
Advances in Experimental Medicine and Biology 1348

Jaroslava Halper   Editor

Progress in 
Heritable Soft 
Connective 
Tissue Diseases
Second Edition



Advances in Experimental Medicine 
and Biology

Volume 1348

Series Editors

Wim E. Crusio, Institut de Neurosciences Cognitives et Intégratives 
d’Aquitaine, CNRS and University of Bordeaux, Pessac Cedex, France

Haidong Dong, Departments of Urology and Immunology, Mayo Clinic 
Rochester, MN, USA

Heinfried H. Radeke, Institute of Pharmacology & Toxicology, Clinic of the 
Goethe University Frankfurt Main, Frankfurt am Main, Hessen, Germany

Nima Rezaei, Research Center for Immunodeficiencies, Children’s Medical 
Center, Tehran University of Medical Sciences, Tehran, Iran

Ortrud Steinlein, Institute of Human Genetics, LMU University Hospital, 
Munich, Germany

Junjie Xiao, Cardiac Regeneration and Ageing Lab, Institute of 
Cardiovascular Science, School of Life Science, Shanghai University, 
Shanghai, China



Advances in Experimental Medicine and Biology provides a platform for 
scientific contributions in the main disciplines of the biomedicine and the life 
sciences. This series publishes thematic volumes on contemporary research 
in the areas of microbiology, immunology, neurosciences, biochemistry, 
biomedical engineering, genetics, physiology, and cancer research. Covering 
emerging topics and techniques in basic and clinical science, it brings together 
clinicians and researchers from various fields.

Advances in Experimental Medicine and Biology has been publishing 
exceptional works in the field for over 40 years, and is indexed in SCOPUS, 
Medline (PubMed), Journal Citation Reports/Science Edition, Science 
Citation Index Expanded (SciSearch, Web of Science), EMBASE, BIOSIS, 
Reaxys, EMBiology, the Chemical Abstracts Service (CAS), and Pathway 
Studio.

2020 Impact Factor: 2.622

More information about this series at https://link.springer.com/bookseries/5584

https://springerlink.bibliotecabuap.elogim.com/bookseries/5584


Jaroslava Halper
Editor

Progress in Heritable 
Soft Connective  
Tissue Diseases
Second Edition



ISSN 0065-2598     ISSN 2214-8019 (electronic)
Advances in Experimental Medicine and Biology
ISBN 978-3-030-80613-2    ISBN 978-3-030-80614-9 (eBook)
https://doi.org/10.1007/978-3-030-80614-9

© Springer Nature Switzerland AG 2021
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or 
part of the material is concerned, specifically the rights of translation, reprinting, reuse of 
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, 
and transmission or information storage and retrieval, electronic adaptation, computer software, 
or by similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this 
publication does not imply, even in the absence of a specific statement, that such names are 
exempt from the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in 
this book are believed to be true and accurate at the date of publication. Neither the publisher nor 
the authors or the editors give a warranty, expressed or implied, with respect to the material 
contained herein or for any errors or omissions that may have been made. The publisher remains 
neutral with regard to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

Editor
Jaroslava Halper
Department of Pathology, College of Veterinary  
Medicine, and Department of Basic Sciences,  
AU/UGA Medical Partnership
The University of Georgia
Athens, GA, USA

, corrected publication 2021

https://doi.org/10.1007/978-3-030-80614-9


v

 1   Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    1
Jaroslava Halper

 2   Basic Structure, Physiology, and Biochemistry  
of Connective Tissues and Extracellular Matrix Collagens  . . .    5
Michael J. Mienaltowski, Nicole L. Gonzales,  
Jessica M. Beall, and Monica Y. Pechanec

 3   Tendon Extracellular Matrix Assembly,  
Maintenance and Dysregulation Throughout Life . . . . . . . . . . .   45
Seyed Mohammad Siadat, Danae E. Zamboulis,  
Chavaunne T. Thorpe, Jeffrey W. Ruberti,  
and Brianne K. Connizzo

 4   Basic Components of Connective Tissues  
and Extracellular Matrix: Fibronectin, Fibrinogen,  
Laminin, Elastin, Fibrillins, Fibulins, Matrilins,  
Tenascins and Thrombospondins  . . . . . . . . . . . . . . . . . . . . . . . .  105
Jaroslava Halper

 5   Proteoglycans and Diseases of Soft Tissues  . . . . . . . . . . . . . . . .  127
Chloe Taejoo Hwang and Jaroslava Halper

 6   Growth Factor Roles in Soft Tissue Physiology  
and Pathophysiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  139
Jennifer H. Roberts and Jaroslava Halper

 7   Connective Tissue Disorders and Cardiovascular  
Complications: The Indomitable Role of Transforming  
Growth Factor-β Signaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  161
Jason B. Wheeler, John S. Ikonomidis, and Jeffrey A. Jones

 8   Pathophysiology and Pathogenesis of  
Marfan Syndrome . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  185
Sanford M. Zeigler, Brandon Sloan, and Jeffrey A. Jones

 9   Ehlers-Danlos Syndromes, Joint Hypermobility  
and Hypermobility Spectrum Disorders . . . . . . . . . . . . . . . . . . .  207
Lucia Micale, Carmela Fusco, and Marco Castori

Contents



vi

 10   Ehlers Danlos Syndrome with Glycosaminoglycan  
Abnormalities  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  235
Noriko Miyake, Tomoki Kosho, and Naomichi Matsumoto

 11   Loeys-Dietz Syndrome  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  251
Joe D. Velchev, Lut Van Laer, Ilse Luyckx, Harry Dietz,  
and Bart Loeys

 12   Meester-Loeys Syndrome . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  265
Josephina A. N. Meester, Pauline De Kinderen,  
Aline Verstraeten, and Bart Loeys

 13   Clinical and Molecular Delineation of Cutis Laxa  
Syndromes: Paradigms for Elastic Fiber Homeostasis . . . . . . .  273
Aude Beyens, Lore Pottie, Patrick Sips, and Bert Callewaert

 14   Collagen VI Muscle Disorders: Mutation Types,  
Pathogenic Mechanisms and Approaches to Therapy . . . . . . . .  311
Shireen R. Lamandé

 15   Connective Tissue Disorders in Domestic Animals  . . . . . . . . . .  325
Jennifer Hope Roberts and Jaroslava Halper

 Correction to: Clinical and Molecular Delineation of Cutis  
Laxa Syndromes: Paradigms for Elastic Fiber Homeostasis  . . . . . .   C1

  Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  337

Contents



vii

About the Editor

Jaroslava Halper,  M.D., Ph.D., is Professor of Pathology at The University 
of Georgia where she is affiliated with the Department of Pathology, College 
of Veterinary Medicine, and with the Department of Basic Sciences in the 
Medical Partnership. She is a board-certified anatomic pathologist who 
received M.D. degree from the Faculty of Medicine, University of Toronto. 
She trained in pathology at Albert Einstein College of Medicine (in the Bronx, 
New York) and at Mayo Clinic in Rochester, Minnesota. She obtained her 
Ph.D. in experimental pathology from the University of Minnesota at Mayo 
Clinic where she worked on the identification of transforming growth factor 
e (known better as granulin) with Harold Moses as her major professor. She 
continued her work on granulins, growth factors, and tissue repair when she 
first arrived at The University of Georgia. With time, her research interests 
have evolved into probing basic problems in tendons. More recently, she has 
conducted groundbreaking research on equine degenerative suspensory liga-
ment desmitis (DSLD). Her group has established that DSLD, a chronic pro-
gressive disorder, is a systemic condition characterized by inappropriate 
accumulation of proteoglycans in connective tissues, particularly in tendons 
and ligaments. 

Contributors

Jessica M. Beall Department of Animal Science, University of California 
Davis, Davis, CA, USA

Aude  Beyens Center for Medical Genetics Ghent, Department of 
Dermatology, Department of Biomolecular Medicine, Ghent University 
Hospital, Ghent University, Ghent, Belgium

Bert  Callewaert Center for Medical Genetics Ghent, Department of 
Biomolecular Medicine, Ghent University Hospital, Ghent University, Ghent, 
Belgium

Editor and Contributors



viii

Marco  Castori Division of Medical Genetics, Fondazione IRCCS-Casa 
Sollievo della Sofferenza, San Giovanni Rotondo, Italy

Brianne  K.  Connizzo Department of Biomedical Engineering, Boston 
University, Boston, MA, USA

Pauline  De Kinderen Center for Medical Genetics, Antwerp University 
Hospital/University of Antwerp, Antwerp, Belgium

Harry  Dietz McKusick-Nathans Institute of Genetic Medicine, Johns 
Hopkins University School of Medicine, Baltimore, MD, USA

Carmela  Fusco Division of Medical Genetics, Fondazione IRCCS-Casa 
Sollievo della Sofferenza, San Giovanni Rotondo, Italy

Nicole L. Gonzales Department of Animal Science, University of California 
Davis, Davis, CA, USA

Jaroslava Halper Department of Pathology, College of Veterinary Medicine, 
and Department of Basic Sciences, AU/UGA Medical Partnership, The 
University of Georgia, Athens, GA, USA

Chloe  Taejoo  Hwang Department of Pathology, College of Veterinary 
Medicine, The University of Georgia, Athens, GA, USA

John  S.  Ikonomidis Division of Cardiothoracic Surgery, University of 
North Carolina, Chapel Hill, NC, USA

Jeffrey A. Jones Division of Cardiothoracic Surgery, Medical University of 
South Carolina and Ralph H.  Johnson Veterans Affairs Medical Center, 
Charleston, SC, USA

Tomoki Kosho Department of Medical Genetics, Shinshu University School 
of Medicine, Matsumoto, Japan

Shireen  R.  Lamandé Murdoch Children’s Research Institute and 
Department of Paediatrics, University of Melbourne, Royal Children’s 
Hospital, Parkville, VIC, Australia

Bart  Loeys Center for Medical Genetics, Antwerp University Hospital/
University of Antwerp, Antwerp, Belgium
Department of Human Genetics, Radboud University Medical Center, 
Nijmegen, The Netherlands

Ilse  Luyckx Center for Medical Genetics, Antwerp University Hospital/
University of Antwerp, Antwerp, Belgium

Naomichi  Matsumoto Department of Human Genetics, Yokohama City 
University Graduate School of Medicine, Yokohama, Japan

Josephina A.N. Meester Center for Medical Genetics, Antwerp University 
Hospital/University of Antwerp, Antwerp, Belgium

Lucia  Micale Division of Medical Genetics, Fondazione IRCCS-Casa 
Sollievo della Sofferenza, San Giovanni Rotondo, Italy

Editor and Contributors



ix

Michael  J.  Mienaltowski Department of Animal Science, University of 
California Davis, Davis, CA, USA

Noriko Miyake Department of Human Genetics, National Center for Global 
Health and Medicine, Tokyo, Japan

Monica  Y.  Pechanec Department of Animal Science, University of 
California Davis, Davis, CA, USA

Lore Pottie Center for Medical Genetics Ghent, Ghent University Hospital, 
Ghent, Belgium
Department of Biomolecular Medicine, Ghent University, Ghent, Belgium

Jennifer  Hope  Roberts Department of Pathology, College of Veterinary 
Medicine, The University of Georgia, Athens, GA, USA

Jeffrey W. Ruberti Department of Bioengineering, Northeastern University, 
Boston, MA, USA

Seyed  Mohammad  Siadat Department of Bioengineering, Northeastern 
University, Boston, MA, USA

Patrick Sips Center for Medical Genetics Ghent, Ghent University Hospital, 
Ghent, Belgium
Department of Biomolecular Medicine, Ghent University, Ghent, Belgium

Brandon Sloan Division of Cardiothoracic Surgery, Department of Surgery, 
Medical University of South Carolina, Charleston, SC, USA

Chavaunne  T.  Thorpe Comparative Biomedical Sciences, The Royal 
Veterinary College, University of London, London, UK

Lut Van Laer Center for Medical Genetics, Antwerp University Hospital/
University of Antwerp, Antwerp, Belgium

Joe D. Velchev Center for Medical Genetics, Antwerp University Hospital/
University of Antwerp, Antwerp, Belgium

Aline  Verstraeten Center for Medical Genetics, Antwerp University 
Hospital/University of Antwerp, Antwerp, Belgium

Jason  B.  Wheeler Division of Cardiology, Cleveland Clinic, Cleveland, 
OH, USA

Danae E. Zamboulis Institute of Life Course and Medical Sciences, Faculty 
of Health and Life Sciences, University of Liverpool, Liverpool, UK

Sanford  M.  Zeigler Division of Cardiothoracic Surgery, Department of 
Surgery, Medical University of South Carolina, Charleston, SC, USA

Editor and Contributors



1© Springer Nature Switzerland AG 2021 
J. Halper (ed.), Progress in Heritable Soft Connective Tissue Diseases, Advances in Experimental 
Medicine and Biology 1348, https://doi.org/10.1007/978-3-030-80614-9_1

Introduction

Jaroslava Halper

Abstract

Just like the first edition of this widely suc-
cessful book the second edition provides latest 
updates of our understanding of pathophysiol-
ogy, pathology, clinical presentation and treat-
ment of heritable soft connective tissue 
diseases. In addition, new knowledge of not 
only structures but also of functions of basic 
components of connective tissues (e.g., colla-
gen), and of organs such as tendons has been 
added as well. Moreover, readers will learn 
more about new syndromes and new sub-
groups of previously described syndromes and 
disorders as well. The authors are not only 
prominent investigators in their field, but they 
are also good writers and that should provide 
an additional incentive for interested readers.

Keywords

Ehlers- Danlos syndrome · Marfan syndrome 
· Joint hypermobility · Collagen and tendon 
structure and function · Transforming growth 
factor β · Cutis laxa · Collagen VI myopathies

This volume represents a second edition of a 
widely successful and read book Progress in 
Heritable Soft Connective Tissue Diseases. The 
content was revised and updated with inclusion 
of newly identified syndromes and variations of 
already more or less characterized disorders. 
Marfan and Ehlers-Danlos syndromes are the 
best known and studied conditions included in 
this group of diseases. The first description of 
Ehlers-Danlos syndrome appeared first in 
Hippocrates’ writing (Airs, Waters and Places) in 
400 BC (Parapia and Jackson 2008). It was not 
until the seventeenth century when sporadic 
accounts were published in medical literature. 
Finally, the syndrome was named after Edward 
Lauritz Ehlers and Henri-Alexander Danlos pro-
vided more comprehensive and systematic 
descriptions of several patients suffering with 
joint hypermobility and skin fragility more than a 
century ago (Parapia and Jackson 2008). Marfan 
syndrome, a more common condition than 
Ehlers-Danlos syndrome, was named after 
Antoine Marfan who published the first case 
report of possible Marfan syndrome in 1896 
(Marfan 1896).

The difference in knowledge about the patho-
genesis, biochemistry, genetics of these two and 
related disorders between then and now has wid-
ened as it will become obvious upon reading this 
volume. However, this does not take anything 
away from the contribution of past physicians as 
they applied their ingenuity, clinical astuteness 
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and close attention to seemingly unrelated details. 
On the contrary, they are providing examples 
how to approach new unknown phenomena. 
Though the roster of authors has changed to some 
extent, the quality of chapters has not. The topics 
have been revised or updated, and some were 
expanded as necessary.

The first chapters are more general, concen-
trating more on the physiology, structure and 
 biochemistry of normal soft tissues. That should 
help in understanding of the pathophysiology of 
these disorders, many of them related to each 
other in more than one ways.

Chapters 2 and 3 discuss primarily collagen 
and tendon structure and function. Though most 
of tendon disorders and injuries encountered by 
millions of people on daily basis are non- 
hereditary in nature, many of the disorders 
described in this volume (Marfan, Ehlers-Danlos, 
cutis laxa etc) affect musculoskeletal system (and 
mainly tendons) to great degree. Chapter 2 
informs mostly on collagen structure and struc-
tural components, as well as on the interface 
between structure and biomechanical behavior. 
Chapter 3 deals with changes and adaptations of 
structure, not just collagens, but of extracellular 
matrix with time and development. Moreover, 
Connizzo et al. interpret the functional changes 
in tendons through the glasses of bioengineering 
(Chap. 3). In this sense these two chapters are 
complementary. The several next chapters 
(Chaps. 4, 5 and 6) review the role of basic com-
ponents of extracellular matrix in function of nor-
mal connective tissue and their contribution to 
pathophysiology of soft tissue diseases. Authors 
of Chap. 7 continue in this vein by concentrating 
on one growth factor, transforming growth factor 
β, which plays an outsized role in many disorders 
of soft connective tissues. Chapter 8 on Marfan 
syndrome expands this narrative, together with 
advances in Marfan management.

The Ehlers-Danlos category has grown to 13 
bona fide members described in details in Chap. 
9 together with related and enlarging group of 
joint hypermobility disorders. In addition, Chap 
10 brings us up to date progress in Ehlers- Danlos 
syndrome due to abnormal metabolism of gly-

cosaminoglycan chains attached to proteogly-
cans regulating assembly of collagens.

New entities are included as well, now we 
have not one but two syndromes associated with 
professor Bart Loeys (Chaps. 11 and 12). 
Advances in genetic analysis have greatly 
expanded our understanding of cutis laxa, and 
also added many new (and rare subtypes) (Chap 
13) – it turns out that the complexity of cutis laxa 
has greatly expanded over the last several years. 
Numerous variations of cutis laxa and joint 
mobility disorders have been discovered taking 
advantage of recent advancements) in genetic 
analysis. We have acquired better understanding 
of pathogenesis and biochemical changes in 
some other, more established entities, such as 
Marfan and collagen VI myopathies where better 
management and treatment is on the horizon 
(Chaps. 8 and 14, respectively). In particular, 
antisense agents, cyclosporine A and autophagy 
stimulating drugs are being investigated for treat-
ment of myopathies due to mutations in in the 
COL6A1, COL6A2 and COL6A3 genes (Chap. 
14). Even in the case of connective tissues dis-
eases in domestic animals some progress has 
been made. Warmblood fragile foal syndrome 
was added to the last chapter, and the section on 
equine degenerative suspensory ligament desmi-
tis was substantially revised in Chap. 15.

All chapters were contributed by a group of 
distinguished and preeminent physicians and sci-
entists, all of them not working “just” in the field 
but making new discoveries described by them. 
Most authors address clinical, biochemical or/
and genetic similarities among the various enti-
ties and conditions, provide guidance how distin-
guish among them and properly diagnose 
patients. Readers will notice that seemingly there 
is an overlap among many of these disorders. 
And indeed, many of them, if not most are inter-
connected because of the prominent roles of 
TGFβ, of fibrillin microfibrils and collagen fibril 
assembly (and other molecules) playing in con-
nective tissues physiology, and by extension in 
pathogenesis of many disorders described in the 
book. What I found particularly helpful that 
author(s) of each chapter bring their own per-
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spective even when describing closely related 
mechanism of the disease. These observations 
from different point of view by each group of 
authors should help with diagnosis and manage-
ment of such cases.

Last but not least, the chapters are very read-
able, more like detective stories than dry descrip-
tion of genetic/biochemical defects. I do hope 
that basic scientists and clinicians with similar 
and diverse interests alike will appreciate this 
volume and will be inspired by it to develop their 
research in the field.

We hope that you will find this volume not just 
informative, but also stimulating to ask questions 
about the basic science behind these syndromes 
and diseases, and perhaps even inspiring to pur-
sue research on one or more topics elaborated on 
in this book. This volume should serve as a bridge 
between basic science and clinical disciplines, 
and as a reference book not only for established 

physicians, residents and medical students, but 
also for scientists whether they are well estab-
lished investigators or graduate students.

I would like to thank all contributors for their 
hard work, especially during these unexpectedly 
difficult times. Special appreciation goes to Dr. 
Gonzalo Cordova, our editor at Springer Nature., 
for his kindness, patience and understanding why 
we had to request additional time to push back on 
the deadline. Now when all is done, let us say 
Cheers on work well done!!
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Basic Structure, Physiology, 
and Biochemistry of Connective 
Tissues and Extracellular Matrix 
Collagens

Michael J. Mienaltowski, Nicole L. Gonzales, 
Jessica M. Beall, and Monica Y. Pechanec

Abstract

The physiology of connective tissues like ten-
dons and ligaments is highly dependent upon 
the collagens and other such extracellular 
matrix molecules hierarchically organized 
within the tissues. By dry weight, connective 
tissues are mostly composed of fibrillar colla-
gens. However, several other forms of colla-
gens play essential roles in the regulation of 
fibrillar collagen organization and assembly, 
in the establishment of basement membrane 
networks that provide support for vasculature 
for connective tissues, and in the formation of 
extensive filamentous networks that allow for 
cell-extracellular matrix interactions as well 
as maintain connective tissue integrity. The 
structures and functions of these collagens are 
discussed in this chapter. Furthermore, colla-
gen synthesis is a multi-step process that 
includes gene transcription, translation, post- 
translational modifications within the cell, tri-
ple helix formation, extracellular secretion, 

extracellular modifications, and then fibril 
assembly, fibril modifications, and fiber for-
mation. Each step of collagen synthesis and 
fibril assembly is highly dependent upon the 
biochemical structure of the collagen mole-
cules created and how they are modified in the 
cases of development and maturation. 
Likewise, when the biochemical structures of 
collagens or are compromised or these mole-
cules are deficient in the tissues – in develop-
mental diseases, degenerative conditions, or 
injuries – then the ultimate form and function 
of the connective tissues are impaired. In this 
chapter, we also review how biochemistry 
plays a role in each of the processes involved 
in collagen synthesis and assembly, and we 
describe differences seen by anatomical loca-
tion and region within tendons. Moreover, we 
discuss how the structures of the molecules, 
fibrils, and fibers contribute to connective tis-
sue physiology in health, and in pathology 
with injury and repair.

Keywords

Hierarchical structure of tendon · 
Midsubstance · Enthesis · Ligaments · 
Supramolecular structures of collagens · 
Collagens I-XXVIII · Procollagens · Triple 
helix · Crosslinking · Fibril-associated 
collagens with interrupted triple helices 
(FACIT) · Basement membrane collagen · 
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Fibril-forming collagens · Beaded filament- 
forming collagen · Hexagonal network- 
forming collagen · Transmembrane collagens 
· Collagen fibril assembly · Protofibrils · 
Mature tendon fibrils · Small leucine-rich 
proteoglycans (SLRPs) · Mechanical behav-
ior · Collagen in repair

Abbreviations

ADAMTS A Disintegrin And Metallo-
proteinase with Thrombospondin 
motifs

BM Bethlem myopathy
BMP Bone morphogenetic protein
COL Collagenous
Crtap Cartilage-associated protein
ECM Extracellular matrix
EDS Ehlers-Danlos syndrome
EGR1 Early Growth Response 1
FACIT Fibril-associated collagens with 

interrupted triple helices
FGF Fibroblast growth factor
FMOD Fibromodulin
GDF5 Growth differentiation factor 5
GPCs Golgi-to-plasma membrane com- 

partments
HH Hedgehog
HO Heterotopic ossification
Hyl Hydroxylysine
Hyp Hydroxyproline
IHH Indian Hedgehog
LHs Lysyl hydroxylases
LOX Lysyl oxidase
MACITS Membrane-associated collagen 

with triple-helix domains
NC Non-collagenous
P3Hs Prolyl 3-hydroxylases
P4Hs Prolyl 4-hydroxylases
PARP Proline/arginine- rich protein
RER Rough endoplasmic reticulum
SLRPs Small leucine-rich proteoglycans
TGFβ Transforming growth factor β
UCMP Ullrich congenital muscular 

dystrophy

2.1  Introduction

The structure and composition of tendons and 
ligaments impart distinctive form and function 
for these connective tissues. Tendons attach mus-
cle to bone, and ligaments attach bone to bone. 
As connective tissues, both tendons and liga-
ments are fibrous tissues that are composed of 
sparse cells dispersed within an extracellular 
matrix (ECM) rich in collagens, proteoglycans, 
and water. The specific hierarchical structure of 
these connective tissues is closely linked to their 
distinct functions with even positional differ-
ences in composition and organization being 
required for adequate performance within the 
musculoskeletal system. For example, differ-
ences in composition and organization might be 
necessary by anatomical location (e.g., axial ver-
sus limb, flexor versus extensor) or even spatially 
within a specific tendon or ligament (e.g., mid-
substance versus enthesis within a tendon). The 
composition and organization of these two con-
nective tissues allow them to guide motion, to 
resist abnormal displacement of bones, guide 
motion in order to center the actions of several 
muscles, and to distribute force and share load. 
Tendons and ligaments both have extensive water 
content (50–60% for tendons and 60–70% for 
ligaments) and by dry weight are primarily com-
posed of collagen (70–80% for tendons and more 
than 80% for ligaments); they also contain elas-
tin, glycoproteins, and proteoglycans like small 
leucine-rich repeat proteoglycans (SLRPs) 
(Frank et al. 2007; Rumian et al. 2007). Within 
musculoskeletal connective tissues like tendons, 
the hierarchical organization of fibrous collagens 
and other proteins ultimately contributes signifi-
cantly to structure and function (Fig.  2.1). 
Tendons are composed primarily of collagen 
fibrils, and bundles of these fibrils are organized 
as fibers. Fibers are grouped together with teno-
cytes as fascicles. The fascicles are surrounded 
by the endotenon, which is a cellular, loose con-
nective tissue. Tendons are then organized into 
groups of fascicles with the contiguous outer 
edge the collection of fascicles surrounded by an 
epitenon cover. This hierarchical structure com-

M. J. Mienaltowski et al.
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posed of assembled collagen fibrils allows for 
tendons and ligaments to be relatively compliant 
and flexible at low energy with low loading 
forces, yet also increase in stiffness with increas-
ing forces and loads.

This chapter provides an overview of the basic 
structure, physiology, and biochemistry of con-
nective tissues like tendons and ligaments and the 
ECM of which they are primarily comprised. The 
chapter begins with a summary of those colla-
gens found in connective tissues with particular 
focus on collagens found in tendons and liga-
ments. Afterward, there is an overview of colla-
gen synthesis, assembly, and maturation, which 
is followed by a characterization of unique pro-
tein structural features of the fibrous collagens. 
Finally, the tissue structure and function of the 
collagen-rich ECM of connective tissues like ten-
dons and ligaments are discussed in the context 

of differing roles for the collagens in musculo-
skeletal physiology, including in tissue repair.

2.2  Collagens

Collagens are proteins that comprise the majority 
of the ECM of connective tissues. Collagens are 
typically trimers within which each monomer has 
at least one collagenous (COL) domain as well as 
non-collagenous (NC) domains. Each collagen 
type has its own specific number and structure of 
COL and NC domains and is classified with cat-
egories based upon domain structure and supra-
structural organization. Within vertebrate 
genomes, there are 28 distinct collagen glycopro-
teins that are encoded by at least 45 genes; a 29th 
collagen (XXIX) is associated with type VI col-
lagen. Collagens are described with Roman 

Fig. 2.1 Hierarchical structure of tendon. Tendons are 
hierarchical structures composed primarily of fibrils. 
Triple helical collagen molecules assemble to form fibrils, 
which in turn bundle together to form fibers. Within a 
mature tendon, fibers are bundled with tenocytes in fasci-

cles; this collection of cells and fibers is surrounded by 
loose endotenon connective tissue, with the other edge of 
this ultimate structure being surrounded by epitenon 
contiguously
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numeral designations (I–XXIX) in chronological 
order of discovery. Moreover, collagens are com-
posed of combinations of one or more genetically 
distinct alpha chains, each of which has its own 
primary (domain) structure that contributes to the 
classification of the collagen types. Thus, each 
distinct alpha chain is encoded by a different 
gene. For example, the human α1(I) chain is 
encoded by the COL1A1 gene and the horse 
α1(III) chain by the COL3A1 gene. Collagens 
can be homotrimeric; that is, they are composed 
of three identical alpha chains, like [α1(III)]3 for 
collagen III. However, collagens also can be het-
erotrimeric, comprised of alpha chains encoded 
by different genes of the same collagen type, like 
[α1(I)] [α2(I)]2 for collagen I from genes COL1A1 
and COL1A2. Furthermore, a single collagen 
type could possibly have multiple chain composi-
tions, like [α1(V)] (α2(V)]2, [α1(V)] [α2(V)] 
[α3(V)], or [α1(V)]3 for collagen V.

As is shown in Table  2.1, collagens can be 
grouped by suprastructural organization. 
Collagens I, II, III, V, and XI are considered 
fibril-forming and form cross-striated fibrils with 
a D-periodicity of 67  nm. Fibril-Associated 
Collagens with Interrupted Triple helices 
(FACIT) collagens are another category of colla-
gens that associate with collagen fibrils; they 
interact with collagenous and non-collagenous 
proteins to regulate collagen fibril organization. 
Essentially, collagens within each category vary 
in abundance within tissues because their pres-
ence or absence affects the overall higher order of 
tissue structures as they all assemble together and 
copolymerize with other non-collagenous macro-
molecules. As tissues develop and grow or repair 
and remodel, collagens and non-collagenous pro-
teins and other matrix molecules localize and 
organize in such a way that tissue structure and 
function are affected. This is certainly true 
amongst hierarchically organized tendons and 
ligaments, which are often described in terms of 
how form affects function.

In tendons and ligaments, between 80% and 
90% of the connective tissue is composed of col-
lagen I by dry weight (Frank et al. 2007). While 
collagen I is the predominant collagen in these 
tissues, other fibrillar collagens like collagens III 

and V certainly play key roles in development, 
growth, and repair (Birk and Bruckner 2005). 
Moreover, other collagen types regulate just how 
fibril and fiber assembly occurs. Compositionally 
and spatiotemporally specific collagen types ulti-
mately inform the structure, organization, func-
tion, or even dysfunction of collagen-rich 
connective tissues (Franchi et al. 2007). Thus, in 
tendons, collagens, non-collagenous proteins, 
and other collagen regulatory molecules found 
within the ECM generally vary in composition 
and organization anatomically by tendon and 
even within tendons (e.g., myotendinous junction 
vs. tendon proper vs. insertion). Oftentimes cells 
of the tendon and ligament proper as well as sur-
rounding peritendinous and periligamentous 
regions respond to niche components and even 
mechanical cues to promote growth, adaptation, 
homeostasis, and repair responses. Thus, com-
posite structures of collagens within the ECM are 
highly dependent upon proper hierarchical orga-
nization of collagen molecules, fibrils, and fibers. 
Compromise of fibril organization affects struc-
ture and thus function; likewise in connective tis-
sue engineering, consideration of proper 
organization of collagen within cell-based thera-
peutics is essential to recapitulating the function 
of tendons or ligaments grafts and constructs. In 
the following sections, suprastructural categories 
of collagen will be described, starting with fibril- 
forming collagens.

2.3  Fibril-Forming Collagens

The subfamily of fibril-forming collagens 
includes collagens I, II, III, V, XI, XXIV and 
XXVII. Collagens I, II, III, V, and XI have been 
found in tendons and in ligaments while XXIV 
and XXVII have been primarily expressed in 
bone and cartilage, respectively (Birk and 
Bruckner 2005; Frank et al. 2007; Franchi et al. 
2007; Genovese and Karsdal 2016; Nielsen and 
Karsdal 2016). Fibril-forming collagens each 
have a long uninterrupted triple helical domain 
(ca. 300 nm). Moreover, fibril-forming collagen 
genes cluster into three distinct groups (Boot- 
Handford and Tuckwell 2003) which carry over 
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into functional subclasses. Collagens I, II and III 
are the most abundant proteins in the vertebrate 
body and make up the bulk components of all 
collagen fibrils. Within tendons and ligaments, 
type III collagen is found in greater abundance 
during embryonic development (Birk and Mayne 
1997). With maturation, levels of collagen III 
decrease, with the notable exception occurring 
within chicken tendons where collagen III per-
sists in the endotenon and tendon sheath (Birk 

and Mayne 1997), in the mature tendons of rab-
bits within which 5% of all collagen is collagen 
III (Riechert et  al. 2001), and even in human 
supraspinatus tendon to some extent (Buckley 
et al. 2013). In ligaments, roughly 10–20% of all 
collagen has been found to be collagen III in rab-
bits, humans, and horses (Becker et  al. 1991; 
Keene et  al. 1991; Riechert et  al. 2001; Frank 
et al. 2007; Shikh Alsook et al. 2015). Moreover, 
many studies have reported increased levels of 

Table 2.1 General classification of collagen types

Classification Collagen types (genes) Supramolecular structure
Fibril-forming collagens I (COL1A1, COL1A2) Striated fibrils

II (COL2A1)
III (COL3A1)
V (COL5A1, COL5A2, COL5A3) Striated fibrils that retain N-regulatory 

domainsXI (COL11A1, COL11A2)
XXIV (COL24A1) Retain N-regulatory domains but 

supermolecular structure unknown
XXVII (COL27A1) Unknown

FACITa collagens IX (COL9A1, COL9A2, COL9A3) Associated with fibrils, other 
interactionsXII (COL12A1)

XIV (COL14A1)
FACIT-like collagens XVI (COL16A1) Interfacial regions, basement 

membrane zonesXIX (COL19A1)
XXI (COL21A1)
XXII (COL22A1)

Network-forming collagens
  Basement membrane IV (COL4A1, COL4A2, COL4A3, 

COL4A4, COL4A5, COL4A6)
Chicken wire network with lateral 
association

  Beaded filament-forming VI (COL6A1, COL6A2, COL6A3, 
Col6A4, COL6A5 or COL29A1, COL6A6)

Beaded filaments, networks

  Anchoring fibrils VII (COL7A1) Laterally associated antiparallel 
dimers

  Hexagonal networks VIII (COL8A1, COL8A2) Hexagonal lattices
X (COL10A1)

  Transmembrane collagens XIII (COL13A1) Transmembrane and shed soluble 
ecto-domainsXVII (COL17A1)

XXIII (COL23A1)
XXV (COL25A1)
Gliomedin (GLDN)
Ectodysplasin A (EDA)

Multiplexin collagens XV (COL15A1) Basement membranes, cleaved 
C-terminal domains influence 
angiogenesis

XVIII (COL18A1)

Other molecules with 
collagenous domains

XXVI (COL26A1) Collagenous domains in primary 
non-collagenous moleculesXXVIII (COL28A1)

Acetylcholinesterase (COLQ)
Adiponectin & C1q (ADIPOQ)
Collectins, surfactant protein, others

aFibril-associated collagen with interrupted triple helix

2 Basic Structure, Physiology, and Biochemistry of Connective Tissues and Extracellular Matrix Collagens
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collagen III in injured and healing mature ten-
dons and ligaments across many vertebrate spe-
cies (Williams et  al. 1984; Shikh Alsook et  al. 
2015; Snedeker and Foolen 2017). Otherwise, 
collagen I is the predominant collagen of the ten-
don and ligament midsubstance, However, within 
the entheses of tendons and ligaments, collagen 
II is usually present within the fibrocartilaginous 
zone (Fukuta et  al. 1998; Milz et  al. 2008). 
Co-assembled with types I, II, and II are quanti-
tatively minor collagens types V and XI, which 
have been described on the surfaceome (i.e., 
plasma membrane and pericellular matrix) of 
tendon fibroblasts (Smith et  al. 2012). Types V 
and XI are part of a fibril-forming subclass that 
retains portions of the N-terminal propeptide; 
they are involved in the regulation of fibril assem-
bly (Birk and Bruckner 2011). Collagens XXIV 
and XXVII make up the third subclass and have 
differences relative to the other fibril-forming 
collagen types including, shorter helical regions 
that are interrupted (Koch et  al. 2003; Plumb 
et al. 2007). Their presence within tendons and 
ligaments has not yet been reported.

Fibril-forming collagens are synthesized as 
procollagens, which contain an N-terminal pro-
peptide and a non-collagenous C-terminal pro-
peptide. The N-propeptide is composed of 
several non-collagenous domains and a short 
collagenous domain. Premature assembly of col-
lagen molecules in fibrils is limited because of 
the presence of the propeptides. Procollagens are 
secreted from the cell from vacuole-like struc-
tures containing these procollagens (Trelsad and 
Hayashi 1979; Canty and Kadler 2005). The ini-
tial assembly of collagen into fibrils is regulated 
by the processing of the propeptides. Several 
enzymes with specificity for each different col-
lagen type are involved (Greenspan 2005; Colige 
et al. 2005). The C-propeptides are processed by 
bone morphogenetic protein 1(BMP-1)/tolloid 
proteinases or furin (Peltonen et al. 1985; Canty 
and Kadler 2005; Greenspan 2005). Certain 
members of the a-disintegrin-and-metallopro-
teinase-with thrombospondin- like-motifs family 
(ADAMTS 2, 3 and 14) as well as BMP-1 are 
involved in N-propeptide processing (Colige 
et al. 2005; Canty and Kadler 2005). Generally 

for collagens I and II, propeptide processing is 
complete, thus producing a collagen molecule 
with one large central triple helical domain and 
terminal, short non-collagenous sequences 
termed the telopeptides; however, for other  
fibril-forming collagens propeptide processing 
can be incomplete. Collagens III, V, and XI can 
be incompletely processed  – retaining a 
C-telopeptide and a partially processed 
N-propeptide domain. Retention of propeptides 
has been implicated in the regulation of fibrillo-
genesis (Fessler and Fessler 1979; Fessler et al. 
1981; Fleischmaier et  al. 1981; Moradi-Ameli 
et al. 1994; Rousseau et al. 1996). Once propep-
tide processing is complete for collagen mole-
cules, they will self-assemble to form striated 
fibrils with a D-periodicity of 67  nm. Within 
each fibril, collagen molecules arrange longitudi-
nally in staggered arrays. Thus, a gap occurs 
between the ends of neighboring molecules, and 
this gap overlap structure is present in all colla-
gen fibrils with a 67 nm D-periodic banding pat-
tern (Fig. 2.2).

Collagen fibrils can be heterotypic; thus, they 
can be assembled from combinations of two or 
more fibril-forming collagen types. As previ-
ously mentioned, collagens I and III are quanti-
tatively the major fibril-forming collagens of 
tendons and ligaments, and collagen II is often 
present in the fibrocartilaginous regions particu-
larly near tendon- or ligament-to-bone inter-
faces. Quantitatively minor amounts of collagens 
V and XI may also be found in heterotypic col-
lagen fibrils of tendons and ligaments. The addi-
tion of collagens V and XI – typically partially 
processed of the N-propeptide domains  – to 
these heterotypic fibrils signify regulatory activ-
ity in fibril assembly. The N-propeptides have a 
flexible or hinge domain (NC2) between the tri-
ple helical domain (COL1) and a short triple 
helical domain (COL2). The N-terminal domain 
(NC3) is composed of a variable domain and a 
proline/arginine- rich protein (PARP) domain. 
Partial processing removes the PARP yet retains 
the hinge, COL2, and variable domains 
(Linsenmayer et al. 1993; Gregory et al. 2000; 
Hoffman et al. 2010). Thus, quantitatively minor 
regulatory fibril-forming collagens co-assemble 
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with quantitatively major fibril-forming colla-
gens to form a heterotypic collagen fibril; 
because the N-terminal domain of the regulatory 
fibril- forming collagens cannot be integrated 
into the staggered packing of the helical domains, 
fibril packing is affected (Fig.  2.2). The rigid 
COL2 domain of the collagen V or XI molecule 
can project toward the fibril surface in the gap 
region of the assembled fibril. Alterations in the 
spatiotemporal expression of collagens V and/or 
XI have been shown to affect fibril assembly 
during embryogenesis to the point of lethality, to 
impact proper tendon development, to maintain 
appropriate mechanical properties in tendons 
and ligaments, and to establish some semblance 
of structurally and functionally sufficient tendon 
repair (Hulmes 2002; Wenstrup et  al. 2011; 
Connizzo et al. 2015, 2016; Park et al. 2015; Sun 
et  al. 2015; Johnston et  al. 2017). Changes 
include altered fibril structure, decreased fibril 
number and abnormal fibril and fiber organiza-
tion (Wenstrup et  al. 2011; Sun et  al. 2015; 

Connizzo et  al. 2016). Thus, interactions 
between the fibrillar collagens affect the organi-
zation of collagen fibrils within collagen- rich 
tissues like tendons and ligaments and are ulti-
mately essential for functional integrity of the 
tissues (Hulmes 2002; Connizzo et  al. 2015; 
Park et al. 2015; Sun et al. 2015; Johnston et al. 
2017).

2.4  Fibril-Associated Collagens 
with Interrupted Triple 
Helices

FACIT collagens closely interact with fibril- 
forming collagens. These molecules affect the 
surface properties of fibrils, and they contribute 
to how fibril packing is regulated. Collagens IX, 
XII, XIV and XX are FACIT collagens. Collagen 
IX is a FACIT collagen that is also a proteogly-
can with covalently attached glycosaminoglycan 
side chains – either chondroitin sulfate or derma-

Fig. 2.2 Fibril-forming collagens and their assembly. 
(a) Fibril-forming collagens are synthesized as procolla-
gens. Procollagens contain a central COL domain and 
flanking propeptide N- and C-terminal NC domains. 
Propeptides are processed and the resulting collagen mol-
ecules assemble to form striated fibrils. Each fibrillar col-
lagen molecule is approximately 300 nm (4.4D) in length 
and 1.5  nm in diameter. Within the fibril, the collagen 
molecules are staggered N to C in a pattern giving rise to 
the D-periodic repeat. A D-periodic collagen fibril from 
tendon is presented at the bottom of the figure panel, with 
the alternating light and dark pattern demonstrating the 

respective overlaps and gaps in the fibril. (b) Collagen 
fibers are heterotypic; they are co-assembled from quanti-
tatively major fibril-forming collagens and regulatory 
fibril-forming collagens. Regulatory fibril-forming colla-
gens have a partially processed N-terminal propeptide, 
retaining a NC domain that must be in or on the gap 
region. The heterotypic interaction is involved in nucle-
ation of fibril assembly. (This figure is from Mienaltowski 
and Birk (2014) and used with permission from the pub-
lisher; it was adapted from Birk and Bruckner (2011) with 
permission from the publisher)
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tan sulfate (Noro et al. 1983; Huber et al. 1986). 
Collagen IX is primarily found interacting with 
collagen II (van der Rest and Mayne 1988). 
Likewise, FACIT collagen XII is a proteoglycan 
(Koch et al. 1992). Collagens XII and XIV have 
been found throughout musculoskeletal connec-
tive tissues, including tendons and ligaments at 
various times during development (Ansorge et al. 
2009; Zhang et al. 2003). Collagen XIV has been 
found specifically at the bone-ligament interface 
in bovine entheses and even within the myotendi-
nous junctions of semitendinosus and gracilis 
muscles following increased levels of training 
(Niyibizi et  al. 1995; Jakobsen et  al. 2017). 
Although it shares similarities to collagen XII 
and XIV, collagen XX is distributed within many 
tissues, but its biological role has yet to be eluci-
dated (Willumsen and Karsdal 2016). FACIT col-
lagens can be characterized as having have short 
COL domains interrupted by NC domains with 
an N-terminal NC domain projecting into the 
interfibrillar space (Fig.  2.3). FACIT collagens 
have two C-terminal domains NC1 and COL1 
that are believed to interact with the collagen I 
fibrils (Olsen 2014). Large globular NC domains 
at FACIT collagen N-termini protrude from the 
fibril surface (Birk and Bruckner 2005). FACIT 
collagens along the surface of fibrils have been 
shown to affect fiber suprastructures and tendon 
biomechanics (Zhang et al. 2003; Ansorge et al. 
2009).

The FACIT-like collagens  – including colla-
gens XVI, XIX, XXI and XXII – have features in 
common with FACIT collagen, but they are struc-
turally and functionally unique. Their roles in 
musculoskeletal connective tissues have yet to be 
elucidated (Myers et  al. 1994; Pan et  al. 1992; 
Yoshioka et  al. 1992; Chou and Li 2002; Koch 
et al. 2004). Collagen XXII has been found in the 
muscle side of myotendinous junctions of rats 
(Kostrominova and Brooks 2013); it has also 
been found as a marker along with Lrg5 in murine 
committed articular chondrocyte progenitor cells 
and is enriched in the superficial/surface region 
of murine juvenile articular cartilage (Feng et al. 
2019).

2.5  Basement Membrane 
Collagen

Collagen IV is considered a basement membrane 
collagen. It is the collagenous component of an 
integrated network of several matrix molecules 
that form an ECM which defines the interface 
between tissues (Yurchenco and Patton 2009; 
Wiradjaja et al. 2010). In a site-dependent man-
ner throughout the body, there are diverse net-
works of basement membranes composed of 
varying types of macromolecules. This includes a 
variety of several subtypes of collagen IV  – 

Fig. 2.3 FACIT collagens associate with fibrils. (a) 
The domain structures of FACIT collagens found in ten-
dons and ligaments are illustrated. Note that all FACITs 
have alternative spliced variants, and collagen XII can 
have glycosaminoglycan chains attached covalently. The 
FACIT collagens have 2–3 COL domains and 3–4 NC 
domains with a large N-terminal NC domain that projects 
into the inter-fibrillar space. (b) The FACIT collagens all 
associate with the surface of collagen fibrils, including 
N-truncated isoforms due to alternative splicing in colla-
gen XII. Collagen XII is capable of other non-fibril inter-
actions (not shown). (This figure is from Mienaltowski 
and Birk (2014) and used with permission from the pub-
lisher; it was adapted from Birk and Bruckner (2011) with 
permission from the publisher)
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which can be composed of different stoichiome-
tries of 6 collagen IV-encoding genes COL4A1 
through COL4A6 reviewed by Khoshnoodi et al. 
(2006). Typically basement membranes contain 
lattices of laminin and collagen IV molecules 
that each polymerize to form a mesh with its own 
capacity for withstanding mechanical stress 
(Morrissey and Sherwood 2015). In musculo-
skeletal tissues, basement membranes surround 
muscle, connective tissue, and vasculature 
(Wiradjaja et al. 2010; Morrissey and Sherwood 
2015; Marr et  al. 2020). Within tendons, base-
ment membrane exists within the core of the ten-
don, particularly within the interfascicular 
matrix; this basement membrane network has 
been well-visualized using the combination of 
fluorescence-based confocal microscopy and 
x-ray micro-computed tomography (Marr et  al. 
2020). Moreover, basement membranes are 
found along the sheath, paratenon, and epitenon 
of tendons in a tendon-specific manner and along 
the “epiligament,” or surrounding surface layer 
of tissue for ligaments, which are also fed by or 
adjacent to vasculature (Frank et  al. 2007). 
COL4A1 encodes a collagen IV molecule that is 
essential for the formation of a functional base-
ment membrane for tendon sheaths that is intact 
and retains tendon cells (Taylor et  al. 2011). 
When the Col4a1 gene is mutated in the mouse, 
disruptions occur in the organization of the base-
ment membrane, thus leading to adhesions 
between the tendon and tendon synovium (Taylor 
et al. 2011).

