfibrillar components, which form a 
scaffold for the alignment of tropo-
elastin75,233. Perturbation of the elastic 
fibers can occur at any step of this 
multi-phase process61,152. As the biome-
chanical properties of the tissues that 
were affected in our TNX-deficient pa
tients (skin, joints, small blood vessels) 
are not only determined by fibrillar col
lagen but also by elastic fibers, TNX 
could very well be involved in develop
ment and maintenance of the elastic 
fiber system. In this study we describe 
gross abnormalities of the elastic fibers 
and microfibrils in the skin of TNX-
deficient EDS patients. 

AAATERIAL AND METHODS 
Patients 
Four-mm full-thickness punch biopsies 
were taken from a non-sun exposed 
area on the buttock from five TNX-
deficient individuals (age range 32-56 
year, average 45 years ±8), and eight 
age-matched healthy volunteers (age 
range 25-63 years, average 48 years 
±12), as described previously324. In
formed consent was obtained, and the 
study protocol was approved by the lo
cal medical ethical committee. All clini
cal investigations were conducted ac
cording to Declaration of Helsinki prin
ciples. 

Fibroblast culture 
Human fibroblasts from skin biopsies of 
healthy donors and TNX-deficient pa
tients were grown in Dulbecco's Modi
fied Eagle's Medium (DMEM; Bio-
whittaker Europe, Verviers, Belgium) 
supplemented with 10% fetal calf serum 
(FCS; Seralab, Nistelrode, The Nether
lands) and penicillin/streptomycin 
(Gibco-BRL, Life Technologies, Breda, 
The Netherlands). Fibroblasts were al
lowed to attach and spread for at least 
3 days and cultures were maintained at 
370C in an 8% COz atmosphere. When 
the fibroblasts were grown to conflu-
ency, they were allowed to grow for an 
additional two weeks to induce forma
tion of microfibrillar structures. 

Immunohistochemistry 
Biopsies were fixed for 4h in buffered 
4% formalin and embedded in paraffin. 
Six-micrometer sections were mounted 
on 3-aminopropyltriethoxysilane-coated 
(Sigma, St.Louis, MO) slides and subse
quently deparaffinized and rehydrated. 
For general histopathology, the sections 
were stained with haematoxylin and eo-
sin (H&E). Sections to be stained for 
elastin were pretreated with 2% trypsin 
for 15 min at 370C. For immunohisto-
chemical detection of fibrillin-1 no pre
treatment was required. Sections were 
blocked with 20% normal goat serum or 
20% normal swine serum (Vector Labora
tories Inc., Burlingham, CA) before ap
plication of primary antibodies. Sections 
were subsequently labeled with primary 
antibodies: monoclonal anti-elastin (BA-
4, Sigma), monoclonal anti-fibrillin-1 
(MAB2502; Chemicon, Temecula, CA), or 
anti-deconn345. Then, sections were 
washed and incubated with biotinylated 
secondary antibody followed by a com
plex of avidine and biotinylated horse 
radish peroxidase according to the 
manufacturer's instructions (Vector 
Labs). Aminoethylcarbazol was used as 
the chromogenic substrate (Vector Labs) 
and, if necessary, sections were 
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counterstained with Mayer's haema-
toxylin (Sigma). Cryo-sections of skin-
biopsy specimens were immunostained 
for TNX as described before324. For gen
eral staining of elastic fibers, Elastin-
van Gieson staining was performed ac
cording to standard procedures (L.L. 
Vacca, Raven Press, 1985, Laboratory 
Manual of Histochemistry). For general 
staining of glycosaminoglycans, Sa-
franin-0 staining was used, according to 
standard procedures. For immunohis-
tological studies of fibroblast cultures, 
cells were cultured on glass coverslips 
and fixed in cold 100% methanol. The 
fibroblasts were then preincubated with 
20% normal goat serum, followed by in
cubation with monoclonal anti-fibrillin 
(MAB2502, Chemicon) or anti-TNX324. 
After washing, fluorescein isothiocy-
anate (FITC)-conjugated secondary an
tibody was added for fibrillin-1 visuali
zation. Glass coverslips were mounted 
with a glycerol/PBS solution, then 
viewed with a fluorescence microscope 
(Leica, Vienna, Austria), equipped with 
a digital camera. For TNX staining, sec
ondary anti-guinea pig biotinylated IgG 
antibody was added, followed by avidin-
biotin complex antibody (Vector Labs) 
and visualization with diaminobenzoyl 
(DAKO, Carpinteria, CA). 

Electron Microscopy 
Skin biopsies from 4 patients were pre
fixed with 3% glutaraldehyde in 0.1 M 
sodium cacodylate buffer for 4h at room 
temperature. Subsequently, the tissues 
were rinsed in the same buffer and 
postfixed in 1% osmium tetroxyde. The 
specimens were dehydrated in an as
cending series of alcohol and embedded 
in Epon 812. Semi-thin toluidine blue-
stained sections were examined to se
lect the papillary and superficial reticu
lar dermis as well as the deep reticular 
dermis. Ultrathin sections were cut on a 
Reichert OM U2 ultramicrotome and 
double contrasted with 2% uranyl ace
tate and 0.1% lead citrate. The sections 
were examined with a Jeol 1010 elec

tron microscope (Jeol Ltd., Tokyo, Ja
pan). 

Image analysis and Morphometry 
Images of Elastin-van Gieson stained 
sections were acquired using a Zeiss Ax-
ioskop microscope (Carl Zeiss, Göttin
gen, Germany) equipped with a Sony 
DXC-390P 3CCD digital camera (Sony, 
Tokyo, Japan). Three concurrent sec
tions of each individual were used for 
morphometric analysis. Length of elas
tic fibers was analyzed semi-
automatically using IPLab software 
(Scananalytics, Fairfax) and number of 
branches was counted manually. Rela
tive density of collagen was determined 
on Elastin-van-Gieson stained sections 
using ImagePro Plus software (Media 
Cybernetics, Silver Spring, MD). This was 
accomplished by determining the per
centage of unstained area in the papil
lary dermis in the region of interest. 
The area of interest was consistently set 
just below the epidermis across the en
tire distance of the biopsy, with a depth 
of 0.3 mm. All measurements were per
formed at 200x magnification. 

Statistical Procedures 
Student's t-test was used for compari
son of means between groups. A value 
of Ρ < 0.05 was considered significant. 

RESULTS 
Histopathology and immunohistochem-
istry 
Histopathology and immunolocalization 
of connective tissue components were 
studied in the papillary and reticular 
dermis of biopsies from five TNX-
deficient probands, and compared with 
biopsies from healthy individuals. H&E 
staining of the skin biopsies from TNX-
deficient patients did not reveal gross 
abnormalities. No deviations in epider
mal or dermal thickness were noted. 
Elastin-van Gieson staining of skin biop
sies from healthy individuals revealed 
the normal pattern of thin elastic fibers 
oriented perpendicularly to the dermal-

61 



D w 

• • ' : 

TNX -/-

TNX -/-

Figure 1 Elastin-Van-Gieson's staining of elastic fibers in human skin biopsies. In normal non-sun ex
posed skin, Elastin-van-Gieson's staining shows a typical candelabra-like pattern oriented perpendicu
larly towards the basal lamina (A). In TNX-deficient patients (B,C), the candelabra-like structure is 
grossly disturbed. Note the short, sparsely branched structures in figure IB and the horizontally ori
ented, coarse fragments and in figure 1C fragmentation of elastic fibers in TNX-deficient skin. Mor-
phometric analysis of five patients and eight controls showed a significant reduction in length of the 
elastic fibers (p<0.011 (D), number of branches per elastic fiber (p<0.01 ) (E) and relative collagen den
sity (p<0.05) (F) in TNX-deficient dermis. Asterisks denote values significantly different from control 
(*; p<0.05, " ; p<0.01). Scale bar = 50 μιτι. 

epidermal junction, and coarse elastic 
fibers in the reticular dermis that were 
arranged more or less parallel to the 
dermal-epidermal junction (figure 1A). 
The dermis of all five TNX-deficient EDS 
patients showed aberrant elastic fibers. 
In the reticular dermis, normal looking, 
slender elastic fibers were present to

gether with fragmented and clumped 
fibers. In the papillary dermis, the 
number of elastic fibers was low, fibers 
were not arranged perpendicularly to 
the dermal-epidermal junction and elas
tic fibers appeared highly fragmented 
(figure 1B-C). 
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The elastic fibers appeared nor
mal around blood vessels in the dermis. 
Morphometrical analysis of the elastic 
fibers on Elastin-van Gieson stained sec
tions showed a significant decrease in 
elastic fiber length in TNX-deficient EDS 
patients as compared to age-matched, 
healthy individuals (p<0.01; figure 1D). 
Elastic fiber length was reduced from 
approximately 50 pm in normal skin, to 
20 pm in TNX-deficient skin. Moreover, 
the number of branches per elastic fiber 
was also considerably decreased 
(p<0.01; figure 1E). The length and 
number of branches of the elastic fibers 
did not correlate with the age of the 
patients or healthy individuals (not 
shown). 

The relative collagen density in 
the papillary dermis was quantified by 
image analysis in Elastin-van-Gieson 
stained sections of patients and 

control TNX-/-
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Figure 2 Safranin-0 histochemistry and decorin 
immunostainins. Safranin-0 staining shows a 
similar glycosaminoglycan distribution in control 
(A) and TNX-deficient skin (B). Decorin is equally 
present in control (C) and TNX-deficient skin (D). 
TNX is distributed throughout the entire dermis 
of control skin (E) and is absent from TNX-
deficient skin (F). Scale bar • 25 μιτι for A-D, 50 
μπΊ for E-F. 

Figure 3 Immunohistochemical staining for 
elastin and fibrillin-1. Note the typical structure 
of th in, ascending elastin-positive fibers in the 
papillary dermis (A) and the thicker fibers in the 
reticular dermis of normal skin (C). Fibrillin-1 
staining shows a similar pattern (E). In the papil
lary dermis of TNX-deficient skin, elastin-
positive and fibrillin-positive fibers are sparse 
and fragmented (B) and (F). In the reticular 
dermis, clumping and fragmentation of elastin-
positive structures is observed in TNX-deficient 
patients (D). Scale bar = 25 μιη. 

matched controls. As shown in figure 
1F, the relative collagen density in the 
papillary dermis was significantly lower 
in TNX-deficient patients (p<0.05; figure 
IF). In addition to collagen, we studied 
the presence of glycosaminoglycans, 
which represent another major con
stituent of the dermal extracellular ma
trix. Safranin-0 staining, which detects 
negatively charged polysaccharides, did 
not reveal differences between TNX-
deficient and normal skin (figure 2A-B). 
Using immunohistochemistry, we ana
lyzed the distribution of decorin, an 
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abundant dermal proteoglycan that 
colocalizes and binds to TNX88, and in
teracts with elastic fiber components301 

and collagen41. Again, no differences 
were noted between normal and TNX-
deficient skin (figure 2C-D). For com
parison, TNX was present throughout 
the entire dermis of control skin, 
whereas it was absent from TNX-
deficient skin (figure 2E-F). 

Immunohistochemical staining of 
the elastic fiber component elastin 
showed a distribution similar to the 
Elastin-van-Gieson staining (figure 3A-
D). In addition, the skin sections were 
stained for fibrillin-1, which is a compo
nent of both the elastic fibers and the 
microfibrillar network that exists inde
pendently of the elastic fibers. In 
healthy individuals, the staining for f i-
bhllin-1 revealed a dense network of 
fine branching fibers in the papillary 
dermis arranged perpendicularly to the 
dermal-epidermal junction (figure 3E). 
In the deeper reticular dermis microfi
brils co-localize with the elastic fibers 
and fibrillin-l staining showed a distri
bution accordingly. Skin biopsies of all 
five TNX-deficient EDS patients showed 
a strongly decreased staining for f i
brillin-1. Few fibrlllin-1 positive fibers 
ascending from the papillary dermis to 
the basal membrane of the epidermis 
were present (figure 3F). The reticular 
dermis contained many small fragments 
of fibrillin-positive material as com
pared with control biopsies (not shown). 

Ultrastructure of elastic fibers 
TNX-deficient EDS patients showed a 
number of elastic fiber abnormalities as 
compared to healthy individuals (figure 
4). Irregularly shaped elastic fibers were 
present in all TNX-deficient EDS pa
tients examined. Large amounts of elec
tron-dense elastin were present, indica
tive of 'immature' elastin, that is, many 
microfibrils with relatively little cross-
linked elastin. Small elastic fibers were 
observed in both the papillary and re
ticular dermis in three of four examined 

TNX-deficient EDS patients. In addition, 
we observed debris-like inclusions inside 
the elastic fibers. We also observed ab
normalities in the organization of mi
crofibrils. Excessive amounts of microfi
brils were occasionally present with a 
tangled rather than a linear orientation 
relative to the elastic fiber. Further
more, in many fibers elastin appeared 
to be deposited independently of the 
microfibrillar scaffold, as hardly any mi
crofibrils were present in and around 
the elastic fibers. Beside atypical elas-
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Figure 4 Uttrastructurai analysis of elastic fi
bers in dermis. TNX-deficient skin (Α-E) shows 
many abnormalities in elastic fibers. Fragmented 
appearing elastic fiber (A). The elastin matrix 
appears to be deposited independently of the 
microfibrillar scaffold. Note the absence of mi
crofibrils within the amorphous elastin and the 
holes containing microfibrillar material inside 
the elastic fiber (B). Note the blebs of amor
phous elastin without microfibrils as indicated 
by arrows (C). Excessive amounts of elastin con
taining electron-dense debris (D). Microfibrils 
are excessive and appear to be tangled in TNX-
deficient patients (E). Elastic fiber in skin from 
age-matched control (F). Arrows: abnormalities 
of elastic fibers, arrowheads: debris of microfi
brils, asterisk: normal appearing elastic fiber. 
Scale bar; a-d, f • 0.4 μιτι, e = 0.17 μπι. 
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Figure 5 Fibrillin-1 and TNX deposition and se
cretion. Normal fibroblasts secrete TNX into the 
medium in contrast to TNX-deficient fibroblasts, 
as shown by Western blotting (A). No difference 
is seen in fibrill in-1 secretion into the medium 
(B), or in deposition of fibrill in-1 in the extracel
lular matrix by control fibroblasts (C) and TNX-
deficient fibroblasts (D). Staining of TNX shows 
intracellular localization in normal fibroblasts 
(e) and absence of staining in TNX-deficient f i 
broblasts (F). Scale bar = 25 μηι. 

tic fibers, normal elastic fibers were 
present as well in each patient. The 
morphology of fibroblasts was not al
tered; fibroblasts showed a well-
developed endoplasmic reticulum, in
dicative of active protein synthesis. 

In vitro production of microfibrils 
The fragmented morphological appear
ance of the elastic fibers in adult skin 
could be the result of breakdown from 
pre-existing intact fibers, or alterna
tively, it could be the result of reduced 
synthesis or a faulty assembly process 
during development. We therefore used 
an in vitro model for microfibril assem
bly to address this issue. Both fibro
blasts of control and TNX deficient indi
viduals formed a network of long, 
branching fibriUin-1 positive fibers (fig
ure 5C-D). The control fibroblasts and 
fibroblasts of TNX-deficient patients se
creted comparable amounts of intact 
350 kDa fibrillin-1 in the culture super
natant (figure 5B). In addition, no pro
teolytic fragments of fibrillin-1 were 
observed. TNX was secreted by control 

fibroblasts in low amounts (figure 5A), 
and localization of TNX was mainly in
tracellular (figure 5E). 

DISCUSSION 

We observed disturbed elastic fiber 
morphology and reduced collagen 
density in skin biopsies of TNX-deficient 
EDS patients, demonstrating an 
essential role of TNX in the formation 
and/or maintenance of dermal 
connective tissue architecture. An 
obvious interpretation of these findings 
is that TNX is involved in regulation of 
structural integrity of elastic fibers and 
microfibrils, and that the absence of 
TNX precludes proper biomechanical 
functioning of these structures. Since 
TNX is present early in embryonic 
development in different connective 
tissues43,227, TNX could be involved in 
the development of the elastic fibers 
through direct interaction with elastic 
fiber components. TNX contains a 
number of different domains, including 
fibronectin type III domains and EGF-
repeats that might be involved in 
intermodular interactions3 9 , 9 2 , 1 7 3. TNX 
could also provide anchorage of elastic 
fibers to cells mediated by interaction 
with the cell-surface integrin ανβ390, 
thereby stabilizing and organizing the 
elastic fibers, as has been shown for the 
microfibrillar component fibrillin-
.| 278,318 Deposition and production of 
fibrillin-1 by TNX-deficient fibroblasts in 
vitro was not altered, therefore it is 
unlikely that TNX regulates elastic fiber 
assembly and stability directly through 
interaction with fibrillin-1. No 
significant correlation was found 
between the length and number of 
branches of the elastic fibers and the 
age of the individuals included in this 
study (age range 32-56), which makes it 
less likely that TNX deficiency results in 
increased breakdown of elastic fibers. 
Moreover, the phenotype of TNX-
deficient patients is already present in 
early childhood. Taken together, we 
speculate that TNX is essential for 
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collagen and elastin assembly and 
stability. Whether TNX is involved in 
directly guiding extracellular matrix 
assembly, or in maintaining tissue 
homeostasis remains unclear. TNX 
knockout mice, which have recently 
been generated, will provide a suitable 
model to study the elastic fiber 
pathology in more detail. These mice 
are fertile and viable and they 
recapitulate the skin manifestations of 
the TNX-deficient EDS patients219. 