2.6  Beaded Filament-Forming 
Collagen

Collagen VI is a beaded filament-forming colla-
gen and is ubiquitous within connective tissue. It 
is often enriched in pericellular regions and is 
found as an extensive filamentous network with 
collagen fibrils. Collagen VI can form an array of 
different suprastructures, including beaded 
microfibrils, broad banded structures and hexag-
onal networks (Furthmayr et  al. 1983; von der 
Mark et al. 1984; Bruns et al. 1986). Moreover, 

collagen VI interacts with many other extracel-
lular molecules including: collagens I, II, IV, 
XIV; microfibril-associated glycoprotein 
(MAGP-1); perlecan; decorin and biglycan; hyal-
uronan, heparin and fibronectin, as well as integ-
rins and the cell-surface proteoglycan NG2. 
These interactions are tissue-specific as collagen 
VI integrates with many different components of 
the ECM as well as cellular biomolecules (Kielty 
and Grant 2002). Collagen VI also may influence 
cell proliferation, apoptosis, migration, and dif-
ferentiation, as well as ECM homeostasis and tis-
sue mechanical properties (Cescon et al. 2015). 
Thus, collagen VI plays roles in the development 
of tissue-specific ECM, in the homeostasis of 
musculoskeletal and connective tissue structure 
and mechanics, and in repair to re-establish con-
nective tissue integrity and for cytoprotection 
(Sardone et  al. 2016; Bell et  al. 2018; Antoniel 
et al. 2020). In musculoskeletal tissue, collagen 
VI has proven to be essential; mutations have 
been shown to cause various forms of muscular 
dystrophy as well as proximal joint contractures 
involving tendons in humans (Lampe and Busby 
2005; Voermans et al. 2009; Izu et al. 2011; Pan 
et al. 2013, 2014). In tendons, when collagen VI 
is removed via null Col6a1 mouse model, 
changes occur in biological processes in the teno-
cytes (Izu et al. 2011). For example, there is an 
abnormal increase in matrix metalloproteinase-2 
(MMP-2) activity, which is believed to affect 
compensatory collagen-bound SLRP turnover 
thus causing dysfunctional fibril assembly and 
biomechanical deficits (Izu et al. 2011; Sardone 
et al. 2016).

Collagen VI is commonly formed as a hetero-
trimer composed of α1(VI), α2(VI) and α3(VI) 
chains (Chu et al. 1987; Kielty and Grant 2002). 
Each monomer has a 105  nm triple helical 
domain with flanking N- and C-terminal globular 
domains (Birk and Bruckner 2005). The α3(VI) 
chain of the heterotrimer can be processed extra-
cellularly (Ayad et al. 1998). Structural heteroge-
neity is introduced into the heterotrimer by 
alternative splicing of domains, primarily of the 
α3(VI) N–terminal domain. Three additional α 
chains of type VI collagen have been described, 
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α4(VI), α5(VI), α6(VI); these chains have high 
homology with the α3(VI) chain and may form 
additional isoforms (Fitzgerald et al. 2008; Gara 
et al. 2008). The supramolecular assembly of col-
lagen VI begins intracellularly (Fig.  2.4). Two 
collagen VI monomers assemble in a lateral, anti- 
parallel fashion to form a dimer; the monomers 
are staggered by 30  nm with the C-terminal 
domains interacting with the helical domains 
(Engvall et al. 1986). The resulting overlap gen-
erates a central 75 nm helical domain flanked by 
a non-overlapped region with the N– and 
C-globular domains, each about 30  nm 
(Furthmayer et al. 1983). The C-terminal domain- 

helical domain interactions are stabilized by 
disulfide bonds near the ends of each overlapped 
region (Ball et al. 2003). The overlapped helices 
form into a supercoil of the two monomers in the 
central region (Engvall et  al. 1986; Knupp and 
Squire 2001). Two dimers then align to form, tet-
ramers, also intracellularly. The tetramers are 
secreted and associate end-to-end to form beaded 
filaments extracellularly (Furthmayer et al. 1983; 
Engvall et  al. 1986). The newly formed thin, 
beaded filaments (3–10 nm) have a periodicity of 
approximately 100 nm (Bruns et al. 1986; Knupp 
and Squire 2001). Beaded filaments laterally 
associate to form beaded microfibrils (Bruns 

Fig. 2.4 Assembly of collagen VI suprastructures. 
Collagen VI monomers have a C-terminal NC domain, a 
central triple helical domain, and an N-terminal NC 
domain. The monomers assemble N-C to form dimers. 
Tetramers assemble from two dimers aligned in-register. 
The tetramers are secreted and form the building blocks of 
3 different collagen VI suprastructures: beaded filaments, 

broad banded fibrils and hexagonal lattices. These supra-
structures form via end-to- end interactions of tetramers 
and varying degrees of lateral association. (This figure is 
from Mienaltowski and Birk (2014) and used with per-
mission from the publisher; it was adapted from Birk and 
Bruckner (2011) with permission from the publisher)
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et  al. 1986). Beaded filaments are capable of 
forming networks and hexagonal lattices, partic-
ularly in the presence of regulatory molecules 
like biglycan (Wiberg et al. 2002). When making 
the distinction between beaded filaments and lat-
tices, one would observe sustained lateral growth 
of beaded filaments possibly with the lateral 
association of preformed microfibrils; this is con-
trast to the hexagonal lattices, which form via 
end-to-end interactions of tetramers occurring 
non-linearly (Wiberg et al. 2002).

Generally collagen VI-rich composite struc-
tures contain hexagonal lattices or beaded fila-
ments which contains many other integrated 
molecules that all contribute to the ultimate 
aggregate suprastructure, As mentioned above, 
this includes the induction of hexagonal lattices 
by collagen tetramers interacting with biglycan – 
more effectively causing these lattices then deco-
rin, for example (Wiberg et al. 2002). Moreover, 
essential interactions between collagen VI and 
other regulatory molecules like CSPG4/NG2 
transmembrane proteoglycan must be main-
tained, or there can be disruptions to structural 
integrity or appropriate cellular activity. 
Tenocytes from patients with Bethlem myopathy 
(BM) and Ullrich congenital muscular dystrophy 
(UCMP)  – caused by mutations in collagen VI 
genes – have dramatic changes in fibril morphol-
ogy, increased incidence of cell death, issues with 
cellular polarization and cell migration, which 
could have implication on tendon repair in BM 
and UCMP patients (Sardone et al. 2016; Antoniel 
et al. 2020).

2.7  Hexagonal Network-Forming 
Collagen

Collagens VIII and X are closely related short 
chain collagens, with comparable gene and pro-
tein structures (Yamaguchi et al. 1991; Kielty and 
Grant 2002). While collagen VIII and X are not 
generally found within musculoskeletal tissues 
specifically, they are instead found in the vascular 
tissue, particularly within, near, or surrounding 
tendon and cartilage matrix (Kittelberger et  al. 
1990; MacBeath et al. 1996; Ricard-Blum et al. 

2000). A review of collagen VIII describes its 
structure as found in endothelial cells, particu-
larly in bovine aortic endothelial cells (Sage and 
Bornstein 1987). One study did localize collagen 
VIII within the tendon proper and peritenon of 
bovine Achilles tendon (Sawade and Konomi 
1991). Collagen X has a restricted distribution, 
found in hypertrophic cartilage, cartilaginous 
tendon-insertion sites, as well as within mineral-
ized zones ligament insertion sites (Fukuta et al. 
1998; Shen 2005). Moreover, collagen X has 
been found in adult osteoarthritic cartilage 
(Girkontaite et  al. 1996). This collagen is a 
homotrimer composed of α1(X) chains and the 
supramolecular form is a hexagonal lattice (Kwan 
et al. 1991).

2.8  Transmembrane Collagens

Collagens XIII, XVII, XXIII, and XXV are trans-
membrane collagens and are all homotrimers. 
Within the structure of these collagens, there is 
an N-terminal cytoplasmic domain, as well as a 
large C-terminal domain containing multiple 
COL domains with NC interruptions providing 
flexibility (Heikkinen et  al. 2012). These colla-
gens are unique in that they all contain a hydro-
phobic membrane spanning domain (Exposito 
et al. 2002; Heikkinen et al. 2012). Between the 
membrane-spanning domain and an adjacent 
extracellular linker domain is the first COL 
domain involved in trimerization that is also sub-
ject to proteolytic cleavage and is shed extracel-
lularly. Of the transmembrane collagens, so far 
from the literature only collagen XIII has been 
found in musculoskeletal tissues, particularly in 
myotendinous and neuromuscular junctions 
(Latvanlehto et al. 2010; Heikkinen et al. 2012).

2.9  Procollagen Synthesis, 
Collagen Fibril Assembly, 
Growth and Maturation

Collagen synthesis, assembly, and maturation 
require a sequence of well-controlled intracellu-
lar and extracellular events. In the nucleus, col-
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lagen genes are transcribed from DNA into 
mRNA.  Then the mRNA transcripts are trans-
ported out of the nucleus; they are translated into 
preprocollagen monomers. The transported 
monomers undergo N-terminal signaling peptide 
cleavage. In the RER, post-translational modifi-
cation occurs prior to the assembly of procolla-
gen triple helices. The extent of these 
modifications is affected by the rate of triple helix 
formation, which is in turn affected by the pri-
mary structure of the alpha chain propeptides. 
For example, point mutations in the Gly-X-Y 
sequence may result in altered molecular proper-
ties for that chain as well as dysfunctional regula-
tion of chain selection, helix formation, or 
post-translational modification. The triple helices 
are secreted as procollagens to prevent premature 
assembly of suprastructures within the cells. 
Once procollagens are secreted extracellularly, 
pro-peptides are processed by collagen type- 
specific metalloproteinases. Processing may, 
however, begin during the transport of newly syn-
thesized procollagens to the cell surface (Canty 
et  al. 2004; Humphries et  al. 2008). Processed 
collagen triple helices are then cross-linked. The 
relationship between protein structure, post- 
translational modification, triple helix assembly 
and collagen fibril formation will be discussed 
below, as well as the growth and maturation of 
fibrils in tendons and ligaments in following 
sections.

2.10  Triple Helix Assembly 
and the Impact of Primary 
Structure on Secondary, 
Tertiary, and Quaternary 
Structures

Once collagen pre-propeptides are translated, 
there are many post-translational modifications. 
It begins with several molecular chaperones rec-
ognizing the N-terminal signal peptide found on 
each pre-propeptide; these chaperones then direct 
the pre-propeptides into the lumen of the rough 
endoplasmic reticulum (RER) (Canty and Kadler 
2005). The N-terminal signal for transport to the 
RER is then cleaved so that each pre-propeptide 

becomes a propeptide, or a pro-alpha chain 
(Canty and Kadler 2005; Hulmes 2008). 
Afterward, pro-alpha chains undergo hydroxyl-
ation of prolyl and lysyl residues followed by 
glycosylation of hydroxylysyl residues (Hulmes 
2008; Ishikawa and Bachinger 2013). Then three 
pro-alpha chains will trimerize as homo- or het-
erotrimers, which involves the selection and 
alignment of appropriate alpha chains with sub-
sequent assembly into specific trimeric collagen 
molecules (Khoshnoodi et al. 2006; Ishikawa and 
Bachinger 2013). Trimerization is initiated 
through interactions among the non-collagenous 
trimerization domains of alpha chains at their 
C-termini in the RER (Hulmes 2008; Ishikawa 
and Bachinger 2013).

The primary amino acid sequences of colla-
gen alpha chains affect the proteins structures at 
all other levels. The primary structure of a colla-
gen alpha chain features a COL domain that will 
coil into a left-handed helix lacking secondary 
structure-specific intra-chain hydrogen bonds, 
unlike the right-handed helix of a common motif 
with secondary structure, the alpha helix 
(Ramachandran and Kartha 1954; Kramer et al. 
1999). Thus, three alpha chains will supercoil to 
form a triple helix. This parallel, right-handed 
superhelix is stabilized by inter-chain quaternary 
hydrogen bonds that are almost perpendicular to 
the triple helical axis. Due to the imino acid con-
tent, collagen polypeptides assume an elongated 
polyproline II-like helix with a secondary struc-
ture of all peptide bonds in the trans configura-
tion. The pitch of the polyproline II helix in 
collagenous polypeptides corresponds to three 
amino acids, almost exactly. Steric constraints 
require that only the smallest amino acid glycine 
can occupy the positions at the center of the triple 
helix (Ramachandran and Kartha 1954). Thus, 
the triple helical domains have a repeating (Gly- 
X- Y)n structure with the X and Y positions being 
any of the 21 proteinogenic amino acids of the 
universal genetic code (Rich and Crick 1961; 
Kramer et al. 1999). However, the X and Y posi-
tions are typically occupied by proline and 
hydroxyproline, which are necessary for helix 
formation and stability, respectively (Rich and 
Crick 1961; Kramer et al. 1999). When glycine 
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residues are replaced with other amino acids, 
there are interruptions in the triple helix motif 
which cause the rod-like structures to have rigid 
kinks or flexible hinges (Vogel et  al. 1988; 
Shoulders and Raines 2009). This change in pri-
mary structure thus ultimately changes structural 
features in the collagen; this change can also pro-
vide flexibility by increasing helical domains as 
seen in collagen V. However, it is also possible 
that missense mutations in collagen genes result 
in the substitution of glycine residues in collagen 
peptides and ultimately whole triple helical poly-
peptides. These mutations manifest as the under-
lying etiology for mild or severe, systemic 
connective tissue diseases (Myllyharju and 
Kivirikko 2004; Malfait and De Paepe 2009).

Because post-translational modification and 
triple helix assembly occur concomitantly, once 
initiated, trimerization must be controlled to 
allow for alpha chain post-translational events 
like hydroxylation and glycosylation to occur. 
During or after collagen alpha chain translation, 
amino acids within the triple helical domains of 
each chain can be modified (Ishikawa and 
Bachinger 2013) (Fig.  2.5). One form of co- 
translational modification of the unfolded chains 
is hydroxylation, which is performed by three 
distinct enzyme families – prolyl 4-hydroxylases 
(P4Hs), prolyl 3-hydroxylases (P3Hs) and lysyl 
hydroxylases (LHs) (Ishikawa and Bachinger 
2013) – leading to the production of two unique 
amino acids, hydroxyproline (Hyp) and hydroxy-
lysine (Hyl), which are important downstream 
for triple helix stability and glycosylation, respec-
tively (Ishikawa and Bachinger 2013). It is 
important to note that these hydroxylases all have 
different isoforms in vertebrates with differing 
tissue-specificity and spatiotemporal expression, 
substrate preference, and other possible functions 
particularly when part of complex formation with 
other proteins (Ishikawa and Bachinger 2013; 
Gjaltema and Bank 2017). Thus, as the propep-
tides are synthesized, unique amino acids Hyp 
and Hyl are introduced by enzymatic hydroxyl-
ation of almost all prolyl- and some of the lysyl 
residues in the Y-positions. Hyp residues are 
important in triple helix stability. The 4-trans 
hydroxyl group assists in directing the free Hyp, 

similar to that of Y-hydroxyproline in collagen 
triple helices. The forced integration of proline 
into Y-positions absorbs more ring deformation 
when compared with physiological hydroxylated 
collagen (Berg and Prockop 1973; Okuyama 
et  al. 2009). After hydroxylation, more post- 
translational modifications occur prior to triple 
helix formation. Some Hyl residues will receive 
O-linked sugar modifications with the addition of 
carbohydrates b-galactose and a-glucose as cata-
lyzed by galactotransferases and glycosyltrans-
ferases, respectively (Ishikawa and Bachinger 
2013). There are several theories about the func-
tional role of these O-linked modifications; one 
study speculated that these modifications slightly 
destabilize collagen triple helices while enhanc-
ing their self-assembly (Huang et al. 2012), while 
other studies point out that these modifications 
could affect lateral assembly of fibrils 
(Sricholpech et  al. 2012; Pokidysheva et  al. 
2013). There are more post-translational modifi-
cations after secretion and during aggregate 
assembly.

Besides its impact during triple helix assem-
bly, post-translational glycosylation of collagens 
affects fibril structure, in particular due to the 
impact on fibril assembly (Torre-Blanco et  al. 
1992; Batge et  al. 1997; Notbohm et  al. 1999). 
The circumference of collagen triple helical 
domains is affected by the extent of hydroxyl-
ation of lysyl residues and subsequent glucosyl- 
and galactosylation of hydroxylysyl residues. 
Moreover, intermolecular center-to-center dis-
tances correlate with the extent of glycosylation, 
particularly if these post-translational modifica-
tions occur in those regions of polypeptides situ-
ated in overlap regions of the fibril. The extent of 
glycosylation of Hyl modifications can be manip-
ulated by features such as increased enzyme 
activity levels (Keller et  al. 1985) and disease- 
causing mutations (Myllyharju and Kivirikko 
2004). Thus, rates of procollagen triple helix for-
mation can be substantially reduced in the RER 
by collagen mutations, and over-modification of 
collagens via O-linked saccharides can result in 
compromised fibrillar organization. Nevertheless, 
glycosylation level can serve as a physiological 
mode of regulation in normal native tissue, par-
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ticularly when levels of post-translational modifi-
cation are tissue-specific, thus contributing to the 
structural properties of particular tissues. 
Intrafibrillar water has also been shown to affect 
the molecular organization of collagen fibrils. 

That is, as variable amounts of water are incorpo-
rated within the fibrils, intermolecular distances 
between lateral or longitudinal neighbors have 
been shown to differ; when collagen fibrils are 
dried, their D-periodicity shortens and intermo-

Fig. 2.5 Post-translation modification of collagen 
molecules and triple helices. A collagen mRNA is trans-
lated into preprocollagens. Preprocollagens are trans-
ported to the rough endoplasmic reticulum where they 
undergo hydroxylation, glycosylation, cleavages, and 

assembly into triple helices that are transferred outside the 
cell via exocytosis. Outside of the cell, cleavages lead to 
the formation of tropocollagens that assemble and cross- 
link to form fibrils

M. J. Mienaltowski et al.
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lecular lateral distances reduce (Brodsky et  al. 
1982; Katz et al. 1986).

Collagenous domains of alpha chains are dis-
tinctly rich in cis -peptide bonds due to their high 
content of imino acids that favor cis-peptide bond 
formation (Bruckner et  al. 1981). Kinetically, a 
great deal of energy is required to cause cis- 
peptide bonds to comply with triple helix forma-
tion, which occurs in a zipper-like, slow-folding 
isomerization process (Bachinger et  al. 1980; 
Bruckner et al. 1981). At the start of triple helix 
formation, a variable number of cis bonds are dis-
tributed throughout the still unfolded procollagen 
polypeptides; thus, the folding times required for 
full-length triple helix formation are variable 
because they are dependent upon kinetic obsta-
cles. It has been shown that cyclophilin B cata-
lyzes the cis to trans isomerization of Gly-Pro- but 
not X-Hyp peptide bonds in chick embryo tendon 
fibroblasts (Steinmann et al. 1991). Cyclophilin 
B is acting as a peptidyl prolyl cis/trans- 
isomerase; it can be inhibited by the immuno- 
suppressor cyclosporin A (Steinmann et  al. 
1991). Moreover, cyclophilin B, prolyl-3- 
hydroxylase, and cartilage-associated protein 
(Crtap) form a ternary complex with high chaper-
one activity in the endoplasmic reticulum. For 
nascent fibrillar procollagens, prolyl-3- hydroxy-
lase catalyzes the introduction of a single 3-Hyp 
residue at the C-terminal end of the triple helical 
domain. Ultimately, the ternary complex local-
izes cyclophilin B-activity to the initiation sites 
for procollagen folding, allowing for the efficient 
catalytic isomerization of peptidyl-prolyl cis 
bonds. When this process is perturbed, severe 
osteogenesis imperfecta (type VII and VIII) has 
been observed in humans for null mutations in 
LEPRE1 and CRTAP genes (Marini et al. 2010).

There are more modifications that occur 
post- translationally after secretion of procol-
lagen and during supramolecular assembly. 
Extracellular lysyl oxidases exist that convert 
the amino groups on some of the Hyl and 
lysine residues in the collagen polypeptide 
chain to aldehydes (Hulmes 2008). The alde-
hydes which form aldols or β-ketoamines as 
they react with aldehydes or amino groups on 
allysines in other chains to generate quater-

nary structures that are intra- molecular and 
inter-molecular covalent crosslinks (Barnard 
et  al. 1987; Bailey 2001; Avery and Bailey 
2005). This collagen cross-linking can occur 
at early stages of aggregation to modulate the 
suprastructural outcome of fibrillogenesis or 
the formation of networks. Cross-links in ten-
don can occur near the N- and C-termini of 
collagen molecules. These cross-links aid in 
polymerization to form fibrils and increase 
with age.

2.11  Collagen Fibril Assembly

In Sect. 2.9, a summary was provided of the steps 
leading to procollagen triple helix formation. In 
Sect. 2.10, specific features of collagen primary 
protein structure were provided with an elucida-
tion of how these features and other post- 
translational modifications affect secondary, 
tertiary, and quaternary structures. In this section, 
collagen assembly will be described from gene to 
procollagen chains, from triple helix formation to 
fibril assembly. Collagen fibril assembly is 
described as a self-assembly process involving a 
series of events that occur in both intracellular 
and extracellular compartments of the fibroblast 
(Kadler et al. 1996). Such compartmentalization 
allows for many steps in the process from gene to 
collagen fibril for which regulation can affect 
collagen assembly. Regulation steps include acti-
vating the controls of the stoichiometry of differ-
ent matrix gene products during synthesis, 
hydroxylation, glycosylation, folding and triple 
helix formation, packaging for secretion from the 
Golgi apparatus, transport via specialized and 
elongated intracellular compartments with 
 secretion at the cell surface, and the actual forma-
tion of extracellular compartments for matrix 
assembly (Birk et al. 1989). Once these controls 
are activated, simultaneous regulated interactions 
of processing enzymes, fibril associated mole-
cules (e.g., proteoglycans and FACITs), and 
adhesive glycoproteins all allow for the fibroblast 
to make various collagen types depending on its 
destination in the body (Fig. 2.6).
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Fig. 2.6 Model of the regulation of fibril assembly. 
Model of the regulation of fibril assembly. Fibril assembly 
involves a sequence of events. (a) Collagen assembly is 
initiated at the fibroblast cell surface via nucleators like 
collagens V and XI; then immature, small diameter, short 
protofibrils are assembled. The nucleation process is cell 
directed involving interactions with organizers (e.g., inte-
grins and syndecans) at the cell surface. (b) Protofibrils 
are deposited into the matrix and are stabilized by interac-

tions with matrix regulators like SLRPs and FACITs. (c) 
Changes occur with fibril stabilization resulting from pro-
cessing, turnover and/or displacement; this affects linear 
and lateral growth of mature fibrils in a tissue-specific 
manner. (This figure is from Mienaltowski and Birk 
(2014) and used with permission from the publisher; it 
was adapted from Birk and Bruckner (2011) with permis-
sion from the publisher)

M. J. Mienaltowski et al.
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Assembly of collagen begins in the nucleus 
which synthesizes collagen mRNAs during tran-
scription. These mRNAs are transported out of 
the nucleus; there are 45 mRNA variations that 
make up the 28 collagens seen in vertebrates with 
Type-I collagen being the most abundant and 
playing a major role in the body by stabilizing 
necessary structures (Birk et  al. 1989; Kadler 
2017). Once transcribed, the collagen mRNA is 
translated into a preprocollagen, also known as a 
prepro-α-chain. The collagenous region of the 
preprocollagen utilizes repeating Gly-X-Y units. 
The X and Y units are normally imino acids pro-
line and hydroxyproline. Glycine is the only 
amino acid small enough to fit in the tight spaces 
in the central position of the triple helix procol-
lagen assembled later in the cell. Due to the size 
restriction, the glycine concentration is more 
abundant than any other amino acids in the cell 
(Kadler et al. 1996).

As mentioned in the previous section, an 
N-signaling peptide aids in the transport of the 
preprocollagen to the RER.  Once the signaling 
peptide is cleaved, the propeptides are hydroxyl-
ated. In order for hydroxylation to occur, vitamin 
C must be present as a cofactor. Deficiencies in 
vitamin C lead to scurvy, which is a disease char-
acterized by inadequate connective tissue renewal 
due to this vitamin deficiency (Canty and Kadler 
2005). Moreover, there have been studies demon-
strating that Vitamin C-enriched gelatin supple-
mentation leads to increases in collagen synthesis 
if taken an hour before exercise (Lis and Baar 
2019). Another known defect due to hydroxyl-
ation irregularities is Epidermolysis bullosa. This 
disease is caused by mutations in PLOD3, which 
encodes the lysyl hydroxylase 3 enzyme. This 
skin disorder manifests due to a lack of type VII 
collagen. Type VII collagen is characterized as an 
anchoring fibril – tethering the dermal-epidermal 
basement membrane to the underlying dermis. 
Thus, this disease manifests as blisters and ero-
sions leading to ulcers and poor skin healing 
(Vahidnezhad et  al. 2019). Procollagens also 
undergo glycosylation, as reviewed in the previ-
ous section. Glycosylation triggers the assembly 
of procollagen chains to aggregate into triple 
helices. If this assembly is defective, this causes 

osteogenesis imperfecta, which is most often 
caused by an autosomal dominant genetic disor-
der of the COL1A1 and COL1A2 genes. For a 
recent review of osteogenesis imperfecta, please 
see Marini et al. (2017). Collagen fibrils are com-
posites of different matrix molecules, and control 
of heteropolymeric mixing and trimer type stoi-
chiometry begins within the intracellular com-
partments. After the procollagens assemble 
correctly into triple helices, they travel from the 
RER to the Golgi body to be exocytosed. Secreted 
triple helices of procollagens are further pro-
cessed outside of the cell to become 
tropocollagens.

Along with the procollagens, secretion of dif-
ferent matrix molecules and modifying enzymes 
occurs with specific spatial, temporal, and cir-
cumstantial patterns. Moreover, an important 
regulator of the expression of key tendon markers 
for tenocytes and for downstream expression of 
fibrillar collagens and associated collagen genes 
is the transcription factor Early Growth Response 
1 (EGR1) (Havis and Duprez 2020). EGR1 is 
involved in the development, homeostasis, and 
healing process for tendons, bones, and adipose 
tissue through regulating matrix formation. The 
loss of EGR1 causes reduced ECM production, 
and ultimately compromised tendon morphology 
(Havis and Duprez 2020). Thus, the character of 
the assembled fibrillar matrix depends upon not 
only the collagen types synthesized, but on the 
regulated interactions with procollagen process-
ing enzymes, fibril-associated molecules (e.g., 
proteoglycans and FACITs), adhesive glycopro-
teins, and the involvement of transcription fac-
tors. The spatial and temporal regulation of 
molecules interacting during packaging and 
transport or at the sites of secretion provides a 
mechanism whereby limited numbers of matrix 
molecules can be uniquely assembled to produce 
the divoersity of structure and function observed 
across tissues.

Extracellularly in the developing tendon, fibril 
assembly begins in channels defined by the fibro-
blast surface (Trelstad and Hayashi 1979; Birk 
and Trelstad 1986; Canty et al. 2004; Canty and 
Kadler 2005). Immature protofibrils with uni-
form diameters and short lengths  – relative to 
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mature fibrils  – are assembled in these micro- 
domains (Birk and Trelstad 1986; Birk et  al. 
1989). These extracellular channels have been 
shown to form at the time of secretion as special-
ized post-Golgi secretory compartments. They 
fuse with the fibroblast membrane and are main-
tained due to slow membrane recycling associ-
ated with the presence of the assembled protofibril 
(Birk and Trelstad 1986; Birk et al. 1989). Others 
have suggested that intracellular processing of 
procollagen may occur within elongated Golgi- 
to- plasma membrane compartments (GPCs), 
which is then followed by the extrusion of proto-
fibrils through a cellular protrusion where GPCs 
fuse to fibroblast plasma membranes (Canty et al. 
2004; Canty and Kadler 2005). Regardless, pro-
tofibrils are ultimately present extracellularly. 
Once the protofibrils are deposited into the extra-
cellular matrix, more compartmentalization 
occurs as fibrils form small fibers and then larger 
structures characteristic of the specific tissue 
(e.g., large fibers in tendon). Extracellular com-
partmentalization hierarchy allows for there to be 
some level of control over the extracellular steps 
of matrix assembly by the fibroblasts secreting 
these molecules.

Once secreted, peptidases remove the globular 
N- and C- propeptides from procollagens form-
ing tropocollagens (Canty and Kadler 2005). 
Procollagen C-proteinase enhancer-1 is a secreted 
protein needed in order to accelerate the proteo-
lytic release of the C-propeptide from the fibrillar 
procollagens (Pulido et  al. 2018) while the N- 
proteinase activity is provided by the members of 
A Disintegrin And Metalloproteinase with 
Thrombospondin motifs (ADAMTS) (Canty and 
Kadler 2005). If there is a defect in ADAMTS 
expression specifically, heterotopic ossification is 
seen in the cell (Mead et al. 2018). Heterotopic 
ossification (HO) causes abnormal bone growth 
in non-skeletal tissues such as muscles, tendons, 
or any soft tissue. ADAMTS7 and ADAMTS12 
regulate tendon collagen fibril structure while 
also functioning as an innate inhibitor of HO 
(Mead et  al. 2018). C proteinase, on the other 
hand, triggers the self-assembly of collagen 
fibrils seen in the next step (Mead et al. 2018). 
The final step in collagen synthesis is triggered 

by lysyl oxidase (LOX). This enzyme cross-links 
tropocollagens to one another. These cross-links 
are covalent and help the collagen to aggregate 
first into long linear subunits as well as aggre-
gates that grow both linearly and laterally to form 
a subfibril (Trelstad and Hayashi 1979). These 
cross-links have been shown to be regulated by 
the SLRP fibromodulin (FMOD). FMOD affects 
the extent and pattern of lysyl oxidase-mediated 
collagen cross-linking by inhibiting enzyme 
access to the telopeptides. Therefore, if collagen 
is fibromodulin deficient, it causes increased 
C-telopeptide cross-linking, leading to abnormal 
fibril formation and decreased mechanical 
strength (Kalamajski et al. 2014).

Many other factors also have an influence on 
development and maintenance of collagenous 
extracellular matrix. Recently it was determined 
that the circadian clock plays a significant role in 
tendon development. Researchers have con-
cluded that the circadian rhythm of a given ten-
don regulates the signaling of bone morphogenetic 
protein signaling, procollagen I synthesis and 
secretion, as well as endoplasmic reticulum 
homeostasis (Yeung and Kadler 2019). 
Additionally, the roles of decorin and biglycan 
have also shown to be of massive importance in 
maintaining collagen fibril structure, realign-
ment, and mechanical properties in mature ten-
dons. Both decorin and biglycan are SLRPs that 
help maintain tendon morphology, peaking at dif-
ferent times in tendon development, growth, and 
adaptation. For instance, decorin peaks in early 
development of tendon structure when the colla-
gen fibrils are undergoing lateral growth, and it 
continues to be expressed during maturation and 
aging (Zhang et  al. 2005). Although decorin is 
necessary in the assembly of collagen fibrils in 
tendon and ligament, it also plays a crucial role in 
the establishment of normal biomechanical func-
tions of cartilage (Han et al. 2019). On the other 
hand, biglycan peaks during post-natal develop-
ment and then rapidly declines. Together, these 
molecules influence elastic properties, stress 
relaxation speeds, collagen fibrils diameter, and 
collagen morphology. Absence of deficiencies of 
these molecules has shown to have detrimental 
effects on the proper assembly of collagen fibrils 

M. J. Mienaltowski et al.



23

(Robinson et al. 2017). Other important compo-
nents of the ECM are lumican and plasma 
membrane- associated collagen with triple-helix 
domains (MACITS). Lumican is an extracellular 
matrix secreted proteoglycan that helps to regu-
late collagen fibrogenesis as well as maintain 
ECM structure (Mohammadzadeh et  al. 2020) 
while MACITS stabilize the pericellular ECM 
network (Izzi et  al. 2020). Properly processed 
collagen aggregates to form an elastic tissue. This 
elasticity is attributed to the actin cytoskeleton 
made early on in embryonic development. 
Chemical disruption in the cytoskeleton causes 
the tendon to lose its elastic characteristic 
(Schiele et  al. 2015). While procollagen mole-
cules are processed inside the cell, tropocollagen 
molecules are assembled outside of the cell in the 
extracellular matrix (ECM). Produced and main-
tained by tenocytes, the ECM is the compendium 
of signaling effectors that provides structural and 
functional support to the cells that it surrounds. 
This matrix is required to allow for regular cel-
lular maintenance (Iozzo and Gubbiotti 2018). 
The ECM is also constantly remodeled and main-
tained. Metalloproteinases allow for the ECM to 
remodel due to their enzymatic abilities. These 
include the degradation of matrix components, 
cell surface receptors, cytokines, and growth fac-
tors (Karamanos et al. 2019).

If properly made, the matrix will have three 
extracellular compartments that are responsible 
for matrix organization and heavily regulated by 
fibulin-4. Fibulin-4 is an ECM glycoprotein that 
is essential in the compartmentalization of the 
extracellular space (Markova et al. 2016). These 
compartments are collagen fibrils, bundles, and 
collagen microaggregates. They allow for the 
cell’s influence to extend into the extracellular 
space around it mainly through fibropositors 
(Birk and Trelstad 1986). Plasma membrane pro-
trusions allow collagen fibrils to be deposited in 
the extracellular channels formed by adjacent 
fibroblasts (Canty et  al. 2004). Fibropositors 
interact with the extracellular matrix to provide a 
mechanical interface between the cytoskeleton of 
the cell and the ECM, allowing for effective com-
munication to the cell for appropriate response to 
different mechanical loads (Holmes et al. 2018). 

The ability to form fibropositors comes from the 
physical linkage of the aggrecan network caused 
by decorin.

2.12  Assembly and Growth 
of Mature Tendon Fibrils

In mature tendons, collagen fibrils are long func-
tionally continuous arrangements of molecules 
with diameters ranging between 20 and 500 nm 
depending on the tissue and developmental stage 
(Birk et al. 1995, 1997; Canty and Kadler 2002). 
During development, the tropocollagen mole-
cules are arranged into a quarter-staggered pat-
tern with enzymatic and non-enzymatic chemical 
crosslinking (Wess et al. 1998). Enzymatic cross-
linking is accomplished through an aldehyde 
bond formation by lysyl oxidase with non- 
enzymatic crosslinking by glycation. The colla-
gen fibrils are assembled near the fibroblast 
surface as uniform and relatively short D periodic 
protofibrils with diameters in the range of 
20–40 nm, lengths of 4–12μm, and tapered ends 
(Birk et  al. 1989, 1995; Kadler et  al. 1996; 
Graham et al. 2000). As a result of this and the 
staggered molecular organization, the character-
istic 67  nm D-periodic banding pattern can be 
observed. Additionally, the Hodge-Petruska 
model of staggered tropocollagen has been 
extended with revealing regions of amorphous 
and crystalline order in a lateral quasi-hexagonal 
lattice arrangement when seen in cross-section 
(Hulmes et al. 1995; Wess et al. 1998; Orgel et al. 
2006). The newly assembled protofibrils are 
deposited and incorporated into the developing 
tendon extracellular matrix as small bundles of 
fibrils or immature fibers. The fibrils are stabi-
lized via interactions with macromolecules such 
as FACITs and SLRPs (Fig.  2.6). Specifically, 
SLRPs such as decorin interact with the collagen 
fibrils and regulate fibril growth by binding non- 
covalently at every D period to an intraperiod site 
on the surface of the collagen fibrils (Iozzo and 
Schaefer 2015). Tendon maturation continues 
with linear fibril growth involving end overlap of 
the protofibrils, followed by lateral growth in ten-
dons and ligaments. Lateral fibril growth features 
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the association and fusion of fibrils laterally to 
generate larger diameter fibrils generating a 
cylindrical fibril structure by molecular rear-
rangement. To accomplish this, some or all of the 
collagen stabilizing components are lost or 
replaced. Throughout this process, the amount of 
intra- and intermolecular crosslinking plays an 
important role in regulation of structure turnover 
and stability. Mechanical stability improves with 
increased crosslinking, which varies by subre-
gion or zone within tendons and ligaments as 
well as anatomically throughout the body. At this 
point, a crimp pattern at the fibril and fascicle 
level between the collagen fibrils by elastin intro-
duces additional complexity to the tendon or liga-
ment with the amplitude and period of crimp 
being tissue specific. The detailed roles of colla-
gen accretion and maintenance in fibril assembly, 
with homeostasis, and in repair or regeneration 
remain to be elucidated.

2.13  Regulation of Collagen Fibril 
Assembly and Growth

Regulation of collagen fibrillogenesis is tissue- 
specific and can have many effectors. Interactions 
occur amongst many different classes of mole-
cules, such as processing enzymes, heterotypic 
fibril-forming collagens, FACITs and SLRPs, as 
well as other glycoproteins (e.g., fibronectin and 
tenascin X). Many molecules serve as regulators 
via three main classes of interactions: organizers, 
nucleators, and regulators (Kadler et  al. 2008). 
During growth and development of tendon, sig-
nificant increases in collagen fibril diameters 
occur, which directly affects the mechanical 
properties of the tendon. (Zhang et al. 2005).

Collagens V and XI have been shown to nucle-
ate collagen fibril formation in self-assembly 
assays in addition to playing a role in assembly of 
immature protofibrils (Marchant et  al. 1996; 
Blaschke et al. 2000; Wenstrup et al. 2004a, b). 
The alpha-chains of collagens V and XI have 
multiple tissue-specific isoforms of a highly 
homologous collagen type forming heterotypic 
fibrils with collagen I and II regulating collagen 
organization and fibril differences. A mouse 

model with a targeted deletion within the Col5a1 
gene is lethal in embryos because of a lack of 
fibril formation in the mesenchyme; though col-
lagen I is synthesized and secreted, protofibrils 
are not properly assembled (Wenstrup et  al. 
2004a). Likewise, in two separate mouse models 
where collagen XI is absent (cho/cho, ablated 
Col11a1 alleles; Col2a1-null mice, from which 
the α3(XI) chain is derived), animals develop 
chondrodysplasia (cho) where cartilage is devoid 
of fibrils. (Seegmiller et al. 1971; Li et al. 1995a, 
b; Aszodi et al. 1998). Thus, a key role for colla-
gen V/XI in nucleation of assembly of short, 
small diameter protofibrils is demonstrated.

Under physiological conditions in vitro, col-
lagens I and II can self-assemble after long lag 
phases in the absence of collagen V. As such, col-
lagen V is critical in providing a fibril-forming 
site for the fibroblast. During collagen fibril for-
mation, collagen V fibrils produce the necessary 
site for collagen I allowing for subsequent fibril 
intermediates, linear fusions, and lateral fusions 
producing the heterotypic collagen I and V fibril. 
This feature is tissue specific: in the cornea where 
smaller fibril diameters are paramount to trans-
parency, collagen V is 10–20% of the fibril- form-
ing collagen content, and the increased nucleation 
sites contribute to many smaller diameter fibrils 
(Segev et al. 2006; Birk 2001). In tendons with 
increased mechanical strength, larger diameter 
fibrils are produced with decreased collagen V 
(1–5%) within the fibril-forming collagen con-
tent. Perhaps the best example of the impact of 
collagen I/V interactions on structure is with the 
classical form of Ehlers-Danlos Syndrome 
(EDS) – a generalized connective tissue disorder 
where the majority of patients are heterozygous 
for mutations in collagen V (Symoens et  al. 
2012). With this form of EDS, approximately 
50% of the normal collagen V amount is present, 
and affected patients have a dermal phenotype 
with large, structurally aberrant fibrils. Similarly, 
in the heterozygous (Col5a1+/−) mouse model, 
there was a 50% reduction of collagen V; thus, 
there were fewer nucleation events than the nor-
mal mice (Wenstrup et al. 2004a). A similar situ-
ation occurs in the tendon (Wenstrup et al. 2011). 
The reduction in nucleation sites makes collagen 
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V a rate-limiting molecule. The regulation of 
these collagen I/V interactions is coordinated by 
the sites of assembly and by other molecules that 
organize and sequester these interactions at the 
cell surface (Smith et al. 2012).

The nucleation of protofibrils is informed by 
the localization of cellular structures such as 
organelles, cytoskeletal components, cytoplas-
mic membrane domains, and organizing mole-
cules. However, cell-defined extracellular 
domains are equally important for efficient fibril 
assembly, and without peri- and extracellular 
organization procollagens would be freely 
secreted away from the cell or forming tissues 
such as in monolayer cultures. Consequently, 
cell-directed positioning of the deposited matrix 
is possible as assembled protofibrils undock from 
the cell surface, are extruded from the cell, and 
then are incorporated into the extracellular 
matrix. This then re-primes the nucleation sites 
for the next round of nucleation. Cell-directed 
collagen fibril assembly involves organizing mol-
ecules such as integrins and fibronectin. 
Fibronectin mediates cell-collagen interactions 
when there are assembling collagen fibrils and 
other ECM molecules. Fibronectin molecules 
assemble into fibrils via integrin interactions 
(Zhong et al. 1998; Mao and Schwarzbauer 2005; 
Kadler et al. 2008). The fibronectin fibril network 
contains multiple binding sites for collagen fibril 
assembly. When binding sites are blocked in 
fibronectin networks, collagen fibril assembly is 
inhibited (McDonald et  al. 1982). Furthermore, 
modifications to fibronectin-integrin interaction 
affect collagen fibril assembly, suggesting both 
that the cytoskeleton is involved in some way 
with fibril assembly and that other direct interac-
tions of integrins with other surface molecules 
are essential to fibril assembly.

Once the protofibrils are assembled and 
deposited into the ECM, further assembly to the 
mature fibrils involves linear and lateral growth 
of the preformed intermediates. In tendons and 
ligaments, two classes of regulatory molecules 
involved in the regulation of these steps are 
SLRPs and FACIT collagens. Both classes are 
fibril-associated, and molecules within each class 
have their own tissue-specific, temporal, and spa-

tial expression patterns. Differences in expres-
sion patterns contribute to the differences in 
structure and function amongst tissues, including 
tendons and ligaments.

SLRPs are crucial regulators of linear and lat-
eral fibril growth that are highly expressed during 
development (Chen and Birk 2013). Of the five 
classes of SLRPs, two are instrumental in colla-
gen fibril growth, maturation, and homeostasis. 
Class I (biglycan and decorin) and class II (fibro-
modulin and lumican) SLRPs are tissue-specific 
molecules with characteristic components neces-
sary for appropriate function. Disruption of these 
characteristics (the leucine-rich repeat ear or the 
N- and C-terminus disulfide caps) leads to dis-
ruption of function resulting in detrimental or 
fatal effects as seen in SLRP single or double 
deficient mice. As a result, the importance of 
their regulation of linear and lateral fibril growth 
is demonstrated (Ameye and Young 2002; 
Chikravarti 2002; Kalamajski and Oldberg 2010; 
Chen and Birk 2013; Connizzo et  al. 2013; 
Dourte et al. 2013; Dunkman et al. 2013, 2014). 
Additionally, SLRPs protect collagen fibrils from 
proteolysis by sterically hindering access of col-
lagenases to cleavage sites (Geng et  al. 2006; 
Chen and Birk 2013).

In tendons, linear and lateral fibril regulation 
is controlled largely by decorin and fibromodulin 
with modulations done by biglycan and lumican 
(Ezura et  al. 2000; Zhang et  al. 2005). In this 
regard, changes to decorin, biglycan, or fibro-
modulin can result in alterations in fibril growth 
resulting in larger fibril diameters (Danielson 
et al. 1997; Ameye and Young 2002; Ameye et al. 
2002; Jepsen et  al. 2002; Zhang et  al. 2005; 
Dourte et al. 2012). The structural abnormalities 
to the fibrils alter the mechanical and structural 
properties of the tendons exacerbated by multiple 
SLRP class deficiencies. Due to the high level of 
homology of SLRPs within classes, binding 
regions of molecules, such as fibromodulin and 
lumican, to collagen I are similar if not identical 
(Kalamajski and Oldberg 2009). Though some 
level of compensation of single SLRP deficien-
cies are exhibited within a class, deficiencies of 
two SLRPs in different classes (biglycan and 
fibromodulin) alter tendon biomechanics, fibril 
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diameters, and promote ectopic ossification 
within the tendon (Ameye and Young 2002; 
Ameye et al. 2002; Bi et al. 2007). SLRPs regu-
larly turnover and more easily allow for changes 
in expression to affect fibrillogenesis and tendon 
structure throughout development, maturation, 
and injury. A more detailed description of activi-
ties mediated by SLRPs can be found in Chap. 6.

The regulation of linear and lateral fibril 
growth is also affected by FACIT collagens. As 
described earlier in the chapter, FACIT collagens 
are fibril-associated molecules with large non- 
collagenous domains. FACITs, like SLRPs, dem-
onstrate tissue-specific and chronological 
expression patterns necessary for proper fibril 
assembly. These collagens are located on the sur-
face of fibrils and assume differing roles. 
Collagen IX is involved in regulation of fibril 
growth in cartilage (van der Rest and Mayne 
1988) while collagen XII provides specific 
bridges between fibrils and other matrix compo-
nents such as decorin and fibromodulin (Chinquet 
et al. 2014). It is also believed that Collagen XIV 
is involved in the regulation of linear tendon fibril 
growth due to its interactions with decorin 
(Young et al. 2002; Ansorge et al. 2009). Targeted 
deletion of collagen XIV in mouse models dem-
onstrated a premature entrance into the fibril 
growth stage in tendons, resulting in larger diam-
eter fibrils in early developmental stages. Thus, 
in some tissues, it seems that FACITs may serve 
as ‘gate keepers’ regulating the transition from 
protofibril assembly to fibril growth during devel-
opment. In the case of collagen XIV, it temporar-
ily stabilizes protofibrils to prevent the initiation 
of lateral fibril growth. The large non- collagenous 
domain and its inter-fibrillar location have been 
long suspected to play an additional role in fibril 
packing. Control of fibril packing would also 
influence lateral associations necessary for 
growth.

Maintenance of the collagen fibrils during 
aging and after injury is also affected by SLRPs. 
SLRPs play a role to protect collagen fibrils from 
proteolysis by sterically hindering access of col-
lagenases to cleavage sites (Geng et  al. 2006). 
During injury, decorin expression increases and 
inhibits scar formation by decreasing the pres-

ence of transforming growth factor β (TGFβ), a 
potent fibrogenic factor (Jarvinen and Ruoslahti 
2010).

2.14  Effects of Composition 
and Structure on Function 
for Tendons and Ligaments

Tendons and ligaments are dense connective tis-
sues with similar compositions, though slight dif-
ferences in content and morphology allow for 
each tissue type to function in a distinct manner, 
yet both have large extracellular matrix to cell 
ratios. The composition of the extracellular 
matrix in tendon is crucial for transmitting the 
force generated from muscle to bone. In contrast, 
ligaments have a more passive role attaching 
bone to bone by guiding the joints motion and 
preventing abnormal displacement of bones. 
Additionally, to a minor extent, ligaments must 
also withstand loads to resist joint instability. 
Collagens make up 60–70% and 70–80% of the 
dry weight for ligaments and tendons, respec-
tively (Frank et  al. 2007; Rumian et  al. 2007). 
The predominant fibril-forming collagen of ten-
dons and ligaments is collagen I, though other 
collagens within tendons and ligaments include 
fibril-forming collagens III and V, as well as col-
lagens VI, XII, and XIV. Besides collagens, both 
tendons and ligaments contain many of the mac-
romolecules mentioned throughout this chapter 
that regulate fibril assembly as well as water con-
tent (60–70% in ligaments and 50–60% in ten-
dons) (Rumian et  al. 2007). Thus, while the 
composition of these tissues is quite similar, dis-
tinctions can be made in the proportions of water 
and macromolecules. Moreover, there are several 
similarities in the morphologies of the two tis-
sues. Both tendons and ligaments have many par-
allel fibers that run along the axis of tension and 
these fibers are composed of mainly fibrils con-
taining collagen I with a distinct “crimp” pattern 
in the collagen fibers of both tissues. There are 
also several morphological distinctions such as 
the angle of some fiber subsets. Within ligaments 
there are many regions where collagen fibers 
intertwine with adjacent fibers so that subsets of 
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fibers are running obliquely at a 20–30° angle 
from the other fibers running along one axis 
(Franchi et al. 2010). These differences in com-
position and morphology are enough to contrib-
ute to the function of the tissues.