The clinical symptoms of TNX 
deficiency also include vascular fragility 
of the small blood vessels and joint 
hypermobility324. Both blood vessels and 
joint structures such as tendons and 
ligaments contain TNX, collagen and 
elastic fibers. It is not known to what 
extent collagen and elastic fibers are 
affected in these tissues. It is, however, 
very likely that similar connective tissue 
alterations will be found there, and that 
they contribute to disturbance of 
functional properties. It is not very 
likely that TNX deficiency results in a 
generalized elastinopathy, as has been 
implied for f ibul in-5 2 1 0 2 2 2 2 5 1 3 8 e . Al
though one of the TNX-deficient 
patients has a chronic obstructive lung 
disease324, which is consistent with loss 
of elastic fiber structure, no obvious 
abnormalities were found in the elastic 
fibers in the mitral valve of one of the 
TNX-deficient patients (not shown). 
A previous study reported that the 
ultrastructure of collagen fibrils in the 
TNX-deficient index patient was 
normal44, which is in agreement with 
our observations. It should be noted 
that in most ligaments and tendons, 
elastin content is fairly low compared to 
collagen. In view of the reduced 
collagen content found in the dermis of 
our patients, and the reduced collagen 
deposition reported in TNX-deficient 

mice219, it is possible that symptoms of 
joint hypermobility are, besides elastic 
fiber abnormalities, mostly a con
sequence of quantitative or qualitative 
collagen fibril alterations. Collagen loss 
in the reticular dermis does not seem to 
be compensated for by an increased 
content of glycosarmnoglycans. The 
discrepancy of reduced collagen content 
and normal skin thickness could possibly 
be explained by edema, which might 
also explain why skin of TNX-deficient 
patients feels velvety to touch. Clearly, 
the effect of TNX deficiency on collagen 
metabolism and its contribution to 
connective tissue pathology requires 
further study. 

Although we cannot exclude the 
possibility that TNX affects the stability 
of the elastic fibers and collagen, 
thereby promoting degradation, we 
favor the interpretation that TNX acts 
as an organizer of connective tissue 
assembly. The absence of TNX could 
cause quantitative and qualitative 
alterations of the extracellular matrix. 
Over the past decade, several causes of 
heritable diseases of the elastic fibers 
have been elucidated, and it has 
become apparent that mutations in 
genes that encode proteins involved in 
elastic fiber biology, will also result in 
elastic fiber pathology (for review see 
Handford ei α/.140 and Milewicz et 
al.219). The present study establishes a 
role for TNX in elastic fiber biology, 
which could explain at least part of the 
phenotype of the TNX-deficient 
patients. 
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Ehlers-Danlos syndrome (EDS) is a heterogeneous group of connective tissue dis
orders with characteristic skin and joint involvement. Molecular defects for most 
types of EDS have been found in collagens and collagen-modifying enzymes, 
leading to the idea that EDS is mainly a disease of fibrillar collagen. This concept 
was challenged by the identification of a clinically distinct, recessive type of EDS 
caused by deficiency of tenascin-X (TNX). TNX is a large extracellular matrix pro
tein, which is abundantly expressed during embryogenesis and in the adult. Ge
netically determined deficiency of TNX is associated with fragmentation of the 
elastic fibers and reduction of collagen. Interestingly, TNX probably affects the 
properties of the connective tissue in a dose-dependent manner, since het
erozygosity for truncating mutations of TNX is associated with the hypermobility 
type of EDS (HT-EDS). In this study we examined whether missense mutations in 
the TNX gene can account for some of the cases of HT-EDS and whether missense 
mutations or heterozygosity for truncating mutations in the TNX gene lead to al
terations in the dermal connective tissue. Sequence analysis revealed three non-
synonymous substitutions in TNX in HT-EDS patients, which were not present in 
192 control alleles. Morphometric analysis of skin biopsies of two of these pa
tients showed altered elastic fibers in one of them, suggesting that this missense 
mutation is disease-causing. In addition, a significant decrease in elastic fiber 
length was observed in TNX haploinsufficient HT-EDS patients, as compared to 
HT-EDS patients in whom TNX mutations were excluded. Ultrastructurally, the 
collagen fibrils appeared grossly normal, whereas the morphology of the elastic 
fibers was disturbed. Our results indicate that the observed alterations in elastic 
fibers are specific for HT-EDS patients with mutations of TNX. 

CLINICAL GENETICS (IN PRESS) 

INTRODUCTION 
Ehlers-Danlos syndrome (EDS) is a het
erogeneous group of heritable connec
tive tissue disorders that is character
ized by joint hypermobility and varying 
degrees of tissue fragility affecting skin, 
ligaments, blood vessels and internal 
organs20,346. Classification of EDS is 
made on clinical grounds, mode of in
heritance and biochemical and molecu
lar analysis, when possible45,283. The 
classification of EDS began in the late 
1960s, and in 1986 the nomenclature 
was formalized21. Elucidation of the mo
lecular basis of several types of EDS has 

resulted in a refinement of the classifi
cation (Villefranche Nosology)22, which 
recognizes six major types of EDS. Mo
lecular defects for most types of EDS 
have been found in collagens and colla
gen-modifying enzymes. However, that 
EDS is not solely a disease of the colla
gens became clear by the identification 
of a clinically distinct, recessive type of 
EDS caused by deficiency of tenascin-X 
(TNX)44·324. TNX is a large extracellular 
matrix protein, which is abundantly ex
pressed during embryogenesis and in the 
adult43 227. Genetically determined defi
ciency of TNX is associated with frag-
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mentation of the elastic fibers and re
duction of collagen219398. At the ultra-
structural level, major aberrations in 
the elastic fibers are found398 and the 
collagen fibrils appear loosely 
packed218219. In addition, in vitro stud
ies have shown that TNX deficient f i
broblasts fail to correctly deposit colla
gen type I into the extracellular ma
trix219. These findings suggest an impor
tant role of TNX in maintaining homeo
stasis of the extracellular matrix. Inter
estingly, TNX probably affects the prop
erties of the connective tissue in a 
dose-dependent manner, since het
erozygosity for truncating mutations of 
TNX are associated with the hypermobil
ity type of EDS (HT-EDS, formerly type 
III)397. HT-EDS is autosomal dominantly 
inherited and is possibly the most fre
quently occurring type of EDS232 346. The 
phenotype of completely TNX deficient 
patients differs from the haploinsuffi-
cient patients since skin hyperextensi-
bility and easy bruising are characteris
tic for completely deficient patients, 
but are not found in TNX haploinsuffi-
cient patients. The differences with re
spect to connective tissue morphology 
are not known. Although it is clear that 
heterozygosity for truncating mutations 
of the TNX gene is associated with HT-
EDS, it is currently not known whether 
deleterious missense mutations in the 
TNX gene can account for some of the 
cases of HT-EDS. Therefore, the objec
tive of this study was twofold: to de
termine whether nonsynonymous muta
tions in the TNX gene are associated 
with HT-EDS, and secondly, whether 
missense or truncating mutations in the 
TNX gene lead to morphologically rec
ognizable alterations in the dermal con
nective tissue. In this study, we report 
elastic fiber alterations that are specific 
for HT-EDS patients with TNX gene mu
tations. 

MATERIAL AND METHODS 
Study population 
Our study population consisted of 16 
hypermobility type EDS patients with 
normal tenascin-X serum levels as de
termined by ELISA324, who were re
cruited through the Dutch EDS patient 
organization and in whom diagnosis was 
made by a medical specialist; 8 TNX-
haploinsufficient hypermobility type EDS 
patients who have been described pre
viously397 (age range 19-42 years, aver
age 28 years ± 8); and nine healthy vol
unteers (age range 20-50 year, average 
28 years ± 10). Individuals available for 
study were examined by us and joint 
hypermobility was assessed using the 
criteria of Beighton22. Four-mm full-
thickness skin biopsies were obtained 
from a non-sun exposed area on the 
buttock. Informed consent was ob
tained, and the study protocol was ap
proved by the local medical ethical 
committee. 

Mutation Detection 
Genomic DNA was prepared from pe
ripheral blood by use of standard proce
dures. Genomic DNA from 96 unrelated 
healthy individuals was available as a 
control group. The coding sequence of 
the TNX gene was PCR-amplified with 23 
primer pairs, with annealing at 62°C and 
extension for 2.5 minutes at 72°C for 35 
cycles. The 12.5-kb region coding for 
TNX was sequenced directly from PCR 
products with use of 42 primers. The 
sequences of primers used for PCR and 
DNA sequencing and the sizes of ampli
fied products have been described by 
Schalkwijk et al.224. 

Immunohistochemistry 
Biopsies were fixed for 4h in buffered 
4% formalin and embedded in paraffin. 
Six-micrometer sections were mounted 
on 3-aminopropyltriethoxy-silane (Sig
ma, St. Louis, MO) -coated slides and 
subsequently deparaffimzed and rehy-
drated. For general histopathology, the 
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Figure 1 Sequence analysis of the coding region of the TNX gene of HT-EDS patients shows three dif
ferent nonsynonymous substitutions that are not present in 192 control alleles and which are con
served between the different species. Arg29Trp substitution in exon 1 (A). Val1195Met substitution in 
fibronectin type III domain 7 (B). Leu4033lle substitution in fibronectin type III domain 29 (C). 

sections were stained with haematoxy-
lin and eosin (H&E). For general staining 
of elastic fibers, Elastin-van Gi'eson 
staining was performed according to 
standard procedures (L.L. Vacca, Raven 
Press, 1985, Laboratory Manual of Histo
chemistry). 

Image analysis and Morphometry 
Images of Elastin-van Gieson stained 
sections were acquired using a Zeiss Ax-
ioskop microscope equipped with a Zeiss 
digital camera. Three sections of each 
Individual were used for morphometrlc 
analysis. Length of elastic fibers in the 
papillary dermis was analyzed semi-
automatically using IPLab software 
(Scananalytics, Fairfax). Statistical 
analysis included Student's t-test and 
ANOVA followed by Duncan post-hoc 
comparison. 

Electron Microscopy 
Skin biopsies from 3 TNX haploinsuffi-
cient patients (20-25 years) were pre
fixed with 3% glutaraldehyde in 0.1 M 
sodium cacodylate buffer for 4h at room 
temperature. Subsequently, the tissues 
were rinsed in the same buffer and 
postflxed in 1% osmium tetroxyde. The 
specimens were dehydrated in an as
cending series of ethanol and embedded 
In Epon 812. Semi-thin toluidine blue-

stained sections were examined to se
lect the papillary and superficial reticu
lar dermis as well as the deep reticular 
dermis. Ultrathln sections were cut on a 
Reichert OM U2 ultramicrotome and 
double contrasted with 2% uranyl ace
tate and 0.1% lead citrate. The sections 
were examined with a Jeol 1010 elec
tron microscope. 

RESULTS 
Sequence analysis of the TNX gene in 
HT-EDS patients 
The coding region of TNX gene was se
quenced in 16 HT-EDS patients with 
normal TNX serum levels. In three of 
these patients nonsynonymous muta
tions were identified that were not ob
served in 192 control chromosomes. 
Two of these were novel substitutions: 
substitutions nt 85C->T (Arg29Trp) in 
exon 1 and nt 3583A->-G (Val1195Met) in 
exon 8, encoding fibronectin type III 
domain 7 (figure 1). The other point 
mutation could be a polymorphic vari
ant, since this variant has been reported 
in the single nucleotide polymorphism 
(SNP) database of NCBI; substitution nt 
12097C-^ A (Leu4033lle), encoding fi
bronectin type III domain 29 (SNP data
base link rs7742632). The frequency of 
this polymorphism is however unknown. 
Alignment of the protein sequence of 
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Figure 2 E/astin-Von-G/eson's staining of human skin biopsies. The elastic fibers in the papillary der
mis show typical arcades approximating the dermal-epidermal junction in a HT-EDS patient without 
TNX mutations (A). The elastic fibers in a TNX haploinsufficient individual appear fragmented (B). 
Morphometric analysis of the length of the elastic fibers showed a significant reduction in TNX hap
loinsufficient individuals as compared to healthy controls or HT-EDS patients without TNX mutations. 
No reduction in elastic fiber length is observed in a HT-EDS patient with a Leu40331le substitution in 
TNX or a HT-EDS patient with a Val1195Met substitution (C). (1=control, 2=HT-EDS patient without TNX 
mutations, 3= Leu40331le substitution, 4= Val1195Met substitution, 5= TNX haploinsufficient individ
ual). Asterisks denote values significantly different from controls (p<0.01). Error bars denote standard 
error of mean. Scale bar = 10 μιη. 

TNX of different species shows that all 
three substituted amino acids are 
strongly conserved (figure 1). Clinical 
examination of the patients with the 
Val1195Met and Leu4033lle substitution 
showed that these patients fulfilled the 
criteria for hypermobility type EDS. Un
fortunately no family members of these 
patients were available to study the co-
segregation of the mutations with the 
disease. 

Alterations of elastic fibers In HT-EDS 
patients 
To study whether truncating or missense 
mutations in the TNX gene affect der

mal connective tissue composition, 
Elastin-van Gieson staining of skin biop
sies of HT-EDS patients and healthy in
dividuals was performed. In the skin of 
healthy subjects, the fine elastic fibers 
in the papillary dermis were oriented 
perpendicular to the basal lamina, 
whereas in the reticular dermis a hori
zontal network of coarse mature elastic 
fibers was observed. At first sight, the 
composition of the dermal connective 
tissue components at the light micro
scopic level appeared grossly normal in 
all HT-EDS patients (figure 2A-B). No 
decrease in collagen density was ob
served in individuals with TNX gene mu-
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Figure 3 Ultrastructural examination of skin of TNX haploinsufficient individuals showed various elas
tic fiber abnormalities. Some elastic fibers appeared moth-eaten with irregular edges (A). Elastic fi
bers appeared ragged and fragmented, with electron-dense inclusions (arrowheads) (B, C). Scale bar = 
2.5 μη for A and 0.5 μιτι for Β & C. 

tations as compared to healthy controls. 
However, morphometrlc analysis 
showed that the average length of the 
elastic fibers in the papillary dermis was 
significantly decreased in the group of 
TNX haploinsufficient HT-EDS patients 
(n=8) as compared with a group of 
healthy controls (n=9; Student's t-test 
p<0.05). Elastic fiber length in TNX hap
loinsufficient Individuals was reduced to 
approximately 70% of the length in 
healthy controls. 

In order to investigate whether 
the missense mutations Val1195Met and 
Leu4033lle in the TNX gene affect elas
tic fiber morphology, we compared the 
length of a large number of elastic f i
bers from each Individual patient with 
the length of the elastic fibers meas
ured in a group of nine healthy indi
viduals. The elastic fiber length in the 
HT-EDS patient with the Leu40331le mu
tation was not different from the con
trol fibers. In contrast, a significant in
crease in elastic fiber length in the HT-
EDS patient with the Val1195Met muta
tion was observed (p<0.05; figure 2C). 

To examine whether the ob
served alterations in elastic fiber 
lengths are specific for HT-EDS patients 
with TNX gene mutations, or whether 
these are a general feature of HT-EDS 
patients, we analyzed the elastic fiber 
length In HT-EDS patients in whom TNX 
gene mutations were excluded. Inter
estingly, no difference in elastic fiber 
length was found between healthy con

trols and HT-EDS patients without TNX 
gene mutations. 

Ultrastructure of elastic fibers in TNX 
haploinsufficient individuals 
Ultrastructural examination of skin bi
opsies of TNX haploinsufficient Individu
als showed, besides normal elastic f i
bers, a spectrum of elastic fiber abnor
malities. Many elastic fibers had a 
"moth-eaten" appearance and an 
asymmetric ragged outlining of the elas
tic fibers was frequently observed. In 
addition, elastic fibers apposed to cells 
occasionally appeared electron-lucent. 
Lacunae filled with granular matter 
were present within numerous elastic 
fibers. Collagen fibrils appeared grossly 
normal; all collagen fibrils were equal in 
diameter and no composite fibrils or 
collagen "flowers" were observed (fig
ure 3A-B). 

DISCUSSION 

In order to study whether nonsynony-
mous mutations in TNX are associated 
with HT-EDS, we screened the entire 
coding sequence of TNX in HT-EDS pa
tients who had normal TNX serum lev
els. We Identified three point mutations 
in HT-EDS patients that were not pre
sent in 96 control individuals. Indicating 
that these polymorphisms could poten
tially be deleterious. The mutated 
amino adds are strongly conserved be
tween species, but also between the 
different members of the tenascln fam-
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ily (not shown). Since the probability 
that a nonsynonymous mutation causes 
a genetic disease increases with the de
gree of evolutionary conservation, the 
observed mutations in TNX are poten
tially disease causing. One of these mu
tations (Leu4033lle) has been described 
in the SNP database (ht tp: / / www. 
ncbi.org.nln.nih.gov/SNP). SNPs are 
common genetic variations, with popu
lation frequencies greater than IX40. 
The Leu4033lle mutation is probably not 
deleterious, as has been predicted by 
Wang and Moult using an algorithm 
(http://www.snp3d.org)378. This is in 
agreement with our observation that 
the elastic fiber length in the skin of the 
HT-EDS patient with the Leu4033lle mu
tation is not altered. The Arg29Trp and 
Val1195Met mutations were not de
tected in 192 control alleles and have 
not been described in the SNP database, 
suggesting that these are not common 
sequence variants. Interestingly, muta
tions at Arg residues account for ap
proximately 15% of all disease causing 
mutations375. In addition, there is a 
great chemical dissimilarity between 
arginine and tryptophan residues, in
creasing the likelihood that the 
Arg29Trp is associated with HT-EDS. Un
fortunately this could not be experi
mentally verified because this patient 
was not available for study. The 
Val1195Met mutation is potentially dis
ease causing, as a significant alteration 
of elastic fiber length was observed in 
the papillary dermis of this patient. 
Possibly, three-dimensional modeling of 
the fibronectin type III domain would 
give insight into the effect of the 
Val1195Met mutation on structural con
formation and stability of the protein. 
Unfortunately, no family members were 
available for further study, which would 
have allowed us to study segregation of 
this mutation with HT-EDS. 

TNX haploinsufficiency is associ
ated with fragmentation of elastic f i 
bers in skin. The length of the elastic 
fibers in TNX haploinsufficient individu

als was reduced to approximately 70% of 
the elastic fiber length of healthy con
trols and of HT-EDS patients without 
mutations in TNX. The elastic fibers are 
thought to form a continuous network in 
the skin, and the observed length of the 
elastic fibers is therefore not an abso
lute measure. However, since all analy
ses were performed using standardized 
settings, the differences in elastic fiber 
length are likely to represent altera
tions in the elastic fiber network. At the 
ultrastructural level, elastic fiber ab
normalities were observed, whereas col
lagen appeared normal. Interestingly, 
the observed alterations in elastic fibers 
were similar to those described in sun-
protected skin of elderly individu
als33'87197'290. Since none of the studied 
subjects was older than 25 years, these 
findings are suggestive for accelerated 
degradation of the elastic fibers. TNX 
haploinsufficient HT-EDS patients ex
press approximately half the normal 
amount of TNX in their connective tis
sues397, indicating that this does not suf
fice to assure elastic fiber integrity. In
terestingly, in a previous study we have 
reported that genetically determined 
complete deficiency of TNX results in a 
more than twofold reduction of the 
elastic fiber length as compared to age-
matched controls398, suggesting that 
there is a dose-dependent effect of TNX 
on elastic fiber morphology. Clinically, 
TNX deficient individuals can be distin
guished from haploinsufficient individu
als by their hyperextensible skin and 
easy bruising397. Possibly, the more sub
tle alterations in the elastic fiber mor
phology and the absence of reduced col
lagen density can explain the differ
ences in clinical phenotypes. 

The observed changes in elastic 
fiber length are likely not secondary to 
the overall instability of the connective 
tissue in HT-EDS patients, since these 
alterations in elastic fibers were not ob
served in HT-EDS patients in whom TNX 
mutations were excluded. Moreover, 
alterations in elastic fibers have not 
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been observed previously in HT-EDS pa
tients143 151 152, suggesting that the re
duction of elastic fiber length is specific 
for TNX haploinsufficiency rather than a 
general feature of HT-EDS. The mecha
nism by which TNX affects elastic fiber 
morphology is currently not known. TNX 
is present during early embryonic de
velopment4 3 2 2 7, indicating that TNX 
could potentially be involved in regulat
ing correct deposition or maintaining 
homeostasis of the extracellular matrix. 
TNX contains a large number of differ
ent domains that interact with cell-
surface integnns, such as ανβ39 0 9 0 or 
other extracellular matrix proteins, 
such as deconn88, and heparin202. We 
have previously shown that the primary 
synthesis and deposition of fibrillin-1 by 
TNX deficient fibroblasts is not al
tered3 9 8. This suggests that TNX does 
not affect the deposition of the microfi
brillar scaffold, which is required for 
the correct alignment, and cross-linking 
of tropoelastin, this way forming a ma
ture elastic fiber. Although not reaching 
significance, the correlation between 
the average length of the elastic fibers 
and age appeared stronger in TNX hap-
loinsufficient HT-EDS patients (r=-0.5; 
p=0.08) as compared with healthy indi
viduals (r=0; p=0.8). This suggests that 

haploinsufficiency of TNX causes a pro
gressive breakdown of initially morpho
logically normal elastic fibers with in
creasing age. It is not likely that the ob
served alterations in elastic fibers are 
directly associated with joint hyper-
mobility, since the clinical phenotype is 
already present at a young age. More
over, the range of joint hypermobihty 
does not increase with increasing age. It 
could well be that the deposition of 
elastic fibers in TNX haploinsufficient 
individuals is seemingly normal. Possi
bly, TNX is involved in tissue homeosta
sis and, as a result, mutations in TNX 
cause an accelerated degradation of 
elastic fibers, as has been shown for 
Marfan syndrome273. This issue remains 
unresolved, however, because we were 
unable to analyze skin biopsies of young 
patients. 

In conclusion, elastic fiber ab
normalities in HT-EDS are specific for 
TNX haploinsufficient individuals and 
confirm an important role for TNX in 
regulating elastic fiber integrity. 
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Tenascin-X is a large extracellular matrix protein that is widely expressed in con
nective tissues during development and in the adult. Genetically determined de
ficiency of tenascin-X causes the connective tissue disease Ehlers-Danlos syn
drome. These patients show reduced collagen density and fragmentation of elas
tic fibers in their skin. In vitro studies on the role of tenascin-X in elastic fiber 
biology are hampered by the fact that monolayers of fibroblasts do not deposit 
tenascin-X and elastic fibers into the extracellular matrix. Here we applied an 
organotypic culture model of fibroblasts and keratinocytes to address this issue. 
We investigated the deposition of tenascin-X and elastin into the skin equivalent 
in vitro, and in vivo after transplantation on immunodeficient mice. Whereas 
tenascin-C and fibrillin-1 were readily expressed in the skin equivalents before 
transplantation, tenascin-X and elastin were not present. Three weeks post-
grafting, a network of elastin was observed which coincided with the appearance 
of tenascin-X. At the ultrastructural level, microfibrils, some associated with 
elastin, were observed. Transplanted skin equivalents containing tenascin-X-
deficient fibroblasts showed deposition of immunoreactive elastin in similar 
quantities and distribution as those containing control fibroblasts. This suggests 
that tenascin-X is important for stability and maintenance of established elastin 
fibers rather than the initial phase of elastogenesis. In conclusion, the transplan
tation of reconstructed skin on nude mice allows the study of tenascin-X and 
elastin expression, and could be a model system to study the potential role of 
tenascin-X in matrix assembly and stability. 

CELL AND TISSUE RESEARCH (IN PRESS) 

INTRODUCTION 
The main structural components of the 
dermis are the collagen fibrils and the 
elastic fibers. Whereas collagen fibrils 
provide tensile strength, the elastic f i 
bers allow deformability and passive re
coil184312313. Ultrastructurally, elastic 
fibers are composed of two distinguish
able components; an amorphous and a 
microfibrillar component135'268'269. The 
protein of the amorphous component is 
crosslinked elastin, which is primarily 
responsible for the elastic properties of 
fiber. The microfibrillar component is 
composed of small unbranching fibrils 
with an average diameter of 10-12 nm, 

located on the periphery of the amor
phous component and interspersed with 
it. The microfibrillar component is pre
dominantly composed of the glycopro
teins fibrillin-1 and -Z316·393, but several 
other glycoproteins are associated with 
the microfibrillar component as well18". 
The mechanisms underlying the assem
bly of the elastic fibers are not fully un
derstood. Microfibrils are thought to act 
as a scaffold for the amorphous elastin 
deposition, determine the growth direc
tion of the elastic fiber and serve to 
align the precursor of elastin, tropo-
elastin135,189. Elastogenesis occurs in 
most elastic tissues during late prenatal 
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and neonatal development. Intriguingly, 
elastic fibers are designed to maintain 
elastic function during lifetime, since 
there is hardly any turnover of elastin 
during life3 1 3. Elastic fibers can be de
graded and become solubilized in sev
eral diseases, such as emphysema and 
aortic aneurysms. In other disorders, 
the assembly of the elastic fibers is dis
turbed, such as cutis laxa and supraval-
vular aortic stenosis61239 29θ. 

Recently, we have shown that 
genetically determined deficiency of 
tenascin-X is associated with alterations 
in collagen fibrils and elastic fibers in 
skin398. Tenascin-X is a large extracellu
lar matrix protein belonging to the 
tenascin family. All tenascin family 
members share a similar modular struc
ture, consisting of an N-terminal cys-
teine-rich domain, a series of epidermal 
growth factor-like repeats, fibronectin 
type III domains and a C-terminal f i-
brinogen-like domain. Tenascin-X, the 
largest family member, is expressed 
during embryogenesis as well as in the 
adult in most connective tissues, most 
abundantly in blood vessels, ligaments 
and dermis43,227. Deficiency of tenascin-
X causes a new, recessively inherited 
type of Ehlers-Danlos syndrome, a het
erogeneous connective tissue disorder 
characterized by joint hypermobility, 
skin hyperextensibility and tissue fragil
ity3 2 4. The skin of tenascin-X-deficient 
individuals contains strongly fragmented 
elastic fibers and a decreased collagen 
density218,219,398. In concordance with 
this, tenascin-X-deficient fibroblasts 
failed to deposit collagen type I into the 
extracellular matrix219, but a direct role 
of tenascin-X in elastic fiber assembly, 
however, remains to be elucidated. In 
vitro investigations are troubled by the 
fact that fibroblast cultures only se
crete tenascin-X in low amounts and no 
tenascin-X is found in the deposited ex
tracellular matrix398. In addition, no 
elastic fibers are assembled in 
monolayer cultures of fibroblasts84,103. 
Moreover, no growth factors or cyto

kines have yet been identified that 
stimulated the production and/or depo
sition of tenascin-X317. Therefore, the 
aim of this study was to use a three-
dimensional co-culture model of human 
fibroblasts and keratinocytes to evalu
ate tenascin-X and elastin deposition in 
the ECM in vitro and in vivo after graft
ing onto nude mice. 

AAATERIALS AND METHODS 
Cell cultures 
Human fibroblasts and keratinocytes 
were isolated from human skin. Fibro
blasts obtained from three healthy do
nors and three tenascin-X-deficient pa
tients were grown in Dulbecco's modi
fied Eagle's medium (DMEM; Bio-
whittaker Europe, Verviers, Belgium) 
supplemented with 10% fetal calf serum 
(PCS; Seralab, Nistelrode, The Nether
lands), 100 μg/ml streptomycin and 100 
U/ml penicillin (Gibco-BRL, Life Tech
nologies, Breda, The Netherlands). Fi
broblasts were allowed to attach and 
spread for at least 3 days and cultures 
were maintained at 370C in an 8% CCh 
atmosphere. Keratinocytes were iso
lated from the epidermis after separa
tion from the dermis with a 20-30 min 
incubation in a 0.25% (w/v) dispase II 
PBS solution (Roche Diagnostics, Mann
heim, Germany). After a short 5-10 min 
trypsin digestion, single epidermal cells 
were expanded according to method 
described by Rheinwald and Green305. 
Fibroblast were used in passage 2 or 3 
and keratinocytes in the first passage. 
The study protocol was approved by the 
local medical ethics committee and in
formed consent was obtained from all 
patients. 

Preparation of dermal equivalents 
Hydrated collagen gels were prepared, 
as described by Smola et ο/.339 using col
lagen solution isolated from rat tails in 
a final concentration of 2 mg/ml. Fibro
blast populations were obtained from 3 
healthy individuals and 3 tenascin-X-
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deficient individuals. Fibroblasts were 
mixed with the collagen solution at a 
density of 5 χ IO4 cells/ml and 4 ml was 
pipetted onto a 6-well filter insert (Co-
star, Corning Life Sciences, Schiphol, 
the Netherlands). After 15 mm at 370C 
in a humidified atmosphere containing 
5% CO2 to allow gel polymerization, 3 ml 
of culture medium was added. 

Preparation of skin equivalents 
Keratinocytes were seeded at a density 
of 150,000 cells per insert on dermal 
equivalents cultured for 7 days. The cul
tures were incubated for 7 days in 
keratinocyte medium supplemented 
with 1% serum, 1 χ 105 M L-carmtine 
(Sigma, St. Louis, MO, USA), 1 χ 102 M 
L-senne (Sigma), 1 μΜ dL-a-tocopherol-
acetate and a lipid supplement contain
ing 25 μΜ palmitic acid, 15 μΜ linoleic 
acid, 7 μΜ arachidonic acid and 2.4 χ 
105 M bovine serum albumin (Sigma)281. 
The cultures were then lifted to the air-
liquid interface and cultured for addi
tional 7 days in the same medium ex
cept that serum was omitted, the con
centration of linoleic acid was increased 
to 30 μΜ and 50 μg/ml ascorbic acid 
(Sigma) was added. Culture medium was 
refreshed every second day. After 3 
weeks of culture skin equivalents were 
either fixated or frozen for histological 
analysis or used for transplantation 
studies. 

Transplantation of skin equivalents 
onto mice 
Skin equivalents were grafted onto the 
back of 24 male athymic nude BALB/C 
mice of 6 to 8 weeks. The mice were 
anaesthetized with isoflurane and two 
circular full-thickness wounds were cre
ated at each side of the upper thoracic 
region. Skin equivalents were fitted into 
the wound bed and the area was ban
daged with a sticking plaster and self-
adhesive tape. In total 6 skin equivalent 
groups were grafted, 3 groups with dif
ferent control fibroblast populations 
and 3 groups with different fibroblast 

populations deficient for tenascin-X 
(n=8 for each group). Bandages were 
removed 12 days after grafting, and the 
grafts were then inspected at regular 
time-intervals. Mice were sacrificed 3 or 
6 weeks after grafting, and the skin 
equivalents were removed in total with 
a small strip of surrounding skin. Ani
mals were housed in specific-pathogen-
free facilities at the Central Animal 
Laboratory, University of Nijmegen, The 
Netherlands. All animal protocols were 
approved by the University of Nijmegen 
Institutional Animal Care and Use Com
mittee. 

Tissue harvesting 
Expression of different proteins and ul
trastructural organization of the ex
tracellular matrix was studied in skin 
equivalents and grafted skin equiva
lents. Harvested samples were either 
snap-frozen or fixed in 4% formalin solu
tion for immunohistochemistry or fixed 
in 3% glutaraldehyde in 0.1 M sodium 
cacodylate buffer for electron micros
copy studies. 

Antisera 
The following antisera were used: rabbit 
anti-elastin (Calbiochem, San Diego, 
CA), monoclonal anti-fibrillin-1 
(MAB2502; Chemicon, Temecula, CA), 
guinea-pig anti-tenascin-X324, mono
clonal anti-tenascin-X201, monoclonal 
anti-tenascin C (clone TN2, Dako, Co
penhagen, Denmark), monoclonal anti-
cytokeratin 10 (clone DE-K10, Euro-
Diagnostica, Arnhem, the Netherlands), 
goat anti-rat elastin (Elastin Products 
Company, Owensville, MO, USA) and 
monoclonal anti-vimentin (clone 3B4, 
Novocastra). 

Immunostaining 
Six-micrometer sections were mounted 
on 3-aminopropyltriethoxy-silane-
coated slides (Sigma, St.Louis, MO). 
Frozen sections were fixated for 10 mm 
in cold aceton, whereas paraffin section 
were deparaffimzed and rehydrated. 
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Figure 1 Skin equivalents before grafting. HEtE 
staining showed a differentiated epidermis (A). 
No tenascin-X immunostaining is present in skin 
equivalents containing normal fibroblasts (B). 
Human tenascin-C was present below the der
mal-epidermal junction in skin equivalents con
taining normal (C) or tenascin-X-deficient fibro
blasts (D). Fibrillin-I was present in both skin 
equivalents containing normal (E) or tenascin-X-
deficient fibroblasts (F). Scale bar=20 μπι. 

For immunohistological studies of fibro
blast cultures, cells were cultured on 
glass coverslips and fixed in cold 100% 
methanol. For general histopathology, 
the samples were stained with haema-
toxylin and eosin (H&E). For immu-
nolabeling, sections were blocked with 
the appropriate normal serum (Vector 
Laboratories Inc., BurUngham, CA) be
fore application of primary antibodies. 
For immunofluorescence, we used 'Ze
non' labeling reagents (Molecular 
Probes, Leiden, the Netherlands). Pri
mary antibodies were labeled with fluo
rescent anti'-IgG Fab fragments, as de
scribed by the manufacturer. Subse
quently, these labeled antibody com
plexes were incubated with the sec
tions. Sections were counterstained 
with DAP! and embedded in mounting 
medium (Dako). Alternatively, sections 
were incubated with primary antibod
ies, followed by protein detection using 
the peroxidase Vectastain Elite ABC-kit 
according to the manufacturer's in

structions (Vector Labs). Aminoethyl-
carbazol was used as the chromogenic 
substrate (Vector Labs) and, if neces
sary, sections were counterstained with 
Mayer's haematoxylin (Sigma). 

Electron Microscopy 
Transplanted skin equivalents were pre
fixed with 3% glutaraldehyde in 0.1 M 
sodium cacodylate buffer for 4h at room 
temperature. Subsequently, the tissues 
were rinsed in the same buffer and 
postfixed in 1% osmium tetroxyde. The 
specimens were dehydrated in an as
cending series of alcohol and embedded 
in Epon 812. Semi-thin toluidine blue-
stained sections were examined to se
lect the papillary and superficial reticu
lar dermis as well as the deep reticular 
dermis. Ultrathin sections were cut on a 
Reichert OM U2 ultramicrotome and 
double contrasted with 2% uranyl ace
tate and 0.1% lead citrate. The sections 
were examined with a Jeol 1010 elec
tron microscope. 