The distinct compositions of ligaments and 
tendons contribute to the nonlinear anisotropic 
mechanical behavior in these tissues. The 
mechanical properties of tendon exhibit a 
 nonlinear elasticity that reflects itself in a 
mechanical stress-strain curve by three distinct 
regions (Fig.  2.7). A tensile stress-strain curve 
plots the deformation a material can sustain at 
certain loads by the force per unit area (stress) 
and the deformation that a material exhibits at 
that load (strain). When loading conditions are 
low, tendons and ligaments are relatively compli-
ant. The first region of the stress-strain curve is 
the non- linear “toe” region which is an initial 
load affecting the “crimped” collagen fibers and 
any viscoelastic properties provided by mole-
cules interacting with the collagens. The “toe” 
region of the tendon is smaller (only up to 2% 
strain) because most collagen fibers are oriented 
parallel to the directions of strain and “uncrimp-
ing” occurs. With increasing tensile loads, these 
tissues  – tendons more so than ligaments  – 
become increasingly stiffer. At some point, the 
stiffness of the material (load/length) will follow 
a linear slope characterized by the “linear” 
region. As slippage occurs within collagen 
fibrils, next between fibrils, and then until the 
point of tearing as adjacent fibril molecules slip 
away with tensile failure, the “yield to failure” 
region is finally reached (termed, ultimate load 
or point of ultimate tensile stress). As the load 
proceeds from initial strain to the point of fail-
ure, the area under the curve is considered the 
total energy absorbed. Though both tendons and 
ligaments are considered to exhibit a nonlinear 
anisotropic mechanical behavior, differences in 
their load-elongation curves do exist due to the 
difference in function. As already mentioned, the 
morphology of the ligament allows for the “toe” 
of the curve from the initial loading to be longer 
because the crimping pattern of the ligament is 
more greatly affected by fibrils not oriented 

exactly parallel – sometimes even perpendicular 
to the direction of the load. The stiffness of ten-
dons and ligaments are also distinct. In humans, 
the elastic modulus (Young’s Modulus) of a ten-
don (Achilles tendon, 375  ±  102  MPa; biceps 
tendon, 421  ±  212  MPa; patellar tendon, 
660 ± 266 MPa) is generally greater than that of 
a ligament (meniscofemoral ligament, 
355 ± 234 MPa; anterolateral bundle of the pos-
terior cruciate ligament, 294 ± 115 MPa; poste-
rior bundle of the posterior cruciate ligament, 
150  ±  69  MPa) (Harner et  al. 1995; An et  al. 
2004). Furthermore, the stiffness for tendons 
(Achilles tendon 430 N/mm) is generally greater 
than for ligaments (lateral/medial collateral liga-
ments, 20  N/mm; anterior cruciate ligament, 
ACL 182  N/mm) (Fishkin et  al. 2002; Barlett 
2008; Peltonen et  al. 2010). Greater values for 
elastic modulus and stiffness are indicative of 
stiffer, less flexible connective tissue that is 
capable of absorbing and transmitting more 
energy. In addition, the tensile strength of ten-
dons (50–150 N/m2) is greater than that of liga-
ments (26–39 N/m2) (Martin et al. 1998; Quapp 
and Weiss 1998; Chandrashekar et  al. 2006). 
Aging also significantly alters the mechanical 
properties of tendons as the elastic modulus 
(Young’s Modulus) of a patellar tendon in 
humans aged 29–50  years is around 
660 ± 266 MPa while an individual between 64 
and 93 is about 504 ± 222 MPa (Johnson et al. 
1994).

The compositional differences and distinc-
tions in stiffness and tensile strength between 
tendons and ligaments all contribute to the under-
standing of how these two connective tissues 
function. Tendons and ligaments have different 
roles. Tendons center the actions of several mus-
cles into one axis of stress or strain. They distrib-
ute contractile force of muscles to bones, and 
they provide the muscle with distance from the 
insertion that is mechanically beneficial. During 
locomotion tendons store elastic energy and pre-
vent muscle injury with viscoelasticity. Another 
key mechanical property of tendons is the visco-
elasticity, likely a result of the content of  
water, collagenous proteins and interactions with 
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proteoglycans that cause the mechanical behav-
ior to be dependent on the rate of mechanical 
strain (Wang et al. 2012). Therefore, the rate of 
stress and strain is not constant for a tendon and 
depends on the time of displacement or load 
(Robi et  al. 2013). Viscoelastic materials are 
deformable at low strain rates but less so at high 
strains. As a result, tendons at low strains can 
absorb more mechanical energy but conversely, 

become less effective at carrying loads from mus-
cle to bone. But as mentioned previously, the ten-
don stiffness increases with increased loads 
therefore the  viscoelastic property is overcome at 
high strain rates. Additionally, three characteris-
tics of tendon viscoelasticity (creep, stress relax-
ation, and hysteresis) are now considered evident 
properties of tendons as differences in these 
properties greatly vary across tendons. Changes 

Fig. 2.7 Load-elongation curve for tendons and liga-
ments. There are three distinct regions within the curve 
which define the response to tensile loading. In the “Toe 
Region,” initial load is affecting the “crimped” collagen 
fibers and any viscoelastic properties provided by mole-
cules interacting with the collagens. In the “Linear 
Region,” increasing tensile loads cause lengthening as the 

tendon or ligament becomes increasingly stiffer. In this 
region, load/elongation will ultimately follow a linear 
slope as slippage occurs within and then between collagen 
fibrils. In the “Yield Region,” load continues to increase 
until the point of tearing as adjacent fibril molecules slip 
away to tensile failure, complete rupture, or macroscopic 
failure
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to these properties between high- and low-
stressed tendons signal the potential for different 
material composition to compensate for higher 
fatigue in high-stressed tendons, but much of the 
micro- structural origin of tendons is still 
unknown (Pike et al. 2000; Peltonen et al. 2013). 
Though, recent models have shown that varying 
fibril length may answer the viscoelastic nature 
of tendons, this model has yet to be combined 
with the dissipative theory for the bridges 
between collagenous and noncollagenous pro-
teins in the matrix to account for both the fibril-
matrix interaction and fibril length distributions 
(Ciarletta and Amar 2009; Shearer et al. 2020).

The relative stiffness and tensile strength of 
tendons is important for maintaining force trans-
mission. Ligaments, however, have a different 
function. They guide joint motion by attaching 
adjacent involved bones, stabilize the joint, and 
thus control the range of motion when load is 
applied. Tendons are susceptible to injury from 
overuse, wear and tear, and abrupt tears or avul-
sions when great forces are applied. Ligaments, 
though flexible, have less tensile strength and are 
prone to shear force injuries. The functions of 
tendons and ligaments are made evident by thor-
ough consideration of their composition, mor-
phology, and physiology. While tendons and 
ligaments possess characteristics that might dis-
tinguish one connective tissue from another, each 
of these tissue types also differs by anatomical 
location. For example, features of an Achilles ten-
don are not identical to those of a flexor digitorum 
profundus tendon or a patellar tendon. Likewise, 
characteristics of an anterior cruciate ligament are 
not identical to those of a medial collateral liga-
ment. In addition, within each tendon and liga-
ment, there are zones where composition changes. 
For example, ligaments can be divided into liga-
ment mid- substance, fibrocartilage, mineralized 
fibrocartilage and bone. Similarly, tendons have 
musculotendinous junctions, mid-substance, 
fibrocartilage, and mineralized fibrocartilage to 
the enthesis. In the following sections, differences 
in collagen structure and physiology will be 
described by anatomic location and by zone.

2.15  Effect of Anatomical 
Location on Tendons 
and Ligaments

Throughout this chapter, the composition of ten-
dons and ligaments have been described. While 
tendons and ligaments look very similar through-
out their various locations within the body, upon 
closer inspection several differences may be 
found that are dependent upon connective tissue 
anatomy and function. For example, round ten-
dons such as flexor digitorum profundus tendons 
found in the forearm typically consist of parallel 
bundles of collagen fibers and are subject to 
pulling forces, or tensile loads. In contrast, flat 
tendons like rotator cuff tendons are more com-
plex in their anatomy, consisting of longitudinal, 
angled and intercrossing collagen fibers; these 
flat tendons can withstand more complex load-
ing, such as compression, which better allows 
the tendon to function at its specific anatomical 
location (Clark and Harryman 1992; Frank et al. 
2007). Some tendons contain more proteogly-
cans than others, particularly those with more 
fibrocartilaginous tissue, which forms at loca-
tions where tendons wrap around bone and are 
also subjected to transverse compressive loading 
besides longitudinal tension (Benjamin et  al. 
1995; Berenson et al. 1996). Flatter rotator cuff 
tendons contain more proteoglycans throughout 
than the typical round tendons; additional pro-
teoglycans are believed to be aggrecan and 
SLRP biglycan (Berenson et  al. 1996). 
Extracellular matrix analysis of ovine tendons 
and ligaments demonstrated that each tendon 
(e.g., long digital extensor tendon, superficial 
digital flexor tendon, patellar tendon) and liga-
ment (e.g., lateral collateral ligament, medial 
collateral ligament, posterior cruciate ligament, 
anterior cruciate ligament) had its own unique 
range for matrix compositions when examining 
water, glycosaminoglycan and collagen content 
(Rumian et al. 2007). Likewise, each tendon and 
ligament demonstrates its own collagen organi-
zational and mechanical features (Rumian  
et al. 2007).
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Several tendons, like those at the extremities 
of the body, are surrounded by a visceral synovial 
sheath. The synovial sheath is linked to the outer 
parietal sheath by the mesotenon, which delivers 
blood, lymph and nerve supply to the tendon. 
While some tendons, like those of the ankle, are 
surrounded by continuous mesotenon, other ten-
dons such as those of the fingers and toes are lim-
ited in mesotenon to small sections called vincula. 
Without continuous mesotenon for blood supply, 
tendons with vincula rely on surrounding syno-
vial fluid for a majority of their nutrients (Frank 
et al. 2007). Synovial sheaths also provide lubri-
cation for smooth tendon movement, and assist in 
the healing following an injury.

Three tendons commonly the subject of study 
are the patellar tendon, the Achilles or calcaneal 
tendon, and the supraspinatus tendon. The patella, 
developed as a bony process at the end of the 
femur, is superficially embedded in the quadri-
ceps, or patellar tendon (Eyal et al. 2015). When 
defining tendons versus ligaments, anatomical 
location alone is sometimes misleading. The 
patellar tendon, responsible for connecting the 
quadricep muscle complex to the tibia, is often 
referred to as the patellar ligament due to the 
patella being embedded within it, causing an 
appearance of a bone to bone attachment (Rumian 
et al. 2007). Further classified as an energy stor-
ing tendon, the patellar tendon is similar to the 
Achilles tendon in that they both have greater 
elasticity and extensibility, and can withstand 
more loading cycles prior to fatigue or failure, 
when compared to positional tendons such as the 
anterior tibialis tendon. These characteristics of 
the patellar and Achilles tendons allow them to 
decrease the energetic cost of movement and play 
a large role in  locomotion efficiency (Thorpe 
et al. 2016). The Achilles tendon is able to with-
stand force of up to 6 times the body weight of an 
individual during exercises such as walking or 
running. Previous studies with rats have shown 
that after 4 days of exercise, the Achilles tendon 
undergoes loading-induced collagen synthesis, 
showing that the tendon actively responds to 
mechanical loading (Chen et al. 2020). Similarly, 

decorin and biglycan, class I SLRPs, have visco-
elastic properties that regulate the rupture risk of 
the high-use Achilles tendons (Gordon et  al. 
2015). The supraspinatus tendon is a flatter rota-
tor cuff tendon that fans across the shoulder blade 
to attach the supraspinatus muscle to the humerus. 
There are increased amounts of glycosaminogly-
cans in human rotator cuff tendons, with 50% 
being hyaluronic acid in the supraspinatus ten-
don. In contrast, hyaluronic acid makes up less 
than 10% of total glycosaminoglycans of the 
flexor tendon, and less than 1% in tendon fibro-
cartilage. With significantly higher levels of gly-
cosaminoglycans being present in rotator cuff 
tendons, it suggests these tendons have adapted 
to mechanical loading different from purely ten-
sional loads (Berenson et al. 1996). Many rotator 
cuff injuries begin with a tear in the supraspinatus 
tendon, and occur more frequently with age- 
related degeneration of the rotator cuff tendons 
(Clark and Harryman 1992). There are two theo-
ries behind the reason for this degeneration, the 
impingement theory and the avascular theory. 
The impingement theory attributes degeneration 
of the tendons to the mechanical wear resulting 
from them being between the coracoacromial 
arch and the superior humeral head. The avascu-
lar theory suggests there is a significant hypovas-
cular area of the supraspinatus tendon, leading to 
impaired healing resulting in early degeneration 
and injury (Berenson et al. 1996).

Gross anatomical differences in tendon and 
ligament size and shape occur as these connec-
tive tissues: traverse areas with limited space 
(e.g., within the wrist), centralize the force of 
several muscles (e.g., the Achilles tendon), or 
manage multi-directional forces and movements 
by intertwining collagen fibers with fibers of 
nearby connective tissues associated with tension 
in another axis (e.g., cruciate ligaments and rota-
tor cuff tendons). The precise composition and 
structural arrangement of each tendon and liga-
ment provides specific mechanical properties that 
allow connective tissues to function. Thus, to 
some extent, each tendon and ligament has its 
own unique features.
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2.16  Roles of Collagens 
in Transition 
from Midsubstance 
to Enthesis in Tendons 
and Ligaments

Much of the chapter up until this point has cov-
ered the tendon and ligament midsubstance. 
Collagen organization also plays a role in the 
transitional zone that links the tendon to the bone. 
This transition is the enthesis. Through gradation 
in structure, composition, and mechanical prop-
erties, the enthesis allows for the transfer of stress 
from the tendon, which is an elastic material, to 
the bone which is a hard material (Roberts et al. 
2019). It is a biological feat for the enthesis to 
transfer stress from the tendon which has an elas-
tic modulus of 200  MPa to bone which has a 
modulus on the order of 20 MPa (Derwin et al. 
2018). The enthesis is able to accomplish this 
transfer through its unique compositional grada-
tion which is generally described as four zones: 
tendon proper, fibrocartilage, mineralized fibro-
cartilage, and bone (Fig. 2.8). Each zone is made 
of specific materials in order to accommodate the 
difference in elasticity between the two ends.

The tendon midsubstance is made from type I 
collagen fibers that are parallel to one another 
along the axis of given strain. Additionally, ten-
don proper is made of small amounts of other 
matrix proteins like collagen V, VI, XII, XIV, 
decorin, and versican (Waggett et al. 1998). The 
midsubstance is followed soon after by fibrocar-
tilage – the section of the enthesis that begins the 
transition from tendon to bone and is made from 
type II and III collagen, small amounts of types I, 
IX, and X collagen, aggrecan, and decorin 
(Waggett et al. 1998). After fibrocartilage, miner-
alized fibrocartilage marks the transition towards 
bony tissue (Thomopoulos et al. 2003). This sec-
tion is made of type II collagen with significant 
amounts of type X collagen and aggrecan. Lastly, 
the enthesis connects to the bone. This is made of 
type I collagen with a higher mineral content 
(Thomopoulos et  al. 2010). If one were to list 
these, they would see that each section has one 
component of the section above it, thus allowing 
for a smooth transition that enables the sections 

to have no clear cut off between zones (Genin 
2017). This inevitably leads to an efficient way of 
transferring stress, but an inefficient repair mech-
anism. This will be talked about later in the 
section.

Recently, more insight has been gained into 
the development of entheses, providing knowl-
edge that is crucial to discern the establishments 
of transition zones. At first, the enthesis begins to 
form embryonically through a pool of progeni-
tors that express SOX9+ and Scleraxis (Scx) 
(Felsenthal et al. 2018). They quickly differenti-
ate into two different kinds of enthesis: stationary 
and migrating. Stationary entheses use Gli1+ pro-
genitors, the descendants of SOX9+ progenitors, 
in order to grow linearly. The entire process of 
stationary enthesis development happens from 
embryogenesis to maturity. On the other hand, 
progenitors can become part of a migrating 
enthesis via the utilization of the compartmental-
ized population of Gli1+ progenitors in order to 
co-populate them alongside SOX9+ progenitors to 
eventually replace them during postnatal devel-
opment as postnatal migrating entheses do not 
utilize SOX9+ once they mature. Therefore, 
migrating entheses can be seen to use one type of 
progenitor cell from the embryonic template, 
only to be replaced by another cell lineage that is 
used in the mature organ (Felsenthal et al. 2018).

Once the fetus matures, cell fate plays a major 
role in how the enthesis develops. Scx+/SOX9+ 
progenitors have the potential to differentiate into 
either tenocytes or chondrocytes (Roberts et  al. 
2019). Bone morphogenetic protein 4 (BMP4) is 
a known protein that promotes the differentiation 
of Scx+/SOX9+ progenitors into chondrocytes. 
However, fibroblast growth factor (FGF) signal-
ing also plays a major role in differentiation. In 
Fgfr2-null mice, there is reduced Scx expression 
in the Scx+/SOX9+ progenitors and induced 
biased differentiation into chondrocytes express-
ing collagen II. FGF signaling performs this reg-
ulation through a mechanism that employs 
upstream notch signaling (Roberts et  al. 2019). 
This differentiation between tenocytes and chon-
drocytes is what causes them to be present in 
zones closer to the bone, or closer to the tendon. 
If they are placed closer to the tendon, progeni-
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tors express Scleraxis. If they are placed closer to 
the bone, these chondrocytes are used in the min-
eralized fibrocartilage section of the enthesis. 
However, chondrocytes are not immediately min-
eralized. They must utilize Hedgehog (HH) sig-
naling which is required for the mineralization of 
this section in the fibrocartilage (Roberts et  al. 
2019). As enthesis cells develop, IHH (Indian 
Hedgehog Homolog) signaling is involved in 
making sure the transition from unmineralized to 
mineralized fibrochondrocytes is maintained 
despite cell proliferation. Gli1+ unmineralized 
fibrochondrocytes will only mineralize in 
response to activated hedgehog signaling. Any 

disruption will significantly inhibit their ability to 
mineralize (Dyment et  al. 2015). As the cell 
matures, growth differentiation factor 5 (GDF5) 
progenitors contribute to the growth of the enthe-
sis by proliferating in columns between fibrillar 
bundles in order to distribute their clones through-
out the enthesis and not concentrate on certain 
layers (Dyment et  al. 2015). Along with these 
GDF5 progenitors, the enthesis needs Connexin 
43 (Cx43). This gap junction protein is what 
allows for mineralization of the fibrocartilage, 
formation and mechanoresponsiveness of the 
functional tendon, and the shaping of bone micro-
architecture (Shen et al. 2020).

Fig. 2.8 Transition zones. This illustration demonstrates 
the transition from fibrous tissue to bone at a ligament 
insertion. The tissue transitions from ligament to fibrocar-
tilage. Increases in the level of calcification are noted in 
the compositional gradient closer to insertion; this compo-
sitional change is demarcated by a tidemark (T) which 
traces the interface between non-calcified fibrocartilage 
and calcified fibrocartilage zones. Calcified fibrocartilage 

interdigitates with the underlying subchondral bone to 
complete the insertion. Structures of note within the illus-
tration include: ligament fibroblasts (LF), fibrocartilage 
chondrocytes (Ch), osteoblasts (Ob), Sharpey’s fibers 
(SF), and blood vessels (BV). (This figure has been 
adapted from Place et  al. (2009) and Mienaltowski and 
Birk (2014) with permission from the publishers)
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The enthesis has structural variations at every 
level of scale, all of which contribute to its over-
all tissue mechanics which makes it hard to repair 
(Deymier et al. 2017). For example, the shape of 
the tendon-to-bone attachment contributes sig-
nificantly to the stresses received by the enthesis. 
Narrowing down to zonal structure and composi-
tion, interdigitation, fiber organization and a 
compliant interface increases the toughness of 
the transitions. Looking even more molecularly, 
spatial gradients in mineralization stiffen the 
matrix (Derwin et  al. 2018). This variation 
informs regulation of enthesis organization. The 
tendon portion of the insertion is structured to 
align along the direction of the muscle force, 
while the bony insertion structure is optimized to 
transfer the complex multidirectional forces that 
would develop near the bone. This variance of 
function is due to the drastic difference in visco-
elastic behavior of the insertion along its length. 
The tendon insertion carries higher tensile loads 
and a higher level of stress for a longer duration 
compared to the bony insertion (Waggett et  al. 
1998). The sharp difference in elasticity, as well 
as structural capability, is what makes the enthe-
sis difficult to repair. Since these characteristics 
rely on a gradation that is not repaired after 
injury, scientists have been struggling to find a 
way to heal these injuries.

2.17  Collagen in Repair

Movement and physical activities are part of 
everyday life and require the contraction of skel-
etal muscles. Upon skeletal muscle contraction, 
different levels of stress transfer across the struc-
tural hierarchy until they reach the tenocytes 
within native tendons. By transmitting and dis-
placing the forces that act on them, tendons allow 
for the generation of muscle movement and joint 
stabilization (Freedman et al. 2018). With these 
daily movements, there is the potential that over-
use or too much force can cause acute rupture or 
chronic degenerative changes in tendons or liga-
ments. In tendons, there is a variability of force 
that acts on them depending on their shape or 

structure, location, and ultimate use or stresses 
placed on those tendons. For all tendons, fibrillar 
collagens including types I, III, V and XI make 
up the largest proportion of the extracellular 
matrix. These collagens are involved in tendon 
growth, adaptation, and homeostasis; following 
an injury, their activity is often aberrant and pro-
duces tissue that does not allow for full recovery 
(Gaut and Duprez 2016; Mienaltowski et  al. 
2016; Nguyen et al. 2018). One area of the body, 
the rotator cuff, is subjected to high levels of 
daily use and makes up a relatively large propor-
tion of body injuries, both chronic and acute. 
With 20% of doctor visits being musculoskeletal 
related, 30% of them are tendon injuries and 
17  million people in the United States are 
affected by a rotator cuff injury, several of which 
require surgical repair (Abraham et  al. 2017). 
While rotator cuff injuries tend to occur from 
overuse of the rotation of the shoulder, other ten-
don based injuries tend to occur from repeated 
heavy impact, such as patellar injuries. Patellar 
injuries are commonly referred to as jumper’s 
knee, due to the tears being common in athletes 
that repeatedly sprint and jump. These injuries 
are recognized through microinjury to tendon 
fibers, mucoid degeneration and reduced fibro-
cartilaginous tissue between the tendon and bone 
conjunction (Golman et al. 2020). Tendon inju-
ries can be the result of inflammatory degenera-
tion of tissue as in tendinitis or due to 
non-inflammatory degradation of tissue because 
of chronic overuse as in tendinosis (Morais  
et al. 2015).

The structure and function of tendon relies 
heavily upon the proper organization of its extra-
cellular matrix, followed by adequate homeosta-
sis to keep pace with activity demands placed on 
connective tissue. In tendon repair, many of the 
same growth factor signaling pathways (TGFβ/
SMAD2/3 and FGF/ERK MAPK) that play a 
role in development also play a role in healing 
(Docheva et  al. 2014; Gaut and Duprez 2016). 
While it would be optimal for such signaling 
pathways to recapitulate development in repair, 
this is not necessarily the case, particularly in 
mature tendon, likely because of factors like 
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inflammation, as well as changes to stresses to 
the affected tissue or even stress shielding at the 
injury site(s) where surrounding tissue receives 
stress and thus essential mechanical cues are not 
received in the healing tissue (Dunkman et  al. 
2014; Morais et al. 2015; Freedman et al. 2018; 
Baar 2019). Moreover, the cells involved in 
mature tendon healing might not be capable of 
mounting a matrix assembly response identical to 
that of developing tendon because the program-
ming of their gene expression may differ from 
developing tendon via genetic and epigenetic 
determinants of cell fate (Ingraham et al. 2003; 
Dyment et  al. 2013; Mienaltowski et  al. 2014, 
2016, 2019; Sakabe et  al. 2018; Moser et  al. 
2018). Finally, age has been demonstrated to be 
related to higher levels of injury from wear and 
tear but also from a decreased ability of tendons 
and ligaments to fully repair following an injury 
(Dunkman et al. 2014; Mienaltowski et al. 2016). 
Collagen types I, II and III make up a significant 
amount of the extracellular matrix as fibril- 
forming collagens that form supra-molecular 
support structures; however, they are metabo-
lized relatively slowly. The covalent cross-links 
within collagen fibrils play a large role in the sta-
bilization and support of the fibrils, yet also con-
tribute to the long half-life of collagen which in 
turn predisposes collagen to age related modifi-
cations. It is shown in tendons that there is an 
accumulation of partially degraded collagen in 
the ECM with increasing age, which ultimately 
weakens the tendons, leaving them more suscep-
tible to injuries (Birch 2018). As tendons age, it 
has been determined that collagens become less 
aligned, have more elongated and fewer cells, 
and have larger diameter fibrils when compared 
to less-aged tendons. Some studies have also 
shown that as tendons age, the amount of decorin 
increases, showing correlation to the age effects 
that tendons have on injury susceptibility 
(Dunkman et al. 2014). Overall, as tendons age 
they become less stiff due to changes in their 
ECM and fibril structure, allowing less force to 
result in injury (Tuite et al. 1997). In tendon heal-
ing, the quality of the ECM assembled ultimately 
is affected by many factors.

2.18  Summary

Proper tendon and ligament function is highly 
dependent upon its tissue structure, more specifi-
cally their extracellular matrices and in particular 
the collagen that comprises 70–80% of their dry 
weight. Tendon and ligament collagens belong to 
several subfamilies that can be grouped by their 
general suprastructural forms with predominant 
categories including: fibril-forming, FACIT, 
network- forming, basement membrane, beaded 
filament- forming, and transmembrane-spanning 
collagens. The many collagens provide consider-
able diversity for the functional extracellular 
matrix suprastructures of connective tissues like 
tendons and ligaments. This diversity is further 
compounded by the numbers of different alpha 
chains formed; by alternative splicing; by the 
many types of post-translational modifications 
both within the cell and once secreted, as well as 
the heterotypic combinations of interacting col-
lagens. Diversity is further compounded by the 
myriad of possible suprastructures formed, all 
macromolecular heteropolymers containing dif-
ferent collagens and other fibril-associated mol-
ecules. Within tendons and ligaments, the 
assembly of these collagen suprastructures relies 
upon the primary structures of these molecules 
that contain domains that will affect downstream 
secondary, tertiary, and quaternary structures. 
Clearly, the content and organization of these 
connective tissues affect how they function in 
absorbing and transmitting forces as well as in 
maintaining stability. While generalizations can 
be made for both connective tissues, much has 
been reported regarding the differences amongst 
tendons and ligaments throughout the body. 
Furthermore, even within any one tendon or liga-
ment, zonal differences in composition and struc-
ture were demonstrated. Likewise, changes in 
composition inform structural alterations seen 
with development, growth and exercise adapta-
tion, as well as aberrances associated with age, 
overuse, and even in healing across the tendon or 
ligament or within specific regions (e.g., mid- 
substance, enthesis, etc.). Thus, while an under-
standing of how collagen is assembled and 
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organized is critical for tendon and ligament 
repair and regeneration, it is also essential to 
focus on how these general mechanisms generate 
unique structures that will determine each tis-
sue’s distinct features and functional properties 
given the existing physiological state of the con-
nective tissue.

References

Abraham AC, Shah SA, Thomopoulos S (2017) Targeting 
inflammation in rotator cuff tendon degeneration and 
repair. Tech Should Elbow Surg 18(3):84–90

Ameye L, Young MF (2002) Mice deficient in small 
leucine-rich proteoglycans: novel in  vivo models 
for osteoporosis, osteoarthritis, Ehlers-Danlos syn-
drome, muscular dystrophy, and corneal diseases. 
Glycobiology 12(9):107R–116R

Ameye L, Aria D, Jepsen K, Oldberg A, Xu T, Young MF 
(2002) Abnormal collagen fibrils in tendons of bigly-
can/fibromodulin-deficient mice lead to gait impair-
ment, ectopic ossification, and osteoarthritis. FASEB 
J 16(7):673–680

An KN, Sun YL, Luo ZP (2004) Flexibility of type I col-
lagen and mechanical property of connective tissue. 
Biorheology 41:239–246

Ansorge HL, Meng X, Zhang G, Veit G, Sun M, Klement 
JF, Beason DP, Soslowsky LJ, Koch M, Birk DE 
(2009) Type XIV collagen regulates fibrillogenesis: 
premature collagen fibril growth and tissue dysfunc-
tion in null mice. J Biol Chem 284(13):8427–8438

Antoniel M, Traina F, Merlini L, Andrenacci D, Tigani D, 
Santi S, Cenni V, Sabatelli P, Faldini C, Squarzoni S 
(2020) Tendon extracellular matrix remodeling and 
defective cell polarization in the presence of collagen 
VI mutations. Cell 9(2):409

Aszodi A, Chan D, Hunziker E, Bateman JF, Fassler R 
(1998) Collagen II is essential for the removal of the 
notochord and the formation of intervertebral discs. J 
Cell Biol 143(5):1399–1412

Avery NC, Bailey AJ (2005) Enzymic and nonenzymic 
cross-linking mechanisms in relation to turnover of 
collagen: relevance to aging and exercise. Scand J 
Med Sci Sports 15(4):231–240

Ayad S, Boot-Handford RP, Humphries MJ, Kadler KE, 
Shuttleworth CA (1998) The extracellular matrix facts 
book, 2nd edn. Academic, San Diego, pp 69–76

Baar K (2019) Stress relaxation and targeted nutrition 
to treat patellar tendinopathy. Int J Sport Nutr Exerc 
Metab 29(4):453–457

Bachinger HP, Bruckner P, Timpl R, Prockop DJ, Engel J 
(1980) Folding mechanism of the triple helix in type- 
III collagen and type-III pN-collagen. Role of disul-
fide bridges and peptide bond isomerization. Eur J 
Biochem 106(2):619–632

Bailey AJ (2001) Molecular mechanisms of ageing  
in connective tissues. Mech Ageing Dev  
122(7):735–755

Ball S, Bella J, Kielty C, Shuttleworth A (2003) Structural 
basis of type VI collagen dimer formation. J Biol 
Chem 278(17):15326–15332

Barnard K, Light ND, Sims TJ, Bailey AJ (1987) 
Chemistry of the collagen cross-links. Origin and par-
tial characterization of a putative mature crosslink of 
collagen. Biochem J 244(2):303–309

Bartlett J (2008) Anterior cruciate ligament graft fixation: 
is the issue mechanical or biological? ANZ J Surg 
78(3):118

Batge B, Winter C, Notbohm H, Acil Y, Brinckmann J, 
Muller PK (1997) Glycosylation of human bone colla-
gen I in relation to lysyl hydroxylation and fibril diam-
eter. J Biochem 122(1):109–115

Becker J, Schuppan D, Rabanus JP, Rauch R, Niechoy U, 
Gelderblom HR (1991) Immunoelectron microscopic 
localization of collagens type I, V, VI and of procol-
lagen type III in human periodontal ligament and 
cementum. J Histochem Cytochem 39(1):103–110

Bell R, Remi Gendron N, Anderson M, Flatow EL, 
Andrarawis-Puri N (2018) A potential new role for 
myofibroblasts in remodeling of sub-rupture fatigue 
tendon injuries by exercise. Sci Rep 8(1):8933

Benjamin M, Qin S, Ralphs JR (1995) Fibrocartilage 
associated with human tendons and their pulleys. J 
Anat 187:625–633

Berenson MC, Blevins FT, Plaas AH, Vogel KG (1996) 
Proteoglycans of human rotator cuff tendons. J Orthop 
Res 14(4):518–525

Berg RA, Prockop DJ (1973) The thermal transition of 
a non-hydroxylated form of collagen. Evidence for 
a role for hydroxyproline in stabilizing the triple-
helix of collagen. Biochem Biophys Res Commun 
52(1):115–120

Bi Y, Ehirchiou D, Kilts TM, Inkson CA, Embree MC, 
Sonoyama W, Li L, Leet AI, Seo BM, Zhang L, Shi S, 
Young MF (2007) Identification of tendon stem/pro-
genitor cells and the role of the extracellular matrix in 
their niche. Nat Med 13(10):1219–1227

Birch HL (2018) Extracellular matrix and ageing. In: 
Harris JR, Korolchuk VI (eds) Biochemistry and cell 
biology of ageing: part I biomedical science. Springer 
Nature, Singapore, pp 169–190

Birk DE (2001) Type V, collagen: heterotypic type I/V 
collagen interactions in the regulation of fibril assem-
bly. Micron 32(3):223–237

Birk DE, Bruckner P (2005) Collagen suprastructures. 
Curr Top Chem 247:185–205

Birk DE, Bruckner P (2011) Collagens, suprastructures, 
and collagen fibril assembly. In: Mecham RP (ed) The 
extracellular matrix: an overview. Springer, Berlin, 
pp 77–116

Birk DE, Mayne R (1997) Localization of collagen types 
I, III and V during tendon development. Changes in 
collagen types I and III are correlated with changes in 
fibril diameter. Eur J Cell Biol 72(4):352–361

2 Basic Structure, Physiology, and Biochemistry of Connective Tissues and Extracellular Matrix Collagens



36

Birk DE, Trelstad RL (1986) Extracellular compartments 
in tendon morphogenesis: collagen fibril, bundle, and 
macroaggregate formation. J Cell Biol 103(1):231–240

Birk DE, Zycband EI, Winkelmann DA, Trelstad RL 
(1989) Collagen fibrillogenesis in situ: fibril segments 
are intermediates in matrix assembly. Proc Natl Acad 
Sci U S A 86(12):4549–4553

Birk DE, Nurminskaya MV, Zycband EI (1995) Collagen 
fibrillogenesis in situ: fibril segments undergo post- 
depositional modifications resulting in linear and 
lateral growth during matrix development. Dev Dyn 
202(3):229–243

Birk DE, Zycband EI, Woodruff S, Winkelmann DA, 
Trelstad RL (1997) Collagen fibrillogenesis in situ: 
fibril segments become long fibrils as the developing 
tendon matures. Dev Dyn 208(3):291–298

Blaschke UK, Eikenberry EF, Hulmes DJ, Galla HJ, 
Bruckner P (2000) Collagen XI nucleates self- assem-
bly and limits lateral growth of cartilage fibrils. J Biol 
Chem 275(14):10370–10378

Boot-Handford RP, Tuckwell DS (2003) Fibrillar colla-
gen: the key to vertebrate evolution? A tale of molecu-
lar incest. BioEssays 25(2):142–151

Brodsky B, Eikenberry EF, Belbruno KC, Sterling K 
(1982) Variations in collagen fibril structure in ten-
dons. Biopolymers 21(5):935–951

Bruckner P, Eikenberry EF, Prockop DJ (1981) Formation 
of the triple helix of type I procollagen in cellulo. A 
kinetic model based on cis-trans isomerization of pep-
tide bonds. Eur J Biochem 118(3):607–613

Bruns RR, Press W, Engvall E, Timpl R, Gross J (1986) 
Type VI collagen in extracellular, 100-nm periodic fi 
laments and fibrils: identification by immunoelectron 
microscopy. J Cell Biol 103(2):393–404

Buckley MR, Evans E, Satchel LN, Matuszewski PE, 
Chen Y-L, Elliott DM, Soslowsky LJ, Dodge GR 
(2013) Distributions of types I, II, and III collagen by 
region in the human supraspinatus tendon. Connect 
Tissue Res 54(6):374–379

Canty EG, Kadler KE (2002) Collagen fibril biosynthesis 
in tendon: a review and recent insights. Comp Biochem 
Physiol A Mol Integr Physiol 133(4):979–985

Canty EG, Kadler KE (2005) Procollagen trafficking, pro-
cessing and fibrillogenesis. J Cell Sci 118:1341–1353

Canty EG, Lu Y, Meadows RS, Shaw MK, Holmes DF, 
Kadler KE (2004) Coalignment of plasma membrane 
channels and protrusions (fibripositors) specifies the 
parallelism of tendon. J Cell Biol 165(4):553–563

Cescon M, Gattazzo F, Chen P, Bonaldo P (2015) Collagen 
VI at a glance. J Cell Sci 128(19):3525–3531

Chakravarti S (2002) Functions of lumican and fibro-
modulin: lessons from knockout mice. Glycoconj J 
19(4–5):287–293

Chandrashekar N, Mansouri H, Slauterbeck J, Hashemi J 
(2006) Sex-based differences in the tensile properties 
of the human anterior cruciate ligament. J Biomech 
39(16):2943–2950

Chen S, Birk DE (2013) The regulatory roles of small 
leucine- rich proteoglycans in extracellular matrix 
assembly. FEBS J 280(10):2120–2137

Chen M, Shetye S, Rooney SI, Soslowski LJ (2020) 
Short and long-term exercise results in a differential 
Achilles tendon mechanical response. J Biomech Eng 
142(8):081011

Chiquet M, Birk DE, Bönnemann CG, Koch M (2014) 
Collagen XII: protecting bone and muscle integrity by 
organizing collagen fibrils. Int J Biochem Cell Biol 
53:51–54

Chou MY, Li HC (2002) Genomic organization and 
characterization of the human type XXI collagen 
(COL21A1) gene. Genomics 79(3):395–401

Chu ML, Mann K, Deutzmann R, Pribula-Conway 
D, Hsu-Chen CC, Bernard MP, Timpl R (1987) 
Characterization of three constituent chains of colla-
gen type VI by peptide sequences and cDNA clones. 
Eur J Biochem 168(2):309–317

Ciarletta P, Amar BM (2009) A finite dissipative theory 
of temporary interfibrillar bridges in the extracellular 
matrix of ligaments and tendons. J R Soc Interface 
9:909–924

Clark JM, Harryman DT 2nd (1992) Tendons, ligaments, 
and capsule of the rotator cuff. Gross and microscopic 
anatomy. J Bone Joint Surg Am 74(5):713–725

Colige A, Ruggiero F, Vandenberghe I, Dubail J, Kesteloot 
F, Van Beeumen J, Beschin A, Brys L, Lapiere CM, 
Nusgens B (2005) Domains and maturation pro-
cesses that regulate the activity of ADAMTS-2, a 
metalloproteinase cleaving the aminopropeptide of 
fibrillar procollagens types I-III and V.  J Biol Chem 
280(41):34397–34408

Connizzo BK, Sarver JJ, Birk DE, Soslowsky LJ (2013) 
Effect of age and proteoglycan deficiency on col-
lagen fiber re-alignment and mechanical proper- 
ties in mouse supraspinatus tendon. J Biomech Eng 
135(2):021019

Connizzo BK, Freedman BR, Fried JH, Sun M, Birk 
DE, Soslowsky LJ (2015) Regulatory role of colla-
gen V in establishing mechanical properties of ten-
dons and ligaments is tissue dependent. J Orthop Res 
33(6):882–888

Connizzo BK, Adams SM, Adams TH, Birk DE, 
Soslowsky LJ (2016) Collagen V expression is crucial 
in regional development of the supraspinatus tendon. J 
Orthop Res 34(12):2154–2161

Danielson KG, Baribault H, Holmes DF, Graham 
H, Kadler KE, Iozzo RV (1997) Targeted disrup-
tion of decorin leads to abnormal collagen fibril  
morphology and skin fragility. J Cell Biol  
136(3):729–743

Derwin KA, Galatz LM, Ratcliffe A, Thomopoulos S 
(2018) Enthesis repair: challenges and opportunities 
of effective tendon-to-bone healing. J Bone Joint Surg 
Am 100(109):1–7

Deymier AC, An Y, Boyle JJ, Schwartz AG, Birman 
V, Genin GM, Thomopoulos S, Barber AH (2017) 
Micro-mechanical properties of the tendon-to-bone 
attachment. Acta Biomater 56:25–35

Docheva D, Müller SA, Majewski M, Evans CH (2014) 
Biologics for tendon repair. Adv Drug Deliv Rev 
84:222–239

M. J. Mienaltowski et al.



37

Dourte LM, Pathmanathan L, Jawad AF, Iozzo RV, 
Mienaltowski MJ, Birk DE, Soslowsky LJ (2012) 
Influence of decorin on the mechanical,  compositional, 
and structural properties of the mouse patellar tendon. 
J Biomech Eng 134(3):031005

Dourte LM, Pathmanathan L, Mienaltowski MJ, Jawad 
AF, Birk DE, Soslowsky LJ (2013) Mechanical, com-
positional, and structural properties of the mouse 
patellar tendon with changes in biglycan gene expres-
sion. J Orthop Res 31(9):1430–1437

Dunkman AA, Buckley MR, Mienaltowski MJ, Adams 
SM, Thomas SJ, Satchell L, Kumar A, Pathmanathan 
L, Beason DP, Iozzo RV, Birk DE, Soslowsky LJ 
(2013) Decorin expression is important for age-related 
changes in tendon structure and mechanical proper-
ties. Matrix Biol 32(1):3–13

Dunkman AA, Buckley MR, Mienaltowski MJ, Adams 
SM, Thomas SJ, Kumara A, Beason DP, Iozzo RV, 
Birk DE, Soslowsky LJ (2014) The injury response of 
aged tendons in the absence of biglycan and decorin. 
Matrix Biol 35:232–238

Dyment NA, Liu C-F, Kazemi N, Aschbacher-Smith LE, 
Kenter K, Breidenbach AP, Shearn JT, Wylie C, Rowe 
DW, Butler DL (2013) The paratenon contributes to 
scleraxis-expressing cells during patellar tendon heal-
ing. PLoS One 8(3):e59944

Dyment NA, Breidenbach AP, Schwartz AG, Russell 
RP, Ashbacher-Smith L, Liu H, Hagiwara Y, Jiang R, 
Thomopoulos S, Butler DL, Rowe DW (2015) GDF5 
progenitors give rise to fibrocartilage cells that miner-
alize via hedgehog signaling to form the zonal enthe-
sis. Dev Biol 405(1):96–107

Engvall E, Hessle H, Klier G (1986) Molecular assembly, 
secretion, and matrix deposition of type VI collagen. J 
Cell Biol 102(3):703–710

Exposito JY, Cluzel C, Garrone R, Lethias C (2002) 
Evolution of collagens. Anat Rec 268:302–316

Eyal S, Blitz E, Shwartz Y, Akiyama H, Schweitzer R, 
Zelzer E (2015) On the development of the Patella. 
Development 142:1831–1839

Ezura Y, Chakravarti S, Oldberg A, Chervoneva I, Birk DE 
(2000) Differential expression of lumican and fibro-
modulin regulate collagen fibrillogenesis in develop-
ing mouse tendons. J Cell Biol 151(4):779–788

Felsenthal N, Rubin S, Stern T, Krief S, Pal D, Pryce BA, 
Schwitzer R, Zelzer E (2018) Development of migrat-
ing tendon-to-bone attachments involves replacement 
of progenitor populations. Development 145:1–10

Feng C, Chan WCW, Lam Y, Wang X, Chen P, Niu B, 
Ng VCW, Yeo JC, Stricker S, Cheah KSE, Koch M, 
Mundlos S, Ng HH, Chan D (2019) Lgr5 and Col22a1 
mark progenitor cells in the lineage toward juvenile 
articular chondrocytes. Stem Cell Rep 13(4):713–729

Fessler LI, Fessler JH (1979) Characterization of type III 
procollagen from chick embryo blood vessels. J Biol 
Chem 254(1):233–239

Fessler LI, Timpl R, Fessler JH (1981) Assembly and pro-
cessing of procollagen type III in chick embryo blood 
vessels. J Biol Chem 256(5):2531–2537

Fishkin Z, Miller D, Ritter C, Ziv I (2002) Changes in 
human knee ligament stiffness secondary to osteoar-
thritis. J Orthop Res 20(2):204–207

Fitzgerald J, Rich C, Zhou FH, Hansen U (2008) Three 
novel collagen VI chains, alpha4(VI), alpha5(VI), and 
alpha6(VI). J Biol Chem 283(29):20170–20180

Fleischmajer R, Timpl R, Tuderman L, Raisher L, Wiestner 
M, Perlish JS, Graves PN (1981) Ultrastructural iden-
tification of extension aminopropeptides of type I and 
III collagens in human skin. Proc Natl Acad Sci U S A 
78(12):7360–7364

Franchi M, Trire A, Quaranta M, Orsini E, Ottani V 
(2007) Collagen structure of tendon relates to func-
tion. Sci World J 7:404–420

Franchi M, Quaranta M, Macciocca M, Leonardi L, Ottani 
V, Bianchini P, Diaspro A, Ruggeri A (2010) Collagen 
fibre arrangement and functional crimping pattern of 
the medial collateral ligament in the rat knee. Knee 
Surg Sports Traumatol Arthrosc 18(12):1671–1678

Frank CBS, Shrive CB, Frank IKY, Hart DA (2007) Form 
and function of tendon and ligament. In: Einhorn TA, 
O’Keefe RJ, Buckwalter JA (eds) Orthopaedic basic 
science, 3rd edn. American Academy of Orthopaedic 
Surgeons, Rosemont, pp 199–222

Freedman BR, Rodriguez AB, Leiphart RJ, Newton JB, 
Ban E, Sarver JJ, Mauck RL, Shenoy VB, Soslowsky 
LJ (2018) Dynamic loading and tendon healing affect 
multiscale tendon properties and ECM stress transmis-
sion. Sci Rep 8(1):10854

Fukuta S, Oyama M, Kavalkovich K, Fu FH, Niyibizi C 
(1998) Identification of types II, IX and X collagens at 
the insertion site of the bovine Achilles tendon. Matrix 
Biol 17(1):65–73

Furthmayr H, Wiedemann H, Timpl R, Odermatt E, 
Engel J (1983) Electron-microscopical approach 
to a structural model of intima collagen. Biochem J 
211(2):303–311

Gara SK, Grumati P, Urciuolo A, Bonaldo P, Kobbe B, 
Koch M, Paulsson M, Wagener R (2008) Three novel 
collagen VI chains with high homology to the alpha3 
chain. J Biol Chem 283(16):10658–10670

Gaut L, Duprez D (2016) Tendon development and dis-
eases. Wiley Interdiscip Rev Dev Biol 5(1):5–23

Geng Y, McQuillan D, Roughley PJ (2006) SLRP interac-
tion can protect collagen fibrils from cleavage by col-
lagenases. Matrix Biol 25(8):484–491

Genin GM (2017) Unification through disarray. Nat Mater 
16(6):607–608

Genovese F, Karsdal MA (2016) Chapter 27  – type 
XXVII collagen. In: Karsdal MA (ed) Biochemistry 
of collagens, laminins and elastin: structure, function 
and biomarkers. Elsevier, Amsterdam, pp 155–158

Girkontaite I, Frischholz S, Lammi P, Wagner K, 
Swoboda B, Aigner T, von der Mark K (1996) 
Immunolocalization of type X collagen in normal fetal 
and adult osteoarthritic cartilage with monoclonal 
antibodies. Matrix Biol 15(4):231–238

Gjaltema RAF, Bank RA (2017) Molecular insights into 
prolyl and lysyl hydroxylation of fibrillar collagens 

2 Basic Structure, Physiology, and Biochemistry of Connective Tissues and Extracellular Matrix Collagens



38

in health and disease. Crit Rev Biochem Mol Biol 
52(1):74–95

Golman M, Wright ML, Wong TT, Lynch TS, Ahmad 
CS, Thomopoulos S, Popkin CA (2020) Rethinking 
 patellar tendinopathy and partial patellar tendon tears. 
Am J Sports Med 48(2):359–369

Gordon JA, Freedman BR, Zuskov A, Iozzo RV, Birk DE, 
Soslowsky LJ (2015) Achilles tendons from deco-
rin- and biglycan-null mouse models have inferior 
mechanical and structural properties predicted by an 
image-based empirical damage model. J Biomech 
48(10):2110–2115

Graham HK, Holmes DF, Watson RB, Kadler KE (2000) 
Identification of collagen fibril fusion during vertebrate 
tendon morphogenesis. The process relies on unipolar 
fibrils and is regulated by collagen- proteoglycan inter-
action. J Mol Biol 295(4):891–902

Greenspan DS (2005) Biosynthetic processing of collagen 
molecules. Top Curr Chem 247:149–183

Gregory KE, Oxford JT, Chen Y, Gambee JE, Gygi SP, 
Aebersold R, Neame PJ, Mechling DE, Bachinger 
HP, Morris NP (2000) Structural organization 
of distinct domains within the non- collagenous 
N-terminal region of collagen type XI.  J Biol Chem 
275(15):11498–11506

Han B, Li Q, Wang C, Patel P, Adams SM, Doyran B, 
Nia HT, Oftadeh R, Zhou S, Li CY, Liu XS, Lu L, 
Enomoto-Iwamoto M, Quin L, Mauck RL, Iozzo RV, 
Birk DE, Han L (2019) Decorin regulates the aggrecan 
network integrity and biomechanical functions of carti-
lage extracellular matrix. ACS Nano 13:11320–11333

Harner CD, Xerogeanes JW, Livesay GA, Carlin GJ, 
Smith BA, Kusayama T, Kashiwaguchi S, Woo SL 
(1995) The human posterior cruciate ligament com-
plex: an interdisciplinary study. Ligament morphol-
ogy and biomechanical evaluation. Am J Sports Med 
23(6):736–745

Havis E, Duprez D (2020) EGR1 transcription factor 
is a multifaceted regulator of matrix production in 
tendons and other connective tissues. Int J Mol Sci 
21(1664):1–25

Heikkinen A, Tu H, XIII Collagen PT (2012) A type II 
transmembrane protein with relevance to musculo-
skeletal tissues, microvessels and inflammation. Int J 
Biochem Cell Biol 44(5):714–717

Hoffman GG, Branam AM, Huang G, Pelegri F, Cole WG, 
Wenstrup RM, Greenspan DS (2010) Characterization 
of the six zebrafish clade B fibrillary procollagen genes, 
with evidence for evolutionarily conserved alternative 
splicing within the proalpha1(V) C-propeptide. Matrix 
Biol 29(4):261–275

Holmes DF, Yeung CYC, Garva R, Zindy E, Taylor 
SH, Watson S, Kalson NS, Kadler KE (2018) 
Synchronized mechanical oscillations at the cell- 
matrix interface in the formation of tensile tissue. 
PNAS 115(40):E9288–E9297

Huang P-W, Chang J-M, Horng J-C (2012) Effects of 
glycosylated (2S,4R)-hydroxyproline on the stability 
and assembly of collagen triple helices. Amino Acids 
48(12):2765–2772

Huber S, van der Rest M, Bruckner P, Rodriguez E, 
Winterhalter KH, Vaughan L (1986) Identification of 
the type IX collagen polypeptide chains. The alpha 
2(IX) polypeptide carries the chondroitin sulfate 
chain(s). J Biol Chem 261(13):5965–5968

Hulmes DJ (2002) Building collagen molecules, 
fibrils, and suprafibrillar structures. J Struct Biol 
137(1–2):2–10

Hulmes DJ (2008) Collagen diversity, synthesis and 
assembly. In: Fratzl P (ed) Collagen: structure and 
mechanics. Springer, New York, pp 15–48

Hulmes DJ, Wess TJ, Prockop DJ, Fratzl P (1995) Radial 
packing, order, and disorder in collagen fibrils. 
Biophys J 68:1661–1670

Humphries SM, Lu Y, Canty EG, Kadler KE (2008) 
Active negative control of collagen fibrillogenesis 
in vivo, intracellular cleavage of the type I procollagen 
propeptides in tendon fibroblasts without intracellular 
fibrils. J Biol Chem 283(18):12129–12135

Ingraham J, Hauck R, Ehrlich H (2003) Is the tendon 
embryogenesis process resurrected during tendon 
healing? Plast Reconstr Surg 112(3):844–854

Iozzo RV, Gubbiotti MA (2018) Extracellular matrix: the 
driving force of mammalian diseases. Matrix Biol 
71–72:1–9

Iozzo RV, Schaefer L (2015) Proteoglycan form and func-
tion: a comprehensive nomenclature of proteoglycans. 
Matrix Biol 42:11–55

Ishikawa Y, Bachinger HP (2013) A molecular ensem-
ble in the rER for procollagen maturation. Biochim 
Biophys Acta, Mol Cell Res 1833(11):2749–2491

Izu Y, Ansorge HL, Zhang G, Soslowsky LJ, Bonaldo P, 
Chu ML, Birk DE (2011) Dysfunctional tendon col-
lagen fibrillogenesis in collagen VI null mice. Matrix 
Biol 30(1):53–61

Izzi V, Heljasvaara R, Heikkinen A, Karppinen SM, 
Koivunen J, Pihlajaniemi T (2020) Exploring the roles 
of MACIT and multiplexin collagens in stem cells and 
cancer. Semin Cancer Biol 62:134–148

Jakobsen JR, Mackey AL, Knudsen AB, Koch M, Kjaer 
M, Krogsgaard MR (2017) Composition and adapta-
tion of human myotendinous junction and neighbor-
ing muscle fibers to heavy resistance training. Scand J 
Med Sci Sports 27(12):1547–1559

Järvinen TA, Ruoslahti E (2010) Target-seeking antifi-
brotic compound enhances wound healing and sup-
presses scar formation in mice. Proc Natl Acad Sci U 
S A 107(50):21671–21676

Jepsen KJ, Wu F, Peragallo JH, Paul J, Roberts L, Ezura 
Y, Oldberg A, Birk DE, Chakravarti S (2002) A syn-
drome of joint laxity and impaired tendon integrity 
in lumican- and fibromodulin-deficient mice. J Biol 
Chem 277(38):35532–35540

Johnson GA, Tramaglini DM, Levine RE, Ohno K, Choi 
NY, Woo SL (1994) Tensile and viscoelastic properties 
of human patellar tendon. J Orthop Res 12(6):796–803

Johnston JM, Connizzo BK, Shetye SS, Robinson KA, 
Huegel J, Rodriguez AB, Sun M, Adams SM, Birk DE, 
Soslowsky LJ (2017) Collagen V haploinsufficiency 
in a murine model of classic Ehlers-Danlos syndrome 

M. J. Mienaltowski et al.



39

is associated with deficient structural and mechanical 
healing in tendons. J Orthop Res 35(12):2707–2715

Kadler KE (2017) Fell Muir lecture: collagen fibril forma-
tion in vitro and in vivo. Int J Exp Pathol 98:4–16

Kadler KE, Holmes DF, Trotter JA, Chapman JA (1996) 
Collagen fibril formation. Biochem J 316(Pt1):1–11

Kadler KE, Hill A, Canty-Laird EG (2008) Collagen 
fibrillogenesis: fibronectin, integrins, and minor col-
lagens as organizers and nucleators. Curr Opin Cell 
Biol 20(5):495–501

Kalamajski S, Oldberg A (2009) Homologous sequence 
in lumican and fibromodulin leucine-rich repeat 
5-7 competes for collagen binding. J Biol Chem 
284(1):534–539

Kalamajski S, Oldberg A (2010) The role of small leucine- 
rich proteoglycans in collagen fibrillogenesis. Matrix 
Biol 29(4):248–253

Kalamajski S, Cuiping L, Tillgren V, Rubin K, Oldberg 
A, Rai J, Weis MA, Eyre DR (2014) Increased 
C-telopeptide cross-linking of tendon type I col-
lagen in fibromodulin-deficient mice. J Biol Chem 
289(27):18873–18879

Karamanos NK, Theocharis AD, Neill T, Iozzo RV 
(2019) Matrix modeling and remodeling: a biological 
interplay regulating tissue homeostasis and diseases. 
Matrix Biol 75–76:1–11

Katz EP, Wachtel EJ, Maroudas A (1986) Extrafibrillar 
proteoglycans osmotically regulate the molecular 
packing of collagen in cartilage. Biochim Biophys 
Acta 882(1):136–139

Keene DR, Sakai LY, Burgeson RE (1991) Human bone 
contains type III collagen, type VI collagen, and fibril-
lin: type III collagen is present on specific fibers that 
may mediate attachment of tendons, ligaments, and 
periosteum to calcified bone cortex. J Histochem 
Cytochem 39(1):59–69

Keller H, Eikenberry EF, Winterhalter KH, Bruckner 
P (1985) High post-translational modification lev-
els in type II procollagen are not a consequence  
of slow triple-helix formation. Coll Relat Res  
5(3):245–251

Khoshnoodi J, Cartailler JP, Alvares K, Veis A, Hudson 
BG (2006) Molecular recognition in the assembly of 
collagens: terminal noncollagenous domains are key 
recognition modules in the formation of triple helical 
protomers. J Biol Chem 281(50):38117–38121

Kielty C, Grant ME (2002) The collagen family: structure, 
assembly, and organization in the extracellular matrix. 
In: Royce PM, Steinmann B (eds) Connective tissue 
and its heritable disorders. Wiley-Liss, New  York, 
pp 159–222

Kittleberger R, Davis PF, Flynn DW, Greenhill NS 
(1990) Distribution of type VIII collagen in tissues: 
an immunohistochemical study. Connect Tissue Res 
24(3–4):303–318

Knupp C, Squire JM (2001) A new twist in the colla-
gen story–the type VI segmented supercoil. EMBO J 
20(3):372–376

Koch M, Bernasconi C, Chiquet M (1992) A major oligo-
meric fibroblast proteoglycan identified as a novel 

large form of type-XII collagen. Eur J Biochem 
207(3):847–856

Koch M, Laub F, Zhou P, Hahn RA, Tanaka S, Burgeson 
RE, Gerecke DR, Ramirez F, Gordon MK (2003) 
Collagen XXIV, a vertebrate fibrillar collagen with 
structural features of invertebrate collagens: selec-
tive expression in developing cornea and bone. J Biol 
Chem 278(44):43236–43244

Koch M, Schulze J, Hansen U, Ashwodt T, Keene DR, 
Brunken WJ, Burgeson RE, Bruckner P, Bruckner- 
Tuderman L (2004) A novel marker of tissue junctions, 
collagen XXII. J Biol Chem 279(21):22514–22521

Kostrominova K, Brooks SV (2013) Age-related changes 
in structure and extracellular matrix protein expression 
levels in rat tendons. Age (Dordr) 35(6):2203–2214

Kramer RZ, Bella J, Mayville P, Brodsky B, Berman HM 
(1999) Sequence dependent conformational variations 
of collagen triple-helical structure. Nat Struct Biol 
6:454–457

Kwan AP, Cummings CE, Chapman JA, Grant ME (1991) 
Macromolecular organization of chicken type X col-
lagen in vitro. J Cell Biol 114(3):597–604

Lampe AK, Bushby KM (2005) Collagen VI related mus-
cle disorders. J Med Genet 42(9):673–685

Latvanlehto A, Fox MA, Sormunen R, Tu H, Oikarainen 
T, Koski A, Naumenko N, Shakirzyanova A, Kallio 
M, Ilves M, Giniatullin R, Sanes JR, Pihlajaniemi 
T (2010) Muscle-derived collagen XIII regulates 
maturation of the skeletal neuromuscular junction. J 
Neurosci 30(37):12230–12241

Li SW, Prockop DJ, Helminen H, Fassler R, Lapvetelainen 
T, Kiraly K, Peltarri A, Arokoski J, Lui H, Arita M 
et al (1995a) Transgenic mice with targeted inactiva-
tion of the Col2 alpha 1 gene for collagen II develop 
a skeleton with membranous and periosteal bone but 
no endochondral bone. Genes Dev 9(22):2821–2830

Li Y, Lacerda DA, Warman ML, Beier DR, Yoshioka H, 
Ninomiya Y, Oxford JT, Morris NP, Andrikopoulos 
K, Ramirez F et al (1995b) A fibrillar collagen gene, 
Col11a1, is essential for skeletal morphogenesis. Cell 
80(3):423–430

Linsenmayer TF, Gibney E, Igoe F, Gordon MK, Fitch 
JM, Fessler LI, Birk DE (1993) Type V collagen: 
molecular structure and fibrillar organization of the 
chicken alpha 1(V) NH2-terminal domain, a puta-
tive regulator of corneal fibrillogenesis. J Cell Biol 
121(5):1181–1189

Lis DM, Baar K (2019) Effects of different vitamin 
C-enriched collagen derivatives on collagen synthesis. 
Int J Sport Nut Exer Metab 29:526–531

MacBeath JRE, Kielty CM, Shuttleworth A (1996) 
Type VIII collagen is a product of vascular smooth- 
muscle cells in development and disease. Biochem J 
319(3):993–998

Malfait F, De Paepe A (2009) Bleeding in the heritable 
connective tissue disorders: mechanisms, diagnosis 
and treatment. Blood Rev 23(5):191–197

Mao Y, Schwarzbauer JE (2005) Fibronectin fibrillogen-
esis, a cell-mediated matrix assembly process. Matrix 
Biol 24(6):389–399

2 Basic Structure, Physiology, and Biochemistry of Connective Tissues and Extracellular Matrix Collagens



40

Marchant JK, Hahn RA, Linsenmayer TF, Birk DE (1996) 
Reduction of type V collagen using a dominant- 
 negative strategy alters the regulation of fibrillogen-
esis and results in the loss of corneal- specific fibril 
morphology. J Cell Biol 135(5):1415–1426

Marini JC, Cabral WA, Barnes AM (2010) Null mutations 
in LEPRE1 and CRTAP cause severe recessive osteo-
genesis imperfecta. Cell Tissue Res 339(1):59–70

Marini JC, Forlino A, Bächinger HP, Bishop NJ, Byers 
PH, De Paepe A, Fassier F, Fratzl-Zelman N, Kozloff 
KM, Krakow D, Montpetit K, Semler O (2017) 
Osteogenesis imperfecta. Nat Rev Dis Primers 
3:17052

Markova DZ, Pan TC, Zhang RZ, Zhang G, Sasaki T, 
Arita M, Birk DE, Chu ML (2016) Forelimb contrac-
tures and abnormal tendon collagen fibrillogenesis in 
fibulin-4 null mice. Cell Tissue Res 364(3):637–646

Marr N, Hopkinson M, Hibbert AP, Pitsillides AA, Thorpe 
CT (2020) Biomodal whole-mount imaging of tendon 
using confocal microscopy and x-ray microputed 
tomography. Biol Procedures Online 22:13

Martin RB, Burr DB, Sharkey NA (1998) Mechanical 
properties of ligament and tendon. Skeletal tissue 
mechanics. Springer, New York, pp 309–346

McDonald JA, Kelley DG, Broekelmann TJ (1982) Role 
of fibronectin in collagen deposition: fab’ to the 
gelatin-binding domain of fibronectin inhibits both 
fibronectin and collagen organization in fibroblast 
extracellular matrix. J Cell Biol 92(2):485–492

Mead TJ, McCulloch DR, Ho JC, Du Y, Adams SM, 
Birk DE, Apte SS (2018) The metalloproteinase- 
proteoglycans ADAMTS7 and ADAMTS12 provide  
an innate, tendon-specific protective mechanism  
against heterotopic ossification. JCI Insight 
3(7):e92941

Mienaltowski MJ, Birk DE (2014) Structure, physiol-
ogy, and biochemistry of collagens. In: Halper J (ed) 
Progress in heritable soft connective tissue diseases, 
Advances in experimental medicine and biology, vol 
802. Springer, Dordrecht, pp 5–29

Mienaltowski MJ, Adams SM, Birk DE (2014) Tendon 
proper- and peritenon-derived progenitor cells have 
unique tenogenic properties. Stem Cell Res Ther 
5(4):86

Mienaltowski MJ, Dunkman AA, Buckley MR, Beason 
DP, Adams SM, Birk DE, Soslowsky LJ (2016) Injury 
response of geriatric mouse patellar tendons. J Orthop 
Res 34(7):1256–1263

Mienaltowski MJ, Canovas A, Fates VA, Hampton AR, 
Pechanec MY, Islas-Trejo A, Medrano JF (2019) 
Transcriptome profiles of isolated murine Achilles 
tendon proper- and peritenon-derived progenitor cells. 
J Orthop Res 36(6):1409–1418

Milz S, Jakob J, Buttner A, Tischer T, Putz R, Benjamin 
M (2008) The structure of the coracoacromial liga-
ment: fibrocartilage differentiation does not nec-
essarily mean pathology. Scand J Med Sci Sports  
18(1):16–22

Mohammadzadeh N, Melleby AO, Palmero S, Sjaastad 
I, Chakravarti S, Engebretsen KVT, Christensen G, 

Lunde IG, Tønnessen T (2020) Moderate loss of the 
extracellular matrix proteoglycan Lumican attenuates 
cardiac fibrosis in mice subjected to pressure overload. 
Cardiology 145:187–198

Moradi-Ameli M, Rousseau JC, Kleman JP, Champliaud 
MF, Boutillon MM, Bernillon J, Wallach J, Van der 
Rest M (1994) Diversity in the processing events at 
the N-terminus of type-V collagen. Eur J Biochem 
221(3):987–995

Morais DS, Torres J, Guedes RM, Lopes MA (2015) 
Current approaches and future trends to promote ten-
don repair. Ann Biomed Eng 43(9):2025–2035

Morrissey MA, Sherwood DR (2015) An active role for 
basement membrane assembly and modification in tis-
sue scultping. J Cell Sci 128:1661–1668

Moser HL, Doe AP, Meier K, Garnier S, Laudier D, 
Akiyama H, Zumstein MA, Galatz LM, Huang 
AH (2018) Genetic lineage tracing of targeted cell 
populations during enthesis healing. J Orthop Res 
36(12):3275–3284

Myers JC, Yang H, D’Ippolito JA, Presente A, Miller MK, 
Dion AS (1994) The triple-helical region of human 
type XIX collagen consists of multiple collagenous 
subdomains and exhibits limited sequence homology 
to alpha 1(XVI). J Biol Chem 269(28):18549–18557

Myllyharju J, Kivirikko KI (2004) Collagens, modify-
ing enzymes and their mutations in humans, flies and 
worms. Trends Genet 20(1):33–43

Nguyen PK, Pan XS, Li J, Kuo CK (2018) Roadmap of 
molecular, compositional, and functional markers dur-
ing embryonic tendon development. Connect Tissue 
Res 59(5):495–508

Nielsen SH, Karsdal MA (2016) Chapter 24 – type XXIV 
collagen. In: Karsdal MA (ed) Biochemistry of col-
lagens, laminins and elastin: structure, function and 
biomarkers. Elsevier, Amsterdam, pp 143–145

Niyibizi C, Visconti CS, Kavalkovich K, Woo SL (1995) 
Collagens in an adult bovine medial collateral liga-
ment: immunofluorescence localization by confocal 
microscopy reveals that type XIV collagen predomi-
nates at the ligament-bone junction. Matrix Biol 
14(9):743–751

Noro A, Kimata K, Oike Y, Shinomura T, Maeda N, Yano 
S, Takahashi N, Suzuki S (1983) Isolation and char-
acterization of a third proteoglycan (PG-Lt) from 
chick embryo cartilage which contains disulfide- 
bonded collagenous polypeptide. J Biol Chem 
258(15):9323–9331

Notbohm H, Nokelainen M, Myllyharju J, Fietzek PP, 
Muller PK, Kivirikko KI (1999) Recombinant human 
type II collagens with low and high levels of hydrox-
ylysine and its glycosylated forms show marked 
differences in fibrillogenesis in  vitro. J Biol Chem 
274(13):8988–8992

Okuyama K, Hongo C, Wu G, Mizuno K, Noguchi K, 
Ebisuzaki S, Tanaka Y, Nishino N, Bachinger HP 
(2009) High-resolution structures of collagen-like 
peptides [(Pro-Pro-Gly)4-Xaa-Yaa-Gly-(Pro-Pro-Gly)4]: 
implications for triple-helix hydration and Hyp(X) 
puckering. Biopolymers 91(5):361–372

M. J. Mienaltowski et al.



41

Olsen BR (2014) Chapter 10 – matrix molecules and their 
ligands. In: Principles of tissue engineering, 4th edn. 
Academic, London, pp 189–208

Orgel JP, Irving TC, Miller A, Wess TJ (2006) 
Microfibrillar structure of type I collagen in situ. Proc 
Natl Acad Sci U S A 103:9001–9005

Pan TC, Zhang RZ, Mattei MG, Timpl R, Chu ML 
(1992) Cloning and chromosomal location of human 
alpha 1(XVI) collagen. Proc Natl Acad Sci U S A 
89(14):6565–6569

Pan TC, Zhang RZ, Markova D, Arita M, Zhang Y, 
Bogdanovich S, Khurana TS, Bonnemann CG, Birk 
DE, Chu ML (2013) COL6A3 protein deficiency in 
mice leads to muscle and tendon defects similar to 
human collagen VI congenital muscular dystrophy. J 
Biol Chem 288(20):14320–14331. PMC#3656288

Pan TC, Zhang RZ, Arita M, Bogdanovich S, Adams SM, 
Kumar Gara S, Wagener R, Khurana TS, Birk DE, 
Chu ML (2014) A mouse model for dominant collagen 
VI disorders: heterozygous deletion of Col6a3 Exon 
16. J Biol Chem 289(15):10293–10307

Park AC, Phillips CL, Pfeiffer FM, Roenneburg DA, 
Kernien JF, Adams SM, Davidson JM, Birk DE, 
Greenspan DS (2015) Homozygosity and hetero-
zygosity for null Col5a2 alleles produce embry-
onic lethality and a novel classic Ehlers-Danlos  
Syndrome- related phenotype. Am J Pathol  
185(7):2000–2011

Peltonen L, Halila R, Ryhanen L (1985) Enzymes con-
verting procollagens to collagens. J Cell Biochem 
28(1):15–21

Peltonen J, Cronin NJ, Avela J, Finni T (2010) In vivo 
mechanical response of human Achilles tendon to a 
single bout of hopping exercise. J Exp Biol 213(Pt 
8):1259–1265

Peltonen J, Cronin NJ, Stenroth L, Finni T, Avela J (2013) 
Viscoelastic properties of the Achilles tendon in vivo. 
Springerplus 2(1):212

Pike AV, Ker RF, Alexander RM (2000) The development 
of fatigue quality in high- and low-stressed tendons of 
sheep (Ovis aries). J Exp Biol 203(Pt 14):2187–2193

Place ES, Evans ND, Stevens MM (2009) Complexity 
in biomaterials for tissue engineering. Nat Mater 
8(6):457–470

Plumb DA, Dhir V, Mironov A, Poulsom R, Kadler KE, 
Thornton DJ, Briggs MD, Boot-Handford RP (2007) 
Collagen XXVII is developmentally-regulated and 
forms thin fibrillar structures distinct from those of 
classical vertebrate fibrillar collagens. J Biol Chem 
282(17):12791–12795

Pokidysheva E, Zientek KD, Ishikawa Y, Mizuno K, 
Vranka JA, Montgomery NT, Keene DR, Kawaguchi 
T, Okuyama K, Bächinger HP (2013) Posttranslational 
modifications in type I collagen from different tissues 
extracted from wild type and prolyl 3-hydroxylase 1 
null mice. J Biol Chem 288(34):24742–24752

Pulido D, Sharma U, Sandrine VLG, Hussain SA, 
Cordes S, Mariana N, Bettler E, Moali C, Aghajari 
N, Hohenester E, Hulmes DJS (2018) Structural 
basis for the acceleration of procollagen processing 

by procollagen C-proteinase enhancer-1. Structure 
26(10):1384–1392

Quapp KM, Weiss JA (1998) Material characterization 
of human medial collateral ligament. J Biomech Eng 
120(6):757–763

Ramachandran GN, Kartha G (1954) The structure of col-
lagen. Nature 174:269–270

Ricard-Blum S, Dublet B, van der Rest M (2000) 
Unconventional collagens. Types VI, VII, VIII, IX, 
X, XII, XIV, XVI, and XIX. Oxford University Press, 
North Carolina

Rich A, Crick FHC (1961) The molecular structure of col-
lagen. J Mol Biol 3(5):483–506

Riechert K, Labs K, Lindenhayn K, Sinha P (2001) 
Semiquantitative analysis of types I and III colla-
gen from tendons and ligaments in a rabbit model. J 
Orthop Sci 6(1):68–74

Roberts RR, Bobzin L, Teng CS, Pal D, Tuzon CT, 
Schweitzer R, Merrill AE (2019) FGF signaling pat-
terns cell fate at the interface between tendon and 
bone. Development 146:1–15

Robi K, Jakob N, Matevz K, Matjaz V (2013) Chapter 
2: the physiology of sports injuries and repair pro-
cesses. Curr Iss Sports Exer Med. https://doi.
org/10.5772/54234

Robinson KA, Sun M, Barnum CE, Weiss SN, Huegel 
J, Shetye SS, Lin L, Saez D, Adams SM, Iozzo RV, 
Soslowsky LJ, Birk DE (2017) Decorin and biglycan 
are necessary for maintaining collagen fibril struc-
ture, fiber realignment, and mechanical properties of 
mature tendons. Matrix Biol 64:81–93

Rousseau JC, Farjanel J, Boutillon MM, Hartmann 
DJ, van der Rest M, Moradi-Ameli M (1996) 
Processing of type XI collagen. Determination of the 
matrix forms of the alpha1(XI) chain. J Biol Chem 
271(39):23743–23748

Rumian AP, Wallace AL, Birch HL (2007) Tendons and 
ligaments are anatomically distinct but overlap in 
molecular and morphological features – a comparative 
study in an ovine model. J Orthop Res 25:458–464

Sage H, Bornstein P (1987) Type VIII Collagen. In: 
Mayne R, Burgeson RE (eds) Structure and function 
of collagen types. Academic, Orlando, pp 173–194

Sakabe T, Sakai K, Maeda T, Sunaga A, Furuta N, 
Schweitzer R, Sasaki T, Sakai T (2018) Transcription 
factor scleraxis vitally contributes to progenitor lin-
eage direction in wound healing of adult tendon in 
mice. J Biol Chem 293(16):5766–5780

Sardone F, Santi S, Tagliavini F, Traina F, Merlini L, 
Squarzoni S, Cescon M, Wagener R, Maraldi NM, 
Bonaldo P, Faldini C, Sabatelli P (2016) Collagen 
VI-NG2 axis in human tendon fibroblasts under 
conditions mimicking injury response. Matrix Biol 
55:90–105

Sawade H, Konomi H (1991) The α1 chain of type VIII 
collagen is associated with many but not all micro-
fibrils of elastic fiber system. Cell Struct Funct 
16:455–466

Schiele NR, Flotow FV, Tochka ZL, Hockaday LA, 
Marturano JE, Thibodeau JJ, Kuo CK (2015)  

2 Basic Structure, Physiology, and Biochemistry of Connective Tissues and Extracellular Matrix Collagens

https://doi.org/10.5772/54234
https://doi.org/10.5772/54234


42

Actin cytoskeleton contributes to the elastic modu-
lus of embryonic tendon during early development. J 
Orthop Res 33(6):874–881

Seegmiller R, Fraser FC, Sheldon H (1971) A new chon-
drodystrophic mutant in mice. Electron microscopy 
of normal and abnormal chondrogenesis. J Cell Biol 
48(3):580–593

Segev F, Heon E, Cole WG, Wenstrup RJ, Young F, 
Slomovic AR, Rootman DS, Whitaker-Menezes D, 
Chervoneva I, Birk DE (2006) Structural abnormali-
ties of the cornea and lid resulting from collagen V 
mutations. Invest Ophthalmol Vis Sci 47(2):565–573

Shearer T, Parnell WJ, Lynch B, Screen HRC, Abrahams 
DI (2020) A recruitment model of tendon visco-
elasticity that incorporates fibril creep and explains 
strain-dependent relaxation. ASME.  J Biomech Eng 
142(7):071003

Shen G (2005) The role of type X collagen in facilitating 
and regulating endochondral ossification of articular 
cartilage. Orthod Craniofacial Res 8(1):11–17

Shen H, Schwartz AG, Civitelli R, Thomopoulos S (2020) 
Connexin 43 is necessary for murine tendon enthesis 
formation and response to loading. J Bone Miner Res 
35(8):1494–1503

Shikh Alsook MK, Gabriel A, Salouci M, Piret J, Alzamel 
N, Moula N, Denoix J-M, Antoine N, Baise E (2015) 
Characterization of collagen fibrils after equine sus-
pensory ligament injury: An ultrastructural and bio-
chemical approach. Vet J 204(1):117–122

Shoulders MD, Raines RT (2009) Collagen structure and 
stability. Annu Rev Biochem 78:929–958

Smith SM, Thomas CE, Birk DE (2012) Pericellular pro-
teins of the developing mouse tendon: a proteomic 
analysis. Connect Tissue Res 53(1):2–13

Snedeker JG, Foolen J (2017) Tendon injury and repair – a 
perspective on the basic mechanisms of tendon disease 
and future clinical therapy. Acta Biomater 63:18–36

Sricholpech M, Perdivara I, Yokoyama M, Nagaoka H, 
Terajima M, Tomer KB, Yamauchi M (2012) Lysyl 
hydroxylase 3-mediated glucosylation in type I colla-
gen: molecular loci and biological significance. J Biol 
Chem 287(27):22998–23009

Steinmann B, Bruckner P, Superti-Furga A (1991) 
Cyclosporin A slows collagen triple-helix forma-
tion in vivo: indirect evidence for a physiologic role 
of peptidyl-prolyl cis-trans-isomerase. J Biol Chem 
266(2):1299–1303

Sun M, Connizzo BK, Adams SM, Freedman BR, 
Wenstrup RJ, Soslowsky LJ, Birk DE (2015) Targeted 
deletion of collagen V in tendons and ligaments results 
in a classic Ehlers-Danlos syndrome joint phenotype. 
Am J Pathol 185(5):1436–1447

Symoens S, Syx D, Malfait F, Callewaert B, De Backer 
J, Vanakker O, Coucke P, De Paepe A (2012) 
Comprehensive molecular analysis demonstrates type 
V collagen mutations in over 90% of patients with 
classic EDS and allows to refi ne diagnostic criteria. 
Hum Mutat 33(10):1485–1493

Taylor SH, Al-Youha S, Van Agtmael T, Lu Y, Wong J, 
mcGrouther DA, Kadler KA (2011) Tendon is covered 
by a basement membrane epithelium that is required 
for cell retention and the prevention of adhesion for-
mation. PLoS One 6(1):e16337

Thomopoulos S, Williams GR, Gimbel JA, Favata M, 
Soslowsky LJ (2003) Variation of biomechani-
cal, structural, and compositional properties along  
the tendon to bone insertion. J Orthop Res  
21:413–419

Thomopoulos S, Genin GM, Galatz LM (2010) The devel-
opment and morphogenesis of the tendon-to-bone 
insertion what development can teach us about heal-
ing. J Musculoskelet Neuronal Interact 10(1):35–45

Thorpe CT, Riley GP, Birch HL, Clegg PD, Screen HRC 
(2016) Fascicles and the interfascicular matrix show 
adaptation for fatigue resistance in energy storing ten-
dons. Acta Biomater 42:308–315

Torre-Blanco A, Adachi E, Hojima Y, Wootton JA, Minor 
RR, Prockop DJ (1992) Temperature-induced post- 
translational over-modification of type I procollagen. 
Effects of over-modification of the protein on the 
rate of cleavage by procollagen N-proteinase and on 
self-assembly of collagen into fibrils. J Biol Chem 
267(4):2650–2655

Trelsad RL, Hayashi K (1979) Tendon collagen fibril-
logenesis: intracellular subassemblies and cell sur-
face changes associated with fibril growth. Dev Biol 
71:228–242

Tuite DJ, Renstrom PAFH, O’Brien M (1997) The aging 
tendon. Scand J Med Sci Sports 7:72–77

Vahidnezhad H, Youssefian L, Saeidian AH, Touati A, 
Pajouhanfar S, Baghdadi T, Shadmehri AA, Giunta 
C, Kraenzlin M, Syx D, Malfait F, Has C, Lwin SM, 
Karamzadeh R, Liu L, Guy A, Hamid M, Kariminejad 
A, Zeinali S, McGrath JA, Uitto J (2019) Mutations 
in PLOD3, encoding lysyl hydroxylase 3, causes a 
complex connective tissue disorder including reces-
sive dystrophic epidermolysis bullosa-like blistering 
phenotype with abnormal anchoring fibrils and type 
VII collagen deficiency. Matrix Biol 81:91–106

van der Rest M, Mayne R (1988) Type IX collagen pro-
teoglycan from cartilage is covalently cross- linked to 
type II collagen. J Biol Chem 263(4):1615–1618

Voermans NC, Bonnemann CG, Hamel BC, Jungbluth H, 
van Engelen BG (2009) Joint hypermobility as a dis-
tinctive feature in the differential diagnosis of myopa-
thies. J Neurol 256(1):13–27

Vogel BE, Doelz R, Kadler KE, Hojima Y, Engel J, 
Prockop DJ (1988) A substitution of cysteine for 
glycine 748 of the alpha 1 chain produces a kink at 
this site in the procollagen I molecule and an altered 
N-proteinase cleavage site over 225 nm away. J Biol 
Chem 263(35):19249–19255

von der Mark H, Aumailley M, Wick G, Fleischmajer 
R, Timpl R (1984) Immunochemistry, genuine size 
and tissue localization of collagen VI. Eur J Biochem 
142(3):493–502

M. J. Mienaltowski et al.



43

Waggett AD, Ralphs JR, Kwan APL, Woodnutt D, 
Benjamin M (1998) Characterization of collagens and 
proteoglycans at the insertion of the human Achilles 
tendon. Matrix Biol 16:457–470

Wang JHC, Guo Q, Li B (2012) Tendon biomechanics and 
mechanobiology – a minireview of basic concepts and 
recent advancements. J Hand Ther 25(2):133–141

Wenstrup RJ, Florer JB, Brunskill EW, Bell SM, 
Chervoneva I, Birk DE (2004a) Type V collagen con-
trols the initiation of collagen fibril assembly. J Biol 
Chem 279(51):53331–53337

Wenstrup RJ, Florer JB, Cole WG, Willing MC, Birk 
DE (2004b) Reduced type I collagen utilization: 
a pathogenic mechanism in COL5A1 haploinsuf-
ficient Ehlers-Danlos syndrome. J Cell Biochem 
92(1):113–124

Wenstrup RJ, Smith SM, Florer JB, Zhang G, Beason 
DP, Seegmiller RE, Soslowsky LJ, Birk DE (2011) 
Regulation of collagen fibril nucleation and initial 
fibril assembly involves coordinate interactions with 
collagens V and XI in developing tendon. J Biol Chem 
286(23):20455–20465

Wess TJ, Hammersley AP, Wess L, Miller A (1998) 
Molecular packing of type I collagen in tendon. J Mol 
Biol 275:255–267

Wiberg C, Heinegard D, Wenglen C, Timpl R, Morgelin 
M (2002) Biglycan organizes collagen VI into 
hexagonal- like networks resembling tissue structures. 
J Biol Chem 277(51):49120–49126

Williams IF, McCullagh KG, Silver IA (1984) The dis-
tribution of Types I and III collagen and fibronectin 
in the healing equine tendon. Connect Tissue Res 
12(3–4):221–227

Willumsen N, Karsdal MA (2016) Chapter 20 – type XX 
collagen. In: Karsdal MA (ed) Biochemistry of col-
lagens, laminins and elastin: structure, function and 
biomarkers. Elsevier, Amsterdam, pp 127–129

Wiradjaja F, DiTommaso T, Smyth I (2010) Basement 
membranes in development and disease. Birth Defects 
Res C Embryo Today 90(1):8–31

Yamaguchi N, Mayne R, Ninomiya Y (1991) The alpha 1 
(VIII) collagen gene is homologous to the alpha 1 (X) 
collagen gene and contains a large exon encoding the 
entire triple helical and carboxylterminal non-triple 
helical domains of the alpha 1 (VIII) polypeptide. J 
Biol Chem 266(7):4508–4513

Yeung CYC, Kadler KE (2019) Importance of the circa-
dian clock in tendon development. Curr Top Dev Biol 
133:310–332

Yoshioka H, Zhang H, Ramirez F, Mattei MG, Moradi- 
Ameli M, van der Rest M, Gordon MK (1992) Synteny 
between the loci for a novel FACIT-like collagen locus 
(D6S228E) and alpha 1 (IX) collagen (COL9A1) on 
6q12-q14 in humans. Genomics 13(3):884–886

Young BB, Zhang G, Koch M, Birk DE (2002) The roles 
of types XII and XIV collagen in fibrillogenesis and 
matrix assembly in the developing cornea. J Cell 
Biochem 87(2):208–220

Yurchenco PD, Patton BL (2009) Developmental and 
pathogenic mechanisms of basement membrane 
assembly. Curr Pharm Des 15(12):1277–1294

Zhang G, Young BB, Birk DE (2003) Differential expres-
sion of type XII collagen in developing chicken meta-
tarsal tendons. J Anat 202(5):411–420

Zhang G, Young BB, Ezura BB, Favata M, Soslowsky 
LJ, Chakravarti S, Birk DE (2005) Development of  
tendon structure and function: regulation of collagen 
fibrillogenesis. J Musculoskelet Neuronal Interact 
5(1):5–21

Zhong C, Chrzanowska-Wodnicka M, Brown J, Shaub 
A, Belkin AM, Burridge K (1998) Rho- mediated 
contractility exposes a cryptic site in fibronectin 
and induces fibronectin matrix assembly. J Cell Biol 
141(2):539–551

2 Basic Structure, Physiology, and Biochemistry of Connective Tissues and Extracellular Matrix Collagens



45© Springer Nature Switzerland AG 2021 
J. Halper (ed.), Progress in Heritable Soft Connective Tissue Diseases, Advances in Experimental 
Medicine and Biology 1348, https://doi.org/10.1007/978-3-030-80614-9_3

Tendon Extracellular Matrix 
Assembly, Maintenance 
and Dysregulation Throughout 
Life

Seyed Mohammad Siadat, Danae E. Zamboulis, 
Chavaunne T. Thorpe, Jeffrey W. Ruberti, 
and Brianne K. Connizzo

Abstract

In his Lissner Award medal lecture in 2000, 
Stephen Cowin asked the question: “How is a 
tissue built?” It is not a new question, but it 
remains as relevant today as it did when it was 
asked 20  years ago. In fact, research on the 
organization and development of tissue struc-
ture has been a primary focus of tendon and 
ligament research for over two centuries. The 
tendon extracellular matrix (ECM) is critical 
to overall tissue function; it gives the tissue its 

unique mechanical properties, exhibiting 
complex non-linear responses, viscoelasticity 
and flow mechanisms, excellent energy stor-
age and fatigue resistance. This matrix also 
creates a unique microenvironment for resi-
dent cells, allowing cells to maintain their 
phenotype and translate mechanical and 
chemical signals into biological responses. 
Importantly, this architecture is constantly 
remodeled by local cell populations in 
response to changing biochemical (systemic 
and local disease or injury) and mechanical 
(exercise, disuse, and overuse) stimuli. Here, 
we review the current understanding of matrix 
remodeling throughout life, focusing on for-
mation and assembly during the postnatal 
period, maintenance and homeostasis during 
adulthood, and changes to homeostasis in nat-
ural aging. We also discuss advances in model 
systems and novel tools for studying collagen 
and non-collagenous matrix remodeling 
throughout life, and finally conclude by iden-
tifying key questions that have yet to be 
answered.
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Abbreviations

AGEs Advanced glycation end-products
Aha  Azidohomoalanine
BATs Bioartificial tendons
CHP  Collagen hybridizing peptide
CMP  Collagen mimetic peptide
COMP Cartilage oligomeric matrix protein
CSA  Cross sectional area
DAMPs Damage-associated molecular patterns
DIBO Dibenzooctyne
DIC  Differential interference contrast
DTAF Dichlorotriazinyl aminofluorescein
ECM Extracellular matrix
EDS  Ehlers-Danlos Syndrome
EM  Electron microscopy
FACIT  Fibril-associated collagens with inter-

rupted triple helices
FIC  Flow-induced crystallization
FN  Fibronectin
FRET Förster resonance energy transfer
GAG  Glycosaminoglycan
GFP  Green fluorescent protein
GPC  Golgi to plasma membrane carrier
IL  Interleukin
LEs  Ligament equivalents
Met  Methionine
MMP Matrix metalloproteinase
N3-Pro Azido-proline
PGE2 Prostaglandin E2

ROS  Reactive oxygen species
SASP  Senescence-associated secretory 

phenotype
SHG  Second harmonic generation
SLRP Small leucine rich proteoglycan
TECs Tissue engineered constructs
TEM  Transmission electron microscopy
TSCs Tendon stem cells
TSP  Thrombospondin

3.1  Introduction

In his Lissner Award medal lecture in 2000, 
Stephen Cowin asked the question: “How is a tis-
sue built?” It is not a new question, but it remains 
as relevant today as it did when it was asked 
20 years ago (Cowin 2000). In fact, research on 

the organization and development of tissue struc-
ture has been a primary focus of tendon and liga-
ment research for over two centuries. The tendon 
extracellular matrix (ECM) is critical to overall 
tissue function; it gives the tissue its unique 
mechanical function, exhibiting complex non- 
linear responses, viscoelasticity and flow mecha-
nisms, excellent energy storage and fatigue 
resistance (Butler et  al. 1997; Connizzo et  al. 
2013a; Franchi et  al. 2007; Thorpe and Screen 
2016; Thompson et  al. 2017). This matrix also 
creates a unique microenvironment for resident 
cells, allowing cells to maintain their phenotype 
and translate mechanical and chemical signals 
into biological responses (Thompson et al. 2017; 
Wall et al. 2018; Wang et al. 2013a; Dyment et al. 
2020). Importantly, this architecture is constantly 
remodeled by local cell populations in response 
to functional changes such as exercise, as well as 
in response to tissue damage or injury. Here, we 
review our current understanding of matrix 
remodeling throughout life, focusing on forma-
tion and assembly during the postnatal period, 
maintenance and homeostasis during adulthood, 
and changes to homeostasis in natural aging.

3.1.1  Tendon Composition, 
Structure, and Function

The dry weight of the  tendon ECM can be dis-
sected into two main components: the collage-
nous structural hierarchy, and the non-collagenous 
matrix (Fig. 3.1). Both components are essential 
to tendon function and biology, although the col-
lagenous structure has been studied far more 
extensively. Type I collagen is the primary pro-
tein in tendon, accounting for 65–80% of the dry 
mass of the tendon (Brinckmann and Bachinger 
2005; Kannus 2000). The asymmetric triple-helix 
collagen molecules coil to form the triple helix of 
a collagen molecule (Mienaltowski and Birk 
2014). Collagen molecules then link in a quarter 
staggered orientation to form fibrils. Collagen 
fibrils, now considered to be the basic unit of ten-
don, are bundled together within a collagen fiber. 
Collagen fibers are then bundled together and 
bound via a fine sheath of tissue; this structure is 
now called a fascicle. Fascicles then bundle to 
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form whole tendon, which is surrounded by the 
epitenon sheath. The non-collagenous matrix in 
tendon is found interspersed between collagen 
fibrils, fibers, and fascicles in the interfibrillar, 
interfiber, and interfascicular region of the ten-
don, respectively, and is mainly composed of 
proteoglycans, glycoproteins, and minor colla-
gens (Kannus et al. 1998; Taye et al. 2020; Thorpe 
et al. 2016a).

The structural organization of the tendon 
ECM is a major contributor to overall tissue func-
tion. During mechanical loading, collagen fasci-
cles, fibers, and fibrils exhibit a number of 
dynamic responses that allow for reduction of 
stress concentrations and prevent structural dam-
age (Connizzo et al. 2013a; Franchi et al. 2007). 
This includes uncrimping (Lavagnino et al. 2017; 
Patterson-Kane et al. 1997; Miller et al. 2012a), 
or the reduction in the wavy formation of the col-
lagen fibers, and fiber/fibril re-alignment (Miller 
et al. 2012b; Connizzo et al. 2013b; Lake et al. 
2010), when these structures re-orient towards 
the axis of loading and consolidate to a single 
fiber direction. In addition, collagen fascicles, 
fibers, and fibrils have all demonstrated the 
capacity to slide against one another, although 
this ability is more often attributed to the proper-

ties of the non-collagenous compartment rather 
than the collagen structure itself (Connizzo et al. 
2014a; Rigozzi et al. 2013; Thorpe et al. 2015a; 
Szczesny and Elliott 2014). In addition, proteo-
glycans and their glycosaminoglycan 
(GAG)  chains present in the non-collagenous 
compartment attract and trap water molecules 
allowing for complex fluid flow and viscoporo-
elasticity (Butler et al. 1997; Rigozzi et al. 2013; 
Legerlotz et al. 2013a; Connizzo and Grodzinsky 
2017; Buckley et al. 2013). It is crucial to note 
however that both the structure and function of 
tendons and ligaments varies significantly based 
on tissue site, and more specifically based on the 
functional demands of the tissue.

3.1.2  Function-Based Variations 
in Tendon Composition 
and Structure

All tendons within the appendicular skeleton 
transfer muscle-generated force to the bony skel-
eton, positioning the limbs during locomotion. In 
addition to a positional function, specific tendons 
also store and release energy as they stretch and 
recoil with each stride, reducing the energetic 

Fig. 3.1 Hierarchical organization of the equine superficial digital flexor tendon with specific detail related to the 
interfascicular and interfibrillar matrix composition. (Reproduced from O’Brien et al. 2020)
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cost of locomotion (McNeill 2002). The major 
energy storing tendons in the human are the 
Achilles and hamstring tendons, whereas in large 
quadrupeds, such as the horse, the digital flexor 
tendons are the predominant energy storing tis-
sues (Shepherd et al. 2014; Lichtwark and Wilson 
2005; Biewener 1998). Energy storing tendons 
require specialised mechanical properties for 
their function, including greater compliance and 
enhanced fatigue resistance, properties that are 
conferred by compositional and structural spe-
cialisations at different levels of the tendon hier-
archy (Thorpe and Screen 2016; Thorpe et  al. 
2013a). Here, we specify research performed in 
energy storing or positional tendons for clarity 
wherever relevant.

Tendon structure and composition are also 
dramatically different at the junction with muscle 
and bone compared to the midsubstance. The 
enthesis, or insertion site, has unique composi-
tional and structural properties that allow it to 
minimize stress concentrations at the junction of 
dissimilar materials (Deymier-Black et al. 2015; 
Thomopoulos et  al. 2003; Saadat et  al. 2016). 
Tissue function at these sites is also altered, dem-
onstrating more complex multi-scale mechanical 
responses (Connizzo et  al. 2016a). In addition, 
some tendons exhibit unique anatomical posi-
tions that alter function. Tendons that wrap 
around bony structures exhibit cartilaginous-like 
tissue regions with higher levels of the large pro-
teoglycan aggrecan and enhanced mechanical 
function in compression (Connizzo and 
Grodzinsky 2018a; Wren et al. 2000; Koob and 
Vogel 1987; Fang et al. 2014). For the purposes 
of this discussion, we focus on general changes 
across multiple species in the collagen structure 
and non-collagenous matrix at the midsubstance 
of the tendon and not in specialized regions.