RESULTS 
Immunodetection of tenascin-X and 
elastic fiber components in skin 
equivalents 
In skin equivalents containing either f i
broblasts obtained from healthy donors 
or from tenascin-X-deficient individuals, 
a differentiated epidermis was formed 
14 days after seeding of the keratino-
cytes (figure 1A). Fibroblasts were pre
sent throughout the dermal compart
ment. Fibrillin-1 was present, albeit low 
and diffuse, below the dermal-
epidermal junction (figure 1C-D). Tro-
poelastin could not be detected in the 
skin equivalents, even after 2 months of 
culture (seeding of fibroblasts being 
considered as day 1, not shown). Tenas
cin-C was abundantly present beneath 
the dermal-epidermal junction, tenas
cin-X expression could however not be 
detected (figure 1E-F, B). Increasing the 
initial fibroblast numbers in the skin 
equivalents (up to 2 χ 106 cells/equiva
lent) or altering the tissue of origin for 
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fibroblasts isolation (adipose tissue, re
ticular or papillary dermis) did not re
sult in the detection of tenascin-X ex
pression in the skin equivalents (data 
not shown). Similar detection patterns 
for tenascin-C and fibrillin-1 were ob
served in skin equivalents containing 
tenascin-X-deficient fibroblasts and con
trol fibroblasts. 

Immunodetection of tenascin-X and 
elastic fiber components in trans
planted skin equivalents 
Three weeks after transplantation of 
the skin equivalents on the back of nude 
mice, an epidermis with proper mor
phology could be observed. The epider
mis was organized into cuboid shaped 
basal cells, several suprabasal layers, 
stratum granulosum and well-organized 
stratum corneum (figure 2A). Tenascin-
C was mainly present in the upper part 
of the dermis, below the dermal-
epidermal junction (figure 2B). Immu-
nohistochemical staining for human K10, 
a marker for suprabasal keratinocytes, 
showed that the epidermis existed of 
human keratinocytes. In addition, fibro
blasts were present throughout the 
dermis, which stained positive with an 
antibody specific for human vimentin 
(figure 2C). Using a monoclonal anti
body201 which does not recognize mouse 
tenascin-X (not shown), tenascin-X ex-

Figure 2 Skin equivalents three weeks after 
transplantation onto nude mice. H&E staining 
showed a differentiated stratified epidermis (A). 
Tenascin-C is present below the dermal-
epidermal junction (B). Keratinocytes stained for 
human K10 (red) and fibroblasts stained for hu
man vimentin (green) (C). Scale bar=20 μιτι for A 
& B. 

Figure 3 Tenascin-X is expressed throushout the 
dermal part of the transplanted skin equivalent 
containing normal fibroblasts (A) whereas i t is 
absent in those containing tenascin-X-deficient 
fibroblasts (B). Fibrillin-1 (green) and elastin 
(red) partly co-localize (yellow) in transplanted 
skin equivalent containing normal fibroblasts (C 
and E) or tenascin-X-deficient fibroblasts (D and 
F). Perpendicularly oriented fibers are localized 
beneath the dermal-epidermal junction (C-D), 
whereas deeper in the skin equivalent the fibers 
are arranged parallel to the epidermis (E-F). 
Scale bar = 20 μπι for A & B, and 40 μπι for C-F. 

pression could be observed throughout 
the dermal area of the skin equivalents 
containing normal fibroblasts and its 
distribution pattern was similar as found 
in normal human skin (figure 3A). In 
transplanted skin equivalents containing 
tenascin-X-deficient fibroblasts, no 
staining for tenascin-X was found (figure 
3B), whereas tenascin-C was expressed 
below the dermal-epidermal junction 
(not shown). Staining of fibrillin-1 
showed an abundant expression, fibril
lar structures were present throughout 
the dermal area of the skin equivalents. 
Fibrillin-1 staining appeared as short 
fibers oriented perpendicularly to the 
dermal-epidermal junction (figures 3C-
D). Deeper in the dermis, fibrillin-l 
positive fibers were observed arranged 
parallel to the dermal-epidermal junc
tion. Human tropoelastin partly colocal-
ized with the fibrillin-l positive fibers. 
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Figure 4 Electron microscopy of the grafted skin equivalents (A, B). Bundles of microfibrils were ob
served in the extracellular matrix three weeks after transplantation of the skin equivalents onto nude 
mice. No mature elastic fibers were observed at this time point. Collagen fibrils showed the typical 
cross-striated pattern. Arrows indicate pre-mature elastic fibers and asterisks indicate collagen fibrils. 
Scale bar = 0.25 μπι for (A) and 0.1 μιη for (B). 

No difference in staining pattern of f i-
brillin-l and tropoelastin was found be
tween the skin equivalents containing 
tenascin-X-deficient fibroblasts and con
trol fibroblasts. In addition, mouse 
elastin was not detected in the skin 
equivalents using a specific antibody 
(data not shown). Six weeks after trans
plantation, fiber-like structures contain
ing elastin and fibrillin-1 were observed, 
albeit less abundant. This reduction in 
elastin and fibrillin-1 staining coincided 
with an increase in contraction of the 
equivalents (reduction in the number of 
human cells). Nevertheless, the organi
zation of fibrillin-1 and elastin in skin 
equivalents containing tenascin-X-
deficient fibroblasts and control fibro
blasts was still comparable at this time 
point (data not shown). 

Transmission electron microscopy 
The presence of immunostaining for f i
brillin-1 and elastin does not necessarily 
imply that morphologically mature elas
tic fibers are present2 5·8 4 1 3 6·2 8 5. There
fore, electron microscopic analysis of 
the grafted skin equivalents was per
formed. Ultrastructurally, microfibrillar 
structures were found within the neo-
synthesized extracellular matrix. Bun
dles of microfibrils appeared to form 

oxytalan fibers beneath the dermal-
epidermal junction. Microfibrils were 
less frequently observed in the deeper 
dermis. Mature elaunin elastic fibers, 
containing large amounts of amorphous 
elastin, were not observed in the skin 
equivalents three weeks after trans
plantation. Deposits of microfibrils were 
observed in skin equivalents containing 
tenascin-X-deficient fibroblasts as well 
as in skin equivalents containing normal 
fibroblasts. Collagen fibrils with the 
typical cross-striation pattern were ob
served in both types of skin equivalents. 

DISCUSSION 
In this study, we describe a culture-
grafting model in which tenascin-X is 
deposited in the extracellular matrix. 
Fibroblasts cultured in a monolayer syn
thesize tenascin-X in low amounts, but 
do not assemble it in the extracellular 
matrix398. In the skin equivalents, 
tenascin-X was undetectable before 
grafting, whereas tenascin-C was readily 
expressed. Three weeks after grafting, 
tenascin-X was observed in the extracel
lular matrix of the skin equivalents. This 
tenascin-X is of human origin, since our 
antibody did not recognize mouse 
tenascin-X and no tenascin-X could be 
observed in the skin equivalents con-

84 



taming tenascin-X-deficient fibroblasts. 
Tenascin-X was observed throughout the 
entire dermal part of the construct and 
tenascin-C was predominantly present 
beneath the dermal-epidermal junction. 
Clearly, the expression of tenascin-X 
and tenascin-C is differentially regu
lated, which is in accordance with the 
frequently opposite expression distribu
tion of tenascin-C and tenascin-X76109 

111227. Besides, the tenascin-C beneath 
dermal-epidermal junction before and 
after grafting is most likely produced by 
the keratinocytes195. 

To our knowledge, this is the 
first time that deposition of tenascin-X 
in the extracellular matrix has been 
demonstrated in an experimental 
model. So far l itt le is known about the 
extracellular factors regulating tenas-
cin-X expression. Different growth fac
tors and cytokines have been studied, 
but none of the tested growth factors 
and cytokines affected synthesis of 
tenascin-X (including epidermal growth 
factor (EGF), transforming growth fac
tor (TGF)-a, TGF-ß1, basic fibroblast 
growth factor (bFGF) and tumor necro
sis factor-α (TNF-a))317. This is in 
agreement with the observation that in 
the skin equivalent the co-culture of 
fibroblasts and keratinocytes, known to 
secrete multiple growth factors and cy
tokines, is not sufficient to induce 
deposition of tenascin-X in the extracel
lular matrix. Possibly, the appropriate 
stimulus is not secreted by the kerati
nocytes and fibroblasts, or deposition of 
tenascin-X requires the neosynthesis of 
other extracellular matrix components, 
which might serve as a template for the 
deposition of tenascin-X. 

The expression of tenascin-X co
incided with the organization of f i-
brillin-1 and elastin into a fibrillar net
work in the dermal part of the skin 
equivalent. Using antibodies against 
human fibrillin-1 and elastin we found 
that, although fibrillin-1 was already 
present near the dermal-epidermal 
junction before grafting, elastin was not 

observed. This is in agreement with 
Fleischmajer et α/.103, who demon
strated the presence of microfibrils in a 
three-dimensional co-culture model, 
whereas no elastin could be detected. 
In contrast, Duplan-Perrat et ο/.84 dem
onstrated elastin and fibrillin-1 in an in 
vitro skin equivalent. Three weeks after 
grafting, a fibrillar pattern of elastin 
and fibrillin-1 was observed closely re
sembling the pattern in normal human 
skin293. Fibrillin-1 and elastin appeared 
as perpendicularly oriented fibers un
derneath the dermal-epidermal junc
tion, and horizontally arranged fibers in 
the deeper dermis. Such an organization 
was also observed in nude mice 40-90 
days after transplantation of a human 
skin equivalent based on a chitosan-
glycosaminoglycan-collagen dermal 
equivalent25 and by Guerret et α/.136 

demonstrating elastin expression after 
56 days using a model similar to ours. 
Possibly, the observed differences in 
time of elastin fiber appearance might 
be due to differences m preparation and 
culture of the human skin equivalents. 

At the ultrastructural level, mi
crofibrillar bundles were observed 
mainly below the dermal-epidermal 
junction, indicative for elastic fiber as
sembly. Oxytalan fibers, composed of 
elastic fibers containing non-amorphous 
elastin328, were occasionally observed. 
This is in agreement with the idea that 
elastogenesis follows a sequence of 
events: microfibrils act as a scaffold on 
which elastin is deposited and 
crosslinked, thus forming oxytalan and 
elaumn fibers75 233 293. In our culture 
model, no mature elastic fibers were 
found at the ultrastructural level, al
though a dense network of tropoelastin 
was shown by immunostaimng. Proba
bly, tropoelastin is deposited on the mi
crofibrillar scaffold in discrete small 
conglomerates thus forming immature 
elastic fibers362. Maturation of elastic 
fibers in this skin equivalent is likely to 
take a longer time than 6 weeks, since 
Guerret et ο/.136 could only demonstrate 
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mature elastic fibers 1 year post-
grafting in a similar skin equivalent. 

Recently we have shown that ge
netically determined deficiency of 
tenascin-X is associated with decreased 
collagen density and fragmented elastic 
fibers in the skin. Whereas in vitro 
deposition of collagen type I was dis
turbed, no alterations in deposition of 
fibrillin-1 were observed. It remains 
however to be established whether de
ficiency of tenascin-X results in a dis
turbance of the elastogemc events fol
lowing fibrillin-1 deposition, or in an 
accelerated breakdown of elastic f i
bers398. In this study, we found no obvi
ous quantitative or qualitative altera
tions in deposition of tropoelastin and 
fibrillin-1 in grafted skin equivalents 
containing tenascin-X-deficient fibro
blasts as compared to skin equivalents 
with control fibroblasts. Although a role 
for tenascin-X in elastic fiber matura
tion cannot be ruled out, our results 
suggest that tenascin-X is involved in 
maintaining homeostasis of the ECM and 
more particularly the stability of elastic 
fibers, rather than in their assembly. 
Absence of tenascin-X may render the 
elastic fibers more susceptible to deg
radation. Matsumoto et αί.2 3 0 reported 
that in tenascin-X knockout mice, the 

activity of matrix metalloproteinase 
(MMP) -2 and MMP-9 was increased. This 
increased activity of MMPs in the ab
sence of tenascin-X could possibly result 
in an increased breakdown of the elastic 
fibers, since elastin is a substrate for 
MMP-2 and MMP-"?247. Whether this is 
truly the case remains unclear since the 
presence and distribution of collagen 
type IV, a substrate of MMP-2 and ΑΛΜΡ-
9, appeared normal230. Moreover, no 
difference in MMP activity was observed 
between tenascin-X-deficient fibroblasts 
and control fibroblasts241. 

In conclusion, the transplantation 
of reconstructed human skin on nude 
mice induced the deposition of tenas-
cin-X and elastic fibers in the extracel
lular matrix in a similar pattern as in 
normal skin. This model system allows 
the further identification of the func
tion of tenascin-X in extracellular ma
trix biology. 
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Vessel wall compliance is an important determinant of systolic blood pressure. 
Tenascin-X (TNX) is an extracellular matrix protein that is expressed in blood 
vessels. We hypothesized that variation in TNX expression could affect connec
tive tissue properties of blood vessels and subsequently blood pressure. We 
evaluated blood pressure and serum TNX concentration in a cross-sectional study 
with 129 subjects. We found an evident inverse relation between serum TNX and 
systolic blood pressure. A 100 ng/ml increase of TNX was associated with a 7.3 
mmHg fall in systolic blood pressure (95%CI 2.7 to 11.9). No effect on diastolic 
blood pressure was observed. Subjects with a TNX concentration below the 10th 

percentile had an increased risk for a systolic blood pressure above the 90th per
centile (odds ratio 6.6 (950/oCI 1.6 to 26.8)). We conclude that systolic - but not 
diastolic - blood pressure is inversely associated with serum TNX concentration. 
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INTRODUCTION 
High blood pressure is an important risk 
factor for myocardial infarction and 
stroke203. Both systolic and diastolic 
blood pressure are determined by a 
number of factors like salt intake, the 
activities of the renin-angiotensin sys
tem and the sympathetic nervous sys
tem and vessel wall properties16. Espe
cially for systolic blood pressure vessel 
wall compliance is an important deter
minant, i.e. subjects with non-
compliant large vessels have increased 
systolic blood pressure24. Mechanical 
properties of the vessel wall are to a 
large extent determined by the ex
tracellular matrix composition and in
tegrity. Collagen and elastin are exam
ples of major constituents that influ
ence stiffness and elasticity of this tis
sue355. Tenascin-X (TNX), a 450 kDa ex
tracellular matrix protein, is widely ex
pressed during embryonic development 
and in several connective tissues of the 
adult, including skin, muscle, joints and 
blood vessels39. In addition, a 140 kDa 

fragment of TNX is present in serum . 
Deficiency of TNX results in a recessive 
form of Ehlers-Danlos Syndrome charac
terized by hyperelastic skin and joints, 
and fragility of small blood vessels, as 
we have described before324. Impor
tantly, TNX-deficiency is associated 
with abnormalities in collagen and elas
tic fibers398, which are principal compo
nents of blood vessels. In a recent 
study, we found that heterozygosity for 
a TNX null allele is associated with gen
eralized joint hypermobility397. The se
rum TNX level in these heterozygous in
dividuals was found to be approximately 
50% of the mean levels found in healthy 
controls, indicating that the level of se
rum TNX reflects the rate of TNX syn
thesis in the connective tissues397. 
Taken together, these findings indicate 
a pivotal role of TNX in maintaining the 
structural integrity of connective tis
sues. Therefore, we hypothesized that 
variation in TNX expression could affect 
connective tissue properties, not only of 
joints and skin, but also of blood vessels 
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resulting in alterations of blood pres
sure. This hypothesis was investigated in 
a cross-sectional study. 

METHODS 

The study population consisted of 129 
persons who participated as a control 
group in a study with patients with an 
abdominal aortic aneurysm220. All par
ticipants filled out a questionnaire re
garding medical history and medication. 
Blood was taken for determination of 
concentration of TNX. Blood pressure 
was measured three times with a Spei-
del and Keller model Mercunus Stator, 
after a resting period of ten minutes, in 
a lying position. The average of these 
three measurements was used as the 
"office" blood pressure. Then, ambula
tory 24-hour blood pressure measure
ment (ABPM) was performed with an 
oscillometric device, Spacelabs model 
90207-30261. All subjects were asked to 
continue their normal daily activities 
and to return the next morning. A high 
systolic blood pressure (SBP) was de
fined as a SBP above the 90 th percentile 
and a high diastolic blood pressure 
(DBP) was defined as a DBP above the 
90 th percentile. 

TNX was detected by an enzyme-
linked immunosorbent assay (ELISA) us
ing a rabbit polyclonal antiserum and a 
guinea pig antiserum, both raised 
against a 100 kDa carboxy-terminal 
fragment of bactenally expressed hu
man TNX as described before44. A low 
TNX concentration was defined as a 
concentration below the 10th percentile. 

To analyze the effects of TNX 
concentration on SBP and DBP we used 
linear regression analysis. Furthermore, 
we calculated odds ratios (OR) as esti
mates of the relative risk for high blood 
pressure (above the 90 th percentile) at 
low TNX levels (below 10th percentile). 
We present both crude and adjusted co
efficients (adjustment for age, sex, 
smoking and anti-hypertensive drug 
use). 
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Figure 1 Systolic office blood pressure (SBP) (A) 
and diastolic blood pressure (DBP) (B) plotted 
against tenascin X serum concentrations 

RESULTS 
The median age of the study population 
was 64.5 years (range 33 to 83). The 
male/female ratio was 110/19. Of the 
129 subjects 62 were smokers, 19 non-
smokers and 48 ex smokers. 44 Subjects 
(34.1%) used anti-hypertensive drugs. 
The median duration of anti
hypertensive drug use was 9 years and 5 
months (range 6 months to 48 years). 
The mean TNX concentration in the 
study population was 402 ng/ml (95% 
confidence interval (CI) 386 to 417). 