3.1.3  Tendon Cell Populations

Remodeling of the extracellular matrix is cell- 
mediated, and therefore an understanding of cell 
populations within tendon is necessary for 
 discussion of this highly complex process. Early 
in development, tendon is highly cellular, with 

proliferative cells appearing homogenous with 
more rounded cell nuclei. Following deposition 
of the extracellular matrix, tendon becomes 
hypocellular with limited mitotic activity and a 
heterogeneous cell population with cells with 
long and spindle shaped nuclei in the fascicles 
and the more rounded, densely packed cells in the 
interfascicular matrix (Oryan and Shoushtari 
2008; Russo et  al. 2015; Grinstein et  al. 2019; 
Zamboulis et al. 2020). Until recently the main 
cell types that had been described in tendon were 
tenocytes and tendon progenitor/stem cells 
(TSCs) as well as tissue-resident immune cells, 
vascular cells, neuronal cells, and chondrocyte-
like cells at the tendon insertion (Kannus 2000; 
Ackermann et al. 2016; Thomopoulos et al. 2010; 
Bi et  al. 2007; Lee et  al. 2018; Mienaltowski 
et  al. 2018). With the advent of single-cell 
sequencing, the investigation of cell heterogene-
ity within tissues has been made possible and its 
recent use in tendon research has unveiled several 
tendon cell subtypes (Paolillo et al. 2019; Harvey 
et al. 2019; Kendal et al. 2020; De Micheli et al. 
2020; Yin et al. 2016), but the role of the identi-
fied clusters in the development, maintenance, 
and aging of tendon still remains to be 
elucidated.

3.2  Postnatal Development

3.2.1  Collagen Fibril Formation

The highly dynamic nature of fibrillogenesis and 
growth of fibrils in the complex extracellular 
environment has made it challenging to precisely 
separate the events that cause conversion of solu-
ble collagen to an insoluble fibril. In vitro polym-
erization of tissue-extracted collagen molecules 
in solution has shed light on fibrillogenesis kinet-
ics and thermodynamics. Collagen molecules 
polymerize spontaneously at physiological pH, 
temperature, and ionic strength (Gross and Kirk 
1958; Wood 1964; Williams et al. 1978; Vanamee 
and Porter 1951) demonstrating the same detailed 
fine structure of native fibrils (Vanamee and 
Porter 1951; Bahr 1950; Noda and Wyckoff 
1951; Schmitt et al. 1942). Slight deviations from 
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physiological conditions lead to formation of 
abnormal fibrils (Gross 1956). 
Thermodynamically, type I collagen fibrillogen-
esis in vitro is an entropy-driven and endothermic 
self-assembly process (Kadler et al. 1987) which 
is driven by the loss of solvent molecules from 
the collagen surface. In vitro self-assembly, how-
ever, cannot explain the formation of highly orga-
nized native collagenous tissues such as tendon 
with a multi-hierarchical structure comprising 
molecules, fibrils, fibers, and fascicles all parallel 
to the long axis of the tendon (Franchi et  al. 
2007). Formation of unorganized networks of 
fibrils varying in diameter and direction in vitro 
(Wood and Keech 1960; Bard and Chapman 
1973), points to the critical role of cellular envi-
ronment in vivo. It is clear that collagen produc-
tion and fibrillogenesis is under the direct control 
of fibroblasts (Wolbach and Howe 1926; 
Maximow 1928; Stearns 1940a, b; Wassermann 
1954; Porter and Pappas 1959; Chapman 1961; 
Peach et  al. 1961; Ross and Benditt 1961; 
Goldberg and Green 1964). What is not exactly 
clear, is the site and mechanism of initial fibril 
formation which has been the subject of studies 
for almost two centuries (Schwann 1839, 1847). 
The literature contains contradictory explana-
tions regarding whether the collagen fibrils of the 
connective tissues arise within the cytoplasm 
(Ferguson 1912; Bradbury and Meek 1958; 
Godman and Porter 1960), on the surface (Porter 
and Pappas 1959; Mall 1902), or in the intercel-
lular spaces (Stearns 1940a, b; Ross and Benditt 
1961; Mallory 1903; Hertzler 1910; Baitsell 
1915, 1916, 1921, 1925; Isaacs 1916, 1919; 
Gross et  al. 1955; Ross and Benditt 1962) of 
collagen- secreting cells.

After the advent of electron microscopy, sev-
eral studies demonstrated vesicular components 
containing small fibrils just below the cell surface 
(Bradbury and Meek 1958; Godman and Porter 
1960; Sheldon and Kimball 1962; Voelz 1964; 
Welsh 1966; Trelstad 1971). High voltage elec-
tron microscopy revealed collagen fibrils within 
small surface recesses in chick embryo cornea 
(Birk and Trelstad 1984), tendon (Birk and 
Trelstad 1986; Yang and Birk 1986), and dermis 
(Ploetz et al. 1991) fibroblasts. It was suggested 

that cells directly produce fibrils within these 
deep and narrow recesses and place them into the 
ECM (Fig.  3.2a). However, it was previously 
shown that fibrils can be produced by any action 
that causes shrinkage of the intercellular sub-
stance (Isaacs 1919), increasing the possibility of 
formation of artificial fibrils due to fixation or 
dehydration in prepared samples for electron 
microscopy. Canty et al. (2004) using serial sec-
tion and 3-D reconstructions of chick embryonic 
tendon fibroblasts revealed fibrils within closed 
intracellular Golgi to plasma membrane carriers 
(GPCs). Further, using pulse-chase experiments, 
procollagen fragments were detected within the 
GPCs (Canty et  al. 2004). It was proposed that 
the GPCs were on their way to plasma membrane 
protrusions, which were named fibril depositors 
or fibripositors. It has been widely accepted now 
that fibripositors are the site of fibril assembly in 
vivo (Holmes et  al. 2018); fibril segments are 
formed intracellularly and then discharged into 
extracellular space by the non-muscle myosin II 
mechanism (Fig. 3.2b) (Kalson et al. 2013; Canty 
et al. 2004).

However, fibripositors are absent during post-
natal development (Humphries et  al. 2008) and 
therefore cannot explain the persistent produc-
tion of de novo fibrils in postnatal tendon and 
throughout life (Chang et  al. 2020) when cells 
lose their ability to directly access damaged or 
developing fibrils in the dense and mature ECM 
(Isaacs 1919; Kalson et al. 2015). The fibripositor 
theory is also unclear regarding intracellular pro-
cessing of procollagen. It has been shown that 
removal of the carboxyl propeptides lowers the 
solubility of procollagen (Kadler and Watson 
1995) and is an essential step for the assembly of 
collagen fibrils (Prockop et al. 1979a, b). While 
procollagen processing has been reported within 
intracellular compartments of postnatal murine 
(Humphries et  al. 2008) and chick embryonic 
(Canty et  al. 2004) tendon fibroblasts, the 
enzymes for procollagen cleavage have been 
detected primarily within the extracellular cul-
ture medium (Hojima et  al. 1985; Kessler and 
Goldberg 1978; Duksin et al. 1978; Leung et al. 
1979; Jimenez et al. 1971) and not extracts of the 
cells (Goldberg et al. 1975). The required ionic 
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calcium concentration for enzyme activity 
(Hojima et al. 1985) is also orders of magnitude 
larger than intracellular calcium concentration 
(Bronner 2001). Furthermore, the procollagen 
proteinases are neutral metalloproteinases 
(Kessler and Goldberg 1978; Duksin et al. 1978; 
Leung et al. 1979; Goldberg et al. 1975; Njieha 
et al. 1982; Bornstein et al. 1972) and have negli-
gible activity at pH  6 or below (Hojima et  al. 
1985, 1994). The acidic pH of Golgi network 
transport carriers and secretory vacuoles 
(Demaurex et al. 1998) is incompatible with the 
neutral pH condition required for procollagen 
processing and fibrillogenesis of collagen mole-
cules. N’Diaye et  al. recently showed that the 

extracellular space is the main action site of bone 
morphogenetic protein 1, which is required for 
type I procollagen C-terminal processing in post-
natal lung fibroblasts (N’Diaye et al. 2020). It is 
possible that the detected intracellular collagen 
fragments in other studies (Canty et  al. 2004; 
Humphries et al. 2008) are processed extracellu-
larly and then rapidly endocytosed.

Several studies suggest that intracytoplasmic 
fibrils are evidence for the ability of fibroblasts to 
phagocytose extracellular collagen fibrils in rap-
idly remodeling (Ten Cate 1972; Ten Cate and 
Deporter 1974, 1975; Ten Cate and Freeman 
1974; Listgarten 1973) or developing (Dyer and 
Peppler 1977) tissues. Intracellular mature fibrils 

Fig. 3.2 Possible mechanisms of fibril formation. (A) 
Collagen fibrillogenesis model proposed by Trelstad and 
Hayashi (1979). Collagen is synthesized in the endoplas-
mic reticulum (er), packaged in the Golgi apparatus (ga), 
and transferred in condensation vacuoles (cv) to deep 
cytoplasmic recesses (site of fibril assembly). (B) The 
processes of collagen fibril nucleation and movement in 
the fibripositor model proposed by Kalson et al. (2013). 
The initial collagen fibril nucleation occurs at the plasma 
membrane by accretion of collagen molecules or collagen 
aggregates. NMII powers the transport of newly formed 

fibrils in fibripositors. (C) Flow-induced crystallization 
model by Paten et al. (2016) elucidating the early stage of 
tendon morphogenesis in vivo: (1) cell recruitment, (2) 
cell migration and organization, (3) ECM molecular syn-
thesis e.g., collagen monomers, fibronectin, elastin, pro-
teoglycans and hyaluronic acid, (4) initial fibrillogenesis 
by filopodia on the fibroblasts via exerting a contractile 
force on collagen-binding complexes, and (5) tissue 
strains cause formation of additional fibrils precisely 
where they are required for tissue connectivity
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have been reported with loss of banding (Ten 
Cate 1972), coiled in membrane-bound struc-
tures (Ten Cate 1972), and with poorly-visualized 
structures (Listgarten 1973). Some fibrils were 
observed situated partly within the fibroblast and 
partly outside of it while demonstrating the pres-
ence of enzyme activity (Deporter and Ten Cate 
1973). All of this suggests that the observed 
intracellular fibrils were once extracellular and 
on their way to be degraded intracellularly. It has 
been shown that intracellular cross-banded col-
lagen fibrils appear even when collagen synthesis 
is blocked (Everts et al. 1985; Everts and Beertsen 
1987; Beertsen et al. 1984) and that cytoplasmic 
actin filament systems are involved in the phago-
cytosis of collagen (Everts et  al. 1985, 1989). 
Furthermore, quantitative radio-autography after 
injection of 3H-proline revealed that collagen 
precursors (procollagen) were released outside of 
the cell fibroblasts (Marchi and Leblond 1983, 
1984). The observed intracytoplasmic collagen 
fibrils did not contain the new labeled proline, but 
were instead associated with lysosomes and 
digestive vacuoles, had lost their banding and 
were at various stages of degeneration.

Several studies suggest that fibril formation 
could operate independently of the cell surface or 
at some nominal distance from it, guided by 
long-range spatial cues provided by cell traction 
(Stopak et al. 1985) or mechanical forces (Gross 
et  al. 1955; Paten et  al. 2016; Lewis 1917). 
Wolbach followed histologic sequences in the 
development of connective tissue of guinea pigs 
under a scorbutic condition (Wolbach and Howe 
1926; Wolbach 1933). It was suggested that rapid 
appearance and large volume of intercellular col-
lagen fibrils is due to presence of a liquid precur-
sor of collagen in the extracellular space, and that 
the collagen fibril formation is influenced by 
forces acting on this homogeneous collagen. 
Another study followed the progress of a healing 
wound in the connective tissue of a living rabbit’s 
ear, demonstrating that intercellular connective 
tissue fibrils formed extracellularly as a result of 
fibroblastic activity (Stearns 1940a, b). The fibro-
blasts participated directly in the process by the 
projection of cytoplasmic material from their sur-
face. Since this cytoplasmic material disappeared 

as the fibrils formed, it was suggested that the 
secreted material was utilized in the production 
of fibrils guided by applied tension and orienta-
tion of fibroblast cells. Emerging evidence sug-
gests the presence of a newly synthesized 
precursor  – tropocollagen  – that is free in the 
ECM (Gross et al. 1955) and diffuses away from 
the secretory cells (Revel and Hay 1963), and 
that individual collagen fibrils can form from pre-
cursor molecules/microfibrils produced by more 
than one cell (Lu et al. 2018).

Paten et al. demonstrated in vitro how tension 
can directly drive initial fibrillogenesis (Paten 
et al. 2016). It was shown that organized fibrils 
can be formed by slowly drawing a microneedle 
from the slightly concentrated surface of a colla-
gen solution droplet. They then proposed a model 
for early connective tissue development in which 
extensional strain triggers fibril formation extra-
cellularly directly in the path of force. Paten et al. 
further expanded the concept to address the 
establishment of continuity in collagenous tissue, 
suggesting that the amplification of the exten-
sional strain rate between the ends of early fibrils 
can rapidly fuse them by flow-induced crystalli-
zation (FIC) (Fig. 3.2c). They further estimated 
that the required collagen concentration and con-
traction rates necessary for FIC is achievable by 
the local cell population. While it has not yet 
been demonstrated experimentally, the FIC 
model has the potential to explain (1) the abun-
dance of short fibril segments during initial ten-
don morphogenesis and their end-to-end growth 
(Birk et  al. 1995, 1997), (2) the synchronized 
alignment of collagen fibrils far from the main 
cell body (Young et al. 2014), and (3) the role of 
hyaluronic acid (Goldberg and Green 1964; 
Green and Hemerman 1964), fibronectin (Sottile 
and Hocking 2002; McDonald et al. 1982; Paten 
et al. 2019), actin filaments (Johnson and Galis 
2003), and integrins (Li et al. 2003) which have 
been all shown previously to be necessary for 
collagen fibrillogenesis. While the precise man-
ner in which collagen molecules are manipulated 
to drive the formation, growth, and remodeling of 
collagen fibrils has not been agreed upon, it is 
likely guided by a common physical and regu-
lated by multiple factors to establish long-range 
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connectivity and growth of collagenous struc-
tures into the path of force, where it is needed.

3.2.2  Post-formation Assembly

Embryonic growth occurs by an increase in both 
fibril number and diameter (Parry and Craig 
1977, 1978; Scott et al. 1981; Scott and Hughes 
1986). In the postnatal period, tendon growth 
continues by increases in fibril diameter and 
length (Parry and Craig 1977, 1978; Parry et al. 
1978a; Eikenberry et al. 1982; Michna 1984) in a 
multi-stage growth/stabilization process 
(Nurminskaya and Birk 1998). The manner in 
which molecules or fibril segments add to the 
growing fibril in vivo is not completely under-
stood. Fibril growth involves both an intrinsic 
self-assembly process (diffusion-controlled) and 
extrinsic regulation (interface-controlled) by 
other fibril-associated molecules, and the local 
environment of collagen fibrils (Hoffmann et al. 
2019). The data from growing native fibrils have 
provided evidence for models of fibril fusion 
(Graham et al. 2000; Kadler et al. 2000), molecu-
lar accretion (Kalson et  al. 2015; Holmes et  al. 
2010), and possibly a combination of both (Birk 
et al. 1997; Ezura et al. 2000).

Interfibrillar fusion can potentially involve 
tip-to-tip, tip-to-shaft, and shaft-to-shaft fusion 
(Birk et al. 1995). However, bipolar fibrils with 
two C-ends or fibrils with multiple switch regions 
have not been found, either in vivo or in vitro 
(Fig. 3.3) (Kadler et al. 1996). End-to-end fusion 
of unipolar and bipolar fibrils will decrease the 
unipolar fibril population. Therefore, an enriched 
bipolar fibril population, unable to fuse further, 
could determine the limit of fibril growth in 
length. Fibril fusion can also be regulated by 
fibril-associated proteoglycans or some other 
macromolecule through maintaining interfibrillar 
spacing and inhibition of lateral segment fusion 
(Scott et al. 1981). It has been shown that mature 
rat tail tendon comprises several fibrils in the pro-
cess of fusion or separation with some intrafibril-
lar proteoglycans inside large collagen fibrils 
(Scott 1990). Furthermore, fibrils’ tips in embry-
onic chick metatarsal leg tendons have less 

 surface bound proteoglycans compared to the 
fibril shaft allowing for tip-to-tip fusion and lon-
gitudinal fibril growth (Graham et al. 2000).

Direct evidence for molecular accretion in 
vivo is scarce due to the difficulty of visualizing 
and tracking of single collagen molecules (see 
Sect. 3.5.3). It has been shown that slow stretch-
ing of a cell culture tendon-like construct 
increases fibril diameter and volume fraction 
(Kalson et  al. 2011). However, interfibrillar 
fusion alone could not explain the increase in 
fibril volume fraction. In vitro studies have also 
shown direct evidence for growing fibrils from 
acid-soluble collagen (Holmes and Chapman 
1979). Fractured ends of isolated fibrils from 
avian embryonic tendon can further grow in the 
opposite axial direction by molecular accretion 
(Holmes et  al. 2010). Kalson et  al. (2015) pre-
sented a growth model based on 3D-electron 
microscopy of mouse tail tendon (Kalson et  al. 
2015). During the embryonic growth stage, fibril 
number, diameter, and length increase by fibril 
nucleation and axial growth. During postnatal 
growth, fibril number remains constant but fibril 
diameter and length continue to grow likely by 
molecular accretion. Birk et al. (1997) proposed 
a model in which thin fibril intermediates are 
formed by molecular accretion in chicken embryo 
metatarsal tendon (Birk et al. 1997). Then, longer 
and larger diameter fibrils are produced by lateral 
associations of preformed segments. The longer 
fibrils would have multiple polarity changes 
which would determine the regions able to asso-
ciate. Growth would follow by molecular rear-
rangement to reconstitute cylindrical fibrils. 
Enzymatic intervention is also considered in this 
model to degrade poorly cross-linked fibrils in 
regions of polarity reversal and generate short 
polar units that could participate in further 
growth. Ezura et al. (2000) also suggested a fibril 
growth model in the developing mouse flexor 
tendons where fibril intermediates form by 
molecular accretion and are stabilized through 
their interactions with small leucine-rich repeat 
proteoglycans (Ezura et al. 2000). The change in 
composition of the matrix proteoglycans leads to 
a multi-step fusion/growth process. More tissue 
specific models are needed to fully explain the 
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combination of fibril associated molecules in 
every stage of fibril growth and stabilization 
which establishes the biological and mechanical 
functionality of tendons (Robinson et al. 2005).

Fibril growth mechanisms might be different 
in tissues with different mechanical and biologi-
cal functions. For example, fibrils from sea 
cucumber dermis (Trotter et  al. 1998) and sea 
urchin spine ligament (Trotter et al. 2000) display 
symmetrical mass distributions with a single 

transition zone in the center, making fibril fusion 
an unlikely growth mechanism (Trotter et  al. 
1998). Most likely, fibril growth throughout life 
in tendon is maintained by molecular accretion as 
well as linear and lateral association of fibril seg-
ments. In the early stages of development, tissue 
architecture is defined by fibril growth in number 
and length possibly  through flow-induced crys-
tallization (Paten et al. 2016) and/or spontaneous 
end-to-end fusion of small fibril segments 

Fig. 3.3 Collagen fibril polarity and fusion. (a) 
Unipolar and bipolar collagen fibrils from embryonic 
chick tendon. Reproduced with permission from Kadler 
et  al. (2000). The molecular switch region of a bipolar 
fibril is shown in magnification. (b) Possible models of 

fibril end-to-end fusion based on fibril’s polarity. Arrows 
indicate molecular polarity within a fibril and pink boxes 
indicate regions of polarity reversal. Reproduced from 
Kadler et al. (1996)
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(Graham et al. 2000). Later in development and 
upon removal of lateral growth inhibitors, fibrils 
rapidly grow by lateral fusion (Scott et al. 1981) 
followed by molecular accretion to maintain a 
uniform (Parry and Craig 1984), energetically- 
stable shape. Cross-linked, adult fibrils may grow 
and remodel further by molecular accretion upon 
mechanical loading or injury of tendon.

3.2.3  Regulators of Matrix Growth 
and Development

Regardless of the mechanism, fibril growth in 
tendon and ligaments is highly regulated (Parry 
et al. 1978b). Fibrils in vivo are cylindrical with 
uniform diameter (Parry and Craig 1984), but 
reconstituted fibrils in vitro have a broad diame-
ter distribution (Bard and Chapman 1973). 
Presence of an upper limit for fibril diameter may 
be due to the difficulty of the addition of new 
molecules or fibril segments and points to the 
participation of several regulatory processes, 
detailed below.

3.2.3.1  Water Structures
Collagen structure and stability is driven by 
molecular interaction with water molecules 
(Finch and Ledward 1972; Luescher et al. 1974; 
Kopp et  al. 1990; Bigi et  al. 1987; Miles and 
Ghelashvili 1999; Na 1989; Tiktopulo and Kajava 
1998; Burjanadze 1982). Initial fibril formation 
is an endothermic, but entropy driven process 
(Kadler et  al. 1987; Cassel 1966) arising from 
release of water molecules (Streeter and de 
Leeuw 2011; Kauzmann 1959). Post formation 
assembly can also be regulated by stabilization of 
water molecules (Cooper 1970), where breakers 
of water structure promote fibril formation, and 
makers of water structure are inhibitory (Hayashi 
and Nagai 1972). Mature fibrils in vivo are cross- 
linked by covalent bonds between neighboring 
molecules. However, the young and growing 
fibrils are stabilized by non-covalent hydrogen 
bonds (Bailey et al. 1998) and have the potential 
to bind more water molecules (Kopp et al. 1990). 
In fact, proteoglycans (Birk et al. 1996) or hyal-
uronate (Scott et  al. 1981; Scott 1984) can 

 stabilize the water layer associated with the col-
lagen molecules. Release of these trapped water 
molecules could provide the increase of entropy 
required to drive the association of molecules 
into the fibrils.

Collagen structural models (Ramachandran 
and Chandrasekharan 1968; Ramachandran et al. 
1973; Berg and Prockop 1973; Yee et  al. 1974; 
Privalov et  al. 1979) suggest that there are two 
types of intermolecular and intramolecular 
hydrogen bonds in fibrils: (I) a direct interchain 
hydrogen bond forms between the glycine resi-
due and the residue in the second position of the 
neighboring chain, and (II) an additional hydro-
gen bond which links two adjacent tropocolla-
gens using a bridging water molecule. This 
water-mediated hydrogen bonding makes two 
thirds of hydrogen bonds that connect neighbor-
ing peptides (Cameron et al. 2007) and therefore 
is a dominant interaction in stabilizing the fibril-
lar structure (Leikin et al. 1995; Kuznetsova et al. 
1998). These water bridges are dynamically 
linked with freely exchangeable hydrogen atoms 
(Tourell and Momot 2016). Furthermore, water 
molecules can be confined by hydrophobic 
groups of neighboring tropocollagens (Hulmes 
et  al. 1973) to maximize the number of water- 
water hydrogen bonds (Southall et al. 2002; Dill 
1990). Since molecular assembly is driven by 
decreasing the number of unfulfilled hydrogen- 
binding opportunities at the protein-water inter-
face (Fernández 2016), the trapped water 
molecules and the water bridges may have an 
important role in the collagen molecular assem-
bly during fibril growth and remodeling (Martin 
et al. 2020).

3.2.3.2  Surface-Associated 
Proteoglycans

Proteoglycans are a superfamily of molecules 
distinguished by the covalent attachment of one 
or more highly negatively charged glycosamino-
glycan chains to their core proteins (Comper and 
Laurent 1978), and they play a significant  
regulatory role during fibrillogenesis. Surface- 
associated proteoglycans and their 
glycosaminoglycan chains extend around the 
fibril and through steric effects limit lateral fibril 
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growth (Scott et al. 1981; Scott 1980, 1984; Scott 
and Orford 1981). A three phase model of fibril-
logenesis and fiber maturation in rat tail tendon 
was proposed by Scott et  al. (1981) In phase 1 
(up to day 40 after conception), tropocollagen 
interacts with dermatan sulphate-rich proteogly-
can during or immediately after formation of 
microfibrils. The hyaluronate and proteoglycan- 
rich environment and collagen synthesis increase 
the number of thin fibrils, rather than growth in 
diameter of established fibrils. In phase 2 (from 
day 40 to approximately day 120 after concep-
tion), concentrations of chondroitin sulphate-rich 
proteoglycan and hyaluronate decrease, promot-
ing the addition of collagen to extant fibrils rather 
than formation of new fibrils, resulting in rapid 
increase of fibril diameter without axial periodic-
ity change. In phase 3 (day 120 after conception 
onwards), fibril growth slows down and reaches 
its final structure.

Direct in vivo evidence for the role of proteo-
glycans in the regulation of collagen assembly 
and growth has been achieved by development of 
animals deficient in small leucine rich proteogly-
cans (SLRPs). The principal SLRPs found in ten-
don are decorin, biglycan, fibromodulin, and 
lumican. Both decorin and biglycan are expressed 
in the interfibrillar matrix and interfascicular 
matrix in postnatal development but they present 
distinct temporal patterns (Zamboulis et al. 2020; 
Zhang et  al. 2006; Ansorge et  al. 2012). 
Interfibrillar biglycan abundance in the mouse is 
highest early in development whereas decorin 
abundance peaks later during development; both 
are low in abundance at maturity (Zhang et  al. 
2006; Ansorge et al. 2012). Equine tendon shares 
the same temporal expression for decorin but big-
lycan abundance peaks later (Zamboulis et  al. 
2020). Both proteoglycans have a regulatory role 
in collagen fibril assembly during tendon devel-
opment. Biglycan is believed to promote fibril 
diameter growth, whereas decorin is believed to 
control lateral fusion of the fibrils and increase 
fibril stability (Zhang et  al. 2005). Decorin and 
biglycan-deficient mice show abnormal fibril 
structure and lateral fusion during development 
resulting in an increased number of small fibrils 
with a simultaneous presence of collagen fibrils 

with unusually larger diameter and decreased 
failure strength and stiffness once in maturity 
(Zhang et  al. 2006; Ameye et  al. 2002; Corsi 
et  al. 2002). Decorin and biglycan also share a 
binding site for collagen type I (Schönherr et al. 
1995) and an increase in biglycan abundance in 
decorin-deficient mice was observed, alluding to 
compensation between the two proteins (Zhang 
et al. 2006).

Both fibromodulin and lumican are found in 
the interfibrillar matrix of mouse tendon, with 
lumican expression peaking during early postna-
tal development and fibromodulin abundance 
peaking in the later stages (Ezura et al. 2000). In 
contrast, the temporal expression in the equine 
interfascicular matrix was reversed, with fibro-
modulin abundance early and lumican peaking 
towards the end (Zamboulis et  al. 2020). 
Fibromodulin and lumican share a binding site 
on collagen type I implying that they are likely to 
have functional overlap (Svensson et  al. 2000). 
Fibromodulin and lumican deficient and double 
deficient mice showed abnormal fibril structure, 
with lumican deficient mice displaying an 
increase in larger diameter fibrils and fibromodu-
lin deficient mice an increase in smaller diameter 
fibrils at maturity. In the fibromodulin deficient 
mice, increased cross-linking of collagen was 
also observed (Kalamajski et al. 2014) and lumi-
can expression was increased, suggesting com-
pensation (Ezura et  al. 2000). In the lumican 
deficient mice, the phenotype was less severe and 
tendon mechanical properties were not affected. 
Interestingly, the mechanical properties of dou-
ble knockout mice were dependent on the num-
ber of functioning alleles pointing toward a 
regulatory role for fibromodulin and a modula-
tory role for lumican (Ezura et al. 2000; Jepsen 
et al. 2002).

Asporin and lubricin (PRG4) are also 
expressed in tendon interfibrillar and interfascic-
ular matrix, but have received much less attention 
than the principal SLRPs. In developing equine 
tendon, asporin demonstrates a temporal pattern 
in the interfascicular matrix where it is increased 
in early development and subsequently decreases 
but remains present in mature tendon (Zamboulis 
et al. 2020; Henry et al. 2001; Peffers et al. 2015). 
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The role of asporin in tendon fibrillogenesis and 
mechanical properties has not been documented 
yet, but the skin of asporin deficient mice had 
increased expression of collagen type I and III, 
increased toughness, as well as a two-fold 
increase in decorin and biglycan levels 
(Maccarana et al. 2017). Lubricin, a large proteo-
glycan important for matrix lubrication (Rees 
et al. 2002; Kohrs et al. 2011; Sun et al. 2015a; 
Funakoshi et al. 2008; Nugent et al. 2006), is also 
found in the interfascicular matrix of equine ten-
don, with increasing abundance with develop-
ment and in low abundance pericellularly in the 
interfibrillar matrix (Zamboulis et  al. 2020). In 
lubricin deficient mice the gliding resistance of 
fascicles against each other was increased com-
pared to null mice, confirming lubricin may play 
an important role in interfascicular lubrication 
(Kohrs et al. 2011). However, the role of lubricin 
in fibrillogenesis has not yet been elucidated in 
tendon.

3.2.3.3  pN-Collagen
There are several observations suggesting that 
N-propeptides are confined to the fibril surface 
(Watson et al. 1992; Holmes et al. 1991) where 
they block accretion of further molecules 
(Fleischmajer et al. 1981, 1983, 1985, 1987a, b; 
Nowack et al. 1976; Veis et al. 1973; Lapiere and 
Nusgens 1974; Timpl et  al. 1975; Lenaers and 
Lapiere 1975). As a result, further lateral growth 
would be regulated by enzymic cleavage of the 
propeptides. The important role of N-propeptide 
has been observed in the studies of dermatosp-
araxis and Ehlers-Danlos syndrome (EDS) type 
VIIB. Dermatosparaxis is caused by partial loss 
of procollagen N-proteinase activity (Lapiere 
et al. 1971; Lenaers et al. 1971; Becker and Timpl 
1976). Presence of N-propeptide on the surface 
of these fibrils results in a non-circular cross sec-
tions (Watson et  al. 1998). Remarkably, it has 
been shown that dermatosparactic collagen fibrils 
will gain a normal appearance after implantation 
in normal animals (Shoshan et al. 1974), suggest-
ing the existence of a dynamic mechanism for 
fibril growth and degradation. Also, Ehlers- 
Danlos syndrome type VIIB fibrils in which pN- 

collagen is only partially cleaved have 
rough-bordered and non-circular cross sections 
(Watson et al. 1992; Holmes et al. 1993).

Growth models (Hulmes 1983; Chapman 
1989) have been proposed for collagen fibrils in 
which accretion of collagen molecules is inhib-
ited by N-propeptides on the fibril surface. 
Growth of pN-collagen fibrils is inhibited due to 
the steric blocking of interaction sites by the 
N-propeptides. The growth inhibitor part of the 
molecules (the N-terminus) is confined to the 
fibril surface and the C-ends are buried inside the 
interior of the fibril. Since the growth inhibitors 
cannot act as a site for further accretion, their sur-
face density increases with lateral growth. 
Growth of fibril diameter continues until fluidity 
in intermolecular contacts is restricted due to ste-
ric hindrance. This first critical diameter depends 
on the lateral width of the inhibitor segment, 
allowing for growth of fibrils with preferred 
diameters in different tissues (the inhibitor might 
vary in different tissues and stages of develop-
ment, but the same mechanism still applies). 
When a fibril reaches uniformity at this critical 
diameter, accretion is limited to the fibril ends 
and growth is only in axial direction. Lateral 
growth can proceed to a second critical diameter 
after enzymatic removal of the growth inhibitor.

Romanic et al. (1991) in an in vitro study dem-
onstrated that pN-collagen III can co-polymerize 
with collagen I, but cannot be deposited on previ-
ously assembled collagen I fibrils (Romanic et al. 
1991). It was shown that the presence of pN- 
collagen III can (1) inhibit the rate of collagen I 
assembly, (2) decrease the amount of collagen I 
incorporated into fibrils, and (3) decrease the 
diameter of fibrils in comparison with fibrils gen-
erated under the same conditions from collagen I 
alone. Fibril diameter progressively decreased 
with increasing the initial molar ratio of pN- 
collagen III to collagen I. Therefore, it was con-
cluded that pN-collagen III coats the surface of 
collagen I fibrils early in the process of fibril 
assembly and hinders lateral growth of the fibrils. 
But it does not bind to the growing tips of fibrils, 
resulting in formation of thin fibrils.
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3.2.3.4  Minor Collagens
Other types of collagens are synthesized simulta-
neously with type I collagen (Gay et  al. 1976; 
Burke et al. 1977; Foidart et al. 1980, 1983). The 
structural similarities of fibril forming collagens 
allow them to polymerize within the same “het-
erotypic” fibrils (Henkel and Glanville 1982; 
Fleischmajer et  al. 1990). In tendon, approxi-
mately 95% of collagen is type I, with the remain-
ing being mostly type III (Birch et  al. 1999; 
Makisalo et al. 1989; Riley et al. 1994a; Amiel 
et al. 1984). Collagen type III is found both in the 
interfibrillar and interfascicular matrix of the 
developing tendon. In equine tendon, collagen 
type III expression increases throughout develop-
ment in both the interfibrillar and interfascicular 
matrix reaching peak abundance towards the end 
of maturation (Zamboulis et al. 2020). Collagen 
type III distribution in the avian tendon is 
observed throughout the interfibrillar and inter-
fascicular matrix early in development but solely 
in the interfascicular matrix later (Birk and 
Mayne 1997; Kuo et al. 2008). The decrease in 
collagen type III expression in avian tendon is 
also associated with the appearance of collagen 
fibrils with larger diameters implying participa-
tion of collagen type III in the regulation of col-
lagen fibrillogenesis (Birk and Mayne 1997). 
Furthermore, collagen type III deficient mice 
demonstrated disrupted collagen fibrillogenesis 
and larger diameter fibrils, confirming the 
involvement of collagen type III in fibrillogenesis 
(Liu et al. 1997).

Collagen type V has also demonstrated a 
growth regulatory effect on collagen fibrillogen-
esis (Wenstrup et al. 2004; Birk et al. 1990a) and 
its mutations have been identified in patients with 
classic EDS (Malfait and De Paepe 2014; 
Symoens et al. 2012). Collagen type V is found in 
the interfibrillar and interfascicular matrix of the 
developing equine tendon and in the interfibrillar 
matrix of mouse tendon in association with the 
tenocyte surface (Zamboulis et al. 2020; Wenstrup 
et  al. 2011; Smith et  al. 2012, 2014; Sun et  al. 
2015b). Reduction of collagen V expression dur-
ing development also results in formation of 
fibrils with larger diameters in other tissues such 
as the dermis (Wenstrup et al. 2006) and cornea 

(Segev et al. 2006). Corneal stroma, which con-
tains collagen fibrils of uniformly small diameter 
(Hay and Revel 1969), is relatively rich in type V 
collagen with 20% type V to 80% type I 
(McLaughlin et  al. 1989). Studies of type I/V 
interactions in the mature corneal stroma have 
shown that type I and type V collagen co- 
assemble into fibrils (Fitch et al. 1984; Birk et al. 
1986, 1988; Linsenmayer et al. 1985, 1990) and 
decreasing the levels of type V collagen secreted 
by corneal fibroblasts in situ results in assembly 
of large-diameter fibrils with a broad size distri-
bution (Marchant et al. 1996). In vitro fibrillogen-
esis studies (Birk et  al. 1990a; Adachi and 
Hayashi 1986) also showed that fibrils produced 
from only type I collagen were thicker than 
hybrid fibrils of type I and type V collagen. In 
addition, collagen V-null mice tendons are 
smaller than their wild type counterparts and 
exhibit reduced mechanical function (Connizzo 
et  al. 2015). However, the effect of collagen V 
deficiency on mechanical function is much more 
dramatic in joint stabilizing tendons and liga-
ments, suggesting a relationship between 
mechanical loading and collagen V mediated 
fibril development (Connizzo et  al. 2015). 
Collagen type XI is found to be present early in 
development both in the mouse and equine inter-
fibrillar matrix, and thought to play synergistic 
roles with collagen type V (Zamboulis et  al. 
2020; Wenstrup et al. 2011). Col11a1-null mouse 
models (Sun et  al. 2020) show decreased body 
weights and their flexor digitorum longus tendon 
has abnormal collagenous matrix structure with a 
significant decrease in biomechanical properties. 
Absence of collagen type XI disrupts the parallel 
alignment of fibrils and increases fibril diameter, 
similar to collagen type V.

Collagen type XII and XIV are closely related 
members of the fibril-associated collagens with 
interrupted triple helices (FACIT) collagen class 
and have been identified in the interfibrillar 
matrix in mouse (Izu et al. 2020; Ansorge et al. 
2009), and the interfibrillar and interfascicular 
matrix in the developing avian (Young et  al. 
2000; Zhang et  al. 2003) and equine tendon 
(Zamboulis et al. 2020). Collagen type XIV lev-
els are high in early development and decrease 
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thereafter to barely detectable levels in mature 
tendon whereas collagen type XII is more abun-
dant in early development but also present 
throughout development, maturation, and aging 
(Zamboulis et al. 2020; Izu et al. 2020; Ansorge 
et al. 2009; Young et al. 2000; Zhang et al. 2003). 
Collagen type XII regulates lateral network for-
mation and fiber domain compartmentalisation, 
as well as collagen type I secretion. Collagen 
type XIV plays a role in the early stages of ten-
don fibrillogenesis and entry into lateral growth, 
in accordance with its temporal expression. 
Absence of collagen type XII in Col12a1-null 
mouse model results in larger tendons with 
abnormal collagen fibril packing, increased stiff-
ness, and decreased overall type I collagen (Izu 
et  al. 2020). Also, type XIV collagen deficient 
mouse tendons demonstrate premature fibril 
growth and larger fibril diameters, but no defi-
ciency in biomechanical properties at maturity 
(Ansorge et  al. 2009). Despite being closely 
related, there does not appear to be a compensa-
tory relationship in expression patterns (Izu et al. 
2020; Ansorge et al. 2009).

Finally, collagen type VI has also been identi-
fied both in the interfibrillar matrix of developing 
mouse tendon, especially in the pericellular 
region, and in the interfibrillar and interfascicular 
matrix in equine developing tendon (Zamboulis 
et  al. 2020; Smith et  al. 2012; Izu et  al. 2011). 
During development, collagen type VI was found 
to be implicated in maintaining the cell shape, 
microdomain structure and fiber organisation. 
Collagen VI deficient mice displayed abnormal 
fibril assembly in the pericellular region with 
more dense fibrils of smaller diameter and fre-
quent very large or twisted fibrils (Izu et  al. 
2011). Other collagens such as collagen type IV 
and XXI show temporal expression in the devel-
opment of the equine interfascicular matrix but 
they have received less attention and their role is 
not currently known.

3.2.3.5  Elastin, Fibrillins, and Fibulins
Elastin is found at the core of elastic fibers sur-
rounded by a fibrillin-rich microfibril scaffold 
(Kielty et al. 2002). In tendon, its abundance is 
function-dependent, with a greater abundance of 

elastin found in energy storing tendons (Thorpe 
and Screen 2016; Godinho et al. 2017). Elastin is 
present during embryonic development and 
increases in response to mechanical loading 
(Oryan and Shoushtari 2008; Zamboulis et  al. 
2020; Wagenseil et  al. 2010; Luo et  al. 2018). 
Spatially, elastin is localized sparsely in the inter-
fibrillar matrix parallel to the tendon axis and 
more densely in the interfascicular matrix, with 
both a parallel and perpendicular organization in 
relation to the tendon axis. Elastin haploinsuffi-
ciency in mice resulted in alterations to collagen 
fibril structure, favoring an increase in large 
diameter fibrils and reduced interfibrillar matrix, 
but these changes were site-specific (Eekhoff 
et al. 2017). The effect of elastin depletion on tis-
sue function has also been debated, with some 
studies showing significant mechanical disrup-
tion and others demonstrating no effect (Eekhoff 
et  al. 2017; Grant et  al. 2015; Fang and Lake 
2016). When fascicle and interfascicular matrix 
were interrogated separately following elastase 
treatment in equine tendons, fascicles did not 
show any changes in their mechanical properties. 
However, the interfascicular matrix was signifi-
cantly compromised, suggesting a different role 
for interfibrillar and interfascicular elastin 
(Godinho et al. 2020).

Fibrillin-1 and 2 are known to be involved in 
elastogenesis and regulate activation and bio-
availability of TGF-β superfamily members 
(Chaudhry et al. 2007; Boregowda et al. 2008). 
Fibrillin-1 and 2 are present in the interfibrillar 
and interfascicular matrix in mature tendon, co- 
localizing with elastin and also pericellularly on 
their own (Ritty et al. 2002; Kharaz et al. 2018). 
In developing equine tendon, fibrillin-1 and 2 
were identified in the interfibrillar and interfas-
cicular matrix with fibrillin-1 showing an increase 
in abundance during development in the interfas-
cicular matrix only (Zamboulis et  al. 2020). 
Fibrillin-1 deficiency in mice did not disrupt the 
tendon structure apart from generating smaller 
tendons (Tran et  al. 2019) and fibrillin-2 defi-
ciency resulted in a decrease in collagen cross- 
linking but did not affect tendon structure 
(Boregowda et al. 2008). It is possible that simi-
lar to elastin deficiency, the interfascicular matrix 
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is more profoundly affected by fibrillin-1 and 2 
deficiencies than the fascicles.

Fibulin-4 and 5 are indispensable for elasto-
genesis (McLaughlin et al. 2006; Nakamura et al. 
2002; Yanagisawa et  al. 2002) and fibulin-4 is 
found in the tendon interfibrillar matrix co- 
localized with fibrillins (Markova et al. 2016). In 
fibulin-4 deficient mice, forelimb contractures 
were noted and collagen fibrillogenesis was dis-
rupted in tendons (Markova et al. 2016). Fibulin-5 
is found in the interfibrillar matrix but also the 
interfascicular matrix where its abundance in 
equine tendon peaks early in development 
(Zamboulis et  al. 2020). In fibulin-5 deficient 
mice, malformed elastic fibers were found in ten-
don with no other changes to the composition or 
structure of the tendon. In addition, the linear 
modulus of the Achilles tendon was increased in 
the fibulin-5 deficient mice whereas the posi-
tional tibialis anterior tendon did not show any 
changes in mechanical properties (Eekhoff et al. 
2021). Taken together, this supports a role for 
elastic fibers in the mechanical properties of 
functionally distinct tendons or tendon  
compartments beyond regulation of collagen 
fibrillogenesis.

3.2.3.6  Thrombospondins
Thrombospondins, specifically TSP-1, TSP-4, 
and COMP (TSP-5), have also recently been 
identified in the interfibrillar and interfascicular 
matrix of tendons (Kannus et al. 1998; Zamboulis 
et  al. 2020; DiCesare et  al. 1994; Hauser et  al. 
1995; Smith et  al. 1997; Fang et  al. 2000; 
Södersten et al. 2006; Havis et al. 2014; Schulz 
et  al. 2016). COMP levels in the developing 
interfibrillar and interfascicular matrix increase 
with development and have been shown to be 
associated with loading (Zamboulis et al. 2020; 
Smith et al. 1997). In COMP deficient mice, the 
tendon structure exhibited larger fibril diameters 
with an increase in irregular shape, suggesting a 
role in collagen fibrillogenesis. In addition, col-
lagen accumulation in the endoplasmic reticulum 
was detected in isolated dermal fibroblasts in 
vitro, alluding to its intracellular role in the secre-
tion of collagen, which is dependent on the for-
mation of a COMP-collagen complex (Schulz 

et al. 2016). TSP-4 has been reported to have a 
similar spatiotemporal expression as COMP, a 
function associated with loading, and also to be 
increased in COMP deficient mice (Schulz et al. 
2016; Cingolani et al. 2011; Frolova et al. 2014). 
Similarly to COMP deficient mice, in TSP-4 defi-
cient mice, tendons exhibited larger fibril diame-
ters (Frolova et al. 2014). TSP-2 and TSP-3 have 
also been reported in the interfibrillar matrix of 
mouse tendon (Havis et al. 2014; Frolova et al. 
2014; Kyriakides et  al. 1998) and TSP-2 defi-
ciency (Kyriakides et al. 1998) resulted in a simi-
lar collagen fibril phenotype noted in TSP-4 and 
COMP deficient mice (Schulz et al. 2016; Frolova 
et al. 2014).

3.3  Maintenance of the Matrix 
During Adulthood

3.3.1  Matrix Turnover

The pioneering studies of Schoenheimer and his 
collaborators in the  1930s changed the percep-
tion of proteins from a static collection of mate-
rial to a material existing in a state of dynamic 
flux, where the balance of synthesis and degrada-
tion is critical to homeostatic maintenance of 
structure (Cohn 2002; Wilkinson 2018). The 
study of matrix turnover in maintaining adult tis-
sue homeostasis, and the regulation of this pro-
cess, has been the focus of much research over 
the past century since then and could be the key 
to preventing injury.

3.3.1.1  Collagenous Matrix
It is well established that collagen is one of the 
longest lived proteins in many tissues within the 
body, with a relatively low rate of turnover in 
skin, tendon and cartilage compared to other 
ECM proteins (Thorpe et  al. 2010; Maroudas 
et al. 1998; Sivan et al. 2006, 2008; Verzijl et al. 
2000). However, the specific rate of collagen 
turnover within tendon is still a matter of contro-
versy, with conflicting data reported in the litera-
ture. Several studies have reported negligible 
turnover of tendon collagen within an individu-
al’s lifetime, with a half-life of 198 years in the 
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energy storing equine superficial digital flexor 
tendon determined by measuring the rate of 
aspartic acid racemization, and no collagen turn-
over detected in the healthy adult human Achilles 
tendon using 14C bomb pulse data (Thorpe et al. 
2010; Heinemeier et al. 2018, 2013a). However, 
other studies have reported relatively rapid col-
lagen synthesis in tendon, with fractional synthe-
sis rates of 0.04–0.06% hour−1 calculated in the 
human patellar tendon, which equates to half- 
lives ranging from 48 to 64  days (Miller et  al. 
2005; Babraj et  al. 2005; Smeets et  al. 2019). 
There are several potential explanations for these 
large discrepancies.

The studies in which high fractional synthesis 
rates were reported used stable isotope labelling 
over a very short time period, and it is unlikely 
that all newly synthesized collagen would be 
incorporated into the matrix, such that fractional 
synthesis rates would be overestimated. Indeed, 
using the tracer cis-[18F]fluoro-proline combined 
with positron emission tomography and measur-
ing protein incorporation in the rat Achilles ten-
don, it has been demonstrated that only 
approximately 20% of the proline taken up in the 
tissue was incorporated into the tendon matrix 
(Skovgaard et al. 2011).

The studies in which extremely long half-lives 
have been reported may also be affected by sev-
eral factors. In these studies, the collagenous 
fraction of the matrix is purified using enzymatic 
digestion or protein extraction techniques 
(Thorpe et  al. 2010; Heinemeier et  al. 2018). 
Such purification techniques may result in some 
collagen loss; indeed approximately 13% of col-
lagen was lost during purification by guanidine 
hydrochloride extraction (Thorpe et  al. 2010). 
This is likely to represent more recently synthe-
sized collagen that is less tightly cross-linked into 
the matrix, and therefore the half-life calculated 
based on the remaining collagen would be over-
estimated. There are also limitations associated 
with the methods used to estimate half-life; cal-
culation of protein turnover rates using racemiza-
tion of aspartic acid relies on assumptions made 
during calculations, as accumulation of 
D-Aspartic acid is affected by several factors, 
including temperature, pH, and protein structure 

(Thorpe et  al. 2010). Precision of 14C measure-
ments is limited by variability in tissue radiocar-
bon levels within the population, which has 
progressively decreased over the past 50  years 
(Hodgins and U. S. Department of Justice 2009).

More recent studies also help to explain these 
previous contradictory findings, suggesting there 
may be pools of collagen within tendon that have 
differential turnover rates. Indeed, more collagen 
neopeptides, which are a marker of turnover, 
were identified within the interfascicular matrix 
compared to the fascicular matrix in the equine 
superficial digital flexor tendon (Thorpe et  al. 
2016a). These findings are supported by a recent 
study using in vivo isotope labelling combined 
with laser capture microdissection and mass 
spectrometry to measure the turnover rates of 
individual proteins within the fascicular and 
interfascicular matrices in the rat Achilles tendon 
(Choi et al. 2020). Results revealed significantly 
faster turnover of collagen in the interfascicular 
matrix compared to the fascicles, with a half- 
lives of 1.6 and 2.7 years for type I collagen in 
interfascicular matrix and fascicles respectively. 
While no studies have directly determined differ-
ences in turnover rates of extracellular matrix 
proteins between small and large animals, it is 
likely that protein turnover is more rapid in rodent 
models compared to humans, as previous studies 
have demonstrated a negative correlation between 
median protein turnover rate constants and lifes-
pan (Swovick et  al. 2018), and the half-life of 
serum albumin is approximately tenfold greater 
in the human compared to the rat (Chaudhury 
et al. 2003; Jeffay 1960).

Emerging evidence also suggests the presence 
of a sacrificial collagen matrix within tendon fas-
cicles, with a recent study in murine tendon iden-
tifying the presence of thin collagen fibrils that 
are interspersed between thicker fibrils, and are 
synthesized and removed from the tendon within 
a 24  h period, while the bulk of the collagen 
remains unchanged (Chang et al. 2020). This rap-
idly turned over collagen may act to protect the 
long-lived collagen from mechanical damage, 
and also helps to explain previous studies which 
have measured both a high rate of synthesis, but 
very low rates of bulk turnover.
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There is also evidence to suggest that collagen 
half-life varies between tendons with different 
functions, with a half-life of 198  years in the 
energy storing equine superficial digital flexor 
tendon compared to 34  years in the positional 
common digital extensor tendon (Thorpe 2010). 
While a lower rate of collagen turnover in high 
strain energy storing tendons may seem counter- 
intuitive, slower turnover may protect the tendon 
from remodeling which would weaken its struc-
ture, with the trade-off that when damage does 
occur it is more difficult to repair.

3.3.1.2  Non-collagenous Matrix
While only a small number of studies have mea-
sured rates of collagen turnover in tendon, even 
fewer have assessed turnover of non-collagenous 
proteins. It is, however, well established that non- 
collagenous protein turnover occurs at a more 
rapid rate than collagen turnover, with the excep-
tion of elastin, which is known to have very low 
turnover rate. While elastin half-life in tendon 
has not been measured, in other connective tis-
sues there is compelling evidence that following 
development elastic fibers are not replaced 
throughout an individual’s lifetime (Shapiro et al. 
1991; Sherratt 2009). Aspartic acid racemization 
has been used to estimate turnover of the non- 
collagenous fraction of the extracellular matrix in 
functionally distinct equine tendons. However, 
this study was unable to provide turnover rates of 
individual proteins and a small amount of soluble 
collagen was detected in the fraction analysed, 
which is likely to affect the results (Thorpe et al. 
2010). Despite these limitations, this study did 
show that turnover of non-collagenous proteins 
differed in tendons with different functions, with 
more rapid turnover in energy storing tendons 
compared to positional tendons (2.2  years vs. 
3.5 years), which may allow for greater repara-
tive capacity in injury-prone energy storing ten-
dons (Thorpe et al. 2010).

Metabolism of different proteoglycan classes 
has been studied in tendon explants using radio-
labelling, with results demonstrating relatively 
rapid turnover of newly synthesised large proteo-
glycans (half-life approx. 2  days) compared to 

small leucine rich proteoglycans (half-life 
approx. 20 days) and showing that different path-
ways are involved in the degradation of large and 
small proteoglycans (Samiric et  al. 2004). 
However, this approach is only able to measure 
the turnover of newly synthesised proteoglycans 
rather than those already present within the 
matrix, which may be metabolized at a slower 
rate. More recent approaches using isotope label-
ling in vivo have measured turnover rates of a 
range of tendon proteoglycans, with half-lives 
ranging from 21 days for decorin to 72 days for 
lumican (Choi et al. 2020). There is also evidence 
to suggest that turnover rates of non-collagenous 
proteins may vary according to their location 
within the tendon matrix. Turnover of interfas-
cicular decorin occurs at a faster rate than that of 
interfibrillar decorin (Choi et al. 2020). The rea-
sons for this are unclear but indicate that proteo-
glycans may have distinct roles in different 
tendon regions.

3.3.2  Mechanical Stimulation 
for Matrix Remodeling

It is well established that mechanical stimulation 
drives the natural remodeling of the tendon ECM, 
and specifically the collagen structure (Zamboulis 
et al. 2020; Smith et al. 2002; Screen et al. 2005a; 
Batson et al. 2003; Bohm et al. 2015; Pan et al. 
2018; Quigley et  al. 2018; Theodossiou et  al. 
2019). Tenocytes can sense changes in their 
mechanical environment through cell-cell and 
cell-matrix interactions and transduce mechani-
cal signals, which then trigger adaptive responses, 
a process called mechanohomeostasis (Fig. 3.4) 
(Maeda et  al. 2012; Lavagnino et  al. 2015; 
Heinemeier et al. 2003; Maeda et al. 2011; Havis 
et  al. 2016). Since mechanotransduction path-
ways are comprehensively reviewed elsewhere 
(Wall et al. 2016, 2018; Humphrey et al. 2014), 
we report here on downstream changes in ECM 
structure in response to changes in mechanical 
stimuli. In addition, we focus on adaptations to 
normal loading and sub-failure damage rather 
than massive tissue injury/repair processes which 
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are well described elsewhere (Thomopoulos et al. 
2015; Andarawis-Puri et  al. 2015; Andarawis- 
Puri and Flatow 2018).

3.3.2.1  Exercise
Alterations in mechanical stimuli can influence 
ECM turnover of adult tendons, with exercise 
and disuse both reported to result in a range of 
adaptations. However, the response seen in ten-
don is far less pronounced than that seen in mus-
cle, and results are contradictory. In humans, 
there is evidence of tendon hypertrophy in 
response to exercise, with increases in patellar 
tendon cross sectional area (CSA) (Couppé et al. 

2008; Farup et  al. 2014). Studies have also 
reported increased markers of collagen synthesis 
and breakdown in peritendinous tissue both as a 
result of acute exercise and longer-term training 
in human Achilles and patellar tendons (Langberg 
et al. 1999, 2001; Astill et al. 2017). As collagen 
turnover rate in the tendon core is very low it has 
been suggested that additional newly synthesized 
collagen may be deposited around the edge of the 
tendon, resulting in increased CSA (Magnusson 
and Kjaer 2019). However, other studies which 
have taken tendon biopsies to assess collagen 
synthesis post-exercise in the patellar tendon 
report conflicting results, with some observing 

Fig. 3.4 Schematic of adult matrix mechanohomeo-
stasis. (1) Multiaxial and multimodal mechanical loading 
on the tendon applies stress macroscopically to the tissue, 
which then (2) propagates through the multiscale hierar-
chy of the tendon matrix via interactions between the col-
lagenous and non-collagenous matrix. Stress is then 
transduced from physical to biochemical signals in the 
cell via mechanotransduction (3), and these signals then 
trigger (4) catabolic or anabolic responses. In the case of 
normal loading or positive adaptation due to exer-
cise (left), (5) new matrix is synthesized and incorporated 
into the existing structure while damaged matrix is 
removed resulting in (6) sustained or improved tissue 
function. In the case of excessive loading (overuse) or 

stress deprivation (disuse), there is a loss of tensional 
homeostasis at the cellular level which leads to the pro-
duction of inflammatory markers and damage-associated 
molecular patterns (DAMPs) as well as increased matrix 
degradation and cell death  (right). These signals can be 
spread to other cells through paracrine signaling, and can 
also be caused by other biochemical signaling or cellular 
changes (e.g., cell aging) in the absence of changes to 
mechanical loading (see Sect. 3.3.3). This process can 
lead to diminished function, and enter the tissue into a 
chronic degenerative cycle whereby further loading 
causes more matrix damage, eventually leading to tissue 
rupture and/or tendinopathy. (Created with BioRender.
com)
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increased collagen synthesis (Miller et al. 2005) 
and others reporting no change (Dideriksen et al. 
2013; Hansen et al. 2009). This limited respon-
siveness is supported by studies which have 
either detected no, or very limited changes, in 
collagen and growth factor gene expression in 
response to exercise (Dideriksen et  al. 2013; 
Heinemeier et al. 2013b; Sullivan et al. 2009).

These findings are in contrast to those reported 
in a variety of small animal models, which have 
demonstrated upregulation of tendon associated 
genes and increases in mechanical properties as a 
result of exercise or increased loading 
(Heinemeier et  al. 2007, 2012; Olesen et  al. 
2006). However, the majority of small animal 
studies have been performed in animals that are 
not yet fully mature, such that they may have 
more capacity for adaptation to loading than skel-
etally mature human tendon. In addition, the type 
and duration of exercise performed is likely to 
influence results, with studies of the rat supraspi-
natus tendon demonstrating that a single bout of 
exercise tends to decrease mechanical properties, 
whereas chronic exercise results in improved 
mechanical properties (Rooney et al. 2017). This 
is accompanied by more matrix-related gene 
changes in chronic compared to acute exercise 
groups (Rooney et al. 2015). Ex vivo studies have 
also been performed to uncover the effects of 
loading on tendon metabolism, with mechanical 
loading of artificial tendon constructs in vitro 
resulting in little change in tendon related genes 
at physiological levels of loading, but upregula-
tion of genes associated with tendon develop-
ment as a result of overloading (Herchenhan 
et al. 2020). By contrast, exposing fascicles from 
rat tail tendons to moderate degrees of loading 
increased collagen synthesis without generating 
mechanical or structural changes (Screen et  al. 
2005a; Legerlotz et al. 2013b).

3.3.2.2  Disuse or Stress Deprivation
Disuse has been shown to result in a marked 
decline in tendon mechanical properties, both in 
humans and animal models (Magnusson and 
Kjaer 2019; Rumian et al. 2009; Almeida-Silveira 
et al. 2000; Matsumoto et al. 2003; Couppé et al. 
2012). However, the mechanisms by which these 

alterations occur are unclear, as the majority of 
studies do not report any alterations in tendon 
dimensions or mass as a result of unloading 
(Kinugasa et  al. 2010; de Boer et  al. 2007; 
Heinemeier et  al. 2009). Some studies have 
reported decreased patellar tendon collagen syn-
thesis as a result of lower limb suspension in the 
human, even after relatively short periods of dis-
use (de Boer et al. 2007; Dideriksen et al. 2017), 
accompanied by increased matrix metallopro-
teinase 2 (MMP-2) expression (Boesen et  al. 
2013). By contrast, results from animal studies 
are variable and sometimes contradictory; hind 
limb suspension in the rat resulted in very few 
alterations in the Achilles tendon (Heinemeier 
et  al. 2009), whereas denervation-induced 
unloading of the mouse patellar tendon caused 
decreased expression of type I collagen, increased 
expression of MMP-13 and a decrease in colla-
gen fibril diameter (Mori et  al. 2007). Explant 
models have been used to further investigate the 
effect of unloading on tendon metabolism, with 
stress deprivation of murine tail tendon fascicles 
resulting in increased levels of matrix degrading 
enzymes and reduced mechanical properties 
(Abreu et al. 2008; Lavagnino et al. 2003, 2005; 
Wunderli et al. 2018). More recent studies dem-
onstrate decreased expression of genes associ-
ated with both matrix synthesis and degradation 
in stress deprived murine flexor tendons 
(Connizzo et al. 2019).

The contradictory findings from animal stud-
ies may be due to differences in species and ages 
in studies, the particular model of mechanical 
stimulation employed, and also whether the 
experiments have been performed in vivo or ex 
vivo. In addition, it has been reported that func-
tionally distinct tendons also display a differen-
tial response to unloading ex vivo, with more 
rapid and extensive changes seen in positional 
compared to energy storing tendons (Choi et al. 
2019). Further, stress deprivation may preferen-
tially affect the interfascicular matrix, with 
greater deterioration in this region compared to 
the fascicles in unloaded rat tail tendon (Rowson 
et al. 2016). Different types of mechanical stimu-
lation can also generate different responses and, 
in vitro, tenocytes are mostly stimulated using 
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tension, which likely mirrors the mechanical 
stimulation interfibrillar tenocytes experience in 
vivo. However, in vitro shear stress stimulation of 
adult tenocytes, which is likely experienced by 
interfascicular tenocytes, generated an “anti- 
fibrotic” expression pattern with decreased tran-
scription of collagen type I and III (Fong et  al. 
2005). In addition, the responses to mechanical 
stimulation may also be influenced by the age of 
the cells or tissues in vitro (Zamboulis et al. 2020; 
Fong et al. 2005) and the magnitude of loading 
(Zhang and Wang 2013).

3.3.2.3  Sub-failure Microdamage
In addition to normal exercise, studies have 
sought to understand the capacity for intrinsic 
repair of microdamage that occurs due to tendon 
overload. Several in vivo models have been 
developed to induce tendon fatigue damage, 
including treadmill running and repetitive reach-
ing activities (Glazebrook et al. 2008; Carpenter 
et al. 1998; Gao et al. 2013). A model developed 
by Fung et al. (2010) in which the rat patellar ten-
don is clamped and loaded directly while the ani-
mal is under anaesthesia allows precise loads to 
be applied to the tendon, while the number of 
cycles applied can be varied to induce different 
degrees of damage. This model has been used to 
extensively characterise the structural, mechani-
cal and molecular changes within tendon to vary-
ing levels of fatigue damage at different time 
points. Results show that structural alterations 
become more pronounced as severity of fatigue 
loading progresses, with isolated collagen fiber 
kinking in response to low-level fatigue loading 
which becomes more widespread in moderate 
fatigue loading and is accompanied by fiber sepa-
ration. Severely fatigue loaded tendons exhibit 
widespread matrix disruption and fiber thinning 
(Fung et al. 2010). These structural changes are 
associated with alterations in mechanical proper-
ties, with a single bout of moderate fatigue load-
ing being sufficient to induce accumulation of 
structural damage associated with non- 
recoverable loss of stiffness (Bell et  al. 2018). 
These studies indicate a limited ability for intrin-
sic repair of damage above a certain threshold, 
even when no further loading is applied.

Considering the molecular changes as a result 
of fatigue loading, expression of genes associated 
with matrix remodeling, including collagens and 
MMPs, were negatively correlated with the 
degree of damage (Andarawis-Puri et al. 2012), 
suggesting an impaired ability to repair micro-
damage as the damage worsens. In addition, 
apoptosis within the tendon increased with dam-
age (Andarawis-Puri et  al. 2014), likely due to 
alterations in cell microenvironment. Increased 
apoptosis will likely decrease the capacity for 
matrix remodeling, leading to further damage 
accumulation. The authors of these studies sug-
gest that restoration of cell microenvironment 
may be key to improving the capacity of resident 
tendon cells to successfully remodel regions of 
microdamage (Andarawis-Puri and Flatow 
2018). Exercise performed post-fatigue loading 
provides a method of influencing cell microenvi-
ronment and subsequently matrix synthesis, and, 
depending on timing, can either worsen or 
improve repair. Exercise initiated 2 weeks after 
fatigue loading resulted in increased levels of 
procollagen-I, indicative of matrix remodeling, 
whereas exercise that commenced immediately 
after fatigue loading caused further damage to the 
tendon, accompanied by increased levels of 
aggrecan and collagen type III, proteins that are 
both associated with a failed healing response 
(Bell et  al. 2015). It is likely that post-fatigue 
loading exercise also influences matrix degrada-
tion, however this is yet to be directly 
determined.

There is also emerging evidence to suggest 
that initial overload damage within the tendon 
may occur within the interfascicular matrix. In 
bovine and equine flexor tendon explants exposed 
to cyclic loading in vitro, initial damage occurred 
preferentially to the interfascicular matrix, with 
upregulation of inflammatory mediators observed 
in this region (Spiesz et  al. 2015; Thorpe et  al. 
2015b). The high shear environment within the 
interfascicular matrix of energy storing tendons, 
caused by interfascicular sliding as the tendons 
stretch, is likely to expose the resident cells to a 
complex strain environment incorporating ten-
sion, shear and compression (Cook and Screen 
2018). Overload may therefore induce cell- 
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mediated degradation, and subsequent loss of 
interfascicular matrix structure is likely to alter 
cell microenvironment within the fascicles, lead-
ing to propagation of damage throughout the tis-
sue. However, the majority of rodent tendons 
lack an interfascicular matrix structure (Liu et al. 
2016; Lee and Elliott 2019), and therefore the 
response of the interfascicular matrix to micro-
damage cannot be studied using these models, 
limiting our knowledge in this area.

3.3.3  Biochemical Disruption 
of Matrix Homeostasis

There are a variety of biochemical stimulators 
that can influence tendon homeostasis. While 
inflammation occurs in the initial response to ten-
don injury, inflammatory mediators, including 
prostaglandins and cytokines, are also upregu-
lated in tendon in response to exercise (Langberg 
et  al. 1999, 2002). Blocking prostaglandin E2 
(PGE2) by administration of non-steroidal anti- 
inflammatories resulted in decreased peritendi-
nous collagen synthesis in response to exercise in 
the human patellar tendon, and collagenase 
upregulation in rat tendon cells (Christensen 
et al. 2011; Tsai et al. 2010). In addition, periten-
dinous infusion of (interleukin-6) IL-6 elevates 
collagen synthesis in a similar manner to exercise 
(Andersen et al. 2011). Inflammatory mediators 
also influence proteolytic activity, with IL-1β act-
ing in synergy with mechanical stretch to increase 
levels of matrix degrading enzymes in rabbit ten-
don fibroblasts and human patellar tendon derived 
cells (Archambault et al. 2002; Yang et al. 2005). 
Recent studies also show that IL-1 and IL-6 can 
directly lead to matrix degeneration using an in 
vitro model system (Connizzo and Grodzinsky 
2018b, 2020). Collectively, these results suggest 
that inflammatory mediators are important stimu-
lators of collagen turnover in tendon that can act 
independently of loading. However, it is likely 
that only a very small proportion of newly syn-
thesized collagen is incorporated into the matrix, 
and therefore upregulation of matrix metallopro-
teases does not necessarily alter tendon mechani-
cal properties or collagen content (Marsolais 

et  al. 2007). Interestingly, it seems that regular 
mechanical loading is required to protect rat tail 
tendons cultured in the presence of inflammatory 
cells from degradation and loss of mechanical 
properties (Marsolais et  al. 2007), highlighting 
the importance of mechanical stimuli for mainte-
nance of tendon homeostasis.

Systemic diseases can also affect tendon 
metabolism and increase the risk of tendon injury. 
Diabetes is associated with increased prevalence 
of tendinopathy and disorganization of the colla-
gen fibers within human tendon (Abate et  al. 
2013). Tendons from diabetic mice have smaller 
cross-sectional areas, reduced mechanical prop-
erties and altered collagen fiber alignment, and 
these alterations vary between tendon types 
(Connizzo et  al. 2014b). It is hypothesized that 
these changes are caused by the accumulation of 
advanced glycation end-products (AGEs) due to 
the increased availability of glucose, causing loss 
of both biological and mechanical function 
(Abate et al. 2013). These AGEs are also known 
to accumulate naturally during the aging process. 
Studies have also shown that treating rat tendon- 
derived cells with high glucose results in down-
regulation of ECM-associated genes (Wu et  al. 
2017), indicating alterations in tendon 
homeostasis.

Obesity is another recognized risk factor for 
tendon injury, initially postulated to be caused by 
the increased mechanical strain due to weight. 
However, it has recently been established that 
adipose tissue is a potent releaser of signaling 
molecules, with raised serum levels of inflamma-
tory markers present in obese individuals sug-
gesting the presence of low grade inflammation, 
which could disrupt tendon homeostasis (Abate 
et al. 2013; Cilli et al. 2004). Indeed, in diabetic 
and obese mice, collagen and MMP expression is 
elevated during tendon healing, with increased 
macrophages and delayed remodelling 
(Ackerman et al. 2017a). Other metabolic disor-
ders are also associated with tendon pathologies, 
including hypercholesterolemia, which results in 
cholesterol deposits in tendon, accompanied by 
alterations in tenocyte gene and protein expres-
sion, matrix turnover, tissue vascularity, and 
cytokine production (Soslowsky and Fryhofer 
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2016). It appears these disorders all affect tendon 
homeostasis via a variety of mechanisms which 
often involve inflammatory mediators, resulting 
in altered turnover and disruptions to the tendon 
matrix leading to increased risk of pathology.

3.3.4  Circadian Regulation

Recent studies have also unveiled the importance 
of the circadian clock in regulating tendon pro-
tein turnover, with rhythmic expression of several 
clock-associated genes resulting in nocturnal 
procollagen synthesis and diurnal fibril assembly 
in mice. This pool of newly synthesized collagen 
is then rhythmically degraded. This could be a 
primary mechanism for repairing microdamage 
that accumulates over a single day of use, but the 
incorporation of these newly synthesized colla-
gen fragments into the existing matrix has not yet 
been confirmed. Disabling the circadian clock 
results in formation of abnormal collagen fibrils 
and collagen accumulation, indicating that pro-
tein homeostasis in tendon is maintained by cir-
cadian regulation of a sacrificial collagen matrix 
(Chang et al. 2020). While endogenous circadian 
rhythms have been observed in human tendon 
cells, studies have not yet been able to detect any 
alterations in expression of clock-associated 
genes within tendon as a result of exercise or 
immobilization (Yeung and Kadler 2019; Yeung 
et al. 2014). However, expression levels of clock 
genes in these studies were very low, and there 
were high levels of variability between individu-
als. Therefore, more studies are needed to deter-
mine if the alterations in tendon turnover as a 
result of changes to loading environment occur 
via circadian regulation.

3.4  Dysregulation of ECM 
Structure and Function 
During Aging

Aging is one of the primary risk factors for 
degenerative tendon injuries, particularly in the 
Achilles tendon and the rotator cuff tendons 
(Wertz et al. 2013; Strocchi et al. 1991; Minagawa 

et al. 2013; Longo et al. 2011; May and Garmel 
2020). These injuries cause significant pain, 
frailty and a loss of independence, leading to a 
general reduction in quality of life (Kjær et  al. 
2020). Age-related disorders are associated with 
a degenerative tendon state, rather than an acute 
tendon rupture, which is thought to be a result of 
repetitive damage to the extracellular matrix 
(Fig. 3.4). However, the ability to study tendon 
aging in a controlled and repeatable fashion is 
quite challenging. Results are heavily dependent 
on the tendon being studied, the methodology 
used and on the ages defined as ‘young’ and 
‘old’. Furthermore, aging is a complex and multi- 
factorial process, involving natural changes in 
structure and function as well as alterations to the 
biological processes that regulate tissue 
architecture.

3.4.1  Changes to Matrix Structure 
and Function with Age

Historically, aging studies in tendon have focused 
on alterations in tendon structure and function in 
aged individuals, and in particular on detecting 
changes in the collagenous structure. However, 
findings of age-related changes in collagen mor-
phology appear to be species- and tendon- 
dependent. Collagen content has been shown to 
increase (Stammers et  al. 2020), decrease 
(Couppé et  al. 2009; Sugiyama et  al. 2019), or 
remain unchanged (Birch et  al. 1999; Thorpe 
et al. 2010; Kostrominova and Brooks 2013) with 
increasing age in a variety of model systems, 
despite also reporting downregulation of colla-
gen mRNA expression (Kostrominova and 
Brooks 2013). Equine research shows a decrease 
in tendon fibril diameters with increasing age 
(Parry et  al. 1978a), hypothesized to lead to 
increased fibrillar interaction and reduced interfi-
brillar sliding (Ribitsch et al. 2020). Alterations 
in collagen cross-linking are also debated in the 
literature, with increases in mature cross-links 
observed in old human subjects (Couppé et  al. 
2009) while overall cross-linking levels decreased 
with age in mouse tail tendon fascicles (Stammers 
et al. 2020). However, non-enzymatic crosslink-
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ing associated with advanced glycation end- 
products was increased in both studies.

Studies in age-related alterations in the struc-
tural organization of the collagenous and non- 
collagenous tissue compartments are similarly 
inconclusive. Studies in rat tail fascicles using 
polarized Raman spectroscopy demonstrate 
changes in collagen fiber orientation with aging, 
specifically indicating a more homogeneous tis-
sue structure (Van Gulick et al. 2019), yet histo-
logical studies report disruption of collagen fiber 
organization in aged mouse tendons (Sugiyama 
et al. 2019). Other studies have also demonstrated 
altered crimp morphology in the flexor tendon of 
older horses (Patterson-Kane et al. 1997). Crimp 
frequency and amplitude in the murine flexor and 
patellar tendons were no different with age, but 
the change in crimp amplitude in response to 
mechanical loading was larger in older flexor ten-
dons (Zuskov et al. 2020). Interestingly, the num-
ber of collagen fascicles was observed to decrease 
with age, suggesting a shift towards a greater pro-
portion of interfascicular matrix in older tendons 
(Ali et al. 2018; Gillis et al. 1997).

Similar to age-associated changes in collagen 
content, inconsistent differences in glycosamino-
glycan (GAG) levels have been observed. GAG 
content is decreased with age in the human supra-
spinatus tendon, but not in the biceps tendon 
(Riley et al. 1994b). However, GAG content was 
no different in male or female murine flexor ten-
dons (Connizzo et  al. 2019). Research in the 
equine model showed tendon-specific changes in 
GAG content, with age-associated decreases in 
positional tendons but no difference in energy 
storing tendons (Thorpe et al. 2010). This alludes 
that changes in GAG content with aging may be 
specific not only to the tendon studied but also 
perhaps to regional differences within the tendon. 
For example, accumulation of GAGs has been 
reported in tendinopathy samples, which is highly 
associated with aging, and tendons with regions 
that wrap around bone such as the rotator cuff 
and the insertion of the Achilles tendon (Thornton 
and Hart 2011; Archambault et  al. 2007; Attia 
et al. 2012; Majima et al. 2000).

With respect to the other non-collagenous 
components of tendon, there are few studies 

investigating age-related changes. Measures of 
DNA content, and therefore tissue cellularity, do 
not change in aged equine tendons (Birch et al. 
1999). One recent study in aged murine flexor 
tendons demonstrated a significant reduction in 
cell density in aged murine flexor tendons, but 
this change appeared to be sex-dependent with no 
differences found in age-matched female tendons 
(Connizzo et al. 2019). Cell density has also been 
shown to decrease in both rabbits and rats 
(Magnusson and Kjaer 2019; Nakagawa et  al. 
1994). In addition to cell number, tenocyte shape 
has also been reported to be altered in aging, with 
a shift towards a higher nucleus to cytoplasm 
ratio and a reduction of other organelles (Ippolito 
et  al. 1980). Elastic fibers, typically found 
between collagen fibers and fascicles, have been 
reported to decrease and become more disorga-
nized during aging (Godinho et al. 2017; Eekhoff 
et al. 2017; Ippolito et al. 1980), potentially alter-
ing sliding and stretch mechanisms at the 
microscale. Lubricin, which acts as a lubricant to 
enable gliding function (Funakoshi et  al. 2008; 
Sun et  al. 2006; Taguchi et  al. 2009), has been 
reported to increase with age in rabbit tendons 
(Thornton et al. 2015) but remain unchanged in 
human Achilles tendon (Peffers et  al. 2015). 
Finally, aged mice have been reported to have 
increased calcification, reduced vascularization, 
and increased adipose tissue (Zhang and Wang 
2015; Marqueti et al. 2017).

Changes in tissue structure do not appear to 
translate into clear deficits in macroscopic tissue 
function. In fact, age-related changes in quasi- 
static mechanical properties appear to vary based 
on the specific tendon studied, the protocol used 
to assess changes, and the boundary conditions 
(gripping, testing environment, etc.) for experi-
mentation (Ackerman et al. 2017b; Vogel 1980; 
Shadwick 1990; Haut et  al. 1992). Tendon 
mechanical properties have shown to both 
decrease (Vogel 1980) and increase with age in 
rat tail tendons (Shadwick 1990; Nielsen et  al. 
1998). In rat patellar tendon, mechanical proper-
ties were weakly positively correlated with age 
(Haut et al. 1992) or decreased with age (Dressler 
et al. 2002). Achilles tendon function is decreased 
in older humans (Lindemann et  al. 2020), and 
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either decreased (Pardes et al. 2017) or no differ-
ent (Gordon et  al. 2015) in aged rodents com-
pared to mature counterparts. Rotator cuff 
tendons do not appear to have altered macroscale 
function with aging (Connizzo et al. 2013b; Lin 
et al. 2020). Interestingly, measures of dynamic 
tissue function through fatigue loading (Zuskov 
et al. 2020; Thorpe et al. 2017), dynamic macro-
scopic testing (Pardes et al. 2017; Dunkman et al. 
2013), and measures of dynamic responses at the 
fiber (Connizzo et al. 2013b; Li et al. 2013) and 
fibril (Thorpe et  al. 2013b) levels all suggest a 
diminished mechanical function in the aging 
population. In addition, nanomechanical testing 
revealed increased fluid flow and poroelasticity 
in aged supraspinatus tendons but decreased 
compressive function (Connizzo and Grodzinsky 
2018a), alluding to deficits in dynamic mechani-
cal function. These dynamic and nanoscale eval-
uations are indicative of changes present in the 
extracellular matrix, but could be more associ-
ated with changes in the interfibrillar or interfas-
cicular matrix (Thorpe et al. 2013b, 2015a, 2017) 
rather than the collagenous matrix.

3.4.2  Matrix Turnover in Aged 
Tendons

Like many other tissues, it has been well estab-
lished that the matrix repair response in aged ten-
dons is impaired (Ackerman et  al. 2017b; 
Mienaltowski et  al. 2016). Recent studies have 
focused primarily on massive injury responses as 
a result of partial or full-thickness tendon tears. 
However, we focus here on the ability of aged 
cells to regulate everyday tissue homeostasis. 
Although tendons typically are thought to have 
very low matrix turnover at maturity, tenocytes 
do become metabolically active, begin to prolif-
erate and actively remodel the matrix in response 
to changes in mechanical stimulus (Heinemeier 
et al. 2012; Rooney et al. 2014, 2015; Magnusson 
and Kjaer 2003; Kjaer et al. 2005). As reported 
here and in studies before, only a small fraction 
of the collagen present in tendons, hypothesized 
to be associated with small diameter collagen 

fibrils, is homeostatically regulated for daily 
remodeling to comply with functional demands 
(Chang et al. 2020; Thorpe et al. 2010; Yeung and 
Kadler 2019; Birch et  al. 2016). However, the 
turnover rate of this small fraction has not been 
studied extensively in aged tendons to date (Birch 
et  al. 2016). One study in equine tendons sug-
gested that there is a decline in collagen turnover 
in aged tendons, while other studies of diseased 
tendon show increased collagen turnover rate (de 
Mos et al. 2007). Recent investigations of colla-
gen synthetic activity in horse tendons reported 
no differences though (Thorpe et al. 2015b), sug-
gesting no difference in the capacity to remodel 
the matrix. However, recent studies in mouse ten-
don explants demonstrated that although there 
were no differences between young and aged 
mice synthetic activity at baseline, age-related 
declines were evident when subjected to stress 
deprivation (Connizzo et  al. 2019). Perhaps an 
injurious stimulus is necessary to illuminate 
larger deficits in matrix synthesis due to the gen-
erally low metabolic activity of tendon in vivo, 
and this highlights potential deficits that could be 
present in homeostatic remodeling and tissue 
repair but are not yet explored.

The interfascicular matrix has recently been 
shown to contain more proteins and more protein 
fragments than the collagenous compartment, 
indicating greater matrix degradation and turn-
over (Thorpe et al. 2016a). Since dynamic reor-
ganizations such as collagen sliding and 
re-alignment are responsible for much of the 
daily function of tendons, the interfascicular 
compartment is likely more often damaged and 
remodeled accordingly. In fact, the interfascicu-
lar matrix, and not the fibrous matrix, was 
recently shown to be the primary location of 
adaptation to mechanical loading during devel-
opment, highlighting the importance of this com-
partment in understanding overall tissue turnover 
(Zamboulis et al. 2020). While protein quantity 
does not change with aging in the interfascicular 
matrix, the number of protein fragments 
decreased indicating decreased matrix turnover 
and accumulation of tissue damage, potentially 
leading to chronic disease (Thorpe et al. 2016a).
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3.4.3  Aging-Associated Changes 
in Cell Function Affecting 
Matrix Homeostasis

One difficulty in identifying mechanisms for age- 
related tissue degeneration is the inability to dis-
entangle changes in the ECM and changes in cell 
behavior. Since resident cell populations are criti-
cal to maintaining and repairing the extracellular 
matrix in mechano-homeostasis (Fig.  3.4), it is 
likely that changes with age in the extracellular 
matrix are preceded by cellular adaptations. Age- 
related cellular changes have been characterized 
extensively in other organ systems, defined as 
nine primary hallmarks of aging (López-Otín 
et al. 2013; Hernandez-Segura et al. 2018). This 
includes genomic instability, telomere attrition, 
epigenetic alterations, loss of proteostasis, dereg-
ulated nutrient sensing, mitochondrial dysfunc-
tion, cellular senescence, stem cell exhaustion, 
and altered intercellular communication. The 
first four hallmarks represent primary causes of 
cellular damage, while the other five are either 
responses to that damage, initially attempting to 
mitigate the damage but eventually becoming 
damaging themselves, or consequences of that 
damage. Since there are several other reviews 
that describe these hallmarks and their effects on 
cell behavior extensively (López-Otín et al. 2013; 
Folgueras 2018; Guerville et  al. 2020; Rebelo- 
Marques et  al. 2018), we focus here on those 
changes that may be relevant to understanding 
age-related changes in matrix turnover, based on 
literature in the tendon and ligament field as well 
as studies performed in other fibrous tissues.

3.4.3.1  DNA Damage and Matrix 
Turnover

Although we have DNA repair mechanisms, 
damage naturally accumulates over time via 
exposure to environmental toxins, simple DNA 
replication errors, or damage molecules. 
Telomeres protect the terminal ends of chromo-
somes from deterioration, but since cells are not 
able to copy the ends of DNA efficiently the telo-
mere region shortens with each cell division. 
After some time, this can lead to cell growth 

arrest, limiting the ability of tissues to grow and 
regenerate with aging. Stem cells harvested from 
the periodontal ligament were reported to have 
significantly shorter telomere length with increas-
ing donor age, and this corresponded with 
reduced regenerative properties (Ng et al. 2020; 
Trivanović et al. 2015). In contrast, relative telo-
mere length was not decreased in aged equine 
tendons (Thorpe et al. 2016b). Given differences 
in collagen turnover rate between the two tissues, 
with periodontal ligament being associated with 
much faster turnover, DNA damage accumula-
tion due to telomere shortening may be depen-
dent on specific tendon function. Since tenocytes 
more generally have a fairly low proliferation 
rate at maturity (Grinstein et  al. 2019), it is 
unclear what role replication-based damage 
would play in tenocyte behavior; it is more likely 
that these mechanisms would impact tendon- 
derived stem or progenitor cells (Kohler et  al. 
2013).

Proteins are constantly being synthesized and 
degraded throughout our lifetime to maintain an 
efficient and effective functional tissue. The reg-
ulation of protein assembly inside the cell, an 
array of quality control mechanisms, is called 
protein homeostasis or proteostasis (López-Otín 
et  al. 2013; Klaips et  al. 2018). These mecha-
nisms become less efficient in aged organisms, 
which can result in protein aggregation as well as 
the production of damaged or misfolded proteins 
which can cause cell and tissue dysfunction. 
Decreased expression of genes encoding molecu-
lar chaperones facilitating protein folding and 
proteostasis has been reported in fibroblasts har-
vested from skin in patients with classic EDS 
(Chiarelli et al. 2019a, b). Given the tendon and 
ligament phenotype in this disease, this work 
provides evidence that loss or inefficient proteos-
tasis could be a mechanism for disrupted matrix 
production in fibrous tissues. Furthermore, 
another recent study reported interplay between 
collagen synthesis and endoplasmic reticulum 
stress via the circadian clock, whereby targeting 
protein misfolding in disease could restore colla-
gen homeostasis (Pickard et  al. 2019). Future 
work is necessary to determine if loss of proteos-
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tasis is an age-related phenomenon in tenocytes 
or tendon stem cells and what direct effects this 
might have on matrix homeostasis.

3.4.3.2  Mitochondrial Dysfunction 
and Oxidative Stress

A byproduct of mitochondrial energy production 
is the presence of free radicals or reactive oxygen 
species (ROS), which can be potentially damag-
ing to the cell. For many years, ROS were thought 
to be the major culprit behind aging but recent 
studies showing that lowering ROS does not 
impact health have challenged this idea (López- 
Otín et al. 2013; Hekimi et al. 2011; Van Remmen 
et al. 2003). Production of ROS is important for 
signaling cell stress, but this process is a delicate 
balance. Over time, increasing production of 
ROS results in dysfunction of the mitochondria 
which in turn can lead to cells becoming less effi-
cient at producing energy and causing damage to 
other cellular components (López-Otín et  al. 
2013). One recent study reported increases in the 
expression of peroxiredoxin, an antioxidant, in 
degenerated tendon, suggesting that oxidative 
stress may be a factor in the etiology or progres-
sion of age-related tendon disease (Wang et  al. 
2001). In addition, a reduction in catalase and 
heat shock proteins discovered through pro-
teomic analysis suggests that aged tendons may 
be prone to ROS-based damage (Peffers et  al. 
2014). However, other studies have found no 
changes in oxidative-stress related genes (Peffers 
et al. 2015). Several studies have suggested that 
DNA damage in tendon cells can be induced 
through the production of ROS via mechanical 
overload or underload (Yudoh et al. 2005; Zapp 
et al. 2020). In fact, repression of oxidative stress 
through drug therapies diminishes the aberrant 
differentiation of tendon-derived cells subjected 
to excessive mechanical overload (Hsiao et  al. 
2019; Morikawa et al. 2014). Physiological load-
ing was found to reduce the production of oxida-
tive products such as ROS, protecting cells from 
premature senescence and matrix degeneration 
(Zhang and Wang 2015).

Besides the study of reactive oxygen species 
produced in the mitochondria, there have not 
been many studies on the role of mitochondrial 

function in tendon aging more generally. One 
recent study found that treating rat-derived ten-
don fibroblasts with advanced glycation end- 
products caused alterations in mitochondrial 
DNA content as well as a shift in matrix remodel-
ing towards degradation rather than synthesis 
(Patel et al. 2019). Mitochondrial biomarkers are 
upregulated in the early phases of tendon healing, 
and therefore dysfunction in this organelle may 
also play a role in impaired tissue healing found 
in aged individuals (Thankam et  al. 2018). 
Furthermore, the export of mitochondrial cal-
cium is a key process in the process of matrix 
calcification during tendon calcification, suggest-
ing a link with matrix production (Yue et  al. 
2016). Given these links between mitochondrial 
function and matrix production, clearly more 
research into the role of mitochondrial function 
in normal tenocyte or tendon stem cell homeosta-
sis is warranted.

3.4.3.3  Cellular Senescence and SASP 
in Matrix Degradation

Cellular senescence is a natural repair response 
to damage, which can arise due to overexpression 
of certain oncogenes, by excessive cell replica-
tion, or by the presence of certain DNA damage- 
causing molecules (Acosta et  al. 2013; 
Blagosklonny 2011; Blokland et  al. 2020). 
Senescence is critical for wound repair and tumor 
suppression in young and mature individuals, 
preventing damaged cells from continuing to pro-
liferate and propagate throughout the tissue. 
However, in old tissues, clearance of these cells is 
deficient, likely due to deteriorating immune 
function and thus, senescent cells accumulate 
within the matrix. One major concern with the 
presence of senescent cells is their ability to pro-
duce pro-inflammatory cytokines, called the 
senescence-associated secretory phenotype 
(SASP) (Miller et  al. 2012b; Connizzo et  al. 
2013b). Inflammatory signaling produces many 
deleterious effects on matrix metabolism, as dis-
cussed above in Sect. 3.3.3 (Acosta et al. 2013; 
Zhang et al. 2015; Tsuzaki et al. 2003; Fedorczyk 
et al. 2010). Therefore, exposure to high levels of 
inflammatory cytokines may tip the scales 
towards matrix degeneration over adaptation 
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(Connizzo and Grodzinsky 2018b, 2020). 
Importantly, the SASP reinforces senescence 
through paracrine signaling (Acosta et al. 2013), 
thus a small population of senescent cells in aged 
tissues can lead to significant declines in tissue 
maintenance (Campisi 1998). This inflammatory 
signaling can also be further stimulated by 
damage- associated molecules produced in the 
extracellular matrix regularly, such as soluble 
decorin, tenascin-c and fibrinogen (Blokland 
et al. 2020).

Both tenocytes and tendon stem cells (TSCs) 
have been induced to replicative senescence in 
vitro, and cells harvested from aged subjects have 
been shown to favor senescence induction earlier 
than young counterparts (Kohler et  al. 2013; 
Arnesen and Lawson 2006). Cells prematurely 
induced to senescence in the laboratory have 
been critical at understanding the age-related 
process, but cell culture alone does not replicate 
native cell-cell and cell-matrix connections for 
studying ECM remodeling. Therefore, the link 
between cellular senescence and dysregulation of 
ECM maintenance has not yet been fully eluci-
dated. There does appear to be a connection 
between matrix synthesis and cellular senes-
cence. One study demonstrated that collagen I is 
upregulated in senescent fibroblasts harvested 
from human subjects and in cells subjected to 
hydrogen peroxide to induce senescence (Murano 
et al. 1991; Dumont et al. 2000), indicating a role 
for collagen production in senescence. 
Interestingly, research using senescence- 
accelerated mouse models demonstrated that 
senescence-prone cells respond to collagenase- 
injection with altered expression profiles favor-
ing matrix degradation over synthesis (Ueda 
et  al. 2019). In fact, increased expression of 
MMPs has been reported before generally with 
aging and also specifically in aging tendon and 
senescent cells (Dudhia et al. 2007; Jones et al. 
2006; Yu et al. 2013; Millis et al. 1992). In the 
absence of mechanical signals (as in the case of 
disuse or injury), aged mouse flexor explants 
exhibited increased expression of MMPs and cel-
lular senescence markers (p16/p19/p53) 
(Connizzo et  al. 2019). Therefore, there does 
appear to be a relationship between senescence 

and collagen turnover although it is unclear 
whether collagen is typically increased or 
decreased due to discrepancies between studies. 
Senescence has been implicated in fibrosis of the 
lung and in cutaneous wounds (Waters et  al. 
2018; Jun and Lau 2017), but further work is 
needed to clarify this link in tendon and ligament 
tissues.

3.4.3.4  Tendon Stem Cell Exhaustion 
and Matrix Repair

Like other cells, stem cells are also subject to 
age-related changes such as DNA damage accu-
mulation, telomere shortening and cellular senes-
cence. Over time, these lead to changes in the 
behavior of the stem cells present as well as a 
reduction in the pool of stem cells available. Age- 
related changes in TSCs is one of the more com-
monly studied mechanisms of aging in the tendon 
and ligament literature (Lui and Wong 2019; 
Zhou et al. 2010; Dai et al. 2019), thought to be a 
primary mechanism for age-related declines in 
tendon healing. TSCs are present in lower num-
bers in aged rabbit (Zhang and Wang 2010), rat 
(Zhou et al. 2010), and human tendons (Kohler 
et al. 2013; Ruzzini et al. 2014). Since these cells 
are often recruited to injury sites to aid in tissue 
repair, this reduction in cell number is hypothe-
sized to be a primary determinant of diminished 
healing capacity.

While multiple studies have also shown that 
the self-renewal capacity of TSCs is not altered 
with aging (Kohler et al. 2013; Zhou et al. 2010; 
Ruzzini et  al. 2014), the functional capacity of 
these cells to perform duties necessary for matrix 
remodeling and repair is indeed altered. Aged 
TSCs exhibit lower proliferative capacity and 
reduced migration (Zhang and Wang 2015; 
Kohler et al. 2013; Zhou et al. 2010), suggesting 
insufficiencies in recruitment of TSCs to repair 
sites in aged tendons. However, the recruitment 
of TSCs to an injury site in vivo has not yet been 
explored in detail, and studies to date have pri-
marily been performed in cell culture. Structural 
differences to the tendon ECM with aging as dis-
cussed above may further alter the ability of 
TSCs to migrate to wounds in vivo.
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Only a few studies have investigated the abil-
ity of aged or senescent TSCs to perform their 
duties with regards to matrix synthesis. One 
recent study revealed significant deficits in the 
ability to form three-dimensional tissue organ-
oids, citing poor ability to produce and organize 
collagen matrix and reduced expression of 
matrix-related genes, including collagen I and 
key regulators of fibrillogenesis (Yan et al. 2020). 
In addition, organoids formed from aged TSCs 
also exhibited significant apoptosis and senes-
cence. Expression of ECM and ECM-remodeling 
genes was found to be significantly reduced in 
other studies of aged mouse and human tendons, 
specifically reporting reduced collagen expres-
sion and reduced collagen production in aged 
TSCs (Klatte-Schulz et al. 2012; Han et al. 2017; 
Gehwolf et  al. 2016). This could suggest that 
aged TSCs, and specifically senescent TSCs, may 
respond to injury via fibrotic mechanisms.

3.4.3.5  Altered Intercellular 
Communication 
and Mechanosensing

Tissues are able to grow and function normally 
due to the ability of cells to communicate with 
each other, constantly transferring information 
locally to nearby cells through direct cell-cell 
junctions or through the interstitial matrix via 
secretion of soluble factors (López-Otín et  al. 
2013; Rebelo-Marques et  al. 2018). Aging can 
alter the ability of cells to perform this function 
and in the case of stem cells, impact cell fate and 
function. Signaling in tenocytes during develop-
ment, homeostasis and injury has been exten-
sively studied as it is critical to transduction of 
mechanical signals in order to facilitate tissue 
adaptation (Wall et  al. 2016; Wall and Banes 
2005). Dysregulated cell-cell communication 
was reported in aged TSCs recently (Popov et al. 
2017), but interestingly this has not been explored 
in aging tenocytes yet. This avenue of investiga-
tion may be critical to understanding the dys-
function of matrix maintenance that occurs with 
age and we strongly encourage more research in 
this area.

3.5  Novel Systems and Tools 
to Study ECM Maintenance 
and Regulation

At the heart of the research discussed above is the 
dynamic addition and removal of material from 
critical structures within the tissue. The net flux 
of molecular components to developing and 
extant structures is positive during matrix assem-
bly/growth, zero during maintenance and nega-
tive during degradation. For collagenous tissue 
assembly, maintenance and dysregulation it is 
critical to track (1) the production/export of new 
ECM molecules, (2) the degradation of existing 
ECM molecules, (3) the trafficking of ECM mol-
ecules from the cells to the matrix, and (4) the 
fate of the ECM molecules as they incorporate 
into matrix structures. This work heavily relies 
on novel tools and model systems used to track 
ECM molecules. Here we focus on those that can 
be used extracellularly, where they can help illu-
minate the dynamics of component exchange in 
the compartment that resides between the cells 
and the structural matrix.