In figure 1 we plotted the office 
blood pressure against TNX concentra
tion. There was an evident inverse rela
tion between TNX concentration and 
systolic blood pressure. Linear regres
sion showed a mean decrease of 7.3 
mmHg (95%CI 2.7 to 11.9) in systolic 
blood pressure for a 100 ng/ml increase 
in TNX. After adjustment for age, sex, 
smoking and anti-hypertensive drug use 
we found a decrease of 5.0 mmHg 
(95%CI 0.3 to 9.8). We did not see a 
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clear relation between TNX concentra
tion and DBP. Figure 1 shows that sub
jects with high TNX have in general low 
systolic blood pressure, but subjects 
with low TNX levels have high or normal 
systolic blood pressure. This is reflected 
by the risk estimate for elevated sys
tolic blood pressure. Subjects with a 
low TNX concentration (<299 ng/ml) had 
an increased risk for a high SBP (>190 
mmHg), OR 6.6 (95%CI 1.6 to 26.8) but 
not for a high DBP (>99 mmHg), OR 1.4 
(95%CI 0.3 to 7.0). After adjustments 
for age, sex, smoking and anti
hypertensive drug use the odds ratios 
were 4.9 (95%CI 1.1 to 22.0) and 1.3 
(95%CI 0.2 to 7.2) respectively. 

The inverse relation between sys
tolic office blood pressure and TNX was 
confirmed by using the ABPM measure
ments for systolic blood pressure (a 
mean decrease of 3.8 mmHg (95%CI 1.3 
to 6.4) and after adjustment for age, 
sex, smoking and anti-hypertensive drug 
use a mean decrease of 3.3 mmHg 
(95%CI 0.6 to 6.0) in systolic blood pres
sure for a 100 ng/ml increase in TNX. No 
relation was found between TNX con
centration and DBP using ABPM as was 
seen with office blood pressure meas
urements. 

DISCUSSION 
In this study we found an evident rela
tion between TNX levels and systolic, 
but not diastolic blood pressure. The 
results of our study using office blood 
pressure measure-ments were con
firmed by using ABPM. The question is 
whether the relationship between TNX 
concentration and SBP is causal, or 
whether low TNX is a consequence of 
high SBP. Our study had a cross-
sectional design, which makes it diffi
cult to draw conclusions about causal
ity. Figure 1 shows that individuals with 
a high TNX concentration have in gen
eral a low SBP, but subjects with high 
TNX have high or normal SBP. These ob
servations fit very well in a multicausal 
model in which a low TNX concentration 

in combination with other factors might 
result in a high blood pressure. If the 
concentration of TNX would be deter
mined by the SBP one should expect a 
more linear association (instead of the 
triangle shape). 

In a recent study on a small 
group of patients with complete TNX 
deficiency271, we did not observe ab
normalities of the large vessels nor did 
we observe abnormal SBP. In these pa
tients we found decreased collagen 
density and fragmented elastic fibers, 
leading to increased compliance of the 
skin and joint hypermobility398. This 
raises the question whether quantitative 
variation of TNX within the normal 
range has a biological consequence that 
is distinct from complete or partial TNX 
deficiency due to homozygosity or het
erozygosity for TNX null alleles. This 
hypothesis is also based on the direction 
of the relation between TNX and sys
tolic blood pressure, which is contrary 
to what is expected on the basis of find
ings in completely deficient patients. By 
extrapolation one could hypothesize 
that high TNX could cause high collagen 
density and degradation-resistant elas
tic fibers leading to less compliant and 
stiffer vessels and hence higher SBP. 
This is, however, not the case in the 
subjects studied here, because the 
higher the TNX levels the lower the SBP. 
A recent study on elastin haploinsuffi-
ciency in mice revealed that variation in 
the expression level of an extracellular 
matrix protein can have unexpected 
consequences. Partial elastin deficiency 
in these animals leads to hypertension, 
due to decreased inner diameters of the 
arteries100. In these mice an increase of 
elastin lamellae and smooth muscles 
was found indicating that quantitative 
variation of elastin can induce compen
satory mechanisms. It remains to be in
vestigated if variation of TNX expressiv
ity could induce similar changes in the 
vasculature that explain the observed 
relationship with SBP. 
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In conclusion, in this study we 
found an intriguing inverse relationship 
between serum TNX concentration and 
systolic blood pressure. Further studies 

are needed to investigate the relation 
between serum TNX and vessel wall TNX 
and the role of vessel wall TNX in vessel 
wall compliance. 
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Background: Tenascin-X is a large extracellular matrix protein that is abundantly 
expressed in several connective tissues. A 140 kDa C-terminal fragment of tenas
cin-X is present in human serum. Complete deficiency of tenascin-X is associated 
with Ehlers-Danlos syndrome, and these patients show major connective tissue 
alterations in their skin as well as blood vessel fragility. In this study, we investi
gated whether tenascin-X is present in normal human aorta and abdominal aortic 
aneurysm (AAA) tissue, and secondly, whether an association exists between se
rum tenascin-X levels and AAA. 
Methods and Results: Normal aorta and AAA tissues were immunostained for 
tenascin-X and elastin. Tenascin-X is present throughout the entire aorta, and is 
especially abundant near the elastic lamellae, whereas tenascin-X expression is 
strongly decreased in AAA tissue. Measurement of tenascin-X serum concentra
tion by means of ELISA in 87 AAA patients and 86 controls demonstrated an in
creasing risk for AAA with increasing tenascin-X serum concentrations. After ad
justment for established risk factors, tenascin-X serum concentrations in the 
highest quarti le were associated with a fivefold increase in risk of AAA (odds ra
tio 5.3 [950/oCI 2.0-13.8]). 
Conclusion: Tenascin-X expression is markedly decreased in AAA tissue and AAA 
is associated with high serum concentrations of tenascin-X. 

SUBMITTED FOR PUBLICATION 

INTRODUCTION 
Human abdominal aortic aneurysm 
(AAA) is a common disease in the eld
erly, accounting for 1-2% of all deaths in 
men in western countries. Risk factors 
for the development of AAA include 
smoking, male sex, advanced age, fam
ily history and hypertension371. Although 
the exact pathogenesis remains un
known, changes in biosynthesis and pro
teolysis of extracellular matrix proteins 
have been implicated in the develop
ment of AAA (for review see:133215·221). 
Several studies have reported that in
creased proteolytic activity of matrix 
metalloproteinases causes destruction 
of the connective tissue of the vascular 
wall69·126'353·357. Studies on human and 
experimental AAA have shown degrada

tion of the elastic lamellae, which are 
designed to last a lifetime, and greatly 
enhanced collagen production. These 
processes result in altered mechanical 
properties of the aortic wall, and ulti
mately aneurysmal dilatation52·80·113·309. 
The importance of extracellular matrix 
proteins in the pathogenesis of AAA is 
further emphasized by the fact that pa
tients with mutations in the fibrillin-1 or 
COL3A1 gene commonly develop aortic 
aneurysm at an early age363. 

Tenascin-X is a 450 kD extracel
lular matrix protein that is broadly ex
pressed in myocardium, skin, tendons 
and skeletal muscle. Tenascin-X expres
sion is also associated with blood vessels 
in most tissues43 227. The exact extracel
lular localization and the cellular source 
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of tenascin-X in blood vessels remain to 
be investigated. Besides its expression 
in various connective tissues, tenascin-X 
is readily detected in human serum as a 
140 kD protein, probably resulting from 
alternative splicing or proteolytic cleav-
age324. The level of serum tenascin-X 
likely reflects its rate of synthesis in the 
connective tissues, since individuals 
heterozygous for a tenascin-X null allele 
express approximately 50% of the mean 
of control subjects in their serum397. 
Interestingly, deficiency for tenascin-X 
causes a new type of the connective tis
sue disease Ehlers-Danlos syndrome, 
characterized by skin hyperextensibil-
ity, joint hypermobility and fragility of 
blood vessels324. Skin biopsies of these 
individuals show severe abnormalities in 
elastic fibers and collagen, which are 
also principal components of blood ves
sels398. 

The aim of the present study was 
twofold: first we wanted to examine the 
presence and localization of tenascin-X 
in normal aorta and AAA, and second we 

wanted to investigate whether an asso
ciation exists between AAA and tenas
cin-X expression. 

MATERIALS AND METHODS 
Study population and specimen collec
tion 
Normal aorta samples (n=5) were ob
tained from archival post-mortem mate
rial, and abdominal aortic aneurysm 
samples (n=5) were obtained from pa
tients undergoing surgery for their an
eurysm. For determination of tenascin-X 
serum levels, sera were collected from 
AAA patients and control subjects and 
stored at -20oC. Storage did not affect 
the serum tenascin-X assay. From Au
gust 1996 to September 1997, all pa
tients who presented with AAA at the 
TweeSteden Hospital, Tilburg, were in
vited to participate in this study. The 
patients included were invited to bring 
a friend or neighbor as a control sub
ject. The identification of subjects with 
AAA was done by the department of 
vascular surgery and included both pa-

Table 1 Characteristics of patients with abdominal aortic aneurysm and of control subjects 
Characteristic Patient (n=B7) Controls (n-86) Ρ value 

Mean age in years (range) 
Male/female 
Aneurysm 
Under control 
Operated 
Elective 
Symptomatic 
Ruptured 
Family history of aneurysm 
History 
Myocardial infarction 
Cerebrovascular disease 
Pulmonary embolism 
Chronic obstructive pulmonary disease 
Peripheral vascular disease 
Diabetes mellitus 
Smoking 
Pack-years of cigarette smokn 
Medication 
Antihypertensive drugs 
Cholesterol-lowering drugs 

nga(±SD) 

Non-steroidal anti-inflammatory drugs 
Mean systolic blood pressure, 
Mean diastolic blood pressure 

mmHg (SEM) 
, mmHg (SEM) 

Mean cholesterol, mmol/l (SEM) 

68 (45-85) 
80/7 

34 
53 
40 
7 
6 
16 

25 
9 
2 
24 
18 
6 

34 (±33) 

47 
27 
36 
159(2.4) 
85(1.2) 
5.8(0.13) 

67 (44-83) 
79/7 

9 

9 
4 
3 
13 
4 
4 

23 (±22) 

27 
7 
17 
158(2.7) 
87(1.2) 
5.7(0.11) 

NS 
NS 

NS 

<0.01 
NS 
NS 
NS 
<0.01 
NS 

<0.01 

<0.01 
<0.001 
<0.01 
NS 
NS 
NS 

a A pack-year was defined as smoking 20 cigarettes/ day for 1 year 
NS, not significant 
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tients who survived a ruptured aorta, 
patients with complaints of an AAA and 
patients for whom the diagnosis was 
made through ultrasonography per
formed for other reasons. In the group 
of patients that did not undergo sur
gery, serial ultrasonography was done 
for clinical follow-up. In the control 
group, ultrasonography was performed 
to exclude AAA. The study population 
consisted of 87 persons with an abdomi
nal aortic aneurysm (ultrasonographi-
cally proven anterior-posterior infrare
nal aortic diameter >30 mm) and 86 in
dividuals who participated as a control 
group. Characteristics of patients with 
abdominal aortic aneurysm and control 
individuals are shown in table 1. The 
methods by which interview data were 
obtained and blood samples were col
lected have been described else
where220. Briefly, all participants filled 
out a questionnaire regarding medical 
history and medication. Blood was taken 
for determination of concentration of 
tenascin-X. Informed consent was ob
tained and all study protocols were ap
proved by the local ethics committee. 

Immunolocalization studies 
Cryosections (6 μηη) of normal human 
aorta and abdominal aortic aneurysm 

were prepared, placed on 3-
aminopropyltriethoxy-silane (Sigma, 
St.Louis, MO) coated slides and fixed for 
10 min in acetone. After preincubation 
with 20% normal goat serum (DAKO, 
Glostrup, Danmark), slides were incu
bated with guinea pig anti-tenascin-X (1 
: 1000 dilution). Then, sections were 
incubated with biotinylated anti-guinea 
pig IgG, followed by either peroxidase-
conjugated avidin-biotin complex and 
aminoethylcarbazol (both from Vector 
Labs, Burlingame, CA) as the chro-
mogenic substrate or fluorescein-
isothiocyanate (FITC) labeled anti-
guinea pig IgG (DAKO, Copenhagen, 
Denmark). Appropriate controls with 
preimmune serum and omission of pri
mary antibody were performed. For co-
localization studies, monoclonal anti-
elastin (BA-4, Sigma) was used, followed 
by Alexafluor 594-labeled anti-mouse 
IgG (Molecular probes, Leiden, the 
Netherlands). 

Enzyme-linked immunosorbent assay 
(ELISA) for measurement of tenascin-X 
levels 
Tenascin-X concentrations in human 
sera were measured using a sandwich-
type ELISA as described previously324. In 
short, microliter plates were coated 

' — - '· "•'" τ * -

'*> • . ^ 

j * - * '·-•- ' *%^ 

Figure 1 Tenascin-X is abundantly expressed in normal human aorta (A). Immunofluorescent stain
ing of normal aortic wall shows co-localization of elastin (red) and tenascin-X (green). Overlapping 
expression is shown in yellow. (B) The presence of tenascin-X is decreased in abdominal aortic aneu
rysm (C). 
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with rabbit anti-tenascin-X (1 μg/ml in 
PBS) for antigen capture. Microliter 
plates were blocked with 1% bovine se
rum albumine before dilutions of sam
ples and standard (100 kD recombinant 
fragment of tenascin-X) were applied. 
As second antibody guinea pig anti-
tenascin-X antiserum (dilution 1 : 1000) 
was used, followed by biotinylated goat 
anti-guinea pig immunoglobin and per-
oxidase-conjugated avidin-biotin com
plex (Vector Labs) for antigen detec
tion. Finally, o-phenylenediamine dihy-
drochloride (OPD; Pierce, Rockford, IL) 
was added as chromogenic substrate. 
The reaction was stopped by addition of 
4N H2SO4 and absorbance was measured 
at 492 nm and 655 nm. Tenascin-X con
centrations were read from a calibra
tion curve of recombinant tenascin-X 
(ranging from 0.5 ng/ml to 1 pg/ml). 
The coefficient of variation of repeated 
measurements was 5.7%. 

Statistical analysis 
To determine the influence of tenascin-
X levels on the risk of development of 
AAA, we stratified tenascin-X levels into 
quartiles and calculated odds ratios and 
95% confidence intervals (CI) using SPSS 
software. Logistic regression was used 
to adjust for potential confounders. 

RESULTS 
To study whether tenascin-X is present 
in normal aortic tissue and whether this 
expression pattern is altered in abdomi
nal aortic aneurysm samples, we per
formed immunolocalization studies. In 

normal aorta, tenascin-X was present 
throughout the entire vascular wall (fig
ure 1A). Tenascin-X expression ap
peared particularly closely associated 
with the elastic lamellae in the aortic 
media (figure 1B). In AAA, a completely 
different architecture was found. The 
number of elastic fibers was greatly de
creased and the elastic fiber morphol
ogy was disturbed (not shown). Tenas
cin-X expression was markedly de
creased in A M , as compared to normal 
aorta (figure 1C). Moreover, the asso
ciation between the elastic lamellae 
and tenascin-X was no longer seen in 
AAA (not shown). 

To study a possible association of 
AAA with tenascin-X serum levels, we 
collected sera from 87 individuals diag
nosed with AAA and 86 age-matched 
control individuals, and measured the 
serum levels of the 140 kD fragment of 
tenascin-X. The median age of the pa
tient group was 69 (range 45 to 85) 
years and of the control group 67 (range 
44 to 83) years. The male/female ratio 
was 80/7 in the patient group and 79/7 
in the control group. Fifty-three pa
tients had undergone surgery for their 
aneurysm, and 34 patients were fol
lowed with ultrasonography (table 1). 
The concentration of tenascin-X fitted a 
normal distribution for both groups and 
no AAA patients were found with hap-
loinsufficiency or complete deficiency 
for tenascin-X. The median tenascin-X 
concentration in the patient group was 
422 ng/ml (range 251 to 602 ng/ml) 
(figure 2A). The median tenascin-X con-

Table 2 Risk on having AAA in strata of tenascin-X serum concentrations 

Tenascin-X 
concentration (ng/ml) 

Cases Controls Odds ratio (95% CI) Adjusted odds * (95% CI) 

1" quartile (<344.7) 

2nd quartile (344.7-397.5) 

3rd quartile (397.5-448.4) 

4 , h quartile (>448.4) 

15 

20 

23 

29 

28 

23 

21 

14 

η 
1.62(0.68-3.86) 

2.04 (0.86-4.84) 

3.87(1.58-9.46) 

η 
1.99(0.78-5.05) 

2.47(0.96-6.38) 

5.25(2.00-13.8) 

p-value for trend <0.005 

* Corrected for smoking, systolic blood pressure, use of anti-hypertensive medication, age and sex. 
t Reference category, odds ratio =1 
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Table 3 Effect of surgery on AAA risk in strata of tenascin-X serum concentrations 
Tenascin-X Cases Controls 
concentration (ng/ml) 
No surgery 
1S1 quartile (<344.7) 6 28 
Z^quartile (344.7-397.5) 8 23 
3,d quartile (397.5-448.4) 9 21 
4,h quartile (>448.4) 11 14 
p-value for trend <0.1 
Surgery for AAA 
f ' quartile (<344.7) 9 28 
2nd quartile (344.7-397.5) 12 23 
3rd quartile (397.5-448.4) 14 21 

4'h quartile (>448.4) 18 14 

p-value for trend <0.05 
* Corrected for smoking, systolic blood pressure, 
t Reference category, odds ratio =1 

centration in the control group was sig
nificantly lower (378 ng/ml, range 269 
to 657 ng/ml, p<0.02) (figure 2B). Of 
the 87 patients, 17 (20%) had a tenas
cin-X concentration above the 90 th per
centile of the controls, as compared 
with 9 of the controls (crude odds ratio 
2.4, 95%CI 1.0 to 5.8). 