3.5.1  In Vitro Model Systems

One major hurdle to studying ECM maintenance 
throughout life is the difficulty in measuring 
matrix production and breakdown in real-time 
without disruption of the intricate tissue struc-
ture. A number of simpler in vitro model systems 
have been designed to address this concern. 
Generally, in vitro culture allows for complete 
control and accurate measurement of applied 
mechanical and biological stimuli through the 
use of novel bioreactors (Wang et  al. 2013a, b; 
Dyment et  al. 2020; Janvier et  al. 2020; 
Tohidnezhad et al. 2020; Chen et al. 2016; Butler 
et al. 2009), allowing for simple and straightfor-
ward experiments. Recent developments in tissue 
engineering strategies have allowed researchers 
to produce three-dimensional tissue engineered 
constructs (TECs), bioartificial tendons (BATs), 
and ligament equivalents (LEs) (Chen et al. 2016; 
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Deng et al. 2009; Butler et al. 2008; Garvin et al. 
2003; Huang et al. 1993). Typical cell sources for 
engineered neo-tendons include mesenchymal 
stem cells, fibroblasts, embryonic tendon cells, 
and tendon progenitor or stem cells (TSCs), 
which are harvested and expanded using tradi-
tional culture methods. Cells are then supplied 
with appropriate growth factors and mechanical 
cues to stimulate production of tendon-like 
matrix. Mechanical cues include the use of cus-
tom bioreactors to stimulate tenogenic differen-
tiation through static and cyclic tensile loading as 
well as the use of spatial or organizational cues, 
such as high aspect ratio channels and aligned 
substrate morphology in order to stimulate cells 
to form aligned tendon-like collagenous tissue.

Through this work, researchers have estab-
lished that mechanical stimulation is critical for 
formation of appropriate collagen fibril morphol-
ogy in vitro (Kalson et  al. 2011; Mubyana and 
Corr 2018; Schiele et  al. 2013; Kapacee et  al. 
2008). The arrangement of geometric constraints 
(posts, channels, etc.) and the topographical sur-
face in these systems can dictate both matrix 
alignment and cell phenotype, opening the door 
for studying links between substrate-specific 
mechanotransduction and matrix assembly 
(Schiele et al. 2013; Nirmalanandhan et al. 2007; 
Bayer et  al. 2010). Furthermore, these systems 
have been critical in identifying which cell types 
can be induced to a tenogenic lineage and the 
necessary conditions to do so (Chen et al. 2016; 
Rajpar and Barrett 2019; Angelidis et  al. 2010; 
Harris et al. 2004). These studies have paved the 
path for in vivo studies using larger and more 
complex tissue engineered constructs for tendon 
repair and also aided in the establishment of met-
rics to define repair capacity for tendon-derived 
cell populations, all while revealing the sophisti-
cation and complexity of tendon and ligament 
cell biology. However, these neo-tendons and 
more sophisticated TECs have not been able to 
faithfully recapitulate the mature tendon matrix, 
lacking hierarchical fibrillar structure and 
mechanical integrity, and thus can only be used 
for studying the initial stages of ECM production 
and not adult maintenance. Furthermore, studies 
to date have only focused on the collagenous 

matrix and have not investigated the interfibrillar 
and interfascicular matrix development. Finally, 
the study of age-related dysfunction would be 
difficult in systems requiring cell expansion due 
replicative senescence-prone aged cell 
populations.

Though the technique has been used since the 
late 1980s (Dyment et al. 2020; Wunderli et al. 
2020), explant culture models have gained popu-
larity again recently to study matrix turnover in 
vitro without major disruption of the hierarchical 
ECM structure. Explants can be harvested either 
as whole tendon with adjacent muscle and bone 
intact (murine rotator cuff (Connizzo and 
Grodzinsky 2018b)), intact tendon midsubstance 
(canine (Hannafin et al. 1995; Ikeda et al. 2010), 
rabbit (Abrahamsson et  al. 1991), equine 
(Murphy and Nixon 1997), avian (Flick et  al. 
2006), and murine flexor tendon (Connizzo et al. 
2019)), functional tendon sub-units (rat tail ten-
don fascicle (Lavagnino et  al. 2016; Wunderli 
et  al. 2017; Leigh et  al. 2008; Screen et  al. 
2005b)), or cut pieces of tendon (human (Wong 
et  al. 2009; Costa-Almeida et  al. 2018) and 
bovine tendon explants (Koob and Vogel 1987; 
Samiric et al. 2006)). Historically, these explant 
models have been used primarily to understand 
the role of mechanical stimulus in preventing 
degeneration of tissue ECM either by studying 
stress deprivation or applying mechanical stress 
or strain to explants via custom-built bioreactors 
(Koob and Vogel 1987; Lavagnino et  al. 2003; 
Connizzo et al. 2019; Hannafin et al. 1995; Flick 
et al. 2006; Gardner et al. 2012). They have also 
been used more recently to study inflammation, 
disease, and injury through the use of medium 
additives and other chemicals to simulate various 
biological environments (Connizzo and 
Grodzinsky 2018b, 2020; Abrahamsson et  al. 
1991; Wong et  al. 2009; Fessel et  al. 2014). 
Combining these model systems with the use of 
traditional labeling pulse-chase experiments 
allow for the measurement of matrix (proteogly-
can, collagen) synthesis (Connizzo and 
Grodzinsky 2018b; Koob et  al. 1992; Robbins 
et al. 1997). Recent studies have identified sex- 
and age-related differences in matrix synthesis 
and overall tissue metabolism despite no initial 
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differences at baseline (Connizzo et  al. 2019), 
highlighting the power of these model systems in 
studying cell-mediated ECM remodeling in 
real-time.

A major benefit of explant culture models is 
the preservation of the intact hierarchical fibrillar 
matrix and the internal cell population, allowing 
for study of natural cell-matrix interactions and 
more minor changes to the ECM. Furthermore, it 
is possible that explants could be a viable model 
system to study the interfibrillar matrix, as this 
tissue is also kept intact during harvest. Explant 
tissues can be harvested from transgenic and 
aged animals, allowing us to pinpoint the roles of 
certain regulatory proteins in ECM homeostasis 
directly as well as to capitalize on the use of pre-
viously established injury and disease models. 
However, explants are inherently separated from 
other cell types and tissues that may be relevant 
for ECM maintenance, such as systemic innerva-
tion, lymphatics, and vasculature. Furthermore, 
tissue harvest induces injury and appropriate cul-
ture conditions for tissue maintenance is still an 
ongoing avenue of investigation by multiple lab-
oratories (Abrahamsson et  al. 1991; Wunderli 
et  al. 2017; van Vijven et  al. 2020; Vogel and 
Hernandez 1992). Nevertheless, with the increase 
in novel tools for measuring real-time ECM regu-
lation, there is untapped potential for explant cul-
ture systems in studying ECM turnover.

3.5.2  In Vivo Model Systems

In vivo animal models, and in particular trans-
genic rodent models, have long been used in ten-
don research to study tendon matrix development, 
maturation, and aging (Delgado Caceres et  al. 
2018; Hast et  al. 2014; Carpenter et  al. 1999; 
Robinson et al. 2017). However, traditional trans-
genic animal models are limited by an inability to 
separate temporal regulation and compensatory 
effects due to the involvement of many regulatory 
proteins during tendon development (Connizzo 
et  al. 2013a; Theodossiou and Schiele 2019). 
However, precise control of expression via the 
establishment of novel inducible mouse lines 
have since allowed for the study of temporal 

expression patterns during healing and growth 
(Gumucio et  al. 2020; Disser et  al. 2019; 
Ackerman et al. 2017c), as well as the ability to 
label cell populations for lineage tracing and 
local expression pattern studies (Yoshida et  al. 
2016; Soeda et  al. 2010; Dyment et  al. 2014, 
2015). Using tamoxifen-inducible scleraxis-cre 
mouse models, researchers recently established 
that decorin and biglycan contribute critically to 
normal tendon homeostasis and aging, despite 
their low expression relative to developmental 
time points (Robinson et al. 2017; Leiphart et al. 
2020). However, one study demonstrated delete-
rious effects of tamoxifen injection on tendon 
homeostasis and healing (Best et al. 2020) allud-
ing to pro-fibrotic mechanisms, and another dem-
onstrated altered rotator cuff healing (Cho et al. 
2015), warranting further exploration. Using a 
doxycycline-induced green fluorescent protein 
(GFP) reporter model, researchers were able to 
pinpoint the transition from development to 
homeostasis, and correlate this to tissue growth 
(Grinstein et al. 2019).

In addition to these inducible models, the gen-
eration of tendon-specific knockout mice and cell 
lines via targeting of scleraxis-lineage cells has 
revolutionized the study of tendon development, 
homeostasis, and aging (Gumucio et  al. 2020; 
Yoshida et al. 2016; Pryce et al. 2007; Schweitzer 
et  al. 2001; Killian and Thomopoulos 2016). 
First, the study of key ECM regulatory proteins 
that were previously unexplored due to embry-
onic or perinatal lethality is now possible. 
Through these efforts an essential role for colla-
gen XI in tendon development was discovered 
where the lack of collagen XI resulted in altered 
fibrillar structure and organization, as well as 
reduced tissue function (Sun et al. 2020). In addi-
tion, these models have established a critical role 
for MMP-14 during development in the forma-
tion of collagen fibrils, in sharp contrast to more 
well-known function in facilitating matrix break-
down (Taylor et  al. 2015). Furthermore, recent 
work has identified the critical role of collagen V 
in the regulation of regionally-dependent 
(Connizzo et al. 2016b, c) and site-specific ten-
don structure and function (Sun et  al. 2015b; 
Connizzo et al. 2015). Along with novel induc-
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ible models, these technologies are primed to 
study the role of matrix regulators in tendon 
homeostasis without disruption from develop-
mental processes or systemic changes associated 
with genetic knockdown.

Despite these major advances, there are still a 
number of hurdles in studying tendon matrix 
homeostasis and regulation. One difficult area of 
study is the dysfunction of ECM regulation dur-
ing aging. Mice considered for the study of aging 
should ideally be between 18 and 24 months of 
age, after most biomarkers of aging are present 
and before survivorship drops significantly 
(Flurkey et  al. 2007). Maintaining aging rodent 
colonies is both expensive and time-consuming, 
especially when considering novel transgenic 
lines for which breeding must be performed in 
house. One solution is to consider mouse models 
of accelerated aging, such as models of progeroid 
syndromes, models of mitochondrial mutations, 
senescence-prone mice or models of ‘inflam-
mageing’ (Folgueras 2018; Kõks et  al. 2016; 
Butterfield and Poon 2005). We are not yet aware 
of any studies investigating tendon aging with 
these models nor is there much evidence of ten-
don disease, and therefore this presents an inter-
esting future avenue of exploration.

3.5.3  Tools for Labelling Collagen 
Turnover

The advent of electron microscopy (EM), its 
application to living systems and the recent 
extension of its capacity to produce highly- 
detailed 3-D serial reconstructions of tendon 
nanoscale structure has advanced our understand-
ing of tendon morphology and development tre-
mendously (Fig.  3.5a, b) (Birk et  al. 1990b; 
Starborg et al. 2013; Trelstad et al. 1982). EM has 
sufficient resolution to observe the details of cell/
matrix interaction with nearly molecular resolu-
tion. However, EM requires dehydration and fix-
ation of tissue, it thus cannot address the critical 
question of directionality or magnitude of the 
flux of molecules, leaving matrix assembly and 
degradation dynamics an indirect and speculative 
endeavor. While it is possible to image “single” 

collagen fibrils and collagen matrix remodeling 
with label-free methods such as second harmonic 
generation (SHG, Fig. 3.5c) (Campagnola et al. 
2002; Cox et al. 2003; Theodossiou et al. 2006), 
differential interference contrast (DIC) (Petroll 
and Ma 2003; Bhole et  al. 2009) and confocal 
reflection (Brightman et  al. 2000; Kim et  al. 
2006), these methods are also limited by a num-
ber of constraints: SHG reportedly has nanoscale 
resolution [recently claimed at 30 nm (Bancelin 
et  al. 2014)] but only captures fibrils with non- 
centrosymmetric organization because it relies 
on a lack of inversion symmetry (Campagnola 
et al. 2002). DIC cannot resolve fibrils in dense 
tissue and is subject to orientation angle contrast 
dependency (Siadat et  al. 2021a) and confocal 
reflection microscopy has resolution limitations 
and density/contrast difficulties as well. In addi-
tion, all of them are unable to track the fate of 
single molecules during their transit to and from 
the matrix.

The ultimate goal of labelling is to determine 
the spatial and temporal fates of target molecules 
from their translation to the site of action to 
removal from service, all in real time in a living 
animal. It would be even better if their exact loca-
tions and orientation with structures could be 
determined as well (Alzola et  al. 2021). 
Fortunately, the labelling and tracking of matrix 
molecules has been proceeding apace for years 
secondary to advances in labelling techniques 
and microscopy methods. As far as we can tell, 
no combination of molecular probe and imaging 
method has met this lofty standard to study ten-
don extracellular matrix. However, there are a 
number of probe/microscopy combinations that 
can reasonably be used to ask particular, circum-
scribed questions with excellent results.

3.5.3.1  Collagen-Binding Protein 
Labels

Collagen labels based on a bacterial adhesion 
protein with specificity for collagen (CNA35) 
and on an integrin (GST-α1I) were recently dem-
onstrated in Krahn et al. (2006) The labels were 
shown to be more specific than dichlorotriazinyl 
aminofluorescein (DTAF) which has been the 
standard for tracking collagen formation. CNA5 
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had better affinity for collagen than GST-α1I and 
did not show substantial cross-reactivity with 
NCPs in the matrix. The binding of the probe is 
reversible which makes it “unlikely” to affect 
matrix production and permits time course inves-
tigations of matrix development. However, the 
probe is not specific for type I and also binds col-
lagen III and IV.  An interesting application for 
the probe was one in which the probe was bound 
to collagen and made “activatable” via MMP-2 
proteolysis (Xia et al. 2011). More recently, the 
same group added six genetically encoded colla-
gen probes produced in bacteria that fuse CNA35 
to fluorescent proteins across the visible spec-
trum in an engineered, collagen rich tissue 
(Fig. 3.5d) (Aper et  al. 2014). There have been 
multiple collagen binding proteins discovered 

which can be used to label collagen (Chilakamarthi 
et al. 2014), which would all operate in a manner 
similar to CNA35. While the primary utility of 
these probes is the real-time, multi-color imaging 
of live tissue, in situ, the multiple color probes 
could make it possible to perform sequential col-
lagen deposition tracking experiments provided 
the reversibility of previously bound probe does 
not permit exchange with newly added probes. 
However, the size of the probe could inhibit 
proper assembly of matrix given that the molecu-
lar weight is the combination of the CNA35 
(35  kDa) and the fluorophore (e.g. 93  kDa for 
tdTomato). Furthermore, there is a troubling lack 
of investigations, demonstrating the effect of col-
lagen binding proteins on collagen assembly 
kinetics.

Fig. 3.5 Tools for labelling collagen synthesis, remod-
eling, and incorporation. (A) 3View® analysis of resin 
embedded sample of a newborn mouse tendon. Colors 
represent different cells/bundles of fibrils. From Starborg 
et al. (2013) with permission. (B) Conventional transmis-
sion electron micrograph of collagen formation in a devel-
oping chick tendon showing the details of the cell-fibril 
interface. From Trelstad et  al. (1982) with permission. 
Scale bar is 300 nm. (C) Label free, confocal SHG images 
of collagen in frozen rat foot flexor tendon in transmission 
mode; 880  nm pumping frequency. From Theodossiou 
et al. (2006) with permission. (D) Labelling of engineered 
collagen-rich cardiac tissue. Collagen is stained with 
reversible collagen binding dye produced in bacteria: 
CNA35-m Turquoise2. Cells: green; mitochondria: red. 
Modified from Aper et al. (2014) with permission. Scale 
bar is 100μm. (E) Endogenous label incorporation The 
GFPtopaz and mCherry labels indicate that individual col-
lagen molecules are incorporated into the same network 

of forming fibers. From Lu et al. (2018) with permission. 
(F) Fret labelled Fibronectin (Fn-FRET) and type 1 
Collagen mechanochemical interaction probed from 
Kubow et al. (2015) with permission. Collagen was shown 
to colocalize principally with unloaded FN (yellow). 
Scale bar is 20μm. (G, top) GFP labelled collagen I 
zebrafish line generation. The N-terminal region of the 
collagen I α2 chains were selected for placement of the 
label. GFP-tagged alpha chain trimerises with unlabeled 
“a” and “b” chains. A mix of heterotrimers (labeled and 
unlabeled) are capable of forming fibrils with the label 
residing in the intratrimer gaps. (G, bottom) Progression 
of the closing of incision wound in the flank skin of trans-
genic zebrafish. Wound gape due to tension release shown 
at 4 dpi is closed with loose network of deposited collagen 
fibrils showing poor organization at 5 dpi. The collagen 
network is repaired over the next 11 days and reorganized 
into an orthogonal pattern by 16 dpi. Scale bars are 15μm. 
(Modified from Morris et al. (2018) with permission)
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3.5.3.2  Bio-orthogonal Labels
Advances in bio-orthogonal chemistry have led 
to the development of a series of functionalized 
metabolites that act as chemical reporters 
(Grammel and Hang 2013; Dieterich et al. 2006). 
These can be viewed as analogous to the early 
radio tracer experiments with the exception that 
they are non-toxic, easily incorporated with little 
regulation, have low off target effects and can be 
readily illuminated fluorescently with high reso-
lution, in vitro and in vivo. The process involves 
separating the incorporation of the reporter from 
its detection. This prevents the addition of bulky 
fluorophores until a readout is desired, which 
also presents opportunities for pulse chase exper-
iments. Proteome tagging using non-canonical 
amino acids with reactive handles has the poten-
tial to revolutionize live cell imaging and track-
ing of molecular moieties. Non-canonical amino 
acids are incorporated into the target molecule 
using the cell’s own machinery. Amgarten et al. 
labelled collagen with azido-proline (N3-Pro) in 
fetal ovine osteoblast culture via supplementa-
tion of the growth medium with cis-4-azido-L-
proline (Amgarten et al. 2015). The incorporation 
of the N3-Pro minimally affects collagen forma-
tion as expected, and provides a substrate for 
dibenzooctyne (DIBO) fluorescent probe. While 
they show that the N3-Pro did not affect cell via-
bility, the DIBO reacted with some intracellular 
components including actin increasing back-
ground fluorescence which required additional 
treatment to reduce. Nonetheless, bio-orthogonal 
collagen labelling has enormous potential as a 
live cell and in vivo imaging technique. In 2014, 
Mirigian et  al. performed bio-orthogonal pulse 
chase experiments in dermal human fibroblasts 
with and without a type I collagen chain mutation 
(Mirigian et  al. 2014). They incorporated the 
non-canonical amino acid azidohomoalanine 
(Aha), a methionine (Met) analog, into cell 
secreted collagen by supplementing Met and 
Cys-free DMEM with Aha. They reported quiet 
incorporation of the Aha into the collagen with 
no discernible effect on post-translational modifi-
cation, stability or structure of the triple helix. 
The utility of the tracing was demonstrated by 
successful measurement of pro-collagen folding 

kinetics in a normal and osteogenesis imperfecta 
patient’s cells, which is a highly challenging 
pulse-chase experiment due to the short pulse 
window.

3.5.3.3  ECM Proteins Conjugated 
to Labels

Rather than add proteins or peptides that target 
and bind to ECM components already in the tis-
sue, it is sometimes possible to add labelled ECM 
proteins themselves to the system as participating 
tracking molecules. The theory behind this 
approach is that ECM proteins will behave as 
they would whether they are secreted by the cell 
or added to the system. Collagen has a long his-
tory of being directly labelled and added exoge-
nously to living systems where it has shown an 
ability to “home” to its proper morphological 
position. Stopak et al. injected covalently labelled 
(FITC) collagen type I into chick limb buds to 
track its incorporation into tissue rudiments 
including tendon (Stopak et al. 1985).

In an excellent demonstration of the utility of 
conjugated ECM protein labels, Sivakumar et al. 
added fibronectin (FN) conjugated to AlexaFluor 
488 or 555 (Sivakumar 2006). These FN labels 
were dynamically tracked throughout the con-
struction of matrix by osteoblast cells in a culture 
system showing a remarkable view of matrix 
assembly dynamics (Kadler et  al. 2008). In an 
extension of this concept, exogenous FN label-
ling can be adapted in conjunction with Förster 
resonance energy transfer (FRET) to produce 
mechano-sensitive imaging (Kubow et al. 2015). 
In a seminal report, Kubow et  al. added FRET 
labels to plasma FN such that mechanical unfold-
ing of the molecule displaced the FRET labels 
and produced a detectable signal in a live culture 
system (Fig.  3.5f). The co-localization of the 
fibronectin FRET signal with collagen (immuno-
labelled) permitted the observation of collagen 
and FN interaction principally when the FN was 
relaxed and not under load. The collagen-FN 
mechanochemical reciprocal relationship was 
also recently probed in a cell-free system whereby 
collagen fibril nucleation was catalyzed by FN 
under conditions of extensional strain (Paten 
et  al. 2019). Because labels can interfere with 
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functionality of the protein, efforts have been 
made to reduce the size and degree of labelling of 
the probe (Siadat et  al. 2021b). An interesting 
alternative approach was recently described by 
Doyle which attempts to preserve the intermo-
lecular lysines for association in fibrils rather 
than labelling sites (Doyle 2018). To do this, 
Doyle labels the collagen (atto-488 NHS-ester 
dye) as a formed gel, then reverts the gel back to 
the molecular state and dilutes the labelled mono-
mers with unlabeled collagen (~2:98%). 
Reformation of the mixed collagen produces a 
bright collagen network suitable for cell culture.

3.5.3.4  Endogenous Labels
Some of the most impressive work has been done 
with endogenous labels in live cultures and in liv-
ing animals. While in vitro systems have substan-
tial and well-known limitations relative to in vivo 
systems, there are a number of advantages which 
permit excellent observational fidelity. One of the 
more striking examples of in vitro imaging of 
labelled collagen assembly dynamics was per-
formed using the osteoblast-like cell line MLO- 
A5 (Lu et  al. 2018). The cells were transfected 
with GFPtpz and mCherry-collagen expression 
plasmids with careful attention paid to the place-
ment of the label (Fig. 3.5e). The dual collagen 
labels permitted the dynamic observation of the 
interface that developed between differentially- 
labelled cell systems. Co-cultures of two differ-
ent colored collagen expressing cells, produced a 
collagenous ECM that fused both colors, indicat-
ing a mixing of collagen molecules from each 
construct to form new fibrils (Fig. 3.5e). While 
labelling in cell culture is quite informative, it is 
always striking to see labelling performed well in 
a living system. In a recent and elegant paper, 
Morris et  al. label type I collagen in a living 
zebrafish and dynamically track the progress of 
repair of a wound in skin (Morris et al. 2018). In 
their experiment, they drove expression of 
col1a2-GFP using a krtt1c19e promoter known 
to express in the basal epidermis which produces 
skin collagen type I in early development 
Tg(krt19:col1a2-GFP). The placement of the 
GFP label at the N-terminal region of the colla-
gen molecule ostensibly minimizes the effect of 

the label on the assembly kinetics and morphol-
ogy of collagen fibrils formed from them. This 
work stunningly demonstrates the progression of 
collagen disruption, organizational control and 
deposition during repair of a skin wound in the 
zebrafish (Fig. 3.5g).

3.5.3.5  Collagen Hybridizing Peptide
While labelling intact and functional collagen is 
informative, it is also quite important to develop 
labels which can identify collagen that is dam-
aged. The principal role of collagen as a load 
bearing material makes understanding its failure 
mechanisms and subsequent repair critical to the 
development and timely application of clinical 
treatments for a broad range of injuries. Collagen 
molecular damage has been evaluated by a num-
ber of different methods including increased 
digestion susceptibility (Willett et al. 2007) and 
changes in denaturation endotherms (Willett 
et al. 2008). However, in 2012 Li et al. presented 
a paper on a caged collagen mimetic peptide 
(CMP) or collagen hybridizing peptide (CHP) 
which could be photo-triggered to fold into a tri-
ple helix capable of binding heat-denatured or 
MMP-digested collagen (Li et al. 2012). Zitnay 
et  al. convincingly demonstrated that the CHP 
would bind preferentially to damaged collagen in 
12% strain-overloaded rat tail tendon fascicles 
using transmission electron microscopy (TEM) 
and gold nanoparticle labelled CHP (Zitnay et al. 
2017). The intensity of CHP staining of 
cyclically- loaded tendon increased with the fre-
quency and number of the load cycles. More 
recently, the authors used this technique to mea-
sure the molecular damage to rat tail tendon fas-
cicle collagen during cyclic fatigue loading 
(Zitnay et al. 2020), which has significant impli-
cations for our understanding of overuse injury.

3.6  Conclusions and Avenues 
for Future Work

We review here the large body of work investigat-
ing the formation, assembly, and maintenance of 
the tendon extracellular matrix. It is clear that a 
vast majority of this work has historically focused 

S. M. Siadat et al.



79

on embryonic and postnatal development, and 
despite nearly a century of research, there are still 
knowledge gaps and debates among the experts 
regarding how collagen fibrils form and assemble 
into the intricate tendon hierarchical structure. 
The exact growth mechanisms in tendon are still 
currently unknown. We still do not understand 
how cells and matrix work together to establish 
initial continuity in the mechanical structure of 
developing animals. It remains unclear if 
mechanical force drives fibril assembly at the 
molecular level or if fibrils are synthesized first 
and then organized. While it has been established 
that traction forces applied by resident cells are 
necessary for fibril formation, the precise mecha-
nism and location that cells use these forces to 
convert soluble collagen monomers into fibrils 
are still to be determined. Furthermore, the ques-
tion of how fibrils lengthen in a growing tendon 
under load while preserving mechanical integrity 
remains unresolved. We are also still understand-
ing how collagen molecules within a matrix that 
endures high mechanical forces and a large num-
ber of cycles have such a long half-life.

There are also still a number of open questions 
regarding the mechanisms of adult matrix turn-
over or adaptation. If we ultimately want to 
understand how chronic matrix degeneration 
occurs, as in the case of tendinopathy, we want to 
identify the initiators of matrix remodeling and 
what events would make this process go awry. 
One of the missing gaps in this field is a lack of 
understanding in the repair of sub-failure damage 
or microdamage and how these mechanisms are 
different from a massive injury response. In addi-
tion, it would be beneficial to know where and 
how microdamage is initiated and to develop 
methods to track this damage. Since mechanical 
function and tissue structure are highly depen-
dent on functional needs, it’s possible that the 
turnover of individual matrix proteins is also 
functionally specific. Protein turnover in func-
tionally distinct tendons varies with protein type 
but relative turnover rates for individual proteins 
between tendon types remain to be determined. 
Moreover, it is possible that turnover at the junc-
tion of tendon with another dissimilar tissue, 

such as at the enthesis or the myotendinous 
 junction, is more rapid than in the midsubstance. 
Answers to these questions would dramatically 
improve our understanding of adult tissue main-
tenance and potentially provide clues to chronic 
degeneration.

Age-related cellular mechanisms are likely to 
blame for the dysfunction of normal tissue 
homeostasis that could lead to chronic degenera-
tion, but the mechanisms behind these deficits 
have not been fully established. It is uncertain 
whether there are changes in mechanosensing or 
mechanotransduction, preventing cells from 
sensing and converting appropriate mechanical 
signals to elicit remodeling, or whether the dys-
function is in the processes of matrix remodeling 
itself, limiting the synthesis, assembly or incor-
poration of new ECM. More work is needed to 
identify what these cellular changes are and how 
they influence the ability to maintain tissue archi-
tecture. In addition, while cellular changes have 
been studied extensively in tendon stem cells and 
particularly in relation to the injury response, 
fewer studies have investigated age-related 
changes in mature tenocytes which we expect to 
be responsible for local tissue repair in the 
absence of inflammatory cell recruitment. Finally, 
it is important to note that many of the ‘hallmarks 
of aging’ are extremely interconnected and most 
of them have not yet been directly investigated in 
tendon; therefore, there are likely aging mecha-
nisms that influence matrix homeostasis that have 
yet to be uncovered.

There are also still major deficits in our basic 
knowledge of the tendon composition and struc-
ture, specifically in the non-collagenous matrix 
and the cell populations present. Much of the 
research presented has focused on regulation of 
the collagen structure, with considerably less 
attention placed on the regulation of the non- 
collagenous compartment, specifically the inter-
fibrillar and interfascicular matrix as well as 
paratenon and epitenon. Studying the non- 
collagenous matrix is quite challenging due to 
low abundance and difficulty in precise extrac-
tion, as well as absence of in vitro systems focus-
ing on it. In addition, in vivo models permitting 
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genetic modification (rodents) lack an interfas-
cicular compartment posing another hurdle in the 
study of the non-collagenous matrix, whilst 
larger animal models (horse) have an interfascic-
ular compartment but do not lend themselves to 
genetic modification and longitudinal studies due 
to time and cost constraints.

Furthermore, this chapter focuses on the regu-
lation and dysregulation of the tendon ECM 
throughout life, all of which is cell-mediated. 
However, we still do not have a complete under-
standing of the specific cell populations that are 
present in whole tendon and their localization. 
Recent studies have focused on identifying and 
characterizing cell populations, highlighting the 
vast heterogeneity and complexity of the popula-
tion within tendon compartments. With the 
advent of single-cell sequencing, investigation of 
cell heterogeneity within tissues has been made 
possible and its recent use in tendon research has 
unveiled several tendon cell subtypes that could 
be responsible for matrix remodeling (Paolillo 
et  al. 2019; Harvey et  al. 2019; Kendal et  al. 
2020; De Micheli et  al. 2020; Yin et  al. 2016). 
Therefore, there appear to be many different sub- 
populations of cells responsible for producing 
ECM but the role of the identified clusters in the 
development, maintenance, and aging of tendon 
still remains to be elucidated.

Many of these questions will still require years 
of research to answer, but the development of 
novel models and tools to study ECM remodeling 
provide substantial promise for future investiga-
tion. With the ability to label and track collagen, 
and hopefully someday non-collagenous pro-
teins, mechanisms of matrix incorporation and 
linear growth that have evaded detection in previ-
ous years may now be uncovered. Increased 
knowledge of the processes controlling matrix 
growth and incorporation could provide guidance 
for tissue engineering approaches. Furthermore, 
if key regulators of matrix homeostasis during 
adulthood and into aging are identified, it may 
become possible to identify the tipping point 
between positive adaptation and degeneration 
leading to progressive tendinopathy. Not only 
will this allow us to understand the process of 
degeneration, it will also put research one step 

closer to developing therapeutics and/or 
 preventative interventions for tendon injury and 
disease.
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Abstract

Collagens are the most abundant components 
of the extracellular matrix (ECM) and many 
types of soft tissues. Elastin is another major 
component of certain soft tissues, such as arte-
rial walls and ligaments. It is an insoluble poly-
mer of the monomeric soluble precursor 
tropoelastin, and the main component of elas-
tic fibers in matrix tissue where it provides 
elastic recoil and resilience to a variety of con-
nective tissues, e.g., aorta and ligaments. 
Elastic fibers regulate activity of transforming 
growth factors β (TGFβ) through their associa-
tion with fibrillin microfibrils. Elastin also 
plays a role in cell adhesion, cell migration, 
and has the ability to participate in cell signal-
ing. Mutations in the elastin gene lead to cutis 
laxa. Many other molecules, though lower in 
quantity, function as essential, structural and/
or functional components of the extracellular 
matrix in soft tissues. Some of these are 
reviewed in this chapter. Besides their basic 
structure, biochemistry and physiology, their 

roles in disorders of soft tissues are discussed 
only briefly as most chapters in this volume 
deal with relevant individual compounds. 
Fibronectin with its multidomain structure 
plays a role of “master organizer” in matrix 
assembly as it forms a bridge between cell sur-
face receptors, e.g., integrins, and compounds 
such collagen, proteoglycans and other focal 
adhesion molecules. It also plays an essential 
role in the assembly of fibrillin-1 into a struc-
tured network. Though the primary role of 
fibrinogen is in clot formation, after conver-
sion to fibrin by thrombin it also binds to a 
variety of compounds, particularly to various 
growth factors, and as such, fibrinogen is a 
player in cardiovascular and extracellular 
matrix physiology. Laminins contribute to the 
structure of the ECM and modulate cellular 
functions such as adhesion, differentiation, 
migration, stability of phenotype, and resis-
tance towards apoptosis. Fibrillins represent 
the predominant core of microfibrils in elastic 
as well as non-elastic extracellular matrixes, 
and interact closely with tropoelastin and inte-
grins. Not only do microfibrils provide struc-
tural integrity of specific organ systems, but 
they also provide basis  for elastogenesis in 
elastic tissues. Fibrillin is important for the 
assembly of elastin into elastic fibers. 
Mutations in the fibrillin-1 gene are closely 
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associated with Marfan syndrome. Latent 
TGFβ binding proteins (LTBPs) are included 
here as their structure is similar to fibrillins. 
Several categories of ECM components 
described after fibrillins are sub-classified as 
matricellular proteins, i.e., they are secreted 
into ECM, but do not provide structure. Rather 
they interact with cell membrane receptors, 
collagens, proteases, hormones and growth 
factors, communicating and directing cell- 
ECM traffic. Fibulins are tightly connected 
with basement membranes, elastic fibers and 
other components of extracellular matrix and 
participate in formation of elastic fibers. 
Matrilins have been emerging as a new group 
of supporting actors, and their role in connec-
tive tissue physiology and pathophysiology 
has not been fully characterized. Tenascins are 
ECM polymorphic glycoproteins found in 
many connective tissues in the body. Their 
expression is regulated by mechanical stress 
both during development and in adulthood. 
Tenascins mediate both inflammatory and 
fibrotic processes to enable effective tissue 
repair and play roles in pathogenesis of Ehlers- 
Danlos, heart disease, and regeneration and 
recovery of musculo-tendinous tissue. One of 
the roles of thrombospondin 1 is activation of 
TGFβ. Increased expression of thrombospon-
din and TGFβ activity was observed in fibrotic 
skin disorders such as keloids and scleroderma. 
Cartilage oligomeric matrix protein (COMP) 
or thrombospondin-5 is primarily present in 
the cartilage. High levels of COMP are present 
in fibrotic scars and systemic sclerosis of the 
skin, and in tendon, especially with physical 
activity, loading and post-injury. It plays a role 
in vascular wall remodeling and has been 
found in atherosclerotic plaques as well.

Keywords

Fibronectin · Fibrinogen · Laminin · Elastin · 
Fibrillins · LTBPs · Matricellular proteins · 
Fibulins · Matrilins · Tenascins · 
Thrombospondins

Abbreviations

ADAMTS a-Disintegrin-and-etalloproteinase-
with- thrombospondin motifs

cbEGF Calcium-binding epidermal growth 
factor

CNS Central nervous system
COMP Cartilage oligomeric matrix 

protein
ECM Extracellular matrix
EFEMP1 EGF-containing fibulin-like ECM 

protein 1
FGF Fibroblast growth factor
FN Fibronectin
LDL Low-density lipoprotein
LE Laminin-type epidermal growth 

factor-like
LOX Lysyl oxidase
LTBPs Latent TGFβ binding proteins
MMP Matrix metalloproteinase
PDGF Platelet-derived growth factor
SLRP Small leucine rich proteoglycan
TGFβs Transforming growth factors β
TIMP Tissue inhibitor of 

metalloproteinase
TSP Thrombospondin
VEGF Vascular endothelial growth factor

The connective tissue in general is comprised of 
3 groups of proteins: collagens, proteoglycans 
and a variety of different glycoproteins. In addi-
tion to the main weight-bearing structural pro-
teins of connective tissue  – the fibril forming 
collagens (discussed in Chap. 2) – as well as the 
often hydrophilic role of proteoglycan proteins 
(discussed in Chap. 6), growth factors (see Chap. 
7), other proteins are also important for structure 
and signaling within the matrix tissue of the 
body. Many of these proteins are currently being 
identified as having important functions in the 
developmental phase of the tissue, where these 
molecules can act as mediators of signaling and/
or structural changes in the matrix tissue. 
Further, many of the glycoproteins have been 
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demonstrated to play important roles in normal 
tissue physiology, including maintaining tissue 
homeostasis, and responding and adapting to 
perturbations such as mechanical loading/
unloading, or tissue damage and subsequent 
regeneration. Furthermore, numerous, if not all, 
of these glycoproteins are important for patho-
logical tissue response like in e.g. cancer, fibro-
sis or connective tissue anomalies. Of interest as 
far as the adaptation of these glycoproteins is 
that several of them  – including collagens and 
proteoglycans – can be modulated in their level 
of expression and synthesis by the degree of 
mechanical loading that the specific tissue 
exposed to mechanical loading senses (Kjaer 
2004). In the following pages some basic infor-
mation about these glycoproteins is provided. 
However, as already mentioned above, because 
many of these glycoproteins are active partici-
pants in the pathogenesis of a variety of soft tis-
sue diseases they will be discussed rather briefly 
in this chapter as they are also described in sev-
eral chapters dealing with specific disorders of 
soft tissues.

4.1  Fibronectin

Fibronectin (FN) is a widely distributed multido-
main glycoprotein present in most extracellular 
matrices. It has a molecular weight of 230–270 
kD, and can, in addition to its presence in the 
ECM, be detected also at substantial concentra-
tions in plasma. Fibronectin is composed of types 
I, II, and III repeating units or modules (FNI, 
FNII and FNIII) (Pérez-García et al. 2020). Two 
intramolecular disulfide bonds are formed within 
type I and type II modules to stabilize the folded 
structure. Type III modules are formed by seven- 
stranded β-barrel structures that lack disulfides 
(Leahy et  al. 1996; Potts and Campbell 1994). 
The FN units or domains mediate self-assembly 
and ligand binding for collagen/gelatin, integrins, 
heparin, fibronectin, and other extracellular mol-
ecules (Sabatier et  al. 2009). The 500-kDa FN 
dimer is formed through a pair of anti-parallel 
disulfide bonds at the C terminus. FN exists in 

multiple isoforms generated by alternative splic-
ing. The single FN gene transcript encodes 12 
isoforms in rodents and cows and 20 isoforms in 
humans. Alternative splicing occurs by exon 
skipping at EIIIA/EDA and EIIIB/EDB and by 
exon subdivision at the V region/IIICS.  This 
gives fibronectin considerable diversity in mod-
ule arrangement resulting in many isoforms 
(White and Muro 2011). Fibronectin is secreted 
in the form of soluble inactive dimers with disul-
fide bonds that must be activated by interaction 
with α5β1 and other integrins (Mao and 
Schwarzbauer 2005; Takahashi et al. 2007).

Fibronectin is widely expressed in embryos 
and adults, especially in regions of active mor-
phogenesis, cell migration and inflammation. 
Tumor cells contain reduced levels of fibronectin, 
whereas fibronectin levels are high in tissues 
undergoing repair (i.e., wound healing) and/or 
fibrosis. In the process of matrix assembly, multi-
valent ECM proteins are induced to self-associate 
and to interact with other ECM proteins to form 
fibrillar networks. Matrix assembly is initiated 
usually by ECM glycoproteins binding to cell 
surface receptors, such as fibronectin dimers 
binding to α5β1 integrin. Receptor binding stim-
ulates fibronectin self-association mediated by 
the N-terminal assembly domain and organizes 
the actin cytoskeleton to promote cell contractil-
ity. Fibronectin conformational changes expose 
additional binding sites that participate in fibril 
formation and in conversion of fibrils into a stabi-
lized, insoluble form. Once assembled, the FN 
matrix impacts tissue organization by contribut-
ing to the assembly of other ECM proteins. 
Fibronectin plays an important role in fibrillo-
genesis in regard to initiation, progression and 
maturation of matrix assembly. The prominent 
role of fibronectin in matrix assembly lies in 
fibronectin ability, enabled by its multidomain 
structure, to bind simultaneously to cell surface 
receptors, e.g., integrins, and to collagen, proteo-
glycans and other focal adhesion molecules 
(Singh and Schwarzbauer 2012). This property 
also makes it possible to mediate the assembly of 
several ECM proteins, including type I and III 
collagen, thrombospondin-1 and microfibrils 
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(Sabatier et al. 2009). Fibronectin is also called a 
“master organizer” by some investigators 
(Sabatier et  al. 2009; Dallas et  al. 2006). 
Degradation of fibronectin by proteases activated 
during a variety of inflammatory processes, 
including infections leads to unmasking of bind-
ing sites within the fibronectin molecule. This 
triggers binding of fibronectin to different integ-
rin receptors and toll like receptors, ultimately 
leading to activation of MAPK signaling path-
way and transcription factors such as NF-κB, 
thus further stimulating progression of inflamma-
tion (Pérez-García et  al. 2020). Perhaps more 
important in the context of this volume is to 
emphasize the role fibronectin plays in the assem-
bly of fibrillin-1 into a structured network (see 
below).

4.2  Fibrinogen

Fibrinogen is a large, complex, fibrous glycopro-
tein with three pairs of polypeptide chains: Aα, 
Bβ and γ (Fish and Neerman-Arbez 2012). The 
chains are linked together by 29 disulfide bonds. 
Fibrinogen is 45  nm in length, with globular 
domains at each end and in the middle connected 
by α-helical coiled-coil rods and has Mr 340 kDa. 
The E-region consisting of N-terminal ends of 
the six chains and the D-regions consisting of the 
C-terminal ends of the Bβ and γ chains and a por-
tion of the Aα chain are separated by a 3-stranded 
α-helical coiled-coil regions (Doolittle et  al. 
1978). Both strongly and weakly bound calcium 
ions are important for maintenance of fibrinogen 
structure and functions. Fibrinopeptides located 
in the central region of the molecule are cleaved 
by thrombin to convert soluble fibrinogen to 
insoluble fibrin polymer, via intermolecular 
interactions of the “knobs” exposed by fibrino-
peptide removal with “holes” always exposed at 
the ends of the molecules. Fibrin monomers 
polymerize via these specific and tightly con-
trolled binding interactions to make half- 
staggered oligomers that lengthen into 
protofibrils. The protofibrils aggregate laterally 
to make fibers, which then branch to yield a 

three-dimensional network-the fibrin clot- 
essential for hemostasis. X-ray crystallographic 
structures of portions of fibrinogen have provided 
some details on how these interactions occur. 
Finally, a transglutaminase, Factor XIIIa, cova-
lently binds specific glutamine residues in one 
fibrin molecule to lysine residues in another 
fibrin molecule via isopeptide bonds, stabilizing 
the clot against mechanical, chemical, and pro-
teolytic insults (Ariens et  al. 2002). The gene 
regulation of fibrinogen synthesis and its assem-
bly into multichain complexes proceed via a 
series of well-defined steps. Alternate splicing of 
two of the chains yields common variant molecu-
lar isoforms. The mechanical properties of clots, 
which can be quite variable, are essential to fibrin 
functions in hemostasis and wound healing (Cilia 
La Corte et  al. 2011). The fibrinolytic system, 
with the zymogen plasminogen binding to fibrin 
together with tissue-type plasminogen activator 
to promote activation to the active enzyme plas-
min, results in digestion of fibrin at specific lysine 
residues. Fibrin(ogen) also specifically binds a 
variety of other proteins, including fibronectin, 
albumin, thrombospondin, von Willebrand factor, 
fibulin, fibroblast growth factor-2 (FGF2), vascu-
lar endothelial growth factor (VEGF), and inter-
leukin- 1. Though its ability to bind to a variety of 
compounds, particularly to various growth fac-
tors makes fibrinogen a player in cardiovascular 
and extracellular matrix physiology (Fish and 
Neerman-Arbez 2012; Sahni and Francis 2000; 
Sahni et al. 1998; Clark et al. 1982; Donaldson 
et al. 1989), fibrinogen does not appear to play a 
specific role in pathogenesis of disorders dis-
cussed in this volume.

Studies of naturally occurring dysfibrinogen-
emias and variant molecules have increased our 
understanding of fibrinogen functions. Fibrinogen 
binds to activated αIIbβ3 integrin on the platelet 
surface, forming bridges responsible for platelet 
aggregation in hemostasis, and also has impor-
tant adhesive and inflammatory functions through 
specific interactions with other cells (Armstrong 
and Peter 2012). Fibrinogen-like domains origi-
nated early in evolution, and it is likely that their 
specific and tightly controlled intermolecular 
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interactions are involved in other aspects of cel-
lular function and developmental biology.

4.3  Laminins

Laminins are a family of large multidomain, het-
erotrimeric glycoproteins with molecular 
weights of 500–900  kDa, located in the base-
ment membrane where they function as a bridge 
between cells and variety of ECM molecules 
(Chang and Chaudhuri 2019), more specifically, 
they interact with cellular receptors of cells of 
the basement membrane (Aumailley 2018). 
Sixteen trimeric isoforms have been described in 
mouse and human tissues and these isoforms 
vary in their cell and tissue specificity (Aumailley 
2018). In general, each laminin isoform consists 
of three chains, α, β, and γ which each exist in 
five, four, and three genetically distinct forms, 
respectively (Aumailley et  al. 2005; Miner and 
Yurchenco 2004; Domogatskaya et  al. 2012). 
Most vertebrates have five α, three γ and three to 
six β genes (Domogatskaya et  al. 2012). The 
large range in size is due to variability in the 
chain size: the α chains are the largest (Mr ~ 200–
400 kDa), both the β and γ chains range in size 
from 120 to 200 kDa. In addition, all forms of 
these three chains are highly glycosylated, some 
have glycosaminoglycan chains attached 
(Aumailley et  al. 2005; Domogatskaya et  al. 
2012). Homologous tandem repeats of structural 
motifs are incorporated in all laminins, with 
more similarities between β and γ chains. 
Laminins are cross or T-shaped molecules with 2 
or 3 short arms and one long arm. The short arms 
consist of N-terminal parts of one of the three 
chains and they contain multiple laminin-type 
epidermal growth factor-like (LE) repeats 
(Domogatskaya et  al. 2012; Hohenester 2019) 
The long arm contains portions of all 3 chains 
(Aumailley et al. 2005). Common to all laminins 
is a coiled-coil domain with about 80 heptad 
sequence repeats at or close to the C-terminal 
end. This coiled-coil domain bears homology to 
segments of β and γ chains and is responsible for 
proper assembly of the trimer (Domogatskaya 
et al. 2012; MacDonald et al. 2010). Assembly 

of the laminin molecule is also controlled to 
some extent by proteolytic processing prior to 
laminin binding to its receptors (Domogatskaya 
et al. 2012).

Laminins adhere to cells primarily via binding 
of the G domain of the α chains to integrins, dys-
troglycan, or sulfated glycolipids. The N-terminal 
globular domains of the α1 and α2 chains as well 
as the globular domains VI (LN) of the α5 chains 
can bind to several integrin isoforms (α1β1, 
α2β1, α3β1, and αVβ3). This process enables cell 
binding on both ends of laminins containing the 
three α chains. The laminin γ2 chain has been 
reported to bind α2β1 integrin. The N-terminal 
globular domains of some α-chains can also bind 
sulfatides. This type of binding may link the lam-
inin molecules to the cell surface. Laminins con-
tribute to the structure of ECM and influence 
associated cells in regards to adhesion, differen-
tiation, migration, stability of phenotype, and 
resistance towards apoptosis. Laminin molecules 
interact not only with collagen type IV, integrins 
and dystroglycans but also with other compo-
nents of the basal membrane matrix, and thus 
contribute to the overall structure. They also can 
interact with components in the underlying inter-
stitial stroma. The cellular effects of laminins are 
mediated largely via ligand binding to cell mem-
brane receptors, and this signaling can alter tran-
scription levels of genes and even influence 
chromatin remodeling of gene promoters. The 
insoluble network formed by laminin and type IV 
collagen plays a structural and functional role in 
the basement membrane and cells associated 
with it. Though at this point we do not know to 
what extent, if any, laminins play a role in the 
pathogenesis of connective and soft tissue dis-
eases it is clear that they contribute to normal 
function of tendons, blood vessels and other con-
nective soft tissues. For example, this network 
participates in transmission of the contractile 
force from the skeletal muscle to the tendons 
(Grounds et al. 2005). A decrease in laminin con-
tent in the basement membrane covering the out-
ermost aspect of the tendon was identified in type 
IV collagen deficient mice. This was accompa-
nied by formation of spontaneous tendon adhe-
sions (Taylor et  al. 2011). That laminins are, 

4 Basic Components of Connective Tissues and Extracellular Matrix: Fibronectin, Fibrinogen, Laminin…



110

indeed, required for proper healing of tendons 
and other connective tissues, such as cornea, has 
been shown by Molloy et al. (Molloy et al. 2006) 
and Sato et  al. (Sato et  al. 1999), respectively. 
There is some evidence indicating increased 
expression of β2 chain of laminin in ascending 
aorta in patients with Marfan syndrome (Della 
Corte et al. 2006) .