In order to examine a possible 
dose-response relation, we stratified 
the tenascin-X concentrations into quar-
tiles and calculated the odds ratios for 
the three highest levels as compared 
with the lowest (table 2). The odds ra
tio increased significantly with the 
tenascin-X concentration (p for trend 
<0.005). Adjustment for age, sex, smok
ing, use of anti-hypertensive medication 
and systolic blood pressure slightly in
creased the odds ratios (table 2). To as
sess the relation between aortic diame
ter and tenascin-X concentration, we 
calculated the mean diameter for each 
quartile of tenascin-X, and adjusted for 
the different sample fraction in cases 
and controls, assuming a prevalence of 
abdominal aneurysm in the general 
population of 8.1%29. A positive correla
tion between aortic wall diameter and 
subsequent quartiles of tenascin-X se
rum levels was found (p for trend ad
justed for age and sex = 0.04). If the 
increased tenascin-X serum levels in 
AAA were due to increased proteolysis 

Odds ratio (95% CI) Adjusted odds * (95% CI) 

η η 
1.62(0.49-5.35) 1.64(0.46-5.90) 
2.00(0.62-6.49) 2.51(0.67-9.41) 
3.67(1.12-11.98) 5.66(1.51-21.2) 

η η 
1.62(0.58-4.53) 2.19(0.72-6.71) 
2.07 (0.76-5.70) 2.72 (0.89-8.31) 
4.00 (1.43-11.168) 5.75 (1.87-17.7) 

use of anti-hypertensive medication, age and sex. 

or increased synthesis of tenascin-X in 
the aneurysmal aortic wall, one would 
expect that tenascin-X serum levels 
normalize after surgical repair of the 
aneurysm. Therefore, we determined 
the effect of surgery on tenascin-X se
rum levels in AAA patients, by perform
ing subgroup analysis. Fifty-three pa
tients with AAA received surgical treat
ment; of these patients, 40 patients un
derwent elective surgery, 7 patients 
were symptomatic and 6 patients had a 
ruptured aneurysm. There was no sig
nificant difference in tenascin-X con
centration of patients who underwent 
surgery (median 432 ng/ml, range 267 
to 585) as compared to patients whose 
aneurysm was not repaired (median 419 
ng/ml, range 251 to 602). The odds ra
tios in patients who did not have sur
gery, and the odds ratios in patients 
who underwent surgery for their AAA, 
are shown in table 3. In both subgroups, 
an increased risk for AAA was found 
with increasing tenascin-X concentra
tions. No differences in tenascin-X se
rum levels were observed between 
symptomatic and asymptomatic patients 
and patients with a ruptured aneurysm. 

DISCUSSION 
This is the first study that shows the 
presence of tenascin-X in human aorta. 
Tenascin-X is expressed throughout the 
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Figure 2 Distribution of serum tenascin-X levels 
in abdominal aortic aneurysm patients (A) and 
control subjects (B). 

entire vascular wall, but the expression 
is particularly high near the elastic la
mellae in the media. Previous studies 
have indicated that tenascin-X is highly 
expressed in fetal smooth muscle39,43, 
possibly explaining the prominent ex
pression of tenascin-X at the elastic la
mellae. In AAA, the presence of tenas
cin-X in the aortic wall was strongly re
duced, which could result in alterations 
of collagen and elastic fibers. Interest
ingly, genetically determined absence 
of tenascin-X results in a reduced colla
gen density and pronounced alterations 
in the elastic fibers in skin398. However, 
it is not likely that tenascin-X deficiency 
results in a generalized elastinopathy, 
since echocardiographic examination of 
tenascin-X-deficient patients did not 
show abnormalities in the vessel wall 
compliance or the diameter of the aor
tic root and ascending aorta271. 

There is a dose-response rela
tionship between tenascin-X levels in 

serum and the risk for AAA, and high 
tenascin-X levels remained a risk factor 
after adjustment for well-known risk 
factors, like smoking, age and high 
blood pressure. We found an odds ratio 
of 5.3 (95% CI 2.0 to 13.8) for tenascin-X 
serum concentrations in the 4th quartile. 
No effect of AAA surgery on the circu
lating tenascin-X levels was found, ren
dering it unlikely that increased tenas
cin-X serum levels reflect the extent of 
local vessel wall damage or locally in
creased tenascin-X synthesis. The latter 
is consistent with the observations in an 
experimental model for AAA, in which it 
was shown that tenascin-X mRNA ex
pression is down-regulated in the aorta 
during aneurysm formation387. High 
tenascin-X levels could be a conse
quence of systemically increased turn
over of tenascin-X, i.e. it is possible 
that the alterations in tenascin-X ex
pression in the aneurysmal aortic wall 
are also present in non-aneurysmal tis
sue of AAA patients, as has been de
scribed for elastin and collagen15. Previ
ous studies have shown that a geneti
cally determined absence of tenascin-X 
is associated with altered properties of 
elastic fibers and collagen f i 
brils219,324,398. The consequences of 
variations in the normal range of tenas
cin-X expression are unknown, but they 
could very well contribute to altered 
connective tissue properties. Specula
tively, the increased tenascin-X serum 
levels in AAA patients could reflect 
turnover and leakage of tenascin-X from 
the vasculature, as a manifestation of a 
more general vascular disease in AAA 
patients. It is generally believed that 
AAA is a systemic disease, affecting the 
entire vasculature and not only the lo
cal aneurysmal wall. For example, it has 
been demonstrated that the mean di
ameter of peripheral arteries in patients 
with AAA is increased379. Furthermore, 
the elastin/ collagen ratio is reduced 
throughout the arterial vasculature15. 
Recently, it has been shown that the 
expression of matrix metalloproteinase-
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2 is elevated in vasculature remote from 
the aneurysm126, providing further evi
dence for the systemic nature of AAA. 
The fact that no effect of AAA surgery 
on the circulating tenascin-X levels was 
found renders it unlikely that increased 
tenascin-X serum levels reflect the ex
tent of local vessel wall damage or lo
cally increased tenascin-X synthesis. 
Rather, the elevated serum levels of 
tenascin-X are likely due to a systemic 
increased expression or breakdown of 
tenascin-X throughout the vasculature 
of the patients with AAA. Loss of tenas-
cin-X from the vessel wall could affect 
collagen fibril and elastic fiber proper
ties, thereby causing weakness of the 
aortic wall. Tenascin-X has been shown 
to modulate collagen fibnllogene-
sis218243, as well as the organization of 
elastic fibers398, which are both impor
tant components of the vascular wall. 
Although a causative role for tenascin-X 
in the pathogenesis of AAA remains to 
be determined, we speculate that the 
decreased expression of tenascin-X in 
the aneurysmal wall might affect the 
organization of the collagen fibrils and 
elastic fibers. 

Rather than being a risk factor, 
tenascin-X could equally well be a 

marker for vessel wall damage, very 
similar to the increased levels of serum 
elastin peptide and procollagen-lll-N-
terminal propeptide (PIIINP)277322 333. 
Lindholt et al. 207 have implicated these 
proteins, together with the initial AAA 
size, in a model that can be used as a 
predictor for expansion of AAA to a size 
recommendable for surgery of AAA. The 
specificity and sensitivity of this model 
could potentially be increased by in
cluding tenascin-X serum values, 
thereby increasing the value of the 
model in prediction of AAA expansion 
rate and hence the management of 
AAA. We indeed observed an increase in 
aortic wall diameter with increasing 
tenascin-X serum levels, suggesting that 
tenascin-X serum levels could be used 
as a predictor for vessel wall expansion. 
A prospective study could reveal 
whether tenascin-X serum values are 
indeed a useful marker for the predic
tion of AAA expansion rate. 
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Summary and General Discussion 

PARTS OF THIS CHAPTER ARE PUBLISHED IN ARTHRITIS AND RHEUMATISM (2004) 50: 2742-2749 

Mutations in tenascin-X as a genetic 
basis for Ehlers-Danlos syndrome and 
generalized joint hypermobility 
One of the objectives of the investiga
tions described in this thesis was to elu
cidate whether Ehlers-Danlos syndrome 
(EDS) due to tenascin-X deficiency ex
ists independent of a contiguous gene 
syndrome. In chapter 2, we describe 
the identification of a 140 kD prote
olytic fragment of tenascin-X in serum 
of healthy individuals, which allowed 
the development of a convenient se
rum-based screening assay to detect 
tenascin-X in serum of patients with 
EDS. In this way, five unrelated EDS pa
tients and three of their siblings com
pletely lacking tenascin-X, were identi
fied. They all had hypermobile joints 
and hyperextensible skin, easy bruising 
and tissue fragility. Furthermore, joint 
pain was present in two and (sub)luxa-
tions in three of these patients. Trun
cating mutations or large deletions were 
present in both alleles of the tenascin-X 
gene in these patients, indicating that 
EDS due to tenascin-X deficiency inher
its as a recessive disorder, rather than 
in a dominant fashion, as is true for the 
classical type of EDS. In addition, atro
phic scarring, a hallmark for classical 
type of EDS was absent, altogether sug
gesting that tenascin-X deficiency re
sults in a new type of EDS. 

To investigate whether there is a 
gene dosage effect, (i.e. whether de
creased expression of tenascin-X can 
result in joint hypermobility), all obli
gate heterozygous family members of 
the tenascin-X-deficient patients de
scribed above were examined (chapter 
3.1). These obligate heterozygous fam
ily members all had significantly re
duced tenascin-X serum levels, express
ing approximately half of the normal 
amount of tenascin-X in their serum. 

Clinical examination revealed general
ized joint hypermobility in 45% of the 
heterozygous family members, using the 
Beighton score22. This was often associ
ated with joint (sub)luxations and 
chronic musculoskeletal pain, consistent 
with benign joint hypermobility syn
drome (BJHS) by the Brighton crite
ria130. This indicates that heterozygosity 
for tenascin-X null alleles results in hap
loinsufficiency, which is defined as a 
situation in which the protein produced 
by a single copy of an otherwise normal 
gene is not sufficient to assure normal 
function. Tenascin-X haploinsufficiency 
differs from complete tenascin-X defi
ciency in clinical features; heterozygous 
carriers do not show gross skin hyperex-
tensibility or vascular fragility, as is 
seen in tenascin-X-deficient patients. 
Interestingly, none of the heterozygous 
men showed clinical signs of hyper
mobility type of EDS or BJHS, whereas 
65% of the heterozygous women did. 
The incomplete penetrance could be 
the result of differences in hormonal 
control. The female preponderance of 
joint hypermobility due to tenascin-X 
haploinsufficiency is in accordance with 
epidemiologic studies reporting a higher 
prevalence of hypermobility type of 
EDS/BJHS among women23:16'171',,\ In 
addition, the finding that not all het
erozygous family members are lax 
jointed, suggests that hypermobility 
type EDS/BJHS due to haploinsufficiency 
for tenascin-X is a multifactorial disor
der, in which modifying genes and sex 
possibly affect joint laxity due to tenas
cin-X haploinsufficiency. These results 
have prompted investigation as to 
whether tenascin-X haploinsufficiency 
also occurs in the patients with hyper
mobility type EDS not related to our 
tenascin-X-deficient patients. Eighty 
patients, 90% female, were recruited 
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from the Dutch EDS patient organization 
and were all diagnosed as hypermobility 
type EDS by a medical specialist. Using 
the screening assay to detect tenascin-X 
in serum, six of these patients (7.5%) 
were identified with serum tenascin-X 
levels more than 2.5 standard devia
tions below the mean for normal indi
viduals, either caused by truncating mu
tations or low expressivity of the gene. 
Interestingly, the occurrence of tenas-
cin-X haploinsufficiency in a Dutch 
population of patients diagnosed with 
BJHS (recruited from the BJHS patient 
organization) appears similar (5-10%) to 
that found in patients diagnosed with 
hypermobility type EDS (chapter 3.2). 
Although there is genetic heterogeneity, 
such observation adds weight to the 
idea that BJHS and hypermobility type 
EDS are clinically very similar. 

To study whether missense muta
tions in tenascin-X could cause EDS, the 
entire coding region of the tenascin-X 
gene was sequenced in 26 EDS patients 
with normal tenascin-X serum levels 
(chapters 2 and 5). Ten of these pa
tients were diagnosed as having the 
classic type of EDS and 16 as hyper
mobility type EDS. Three point muta
tions were identified in hypermobility 
type EDS patients, which were not pre
sent in 96 control individuals, indicating 
that these polymorphisms could poten
tially be deleterious. The mutated 
amino acids were strongly conserved 
between species, but also between the 
different members of the tenascin fam
ily. The observed mutations in TNX are 
potentially disease causing, since the 
probability that a missense mutation 
causes a genetic disease increases with 
the degree of evolutionary conserva
tion. Two of the identified missense 
mutations were located in fibronectin 
type III domains and one in the first 
translated exon of tenascin-X, which 
encodes the signal peptide and heptad 
domains39. Interestingly, alterations in 
dermal connective tissue were found in 
one of the patients with a missense mu

tation in a fibronectin type III domain, 
indicating that this mutation is likely 
disease causing. Possibly, three-dimen
sional modeling of the fibronectin type 
III domain would give insight into the 
effect of the mutations on structural 
conformation and stability of the pro
tein. 

In conclusion, mutations in the 
tenascin-X gene result in two distinct 
connective tissue disorders, in which 
joint hypermobility is the cardinal fea
ture. This indicates an essential role of 
tenascin-X in connective tissue biology, 
especially affecting the mechanical 
properties of skin, ligaments and ten
dons. The identification of deficiency 
and haploinsufficiency of tenascin-X as 
a cause of joint hypermobility implies 
that the search for candidate genes 
should extend beyond collagens. Poten
tial candidate genes include those that 
act within the same pathways as tenas-
cin-X, like proteins involved in collagen 
fibnllogenesis or in elastogenesis. One 
potential candidate gene is the small 
leucine-nch proteoglycan deconn, 
which binds both tenascin-X88 and colla
gen fibrils26 2 β 0 327. Interestingly, deconn 
null mice have a phenotype that is 
reminiscent of EDS, with apparent skin 
hyperextensibility and reduced tensile 
strength73. In these mice, collagen fi
bnllogenesis is clearly disturbed, as is 
seen by the great variation in collagen 
fibril size and morphology, which differs 
from the observations in tenascin-X null 
mice. However, thus far no mutations 
have been identified in any of the core 
proteins of the small leucine-nch pro
teoglycans in EDS or BJHS. Sztrolovics et 
α/.350 examined the presence of se
quence polymorphisms in the coding re
gion of the small leucine-nch proteogly
cans deconn, biglycan and fibromodulin 
in patients with hypermobility type EDS, 
but did not detect any mutations. In 
addition, segregation analysis excluded 
COL3A1, COL5A2 and COL6A3 as causa
tive genes for joint hypermobility in two 
large families with BJHS, and there was 
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no indication for strong linkage to 
COL1A1 or COL1A2147. Wordsworth et 
α/.385 found no association of particular 
length variants in COL2A1 to joint hy
permobility. However, one should be 
aware of the problem of the incomplete 
penetrance of the disease that is en
countered in the search for genes that 
are causative for EDS and BJHS. This 
implies that not all individuals carrying 
a certain gene defect will have clinical 
symptoms, which could result in a 
wrongly dismissal of causative genes. 

The identification of genes in
volved in joint hypermobility will likely 
provide more insight into the regulation 
of extracellular matrix architecture e.g. 
deposition and maintenance of collagen 
fibrils and elastic fibers. This could have 
important implications in our under
standing of clinical problems associated 
with joint hypermobility, including a 
number of rheumatological conditions. 
Soft tissue rheumatism (e.g. bursitis, 
tendonitis, fasciitis), low back and neck 
pain and synovitis of small joints are 
common in patients with joint hyper
mobility, suggesting that joint laxity is 
an important pathogenetic factor in the 
development of soft-tissue rheumatic 
complaints159186. Although the popula
tion prevalence of BJHS and hyper
mobility type EDS is unknown it may ac
count for up to 30% of unselected cases 
presenting with non-inflammatory dis
ease presenting to a general rheumatol
ogy outpatient clinic131. Fibromyalgia, a 
chronic pain syndrome characterized by 
diffuse pain and tender points, is asso
ciated with joint hypermobility in both 
children and adults 1 1 0 8 1 5 9 . Both BJHS 
and fibromyalgia may also be associated 
with Chronic Fatigue Syndrome 
(CFS)12 314. Patients with CFS have a high 
prevalence of abnormal responses to 
orthostatic stress, resulting in dizziness, 
fatigue, cognitive difficulties and syn
cope, suggesting autonomic dysregula-
tion1 2 5 314. Although we have not ob
served alterations in tenascin-X serum 
levels in a small group of CFS patients 

(unpublished results), a role for tenas-
cin-X in the pathogenesis of a subpopu-
lation of CFS patients cannot be ex
cluded. Extra-articular symptoms also 
occur more frequently in patients with 
BJHS or EDS as compared to healthy 
controls1 0 7 3 0 7. The orthostatic hypoten
sion and orthostatic intolerance encoun
tered may be associated with exagger
ated blood pooling in the lower ex
tremities, suggesting that blood vessel 
abnormalities exist in these patients. 
Interestingly, epidemiologic studies 
showed an association between tenas-
cin-X serum levels and systolic blood 
pressure as well as between tenascin-X 
serum levels and abdominal aortic an
eurysm (chapters 7 and 8). Recently, a 
relation has been shown between blood 
pressure and stiffness of the joints; 
lower diastolic blood pressure is associ
ated with increased mobility of the 
joints3 6 9. In addition, autonomic dys-
regulation could possibly explain the 
strong association of joint hypermobility 
and panic disorder 4 2 1 0 7 1 3 9 2 2 4 . Moreover, 
osteoarthritis is reported to occur more 
often in patients with EDS and 

BjHS36174175 223 R e c e n t l y ) however, it 

was shown that hypermobility is not 
commonly associated with osteoarthritis 
in a population of postmenopausal 
women82. It therefore remains to be 
elucidated as to whether joint hyper
mobility is a significant risk factor in 
the development of osteoarthritis. 

Role of tenascin-X in connective tissue 
properties 
Both deficiency and decreased expres
sion of tenascin-X affect the composi
tion of the extracellular matrix, result
ing in joint hypermobility and connec
tive tissue laxity. Two of the main ex
tracellular matrix structures are the 
elastic fibers, which provide resilience 
and elasticity to all deformable connec
tive tissues, and the collagen fibrils, 
which provide tensile strength. Chapter 
4 describes the examination of the skin 
of patients lacking tenascin-X. Although 
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a reduced collagen density was appar
ent in the papillary dermis at the light 
microscopic level, ultrastructural ex
amination of the skin did not show an 
aberrant collagen fibril shape, as is 
typical for the classical and hypermobil-
ity types of EDS151152. At the light mi
croscopic level, it was apparent that 
the characteristic candelabra structures 
of the elastic fibers at the dermal-
epidermal junction were disrupted and 
the length of the fibers was dramati
cally reduced. Ultrastructural examina
tion of the dermis showed abnormalities 
in both the microfibrillar and the elastin 
component of the elastic fibers in all 
tenascin-X-deficient EDS patients. 
Whereas complete deficiency of tenas-
cin-X resulted in a more than twofold 
reduction of the elastic fiber length as 
compared to age-matched controls, 
tenascin-X haploinsufficient individuals 
showed a lesser degree of elastic fiber 
length reduction, suggesting that there 
is a dose-dependent effect of tenascin-X 
on elastic fiber morphology (chapter 5). 
Interestingly, these alterations in elas
tic fibers were not observed in hyper-
mobility type EDS patients in whom 
tenascin-X mutations were excluded, 
suggesting that elastic fiber abnormali
ties in hypermobility type EDS are spe
cific for tenascin-X haploinsufficient in
dividuals. The correlation between the 
average length of the elastic fibers and 
age appeared stronger in tenascin-X 
haploinsufficient EDS patients as com
pared with healthy individuals, suggest
ing that haploinsufficiency of tenascin-X 
causes a progressive breakdown of ini
tially normal elastic fibers with increas
ing age. At the ultrastructural level, 
abnormalities of the elastic fibers were 
observed in tenascin-X haploinsufficient 
individuals that have been described in 
ageing skin, suggestive for enhanced 
degradation of elastic fibers. 

We used different culture models 
to investigate whether the elastic fiber 
abnormalities arise during development 
by aberrant deposition of the elastic 

fibers, or appear later in life by degra
dation of the elastic fibers. In a 
monolayer fibroblast culture, low 
amounts of tenascin-X were secreted 
into the culture medium, but tenascin-X 
was not assembled into the extracellu
lar matrix. In vitro deposition and pro
duction of fibrill in-1, a major constitu
ent of the microfibrillar component of 
the elastic fibers, by tenascin-X-
deficient fibroblasts was not altered. 
Although tropoelastin was synthesized 
by both normal and tenascin-X-deficient 
fibroblasts, no tropoelastin was depos
ited into the extracellular matrix, as 
has been described previously84103 

(chapter 4). Therefore, the deposition 
of tenascin-X and elastin into an or
ganotypic culture model of fibroblasts 
and keratinocytes m vitro, and m vivo 
after transplantation on nude mice was 
investigated. Although tenascin-C and 
fibrillin-1 were readily expressed in 
these skin equivalents before transplan
tation, tenascin-X and elastin were not 
present. Three weeks after transplanta
tion of the skin equivalents on nude 
mice, both human elastin and tenascin-
X were observed in the extracellular 
matrix. At the ultrastructural level, mi
crofibrils, sometimes associated with 
elastin, were observed. However, 'ma
ture' elastic fibers were not observed at 
this time point. Transplanted skin 
equivalents containing tenascin-X-
deficient fibroblasts showed deposition 
of immunoreactive elastin and fibrillin-1 
in similar quantities and distribution as 
those containing control fibroblasts. 
This suggests that tenascin-X is involved 
in maintaining homeostasis of the ECM 
and more particularly the stability of 
elastic fibers, rather than in their as
sembly. Absence of tenascin-X may ren
der the elastic fibers more susceptible 
to degradation. However, a role for 
tenascin-X in elastic fiber maturation 
cannot completely be ruled out, be
cause this culture model did not allow 
us to study the formation of mature 
elastic fibers (chapter 6). 
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Several possibilities exist with 
respect to the presumed role of tenas
cin-X in elastic fiber structure. First, 
tenascin-X is able to interact with tro-
poelastin (unpublished results) and 
could hence be involved in the matura
tion or stability of the elastic fibers 
through direct interaction with elastic 
fiber components56,173,173. Second, 
tenascin-X could regulate deposition of 
elastic fiber components in an indirect 
manner. It is thought that proteoglycans 
play an important role in guiding elasto-
genesis301,302,364. Proteoglycans are pre
sent in the elastic fiber10 and previous 
studies have shown binding of tenascin-
X to the dermatan sulphate chains of 
decorin88 and to heparan sulphate202. A 
third possibility is that tenascin-X pro
vides anchorage of elastic fibers to cells 
mediated by interaction with the cell-
surface integrin ανβ390, thereby stabi
lizing and organizing the elastic fibers, 
as has been shown for fibulin-52 5 1 , 3 8 8. At 
present, it is not yet clear whether in
creased activity of specific degrading 
enzymes plays a role in the alterations 
of elastic fibers in tenascin-X-deficient 
and haploinsufficient patients. Clearly, 
the exact role of tenascin-X in elastic 
fiber biology remains to be established. 
Transplantation of reconstructed human 
skin on nude mice for a longer time pe
riod could allow further identification of 
the function of tenascin-X in extracellu
lar matrix biology. In addition, studying 
the process of elastogenesis during em-
bryogenesis and the morphological al
terations of the elastic fibers during ag
ing of tenascin-X-deficient mice could 
provide insight into the role of tenascin-
X. 

In conclusion, both alterations in 
fibrillar collagen and elastic fibers 
might contribute to the observed phe
notype in tenascin-X-deficient and hap
loinsufficient individuals. Although only 
few elastic fibers are present in most 
ligaments and tendons, they are likely 
to be important in maintaining stability 
of the joints. For example, Marfan syn

drome, caused by mutations in fibrillin-
1, is characterized by increased laxity 
of the joints1 3 2. However, it remains to 
be established whether the observed 
alterations in elastic fibers are directly 
associated with joint hypermobility, 
since the clinical phenotype is already 
present at a young age. Currently, it is 
not known whether the observed elastic 
fiber abnormalities are already present 
at birth. Probably, the interplay of sev
eral extracellular matrix components 
determines the phenotype of tenascin-
X-deficient and haploinsufficient pa
tients. 

Physiologic functions and pathophysi
ologic processes affected by variation 
of tenascin-X expressivity 
In chapters 7 and 8 the following ques
tion was addressed: Does variation in 
tenascin-X expression affect physiologic 
functions and pathophysiologic proc
esses, not related to Ehlers-Danlos syn
drome? Since tenascin-X is abundantly 
expressed in blood vessels43,164,227, we 
hypothesized that a relation exists be
tween variation in expressivity of tenas
cin-X and the connective tissue proper
ties of blood vessels. The composition 
of the extracellular matrix of blood ves
sels largely determines the distensibility 
of the blood vessels and hence the 
blood pressure. Elevated blood pressure 
can be a result of increasing stiffness of 
the arteries caused by a reduction of 
elastic fibers and alterations in the col
lagen network. To study a possible asso
ciation of tenascin-X and blood pres
sure, we performed a cross-sectional 
study, in which blood pressure and 
tenascin-X serum levels were deter
mined in 129 individuals (chapter 7). In 
this study, an evident relation between 
tenascin-X levels and systolic, but not 
diastolic blood pressure was found. In
dividuals with low tenascin-X levels had 
an increased risk for having a high sys
tolic blood pressure. 

The mechanical property of the 
aortic wall, which is dependent on ex-
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tracellular matrix composition, is an 
important determinant of the develop
ment of abdominal aortic aneu
rysms52215371. Since our previous study 
indicated that the tenascin-X serum 
levels may reflect the tenascin-X tissue 
levels and thereby affecting the con
nective tissue properties of the blood 
vessels, we investigated whether an as
sociation existed between the occur
rence of abdominal aortic aneurysm and 
tenascin-X serum level. Furthermore, 
we studied the presence and localiza
tion of tenascin-X in normal aorta and 
abdominal aortic aneurysms (chapter 
8). Tenascin-X is expressed throughout 
the entire aortic wall, with a particu
larly high expression near the elastic 
lamellae in the tunica media. Previous 
studies have indicated that tenascin-X is 
highly expressed in fetal smooth mus
cle3943, which could explain the promi
nent expression of tenascin-X at the 
elastic lamellae. In abdominal aortic 
aneurysms, the tenascin-X expression 
pattern was altered and the presence of 
tenascin-X in the aortic wall was 
strongly reduced. In addition, we ob
served a dose-response relationship be
tween tenascin-X levels in serum and 
the risk for abdominal aortic aneurysms. 
High tenascin-X levels were a risk factor 
for abdominal aortic aneurysm, also af
ter adjustment for well-known risk fac
tors, like smoking, age and high blood 
pressure. 

It can be hypothesized that the 
tenascin-X serum levels reflect the rate 
of turnover in the vasculature, and that 
disturbances in the balance of synthesis 
and degradation of tenascin-X result in 
pathological conditions. Speculatively, 
the increased tenascin-X serum levels in 
abdominal aortic aneurysm patients re
flect increased degradation and leakage 
of tenascin-X from the vasculature, as a 
manifestation of a more general vascu
lar disease. It remains to be established 
whether the low tenascin-X serum level 
in patients with high systolic blood pres
sure reflects a decline in degradation of 

tenascin-X from the vascular wall, pos
sibly rendering the blood vessels less 
compliant, or whether it reflects a gen
eral lower steady-state turnover of 
tenascin-X. The consequences of varia
tions in the normal range of tenascin-X 
expressivity are unknown, but they 
could possibly contribute to altered 
connective tissue properties. Loss of 
tenascin-X from the vessel wall could 
affect collagen fibril and elastic fiber 
properties, thereby causing weakness of 
the vessel wall. On the other hand, 
variations in tenascin-X expressivity 
could be merely a consequence of the 
pathological process itself, such as hy
pertension or abdominal aortic aneu
rysm. The latter possibility merits seri
ous consideration, because tenascin-X-
deficient individuals show normal vessel 
wall properties271; no large vessel dis
ease or altered vessel wall compliance 
were observed in these patients. Al
though unexpected compensatory 
mechanisms may be present in these 
patients to ensure normal vessel wall 
compliance and blood pressure, as has 
been observed in knockout mouse mod
els100, these findings provide little sup
port for the idea that in the normal 
population merely low tenascin-X ex
pressivity is a causative factor for high 
blood pressure. Because high blood 
pressure is a multifactorial condition, 
one could argue that low tenascin-X se
rum levels in combination with other 
common genetic polymorphisms could 
work in an additive fashion. This phe
nomenon could of course go easily un
noticed in a small group of completely 
deficient patients. 

In contrast to high blood pres
sure, abdominal aortic aneurysm is as
sociated with high tenascin-X serum 
levels. There is no genetic model in 
mice or humans to study the conse
quences of extremely high tenascin-X 
serum levels. The observed increased 
serum tenascin-X levels are conceptu
ally compatible with increased, patho
logical turnover of tenascin-X in the 
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vessel wall as a causative factor. How
ever, as indicated above, increased se
rum tenascin-X levels could also be an 
epiphenomenon of the disease process, 
which etiology is not causally linked to 
tenascin-X biology. 

Clearly, the assay that we have 
developed is a useful tool to uncover 
correlations with disease processes. The 
causal or consequential relationships, 
however, remain to be elucidated. 

Concluding remarks 
It has been two decades since the first 
member of the tenascin-family was dis
covered. Although much effort has been 
made to unravel putative functions of 
the tenascins, relatively litt le progress 
has been made in understanding the 

role of this intriguing protein family. 
Knockout mouse models of tenascin-C 
and tenascin-R have been of l itt le help 
in elucidating possible functions, since 
these mice developed normally and had 
no overt phenotype. This suggested a 
minor or even completely redundant 
role for these proteins. The latter ap
peared, however, not to be true. This 
thesis describes "a tenascin knockout 
with a phenotype" and demonstrates an 
essential role for tenascin-X in connec
tive tissue biology. Although the exact 
function of tenascin-X and regulation of 
its expression remain to be elucidated, 
the results described in this thesis pro
vide a good basis for further research on 
this fascinating molecule. 

m 
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Tenascine-X: Klinische en Biologische Aspecten 

NEDERUNDSE SAMENVATTING 
Bindweefsel ondersteunt gespeciali
seerde weefsels en organen en is essen
tieel voor de ontwikkeling en het in 
stand houden van ons lichaam. Bind
weefsel ontleent zijn eigenschappen 
aan de stof tussen de cellen, de extra-
cellulaire matrix. De extracellulaire ma
trix bestaat voornamelijk uit collageen
eiwitten, elastische vezels, proteogly-
canen en glycoproteïnen. Afwijkingen in 
de samenstelling en opbouw van de ex
tracellulaire matrix zijn betrokken bij 
de ontwikkeling en progressie van diver
se ziekten, zoals hart- en vaatziekten, 
kanker en erfelijke bindweefselaandoe-
ningen. Een van de extracellulaire ma
trix componenten die belangrijk is voor 
het correct functioneren van ons li
chaam is tenascine-X (spreek uit tenas-
cine-iks, niet tenascine-tien). Tenasci
ne-X is een groot eiwit dat in vrijwel 
alle bindweefsels voorkomt, waaronder 
bloedvaten, huid en gewrichten. Een 
aantal jaren geleden werd een patiënt 
beschreven die twee verschillende erfe
lijke afwijkingen had ten gevolge van 
grote deleties in het DNA coderend voor 
tenascine-X en 21-hydroxylase. Deze 
patiënt had naast het adrenogenitaal 
syndroom, veroorzaakt door afwezig
heid van 21-hydroxylase, ook overbe-
weeglijke gewrichten, hyperuitrekbare 
huid en weefselfragiliteit, waarschijn
lijk veroorzaakt door afwezigheid van 
tenascine-X. Deze klinische kenmerken 
zijn kenmerkend voor de erfelijke 
bindweefselaandoening Ehlers-Danlos 
syndroom (EDS). Onduidelijk bleef ech
ter of afwezigheid van uitsluitend 
tenascine-X ook kan resulteren in EDS. 
In hoofdstuk 2 wordt de identificatie 
van een 140 kDa fragment van tenasci
ne-X in het serum van gezonde personen 
beschreven. Deze ontdekking maakte 
het mogelijk om een analytische test te 
ontwikkelen waarmee de aanwezigheid 
van het tenascine-X fragment in serum 

bepaald kan worden. Op deze manier 
werden vijf niet-verwante patiënten 
met EDS en drie van hun familieleden 
geïdentificeerd, die een volledige afwe
zigheid van tenascine-X hadden. Zij 
hadden allen overbeweeglijke gewrich
ten, hyperuitrekbare huid en weefsel
fragiliteit. Genetische analyse toonde 
mutaties in beide kopieën van het 
tenascine-X gen. Deze bevinding duidt 
erop dat de overerving van EDS ten ge
volge van tenascine-X deficiëntie reces-
sief is, in tegenstelling tot het klassieke 
type EDS, dat dominant overerft. Bo
vendien was atrofische littekenvorming, 
kenmerkend voor het klassieke type 
EDS, afwezig, suggererend dat tenasci
ne-X deficiëntie leidt tot een nieuwe 
vorm van EDS. 

Om te bestuderen of er een do-
sisafhankelijkheid is van tenascine-X op 
het juist functioneren van het lichaam, 
werden alle familieleden die één defec
te kopie van het tenascine-X gen had
den, onderzocht (hoofdstuk 3.1). Zij 
hadden allen een sterk verminderde 
hoeveelheid tenascine-X in hun serum, 
namelijk ongeveer de helft van de nor
male niveaus. Klinisch onderzoek toon
de overbeweeglijkheid van de gewrich
ten in 45% van de familieleden. Daar
naast hadden zij regelmatig (sub) luxa-
ties en gewrichtspijn, kenmerkend voor 
het hypermobiele type EDS. Dit toont 
aan dat een enkele kopie van het nor
male tenascine-X gen niet voldoende 
eiwit produceert om de normale functie 
uit te oefenen, ofwel resulteert in 
haploinsufficiëntie. Echter niet alle fa
milieleden met één defecte kopie van 
het tenascine-X gen hadden klinische 
verschijnselen, dit toont aan dat de 
overerving van tenascine-X haploinsuf
ficiëntie onvolledig is. Haploinsufficiën
tie van tenascine-X komt ook voor bij 
patiënten met het hypermobiele type 
EDS die niet gerelateerd zijn aan de vol
ledig tenascine-X deficiënte individuen, 

127 



maar biedt slechts een verklaring voor 
een klein percentage (-8%) van alle hy-
permobiele type EDS gevallen. Het is 
dus zeer waarschijnlijk dat, naast het 
tenascine-X gen, andere genen betrok
ken zijn bij het ontstaan van het hy-
permobiele type EDS. Hoofdstuk 3.2 
beschrijft dat haploinsufficiëntie van 
tenascine-X ook voorkomt in patiënten 
die gediagnosticeerd zijn met het hy-
permobiliteitssyndroom, wat suggereert 
dat klinisch geen onderscheid te maken 
is tussen hypermobiliteitssyndroom en 
hypermobiel type EDS. 

Om meer inzicht te krijgen in 
hoe volledige of partiële afwezigheid 
van tenascine-X kan resulteren in het 
klinische beeld werd de huid van de 
tenascine-X deficiënte en haploinsuffi-
ciënte patiënten onderzocht (hoofdstuk 
4 en 5). De huid van de volledig defici
ente individuen had een verminderde 
dichtheid van collageenvezels, welke 
belangrijk zijn voor de trekvastheid van 
het weefsel. Daarnaast vertoonden de 
elastische vezels, die belangrijk zijn 
voor de elasticiteit van weefsels, grote 
afwijkingen. In de lederhuid (dermis) 
van de tenascine-X deficiënte patiënten 
waren de elastische vezels korter en 
sterk gefragmenteerd. Ook met een 
electronenmicroscoop werden verande
ringen in de elastische vezels waarge
nomen. Terwijl in de huid van volledig 
tenascine-X deficiënte individuen de 
elastische vezel lengte bijna gehalveerd 
was, waren de elastische vezels in de 
huid van haploinsufficiënte individuen 
minder sterk verkort. Dat de verande
ringen in de elastische vezels specifiek 
zijn voor afwijkingen in tenascine-X en 
niet een algemeen verschijnsel zijn bij 
EDS patiënten valt af te leiden uit de 
bevinding dat in EDS patiënten zonder 
afwijkingen in tenascine-X de elastische 
vezels geen verschillen lieten zien. Hoe 
afwezigheid van tenascine-X zou kunnen 
resulteren in de afwijkingen in de elas
tische vezels is onderzocht in hoofdstuk 
4 en 6. In een tweedimensionale kweek 
van bindweefselcellen (fibroblasten) 

werden slechts kleine hoeveelheden 
tenascine-X in het kweekmedium uitge
scheiden en werd er geen tenascine-X in 
de extracellulaire matrix afgezet. Fibril
line-·!, een belangrijke component van 
de elastische vezel, werd gesyntheti
seerd en afgezet door fibroblasten af
komstig van tenascine-X deficiënte pa
tiënten op een vergelijke manier als f i
broblasten afkomstig van gezonde con
troles. Tropoelastine, een essentiële 
component van elastische vezels, werd 
wel geproduceerd, maar niet afgezet in 
de extracellulaire matrix, wat erop 
duidt dat er geen elastische vezels wor
den gevormd in dit kweekmodel. Daar
om werd de synthese en depositie van 
tenascine-X en tropoelastine in een 
driedimensionaal gereconstrueerd huid
model bestudeerd. Hoewel tenascine-C 
en fibrilline-1 afgezet werden in de ex
tracellulaire matrix, vond er geen afzet
ting van tenascine-X en tropoelastine. 
Transplantatie van de driedimensionaal 
gereconstrueerde huidmodellen op de 
rug van immuundeficiénte (naakte) 
muizen resulteerde in de afzetting van 
zowel humaan tropoelastine als tenasci
ne-X. Met een electronenmicroscoop 
werden microfibrillen, welke zijn opge
bouwd uit o.a. fibrilline-1, waargeno
men. Volledig ontwikkelde elastische 
vezels, bestaande uit covalent gebon
den tropoelastine en microfibrillen, 
werden niet waargenomen. Aanwezig
heid van fibroblasten afkomstig van 
tenascine-X deficiente individuen leidde 
niet tot een veranderde afzetting van 
elastische vezel componenten. Verdere 
studies moeten uitwijzen of tenascine-X 
betrokken is bij de ontwikkeling van de 
elastische vezels, of dat tenascine-X de 
homeostase en stabiliteit van de elasti
sche vezels reguleert. 

In hoofdstuk 7 en 8 is bestu
deerd of variatie in de expressie van 
tenascine-X (patho)fysiologische proces
sen beïnvloedt, die niet direct gerela
teerd zijn aan Ehlers-Danlos syndroom. 
Tenascine-X komt sterk tot expressie in 
de bloedvaten. De samenstelling van de 
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extracellulaire matrix van bloedvaten 
bepaalt mede de rekbaarheid en stijf
heid en daarmee de bloeddruk. Ver
hoogde bloeddruk kan het gevolg zijn 
van afbraak van de elastische vezels en 
veranderingen in collageen. Daarom re
deneerden we dat variatie in tenascine-
X van invloed zou kunnen zijn op bloed
druk. Hoofdstuk 7 beschrijft een corre
latie van tenascine-X serum niveaus met 
de systolische bloeddruk (bovendruk), 
maar met met diastolische bloeddruk 
(onderdruk). Individuen met lage tenas-
cine-X serum niveaus hebben een ver
hoogd een risico een hoge systolische 
bloeddruk te hebben. 

Veranderingen in de samenstel
ling van de vaatwand kunnen leiden tot 
het ontstaan van een plaatselijke ver-
wijding van een slagader, een zoge
naamd aneurysma. Omdat de druk het 
hoogst is in de aorta in de buik, komen 
aneurysmal hier het meest voor (aneu
rysma aorta abdominalis; AAA). Aange
zien voorgaande studies suggereerden 
dat variatie in tenascine-X serum ni
veaus de mechanische eigenschappen 
van de bloedvaten kunnen weerspiege
len, hebben we bestudeerd of een rela
tie bestond tussen tenascine-X serum 
niveaus en het voorkomen van AAA. Te
vens is het expressiepatroon van tenas-
cine-X in gezonde aorta vaatwand en 
aneurysma vaatwand onderzocht 

(hoofdstuk 8). Tenascine-X is aanwezig 
in de gehele vaatwand, en komt vooral 
veel tot expressie rondom de elastische 
lamellen in de aorta. In aneurysma 
vaatwand was de opbouw van de elasti
sche lamellen verstoord en was de ex
pressie van tenascine-X sterk geredu
ceerd. In serum van patiënten met AAA 
vonden we verhoogde tenascine-X ni
veaus in vergelijking met gezonde indi
viduen. Hoge tenascine-X niveaus zijn 
een risicofactor voor het voorkomen van 
AAA. Mogelijk zijn de verhoogde tenas-
cine-X niveaus in het serum van AAA pa-
tienten een weerspiegeling van de af
braakprocessen in de vaatwand. Ander
zijds zou tenascine-X mogelijk een oor
zakelijke factor kunnen zijn in de Pa
thogenese van AAA; verdere studies zul
len dit echter moeten uitwijzen. 

De resultaten beschreven in dit 
proefschrift laten zien dat tenascine-X 
een belangrijke rol heeft in de homeo-
stase van bindweefsel. Variatie in 
tenascine-X expressie is betrokken bij 
diverse (patho)fysiologische processen 
waaraan veranderingen in de extracellu-
laire matrix ten grondslag liggen. Hoe
wel er nog veel onduidelijkheden zijn 
over de regulatie van tenascine-X ex
pressie en de exacte functie van tenas-
cine-X, vormen de resultaten in dit 
proefschrift een basis voor verder on
derzoek. 
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Color Illustrations 

CHAPTER 2 

Figure 2 Histopatholoskal findings in skin in patients with tenascin-X deficiency. Panels A, B, C, and 
D show normal control skin, and panels E through J show the skin and joint of patients with the Ehlers-
Danlos syndrome and tenascin-X deficiency. Hematoxylin and eosin staining revealed less dense eosi
nophilic staining in tenascin-X-deficient skin (panel E) than in normal skin (panel A) of the papillary 
dermis. Immunostaining with antiserum against recombinant tenascin-X showed strong staining of the 
papillary dermis and moderate staining of the deeper dermal layers in normal skin (panel B), but no 
staining for tenascin-X was seen in the extracellular matrix of tenascin-X-deficient skin (panel F). 
Staining for tenascin-C (panels C and G) and type V collagen (panels F and H) was similar in control 
and tenascin-X-deficient skin. (Magnification in panels A-Η: x250.) Panel 1 and J show the skin hyper-
extensibility and joint hypermobility typical of tenascin-X-deficient patients with the Ehlers-Danlos 
syndrome. 
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CHAPTER 2 
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Figure 4 Mutational analysis of the tenascin-X gene. The upper figure in panel A shows a genetic map 
of the tenascin-X locus. The locus is duplicated into A and Β loci at the positions shown by the vertical 
dotted line. C4A and C4B encode isoforms of the fourth component of serum complement; 21A is a 
pseudogene, and 21Β is the functional 21-hydroxylase gene; XA is a partial duplicate of tenascin-X 
(TNX)14. Unique polymerase chain reaction (PCR) primers were designed that are specific for XA (—· ) 
and tenascin-X (—•). These primers were paired with a tenascin-X sense primer (•^—). The 30-kb dele
tion removes 21Β and creates a nonfunctional tenascin-X-XA fusion gene (lower figure in panel A)5. XA 
is a partial duplicate of tenascin-X and has an internal deletion (Δ). Panel Β shows PCR products from 
the normal and deleted alleles for Patient 3 and her family are shown. M indicates molecular-size 
markers. The wild-type allele was present in all family members except the patient ( left), whereas 
the deleted allele was amplified from all family members (right). The patient was homozygous for the 
deletion (solid symbols), which produces combined Ehlers-Danlos syndrome and congenital adrenal 
hyperplasia, whereas unaffected parents and siblings were heterozygous for the deletion (hatched 
symbols). Panel C shows mutation analysis of patient 1 and her daughter. The nucleotide and pre
dicted amino-acid sequences at the 3' end of exon 8 are shown above the top two electropherograms 
of panels C and D The bottom electropherogram of panel C shows the DNA sequence of both alleles. A 
2 nt deletion (underlined) was found in codon 1184. Patient 1 was homozygous for this mutation, and 
her unaffected father and daughter were heterozygous. FN111 denotes fibronectin type IN. In panel D, 
sequence analysis of exon 3, encoding the epidermal growth factor (EGF) repeat domain, demon
strates a homozygous insertion of guanosine and thymine in Patient 4, which changes a glutamic acid 
residue to a stop codon (asterisk). 
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CHAPTER 4 

Figure 1 Van Gieson's staining of elastic fibers in human skin biopsies. In normal non-sun exposed 
skin, Elastin-van-Gieson's staining shows a typical candelabra-like pattern oriented perpendicularly 
towards the basal lamina (A). In TNX-deficient patients (B, C), the candelabra-like structure is grossly 
disturbed. Note the short, sparsely branched structures in figure 1B and the horizontally oriented, 
coarse fragments and in figure 1C fragmentation of elastic fibers in TNX-deficient skin. Morphometric 
analysis of five patients and eight controls showed a significant reduction in length of the elastic fi
bers (p<0.01) (D), number of branches per elastic fiber (p<0.01) (E) and relative collagen density 
(p<0.05) (F) in TNX-deficient dermis. Asterisks denote values significantly different from control (*; 
p<0.05, **; p<0.01). Scale bar = 50 μηι. 
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CHAPTER 4 

control TNX-/· 

Figure 2 5afranin-0 histochemistry and decorin 
immunostaininç. Safranin-0 staining shows a 
similar glycosaminoglycan distribution in control 
(A) and TNX-deficient skin (B). Decorin is equally 
present in control (C) and TNX-deficient skin (D). 
TNX is distributed throughout the entire dermis 
of control skin (E) and is absent from TNX-
deficient skin (F). Scale bar = 25 μιτι for A-D, 50 
μ η for E-F. 

control TNX-/· 

Figure 3 Immunohistochemical staining for 
elastin and fibrillin-1. Note the typical structure 
of thin, ascending elastin-positive fibers in the 
papillary dermis (A) and the thicker fibers in the 
reticular dermis of normal skin (C). Fibriüin-1 
staining shows a similar pattern (E). In the papil
lary dermis of TNX-deficient skin, elastin-
positive and fibrillin-positive fibers are sparse 
and fragmented (B) and (F). In the reticular 
dermis, clumping and fragmentation of elastin-
positive structures is observed in TNX-deficient 
patients (D). Scale bar = 25 μιη. 
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CHAPTER 5 

Ξ, R>W S m. V>M L>l 
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human fggS 

bovine V Τ AGPFSPRSNl 
ARAGPFSPRSNV 

Figure 1 Sequence analysis of the coding region of the TNX gene of HT-EDS patients shows three dif
ferent nonsynonymous substitutions that are not present in 192 control alleles and which are con
served between the different species. Arg29Trp substitution in exon 1 (A). Val1195Met substitution in 
fibronectin type Ml domain 7 (B). Leu4033lle substitution in fibronectin type III domain 29 (C). 

iì-^: •'•• ^ {JU£'% 

Figure 2 Van Gieson's staining of human skin biopsies. The elastic fibers in the papillary dermis show 
typical arcades approximating the dermal-epidermal junction in a HT-EDS patient without TNX muta
tions (A). The elastic fibers in a TNX haploinsufficient individual appear fragmented (B). Morphometric 
analysis of the length of the elastic fibers showed a significant reduction in TNX haploinsufficient indi
viduals as compared to healthy controls or HT-EDS patients without TNX mutations. No reduction in 
elastic fiber length is observed in a HT-EDS patient with a Leu4033lle substitution in TNX or a HT-EDS 
patient with a Val1195Met substitution (C). (1=control, 2=HT-EDS patient without TNX mutations, 
3=Leu4033lle substitution, 4=Val1195Met substitution, 5= TNX haploinsufficient individual). Asterisks 
denote values significantly different from controls (p<0.01 ). Error bars denote standard error of mean. 
Scale bar = 10 μιτι. 
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CHAPTER 6 

Figure 1 Skin equivalents before grafting. H&E staining showed a differentiated epidermis (A). No 
TNX immunostaining is present in skin equivalents containing normal fibroblasts (B). Human tenas-
cin-C was present below the dermal-epidermal junction in skin equivalents containing normal (C) or 
tenascin-X-deficient fibroblasts (D). Fibrillin-1 was present in both skin equivalents containing nor
mal (E) or tenascin-X-deficient fibroblasts (F). Scale bar=20 μιη 
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CHAPTER 6 

Figure 2 Skin equivalents three weeks after transplantation onto nude mice. HàE staining showed a 
differentiated stratified epidermis (A). Tenascin-C is present below the dermal-epidermal junction 
(B). Keratinocytes stained for human K10 (red) and fibroblasts stained for human vimentin (green) (C). 
Scale bar=20 μπι for A & B. 

Figure 3 Tenascin-X is expressed throughout the dermal part of the transplanted skin equivalent con
taining normal fibroblasts (A) whereas it is absent in those containing tenascin-X-deficient fibroblasts 
(B). Fibrillin-1 (green) and elastin (red) partly co-localize (yellow) in transplanted skin equivalent con
taining normal fibroblasts (C and E) or tenascin-X-deficient fibroblasts (D and F). Perpendicularly ori
ented fibers are localized beneath the dermal-epidermal junction (C-D), whereas deeper in the skin 
equivalent the fibers are arranged parallel to the epidermis (Ε-F). Scale bar = 20 pm for A a B, and 40 
μιτι for C-F. 
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CHAPTER 8 

Figure 1 Tenascin-X is abundantly expressed in normal human aorta (A). Immunofluorescent staining 
of normal aortic wall shows co-localization of elastin (red) and tenascin-X (green). Overlapping ex
pression is shown in yellow. (B) The presence of tenascin-X is decreased in abdominal aortic aneurysm 
(C). 
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Stellingen 
behorende bij het proefschrift 
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1. Het is paradoxaal dat afwezigheid van een rekbaar 
eiwit leidt tot meer rek. 

- dit proefschrift -

2. De ontwikkeling van een volwaardige extracellulaire 
matrix is een vierdimensionaal proces. 

- dit proefschrift -

3. Deficiëntie van tenascine-X leidt bij mensen tot een 
verstoorde opbouw van de extracellulaire matrix. 

- dit proefschrift -

4. Mutaties in het tenascine-X gen kunnen leiden tot 
twee verschillende vormen van Ehlers-Danlos 
syndroom. 

- dit proefschrift -

5. Het publiceren van negatieve bevindingen kan 
onnodige herhaling van onderzoek voorkomen en zo 
alsnog een positief resultaat opleveren. 



6. Het feit dat je mag zeggen wat je denkt, betekent 
niet dat je niet moet denken voor je zegt. 

7. Bij sommige fietsers wordt het belang van goede 
fietsverlichting pas duidelijk als ze autorijden: bij 
hen gaat het lampje laat branden. 

8. Minder is meestal mooier. 

9. De oorzaak van teleurstelling moet niet in het 
resultaat gezocht worden maar in de verwachting. 

(Hans Alkemade) 

10. Als het percentage vrouwelijke professoren een maat 
is voor de emancipatie van een land, is het met 
Nederland droevig gesteld. 

11. The beauty of life is surprise. 
(Freeman Dyson) 