Taken together laminins are not passive adhe-
sion proteins, but rather, they actively modulate 
cell behavior; influence differentiation, migra-
tion, and phenotype stability. They also inhibit 
apoptosis by signaling via cell membrane recep-
tors such as integrins and dystroglycan. However, 
the details of laminin signaling are still largely 
unexplored. Laminins constitute the first ECM 
component appearing in the developing early 
embryo, and embryonic laminins have found an 
important use as culture matrices for stem cells. 
Other laminins are crucial for normal function of 
numerous tissues and organs, e.g., nerve, epithe-
lium, blood vessels, and kidney. The commercial 
unavailability of most laminin isoforms has ham-
pered in vitro studies. However, many isoforms 
have been offered recently by several companies 
as recombinant proteins, which may enable 
deeper insight into functional properties. 
Laminins may find numerous new applications in 
cell biology and cell therapy research. The vast 
complexity of laminin effects cannot be explained 
solely by simple integrin binding and signaling 
(Domogatskaya et al. 2012).

4.4  Elastin

Elastin is an insoluble polymer of the monomeric 
soluble precursor tropoelastin. Elastin is the main 
component of elastic fibers in matrix tissue, and 
as such it is the main contributor to the elasticity 
of these fibers (Muiznieks et al. 2010; Mithieux 
et al. 2012). Tropoelastin is encoded by a single 
human gene and is secreted as an ~60 kDa ungly-
cosylated protein by a variety of cells, including 
fibroblasts, endothelial and smooth muscle cells, 
chondrocytes and keratinocytes (Mithieux et al. 
2012). The splicing of the primary tropoelastin 
transcript is tissue-specific and thus allows for 

conformational and functional adjustment for 
each location (Kielty 2006). The primary tropo-
elastin sequence is an arrangement of hydropho-
bic domains rich in valine, proline and glycine, 
providing elasticity to the final product, elastin. 
These hydrophobic domains alternate with 
hydrophilic domains which contain lysine resi-
dues whose role it is to stabilize elastin microfi-
brils by cross-linking (Csiszar 2001; Lee and 
Kim 2006; Kim et al. 2011). However, before this 
can occur tropoelastin units are initially assem-
bled within the cells or at least on the cell surface 
(Kozel and Mecham 2019) before they are chap-
eroned to the extracellular surface (Hinek and 
Rabinovitch 1994) where they coacervate (Yeo 
et al. 2011) into protein-dense spherules (Kozel 
et al. 2006) which then undergo cross-linking and 
fibril assembly. Ninety per cent of the final prod-
uct, i.e., of an elastic fiber, consists of a central 
amorphous core of elastin surrounded by a layer 
of microfibrils composed mostly of glycoprotein 
fibrillin, but also of many other proteins, among 
them fibulins, collagen VIII, and emilins with 
microfibrils as well (Kielty 2006; Berk et  al. 
2012; Nakamura 2018). Proteoglycans, including 
biglycan (Baccarani-Contri et al. 1990) and gly-
cosaminoglycan heparan sulfate (Gheduzzi et al. 
2005) have been detected within the elastic core. 
Moreover, it has been shown that the presence of 
sulfated proteoglycans within the ECM regulates 
elastin assembly (Kozel et al. 2004). In addition, 
water plays an important role not just in the three 
dimensional organization of elastin molecules 
but also in the final degree of hydration and elas-
ticity (Gheduzzi et al. 2005). Elastic fibers form 
an interconnecting fenestrated network of lamel-
lae in the arterial media. The lamellae are layers 
of elastic fibers surrounded by circumferentially 
oriented smooth muscle cells and collagen fibers 
(Wagenseil and Mecham 2012).

The high content of hydrophobic amino acids 
makes elastin one of the most chemically resis-
tant and durable proteins in the entire body 
(Mithieux and Weiss 2005). It is distributed 
throughout the body in the form of tissue-specific 
elastic networks (Mithieux et  al. 2012). Elastin 
containing fibers provide elastic recoil in tissues 
where repetitive distention and relaxation is a 

J. Halper



111

requirement for their function, and is found typi-
cally in skin, lungs, ligaments, tendons and vas-
cular tissues (Chung et  al. 2006). The relative 
content of elastin can vary from around a few 
percentages in skin, to more than 70% in some 
ligament structures in the animal kingdom. 
Elastic fibers are essential for proper function of 
at least three areas. As a major structural compo-
nent elastic fibers provide elastic recoil and resil-
ience to a variety of connective tissues, e.g., aorta 
and ligaments. Elastic fibers regulate activity of 
TGFβs through their association with fibrillin 
microfibrils. In addition, elastin also plays a role 
in cell adhesion, cell migration, survival and dif-
ferentiation, and can, to some extent, act as a che-
motactic agent (Muiznieks et  al. 2010; Kielty 
2006). Elastin, and for that matter tropoelastin as 
well, is also a signaling molecule. Tropoelastin 
inhibits proliferation of arterial smooth muscle 
cells, induces the formation and organization of 
actin stress fibers and acts as a chemotactic agent 
(Karnik et al. 2003).

Elastin and collagen are the dominant compo-
nents of the ECM in large elastic arteries, such as 
aorta (Wagenseil and Mecham 2012). The two 
compounds play different, but complementary 
roles in arterial physiology: reversible extensibil-
ity during cycling loading is provided by elastin 
(Wagenseil and Mecham 2012; Mecham 1998), 
whereas strength and the ability to withstand 
high pressure is the responsibility of collagen 
(Wagenseil and Mecham 2012; Fung 1993). The 
assembly of elastic fibers proceeds only during 
tissue development, and cedes with maturation so 
older tendons (and other tissues) contain less 
elastin than young tendons (Wagenseil and 
Mecham 2009; Kostrominova and Brooks 2013). 
In effect that means that with aging the stiffness 
of arterial wall increases due to degradation and 
fragmentation of elastic fibers (Wagenseil and 
Mecham 2012; Greenwald 2008). Matrix metal-
loproteinases (MMPs) are just some of the prote-
ases participating in this destructive process 
(Wagenseil and Mecham 2012; Li et  al. 1999). 
Increased levels of MMP-1 and MMP-9 have 
been detected in aortic aneurysms (Tamarina 
et al. 1999). Local inhibition of MMP activities 
in animal models either by tissue inhibitor of 

metalloproteinase 1 (TIMP-1) (Allaire et  al. 
1998), inhibition of MMP-2 by calpain-1 inhibi-
tion (Jiang et  al. 2008), or by doxycycline, an 
inhibitor of MMPs (Castro et  al. 2008) shows 
potential treatment venues. Whether they can be 
utilized for treatment or even prevention of com-
plications of Marfan syndrome or related disor-
ders remains to be seen. It is thought that 
production of collagen increases to compensate 
for the elastin deficit, however, this pushes the 
arterial wall towards increased stiffness 
(Wagenseil and Mecham 2012). Increased elastin 
production has been documented in some animal 
models of hypertension, but it is either not high 
enough (Wolinsky 1970) or the new elastin fibers 
are not assembled properly (Todorovich-Hunter 
et al. 1988).

Elastin gene mutations can be divided into 
two groups (Wagenseil and Mecham 2012). 
Autosomal dominant supravalvular aortic steno-
sis is a representative of the first group. Besides 
aortic valve stenosis, patients develop hyperten-
sion, increased arterial stiffness leading to con-
gestive heart failure (Wagenseil and Mecham 
2012). Hypertrophy and hyperplasia of smooth 
muscle cells in the media of the affected arteries 
is due to fragmentation of elastic lamellae and 
changes in ECM composition (O’Connor et  al. 
1985). This pathology is due to loss of function 
mutations in the elastin (ELN) gene (Urban et al. 
2000). Consequently, the mutant elastin protein 
is nonfunctional and does not interfere with the 
production and assembly of normal, functional 
elastin in heterozygous individuals who are then 
less affected than homozygous people (Wagenseil 
and Mecham 2012).

An autosomal dominant form of cutis laxa 
belongs to the second group which encompasses 
disorders resulting from missense mutation, usu-
ally near the 3′ end of the transcript (Wagenseil 
and Mecham 2012; Rodriguez-Revenga et  al. 
2004; Tassabehji et  al. 1998). Cutis laxa and 
related disorders are described in more detail in 
Chap. 13. The mutant elastin interferes with nor-
mal assembly, metabolism and function of elastic 
fibers (Tassabehji et al. 1998).

Lack of elastin in the body is fatal. Elastin 
knockout mice (Eln−/−) die shortly after birth 
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with subendothelial cell accumulation blocking 
blood flow and with markedly increased arterial 
stiffness (Wagenseil and Mecham 2012; Li et al. 
1998). The presence of additional lamellar units 
in heterozygous Eln+/− mice indicates an 
attempt to compensate and to remodel in a 
response to increased hemodynamic stress during 
development (Faury et  al. 2003). Fibrillin-1 
hypomorphic mice (mgR/mgR) serve as a model 
of Marfan syndrome because of aneurysm forma-
tion in the ascending aorta and elastolysis in all 
segments of aorta (Schwill et al. 2013).

4.5  Fibrillins

Because of close association of mutated fibrillin-
 1 with Marfan syndrome which is being dis-
cussed in detail in Chap. 8, only a brief description 
of fibrillins is provided in this chapter. Fibrillins 
are a group of large extracellular glycoproteins 
(~350 kDa) (Kielty 2006) that consists of 3 iso-
forms, fibrillin-1, -2, and -3. Fibrillin molecules 
contain 40–80 amino acid residues, several 
calcium- binding epidermal growth factor 
(cbEGF)-domains interspersed with several 
eight-cysteine-containing motifs binding TGFβ 
(TB) (Sabatier et  al. 2009; Kielty 2006; Kielty 
et al. 2005). No other extracellular proteins con-
tain that much cysteine as fibrillins (Chung et al. 
2006). Whereas fibrillin-2 and fibrillin-3 are 
mostly expressed in embryonic tissues with the 
exception of peripheral nerves and, to lesser 
degree, skin and tendon (Zhang et  al. 1994; 
Charbonneau et al. 2003) fibrillin-1 is a protein 
appearing in both embryonic and adult tissues 
(Charbonneau et  al. 2003; Cain et  al. 2006; 
Robinson et al. 2006).

Fibrillins represent the predominant core of 
the microfibrils in elastic as well as non-elastic 
extracellular matrixes, and interact closely with 
tropoelastin and integrins, e.g., through direct 
binding. Not only do microfibrils provide struc-
tural integrity of specific organ systems, but they 
also provide a scaffold for elastogenesis in elastic 
tissues such as skin, lung, and vessels (Wagenseil 
and Mercham 2009). Thus, fibrillin is important 
for the assembly of elastin into elastic fibers. The 

precise arrangement of fibrillin within microfi-
brils is a matter of speculation; several working 
models have been suggested to explain the archi-
tecture of microfibrils (Kozel and Mecham 2019; 
Robinson et al. 2006). It is known that different 
mutations in different regions, including the pro-
peptide sequence encoded by the C-terminal 
domain, of the fibrillin-1 gene lead to impaired 
assembly of microfibrils in individuals with 
Marfan syndrome (Robinson et  al. 2006; 
Milewicz et  al. 1995; Raghunath et  al. 1999). 
Robinson et al. provide an excellent, more com-
prehensive review of these issues, including 
review of self-assembly of fibrillins and cross- 
link formation in fibrillin assembly (Robinson 
et al. 2006). Besides fibrillin and elastin, the two 
major components, many other proteins partici-
pate in the makeup of microfibrils. As noted 
above fibronectin in particular plays as an essen-
tial role in this process, more specifically, through 
binding of a C-terminal fibrillin-1 region with the 
fibronectin gelatin-binding region (Dallas et  al. 
2006). It is interesting to note that homocyste-
inylation of fibronectin in homocystinuria 
reduces fibronectin dimers to monomers, and, as 
a consequence, impairs assembly of fibrillin and 
microfibrils. Similar impairment is the result of 
homocysteinylation of fibrillin-1 (Hubmacher 
et al. 2011).

As already mentioned above, fibrillins contain 
several TGFβ-binding motifs, this feature makes 
their structure, and their function. Similar to that 
of latent-TGFβ-binding proteins (or LTBPs) (see 
below) (Robinson et al. 2006).

Mutations in genes for fibrillin-1 and -2 lead 
to several disorders in people. Mutation in fibril-
lin- 1, the most abundant fibrillin, and also the 
best characterized isoform can result in autoso-
mal dominant Marfan and Weill-Marchesani syn-
dromes (Thomson et al. 2019). It is expressed in 
embryonic and mature tissues (Ramirez and 
Sakai 2010). Its involvement in pathogenesis of 
Marfan syndrome is described in detail in Chap. 
9. Above mentioned Weill-Marchesani syndrome 
leads to pathology of the musculoskeletal, car-
diovascular and ocular system. Two forms of 
Weill-Marchesani syndrome have been identi-
fied: autosomal dominant type caused by a fibril-
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lin- 1 mutation, and somewhat heterogenous 
autosomal recessive form caused by mutations in 
genes for.

ADAMTS-10, ADAMTS-17 or LTBP-2 
(Karoulias et al. 2019). Beals syndrome is char-
acterized by congenital contractual arachnodac-
tyly caused by mutation in fibrillin-2 (Sabatier 
et al. 2009; Robinson et al. 2006; Beals and Hecht 
1971; Jaman and Al-Sayegh 2016). Not much is 
known about fibrillin-3 beyond its expression 
limited to embryonic extracellular microfibrils 
(Halper 2021).

4.6  Latent-TGFβ-Binding 
Proteins (LTBPs)

As described above, LTBPs 1–4 are structural 
proteins related to fibrillins. They bind to the 
latency associated peptide (LAP) non-covalently 
bound to TGFβ (Robertson et  al. 2011). The 
entire complex is embedded in ECM, where it 
limits bioavailability of TGFβ (Thomson et  al. 
2019). Phenotypic changes resulting from muta-
tions in individual LTBP genes point to the LTBP 
and TGFβ contribution to proper function of con-
nective tissues. As mentioned above mutation in 
LTBP2 leads to an autosomal recessive form of 
Weill-Marchesani syndrome, and can cause also 
ectopia lentis. It is deleted completely in a type of 
congenital glaucoma (Thomson et  al. 2019). 
LTBP-4 together with fibulins -4 and -5 partici-
pates in elastogenesis. Persons with mutations 
and deletions in LTBP4 and LTBP3 may present 
with aortic dilatation and aneurysm (Thomson 
et al. 2019; Zilberberg et al. 2015). Other muta-
tions in LTBP4 are behind a form of autosomal 
recessive cutis laxa (Urban et  al. 2009) as 
described in more detail in Chap. 13.

4.7  Fibulins

Fibulins are a group of eight glycoproteins that 
are expressed and secreted by many cell types 
and tissues, and that are tightly connected with 
basement membranes, elastic fibers and other 

components of ECM. Interactions with TGFβ 
and participation in elastic fiber assembly and 
stability are some of their important functions 
(Tsuda 2018). Fibulins serve not only as struc-
tural ECM components, but also as mediators of 
several cellular processes, such as cell growth, 
differentiation, angiogenesis and tumor growth. 
Thus they serve as modulators of cellular behav-
ior and function (DeVega et  al. 2009), and are 
classified by some investigators as matricellular 
proteins (Nakamura 2018). All fibulins share a 
C-terminal module which is preceded by variable 
number of cbEGF-like domains (Halper 2021). 
The members of the fibulin family are divided 
into class I and II, based on their length and 
domain structures (Yanagisawa and Davis 2010).

Class II consists of fibulins 3, 4, 5 and 7. They 
are called short because of their small size (M.W. 
~60–70  kDa), and are discussed first because 
most of them (fibulins 3–5) contribute directly to 
assembly of elastic fibers, and thus mutations in 
genes encoding them lead to forms of cutis laxa 
and other disorders of connective tissues. Fibulins 
3–5 bind to tropoelastin and are expressed during 
embryonic development, especially in skeletal 
and cardiovascular tissues (Yanagisawa and 
Davis 2010). This is facilitated by Ca2+ (Wachi 
et al. 2008). Fibulin-3 is predominantly found in 
mesenchyme that develops into heart, placenta, 
cartilage and bone among other organs (Giltay 
et  al. 1999), fibulin-4 is markedly expressed in 
heart muscle, and fibulin-5 highly in vasculature. 
The molecules of short fibulins contain tandem 
repeats of six cbEGF domains that are connected 
by one amino acid in a pattern similar to the one 
found in fibrillin-1 (Hambleton et  al. 2004). 
Human fibulin 3 is encoded by gene called 
EFEMP1 (which stands for EGF-containing 
fibulin- like ECM protein 1). Mutations in this 
gene are numerous, some lead to autosomal dom-
inant retinal disease (Nakamura 2018). 
Overexpression of EFEMP1 is one of the genetic 
abnormalities identified in Werner syndrome, a 
form of progeria (Halper 2021; Sarbacher and 
Halper 2019).

Fibulin 5 contains an arginine-glycine- aspartic 
acid (RGD) motif which mediates binding to 
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integrin receptors on endothelial cells and vascu-
lar smooth muscle cells (Yanagisawa et al. 2009). 
This step is necessary for elastic fiber assembly 
(Yanagisawa and Davis 2010). Fibulin-5 also 
inhibits α5β1 and α4β1 integrin-mediated down-
stream signaling (Yanagisawa and Davis 2010). 
The C-terminal fibulin module contains an 
elastic- binding domain in fibulin-5 (Zheng et al. 
2007). The same module in fibulin-5 also inter-
acts with lysyl oxidase-like 1, 2 and 4 (Loxl 1, 
Loxl 2 and Lox 4), enzymes playing crucial role 
in cross-linking (Hirai et al. 2007; Liu et al. 2004) 
whereas it is the N-terminal domain responsible 
for binding to Lox in fibulin-4 (Horiguchi et al. 
2009). Lysyl oxidases, including those binding to 
fibulin-5 and -4 mediate crosslinking of tropo-
elastin monomers into insoluble elastin polymer 
(Sato et  al. 2007). The binding between the 
C-terminal module of fibulin-3 and tissue inhibi-
tor of matrix metalloproteinase 3 is another 
example of close relationship between a short 
fibulin and connective tissue metabolism 
(Klenotic et  al. 2004). The level of fibulin-5 is 
particularly high in the cardiovascular system 
and lung, though fibulin-4 is expressed in the 
outer layer of media of large blood vessels, and 
fibulin-3 appears in capillaries, skin and the base-
ment membrane (Yanagisawa and Davis 2010). 
The participation of fibulin-5 in elastogenesis is 
solely due to its exclusive binding to tropoelastin 
but not to polymerized elastin in vitro (Zheng 
et al. 2007). Its role is inhibition of excessive tro-
poelastin coacervation into large aggregates, and 
consequently this allows for integration of micro-
assembles of tropoelastin into the microfibril 
scaffolding (Yanagisawa and Davis 2010). 
Together with fibrillins-1 and -2 (see above under 
Elastin) fibulins are present in microfibrils of 
scaffolding for elastic fibers as well (Ramirez and 
Dietz 2007).

Mutations in genes for fibulin 4 and 5, 
EFEMP2 and EVEC, respectively, are responsi-
ble for forms of cutis laxa (see Chap. 13). 
Fibulin-5 functions also as an inhibitor of angio-
genesis (De Vega et al. 2016). Other mutations in 
gene for fibulin-5 lead to age-related macular 
degeneration (Tsuda 2018) and even vascular 

remodeling associated with arterial hypertension 
(Kartashova and Sarvilina 2019).

The last member of this group, fibulin-7 is not 
involved in elastic fiber formation. It is highly 
expressed in teeth, placenta, hair follicles, and 
cartilage where it functions as a cell adhesion 
molecule (De Vega et al. 2007). It regulates also 
calcium and phosphate metabolism in the kidney, 
and its dysfunction can lead to renal tubule calci-
fication (Tsunezumi et al. 2018).

Group I of so called long fibulins consists of 
fibulins -1 and -2, and hemicentins -1 and -2 (also 
known as fibulins -6 and -8) (Fujishima et  al. 
2017). Though their structure is well described, 
their functions are less characterized than that 
those of short fibulins. Fibulin-1 (molecular 
weight 90  kDa) was originally identified as an 
intracellular molecule linking cytoskeletal com-
ponents to β integrins, but later it was shown that 
fibulin-1 was also present in fibril matrix secreted 
by fibroblasts in culture (Zhang et al. 1996), and 
in association with basement membranes and 
elastic fibers. It appears early in embryonic devel-
opment, at sites of epithelial-mesenchymal tran-
sition (Tsuda 2018). It is expressed in adult blood 
vessels, lung and skin, i.e., tissues with high con-
tent of elastic fibers (Roark et al. 1995). Fibulin-1 
participates in ADAMTS-1-induced processing 
of proteoglycans (Tsuda 2018).

Fibulin-2 is a homodimer of two 195 kDA 
monomers joined by two disulfide bridges 
(Sasaki et  al. 1997) demonstrates some overlap 
with fibulin-1, but its expression is more promi-
nent in the developing heart, both aortic and cor-
onary vessels where it binds to tropoelastin and 
other ECM molecules, and thus contributes to 
formation of elastic fibers (Tsuda 2018; Tsuda 
et  al. 2001; Timpl et  al. 2003). Fibulin-2 null 
mice have only skin abnormalities, most likely 
due to compensation of fibulin-1 overexpression 
(Tsuda 2018). The last two fibulins (6 and 8) 
AKA hemiceptins -1 and -2 are the largest mem-
bers of this family (M.W. 600 kDa), and the least 
characterized. They play roles in mesenchymal 
cell migration and skin development in zebra fish 
(Tsuda 2018).
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4.8  Matrilins

This group of four matrilins has been included 
for completeness and future reference as the 
structural and functional roles of this family of 
four in musculoskeletal system and in connective 
tissues have been understood only incompletely. 
Whereas matrilins -1 and -3 are limited mostly to 
cartilage, matrilins -2 and -4 were identified in 
other types of ECM, including loose soft connec-
tive tissue (Paulsson and Matrilins 2018). In gen-
eral, matrilins mediate interactions between 
collagens and other molecules, such as proteo-
glycans (aggrecan, small leucine rich proteogly-
cans (SLRPs)), and  other ECM components. 
Matrilins are trimers or tetramers of units com-
posed of von Willebrand module, EGF-like 
domain(s) and a C-terminal oligomerization 
domain. The von Willebrand module is required 
for protein-protein interactions (Whittaker and 
Hynes 2002).

Though skeletal disorders due to mutations in 
genes for matrilins -1 and -3 have been well doc-
umented (Paulsson and Matrilins 2018; Jackson 
et al. 2012; Anthony et al. 2015; Montanaro et al. 
2006), so far no physiologically relevant muta-
tions have been identified for matrilins -2 and -4.

4.9  Tenascins

Tenascins are matricellular ECM polymorphic 
glycoproteins with molecular weight between 
150 and 380  kDa. They are a family of multi-
meric proteins labeled as tenascin-C, -R, -W, -X 
and -Y (Tucker et al. 2006; Tucker and Chiquet- 
Ehrismann 2009; Okamoto and Imanaka-Yoshida 
2012). Tenascins are composed of identical sub-
units built from variable numbers of repeated 
domains, including heptad repeats, EGF-like 
repeats, fibronectin type III domains and a 
C-terminal globular domain similar to that seen 
in fibrinogens (Okamoto and Imanaka-Yoshida 
2012). Polymerization of tenascins is facilitated 
by the heptad repeats. The pattern of arrangement 
of the domains renders tenascins highly interac-
tive rather than structural proteins in the ECM 
because of and as such are considered matricel-

lular proteins (Midwood et  al. 2016). Whereas 
the presence of tenascin-R is predominantly lim-
ited to the central nervous system (CNS), and 
then mostly during CNS development, the other 
members of the tenascin family are found more 
widespread in connective and soft tissues in the 
body.

4.9.1  Tenascin-X

Tenascin-X is emerging as a significant player in 
physiological processes in many systems and in 
pathogenesis of classic-like type Ehlers-Danlos 
syndrome (cl-EDS) (Matsumoto and Aoki 2020). 
Its level rises gradually from undetectable in 
early embryos into measurable amount in post- 
natal life. Its presence is ubiquitous, but particu-
larly prominent in skeletal muscle, heart, skin, 
and gastrointestinal and nervous tissue. It has 
close association with blood vessels as well 
(Matsumoto and Aoki 2020). Tenascin-X is less 
glycosylated than tenascin-C. Post-natal physical 
activity stimulates the expression of tenascin-X 
in skeletal muscle as a consequence of acute 
mechanical loading and is known to be present in 
tissues that are subjected to high stress (Flück 
et al. 2000; Chiquet et al. 2009). Tenascin-Y is an 
avian equivalent of tenascin-X, and it follows 
tenascin-X expression pattern (Tucker et  al. 
2006; Hagios et al. 1996).

Tenascin-X is localized in the perineurium 
and endoneurium of peripheral nerves (Geffrotin 
et al. 1995), and in leptomeninges of the central 
nervous system (Matsumoto et al. 2002). Though 
tenascins are classified as matricellular proteins, 
tenascin-X has structural function as well. It reg-
ulates fibrillogenesis of fibrillar (types I, III and 
V) and fibril-associated types XII and XIV col-
lagens (Lethias et al. 2006; Veit et al. 2006). This 
is assisted by its binding to decorin (Elefteriou 
et al. 2001) and tropoelastin (Egging et al. 2007). 
These associations would explain how complete 
absence of tenascin-X due to homozygous or 
compound heterogenous mutations in both TNXB 
alleles leads to cl-EDS (Matsumoto and Aoki 
2020). Patients with cl-EDS present with velvety, 
hyperextensible skin, joint hypermobility and 
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easy bruising. The diagnosis of this form of EDS 
can be confirm by the absence of serum form of 
tenascin-X, a protein of M.W. ~140 kDa which is 
a cleavage product of the nature 450 kDa form of 
tenascin-X (Schalkwijk et  al. 2001). The defi-
ciency of tenascin-X would extend to the nervous 
system and would explain chronic pain experi-
enced by many sufferers of cl-EDS in their mus-
culoskeletal and/or gastrointestinal systems 
(Matsumoto and Aoki 2020). See also Chap. 9 in 
this volume for more discussion on EDS.
The composition of tenascin-X, more specifically 
the presence of EGF–like and FNIII-like repeats 
in its molecule, makes it an angiogenic factor 
(Demidova-Rice et  al. 2011). Interactions with 
VEGF-B contribute to its angiogenicity (Ikuta 
et al. 2000). Tenascin-X ability to activate latent 
TGFβ and TGFβ/Smad signaling pathway pro-
motes epithelial-mesenchymal transition, and 
may contribute to its function as a matricellular 
protein (Valcourt et al. 2015).

4.9.2  Tenascin-C

Tenascin-C was the first described tenascin. It is 
a large molecule of Mr ~300 kDa, assembled into 
a hexamer. As other tenascins, the molecule con-
sists of an N-teminal domain, EGF-like repeats, 
several fibronectin type II domains and a 
C-teminal fibrinogen-like globular domain. The 
structure of several repeats of the same domain or 
module enables binding of numerous ligands 
(Okamoto and Imanaka-Yoshida 2012). 
Tenascin-C is expressed transiently in the mesen-
chyme around developing organs such as kidney, 
teeth and mammary glands. Its expression is 
associated with epithelial-mesenchymal transi-
tion, branching morphogenesis and vascular 
development (Imanaka-Yoshida et  al. 2014; 
Akbareian et al. 2013). It is present in the perios-
tium, ligaments, tendons, myo-tendinous junc-
tions, smooth muscle and perichondrium both 
during embryonic development and in adult 
 tissues. However, expression of tenascin-C in the 
adult tissue is generally low, only to be tran-
siently elevated upon tissue injury (and likely 

associated with stem cell proliferation) and often 
down- regulated again after tissue repair is com-
plete (Midwood et al. 2016). Although tenascin-
C shares structural relationship to fibronectin, it 
differs in its adhesive function. Where fibronectin 
is adhesive in nature, tenascin-C is only weakly 
adhesive – if at all – for most cells, and it does in 
fact limit the fibronectin-mediated cell spreading 
when the two proteins interact in cell cultures 
(Chiquet-Ehrismann et  al. 1988). Tenascin-C 
interferes with cell spreading by inhibiting bind-
ing of fibronectin to its co-receptor syndecan-4, 
and integrin α5β1 signaling to FAK and RhoA is 
also impaired whereby focal adhesions are dimin-
ished (Huang et  al. 2001; Midwood and 
Schwarzbauer 2002; Chiquet-Ehrismann and 
Chiquet 2003; Jones and Jones 2000).

As mentioned above, the expression of tenas-
cin- C is regulated by mechanical stress both dur-
ing development and in adulthood, and its 
expression is predominantly present in tissues 
experiencing high tensile stress, such as liga-
ments, tendons and smooth muscle (Kreja et al. 
2012). Mechanical loading of muscle induces 
tenascin-C mRNA and protein in endomysial 
fibroblasts of the affected holding muscle 
(Järvinen et al. 2003). Tenascin-C was found to 
be over-expressed in hypertensive rat arterial 
smooth muscle (Mackie et  al. 1992) and in the 
periosteum of rat ulnae loaded in vivo, but tenas-
cin- C expression was low in the osteotendinous 
interphase of immobilized rat legs (Järvinen et al. 
2003). Interestingly, elevated levels of tenascin-C 
were found in the blood of patients with rheuma-
toid arthritis (Page et al. 2012), and in synovial 
fluid after injury to the human and canine knee 
(Chockalingam et al. 2013).

In relation to ECM tissue damage, tenascin-C 
has been demonstrated to play different roles that 
can mediate both inflammatory and fibrotic pro-
cesses to enable effective tissue repair. For exam-
ple, tenascin-C makes a prominent appearance in 
pathological heart conditions. Though barely 
expressed in the normal adult heart its level 
increases in the heart after myocardial infarction, 
during myocarditis, hypertensive heart disease, 
to name just a few examples (Okamoto and 
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Imanaka-Yoshida 2012). According to the cur-
rent hypothesis tenascin-C is directly involved in 
ventricular remodeling through releasing cardio-
myocytes from the adherence to the extracellular 
matrix and through upregulation of matrix metal-
loproteinases (Okamoto and Imanaka-Yoshida 
2012; Imanaka-Yoshida 2012). A high level of 
expression of tenascin-C in cardiac tissues cor-
relates with poor patient prognosis (Midwood 
et al. 2011) Interestingly, tenascin-C was found 
in calcified aortic valves together with matrix 
metalloproteinase-12 where they likely contrib-
ute to the fragmentation of elastic fibers (Perrotta 
et al. 2011). Tenascin-C is involved in develop-
ment of atherosclerosis, and possibly of aortic 
dissection, though whether its effect stimulating 
or inhibiting is unclear (Matsumoto and Aoki 
2020).

TGFβ and platelet-derived growth factor 
(PDGF) induce expression of tenascin-C 
(Midwood et  al. 2016). Tenascin-C binding to 
PDGF receptor or endothelin receptors modu-
lates its inhibition of fibronectin adhesive effect 
(Midwood et al. 2016).

Similar to tenascin-C, tenascin–W has been 
identified in a variety of developing tissues, and a 
large interest has been invested in these tenascins 
in relation to tumor development and growth, 
where they play important roles.
In summary tenascin proteins are found to be 
dysregulated in many pathological conditions 
like cancer, heart- and vessel disease, as well as 
in connective tissue diseases with manifestations 
in skin, tendon and muscle like e.g. special forms 
of Ehlers-Danlos syndrome (more discussed in 
Chap. 9) and Dupuytren disease (Berndt et  al. 
1994). Further, tenascins have been shown to be 
important in regeneration and recovery of 
musculo- tendinous tissue, in that they possess a 
de-adhesive effect whereby they potentially can 
contribute to a coordinated tissue reorganization 
and build-up (Mackey et  al. 2011). It has been 
suggested that they “orchestrate” muscle build up 
after injury (Flück et al. 2008). Thus, it is likely 
that tenascins are important for ensuring mechan-
ical properties of weight bearing ECM as well as 
ensuring an optimal recovery of ECM after 
mechanical injury.

4.10  Thrombospondins

Thrombospondins (TSPs) form the last matricel-
lular group. There are five modular glycopro-
teins, each one of them encoded by a separate 
gene (Murphy-Ullrich and Iozzo 2012; Adams 
and Lawler 2004; Adams and Lawler 2011). 
Group A consists of TSP-1 and TSP-2, and TSPs 
3–5 are in group B. Their binding to various com-
ponents of the ECM, such as heparan sulfate pro-
teoglycans, and to numerous cell membrane 
receptors enables TSPs to modulate cell func-
tions in a variety of tissues (Murphy-Ullrich and 
Iozzo 2012). They are considered to be “adhesion- 
modulating” components of the ECM (Mosher 
and Adams 2012).

In particular, we will discuss TSP-1 and 
TSP-5  in more detail as their involvement in 
metabolism of the ECM is pertinent to issues dis-
cussed in this volume. The activation of latent 
TGFβ by TSP-1 plays an important role in wound 
healing, and also in pathogenesis of fibrotic pro-
cesses in kidney and heart in diabetes (Lu et al. 
2011; Belmadani et al. 2007). Increased expres-
sion of TSP-1 (accompanied by increased TGFβ 
activity) was observed in fibrotic skin disorders 
such as keloids (Chipev et al. 2000) and sclero-
derma (Mimura et al. 2005).

TSP-1 is released from platelet α-granules 
where it is stored so it can participate in tissue 
repair (Sweetwyne and Murphy-Ullrich 2012). It 
is a homotrimer of three 150 kDa subunits. Each 
unit is composed of N-terminal laminin G-like 
domain, and in the last 650 amino acids, of sev-
eral EGF-like domains, 13 calcium-binding 
repeats and a globular L-type lectin-like domain. 
These regions in the last 650 amino acids are usu-
ally referred to as the C-terminal or “signature” 
region (Mosher and Adams 2012). With glyco-
sylation the size of TSP-1 balloons to staggering 
Mr ~ 450 kDa (Rogers et al. 2012). Its expression 
in adult organism is minimal (except for storage 
pool in platelets) and is upregulated only as a 
result of injury (Agah et al. 2002) and/or chronic 
disease (Rogers et  al. 2012; Hohenstein et  al. 
2008). TSP-1 binds to many cell membrane 
receptors, including CD47 (Rogers et al. 2012), 
integrins (Chandrasekaran et  al. 1999), also 
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to  heparan sulfate and low-density lipoprotein 
(LDL) (Chen et al. 1996). TSP-1 binds not only 
to latent TGFβ through thrombospondin repeats, 
but it also activates this growth factor (Murphy- 
Ullrich and Poczatek 2000). It is thought that 
TSP-1 facilitates presentation of TGFβ to the 
TGFβ receptor (Sweetwyne and Murphy-Ullrich 
2012). TSP-1 was shown to upregulate type I col-
lagen expression through its N- and C-terminal 
domains which may explain the sometimes 
opposing cellular responses stimulated by TSP-1 
(Sweetwyne and Murphy-Ullrich 2012; Elzie and 
Murphy-Ullrich 2004). TGFβ activity induced by 
TSP-1 is a normal process during early tissue 
repair, however, if TSP-1 expression persists in 
later stages of wound healing fibrosis may prevail 
(Sweetwyne and Murphy-Ullrich 2012). In addi-
tion, TSP-1 regulates activity of several other 
growth factors, most notably, VEGF, EGF and 
PDGF. In particular, TSP-1 plays an important 
role in transactivation of EGF receptors in epithe-
lial and endothelial cells, and thus can disrupt 
endothelial barrier (Goldblum et al. 1999). TSP-1 
is an endogenous inhibitor of angiogenesis con-
ferred by type I repeat domain found only in 
TSP-1 and TSP-2 (which is also anti- angiogenic – 
see below) (Bornstein 2009). Though TSP-1 has 
hypertensive effect on cardiovascular system and 
is known to play a role in pathogenesis of athero-
sclerosis and peripheral vascular disease (Robert 
et al. 2012), the activity is mediated through con-
trol of nitric oxide synthesis (and thus increasing 
arterial resistance), rather than through an impact 
on or binding to a structural component of the 
blood vessel wall (Robert et al. 2012). TSP-2 is 
involved in collagen fibril assembly and is capa-
ble of inhibition of angiogenesis and protease 
activity, but unlike TSP-1 it does not activate 
TGFβ (Okamoto and Imanaka-Yoshida 2012).

There is at least one syndrome where a muta-
tion in a gene encoding an enzyme responsible 
for proper TSP-1 function leads to structural 
changes which form the basis of the so called 
Peters Plus syndrome. This syndrome is an 
 autosomal recessive disorder phenotypically 
characterized by eye defects, short stature, devel-
opmental delay and cleft lip due to a mutation of 
a gene encoding a β1,3-glucosyltransferase 

which adds a glucose to O-linked fucose (and 
producing a rare glucose-β 1,3-fucose disaccha-
ride) and which is responsible for glycosylation 
of thrombospondin type 1 repeats (Hess et  al. 
2008; Heinonen and Maki 2009). Beside TSP-1, 
properdin, F-spondin, some members of 
a- disintegrin-and-metalloproteinase-with- -
thrombospondin-like-motifs family 
(ADAMTS-13 and ADAMTSL-1) carry the same 
disaccharide (Hess et  al. 2008; Heinonen and 
Maki 2009). Heart defects, such as hypoplastic 
left heart syndrome (Shimizu et al. 2010), patent 
ductus arteriosus, and atrial septal defect are 
present is some variants (Hanna et  al. 2010). 
Though the eye involvement is usually character-
ized by anterior eye chamber defects leading to 
glaucoma (Hess et al. 2008; Hanna et al. 2010), 
corneal pathology has been recognized in some 
cases as well, and then it consists of intracorneal 
fibrosis (Eberwein et al. 2010) and keratolenticu-
lar adhesions (Hess et  al. 2008; Hanna et  al. 
2010).

4.10.1  Cartilage Oligomeric Matrix 
Protein (COMP) or 
Thrombospondin-5

COMP or thrombospondin-5 belongs to the fam-
ily of five extracellular calcium- and 
glycosaminoglycan- binding proteins that play a 
role predominantly during development, angio-
genesis and wound healing. It consists of 5 iden-
tical subunits that are linked together at their 
N-terminal pentamerization end to result in an 
almost “star-like” structure and has Mr ~ 524 kDa 
(Oldberg et al. 1992). COMP shares a conserved 
multidomain architecture in its C-terminal region 
with TSP-1 (Mosher and Adams 2012). It also 
contains eight calmodulin units, four EGF-like 
repeats, and a globular C-terminal domain 
(Oldberg et al. 1992; Rock et al. 2010), and the 5 
“arms” have on their C-terminal end high affinity 
binding sites for type I, II and IX collagen 
(Holden et al. 2001; Rosenberg et al. 1998), and 
for fibronectin (Di Cesare et  al. 1994). 
Thrombospondin-5/COMP is present primarily 
in cartilage, and has been suggested to be impor-
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tant in relation to cartilage turnover and patho-
genesis of osteoarthritis (Heinegård 2009). It is 
also expressed in other connective tissues like 
tendon, especially if the tissue has undergone 
strenuous mechanical loading, but also in cardiac 
cells and activated platelets (Smith et  al. 1997; 
Södersten et  al. 2013; Posey et  al. 2018). The 
exact role of COMP in the fibril formation and 
assembly in the ECM is becoming better under-
stood, and it is thought that COMP facilitates the 
joining of collagen molecules during formation 
of fibril structures (Södersten et al. 2013; Halasz 
et al. 2007). It has been shown that high levels of 
COMP are present in fibrotic scars and systemic 
sclerosis of the skin (Smith et  al. 1997; 
Hesselstrand et al. 2008). It has been suggested 
that a very high concentration of COMP can in 
fact inhibit collagen fibril formation (115).

COMP is expressed in normal tendon where 
its mRNA is confined to tenocytes and the protein 
itself is located in the normally aligned fiber 
structures together with type I collagen. Virtually 
no COMP (and no type I collagen), but only type 
III collagen was found in the normal endotenon 
(Södersten et al. 2013). Physical activity leads to 
increased expression of COMP, at least in the 
equine tendon (Smith et al. 1997), as do patho-
logical processes. High levels of COMP were 
identified in the synovial fluid obtained from the 
sheaths of the equine superficial digital flexor 
tendons diagnosed with synovitis (Smith et  al. 
2011). Likewise, injury to superficial digital 
flexor tendons leads to increased expression of 
COMP, and type I and III collagens in the endo-
tenon and high levels of all three molecules can 
be visualized in the injured and granulation tissue 
(Södersten et al. 2013). Rock et al. have shown 
that COMP promotes attachment of ligament 
cells and chondrocytes to components of the 
ECM using two mechanisms which involves 
CD47 and integrins. Such data indicate an impor-
tant role for COMP in formation of structural 
scaffolding, an essential step in cell attachment to 
the ECM and in matrix-cell signaling (Rock et al. 
2010).

In addition, new data indicate that COMP, and 
its degradation by ADAMTS-7, plays an impor-
tant role in vascular remodeling (Wang et  al. 

2010). COMP has been found in atherosclerotic 
plaques and lesions forming in arteries undergo-
ing re-stenosis (Riessen et  al. 2001), together 
with SLRPs, such as decorin (Riessen et  al. 
1994). It has been suggested that COMP pro-
motes differentiation of vascular smooth muscle 
cells and that binding and degradation of COMP 
by ADAMTS-7 in injured arteries enables migra-
tion of vascular smooth muscle cells and neo-
intima formation. The hope is that ADAMTS-7 
may be a suitable therapeutic agent in combating 
restenosis of atherosclerotic blood vessels after 
angioplasties and related procedures (Wang et al. 
2010). More recent study from the same labora-
tory shows that COMP inhibits vascular smooth 
muscle calcification by interacting with bone 
morphogenetic protein 2 (BMP2) and that the 
COMP in atherosclerotic arteries story is a little 
bit more complicated than initially thought (Du 
et al. 2011).

Though COMP has been involved in metabo-
lism of multiple tissues, including cartilage, ten-
dons and blood vessels the only mutations in the 
COMP gene known to be responsible for patho-
logical conditions identified so far, are those 
affecting the skeleton, such as pseudoachondro-
plasia and multiple epiphyseal dysplasia (Rock 
et al. 2010; Posey and Hecht 2008). COMP is a 
good biomarker of cartilage turnover and was 
found to be elevated in osteoarthritis and rheuma-
toid arthritis (Posey et al. 2018).
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Abstract

Proteoglycans consist of protein cores to 
which at least one glycosaminoglycan chain is 
attached. They play important roles in the 
physiology and biomechanical function of 
tendons, ligaments, cardiovascular system, 
and other systems through their involvement 
in regulation of assembly and maintenance of 
extracellular matrix, and through their partici-
pation in cell proliferation together with 
growth factors. They can be divided into two 
main groups, small and large proteoglycans. 
The small proteoglycans are also known as 
small leucine-rich proteoglycans (SLRPs) 
which are encoded by 18 genes and are further 
subclassified into Classes I-V.  Several mem-
bers of Class I and II, such as decorin and big-
lycan from Class I, and Class II fibromodulin 
and lumican, are known to regulate collagen 
fibrillogenesis. Decorin limits the diameter of 

collagen fibrils during fibrillogenesis. The 
function of biglycan in fibrillogenesis is simi-
lar to that of decorin. Though biomechanical 
function of tendon is compromised in decorin- 
deficient mice, decorin can substitute for lack 
of biglycan in biglycan-deficient mice. New 
data also indicate an important role for bigly-
can in disorders of the cardiovascular system, 
including aortic valve stenosis and aortic dis-
section. Two members of the Class II of 
SLRPs, fibromodulin and lumican bind to the 
same site within the collagen molecule and 
can substitute for each other in fibromodulin- 
or lumican-deficient mice.

Aggrecan and versican are the major rep-
resentatives of the large proteoglycans. 
Though they are mainly found in the cartilage 
where they provide resilience and toughness, 
they are present also in tensile portions of ten-
dons and, in slightly different biochemical 
form in fibrocartilage. Degradation by aggre-
canase is responsible for the appearance of 
different forms of aggrecan and versican in 
different parts of the tendon where these 
cleaved forms play different roles. In addi-
tion, they are important components of the 
ventricularis of cardiac valves. Mutations in 
the gene for versican or in the gene for elastin 
(which binds to versican) lead to severe dis-
ruptions of normal developmental of the heart 
at least in mice.
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leucine- rich repeat protein
SLRP Small leucine-rich proteoglycan
TGFβ Transforming growth factor β
TNF Tumor necrosis factor

Proteoglycans are ubiquitous molecules consist-
ing of protein cores to which one or more glycos-
aminoglycan chains are attached. Their functions 
are numerous: regulation of assembly and mainte-
nance of extracellular matrix, and participation, 
together with growth factors, in cell proliferation. 
They also regulate collagen fibrillogenesis and 
tensile strength of skin and tendons, affect tumor 
cell growth and invasion, influence corneal 
 transparency, and neurite outgrowth among many 
other functions (Yoon and Halper 2005; Iozzo 
1998). In the context of this volume two func-
tions, the heavy involvement of proteoglycans in 
regulation of assembly and maintenance of extra-

cellular matrix (ECM), and their participation in 
cell proliferation, particularly in certain tissues 
such as tendons, heart valves and arteries are per-
haps the most pertinent to the topic and of most 
interest to us. We do include involvement of pro-
teoglycans in seemingly isolated cardiovascular 
pathologies as some of them are affected also in 
many soft-tissue diseases, described in several 
chapters of this volume.

Proteoglycans play a more important role in the 
physiology and biomechanical function of tendons 
and ligaments than would be obvious from their 
low content in the tendon: they comprise less than 
1% of the dry weight of tendons and ligaments 
(mostly decorin and biglycan, but also fibromodu-
lin and aggrecan) but their presence is instrumen-
tal for proper assembly and organization of the 
structural backbone of tendons and ligaments 
(Carter and Beaupré 2007). Because of very low 
aggrecan content tendons have a lower water con-
tent (55% of wet weight) and higher collagen con-
tent (38%) than cartilage (Carter and Beaupré 
2007; Vogel et al. 1994). With tendon injury the 
water content of the tendon increases as the com-
position of proteoglycans in the tendons changes, 
and the content of sulfated proteoglycans, includ-
ing aggrecan increases (Samiric et  al. 2009). 
Changes in proteoglycan makeup of tendons, 
including cartilaginous metaplasia also occur with 
age and loading. Calcification occurs in tendons of 
adult turkeys (Engel and Zerlotti 1967; Spiesz 
et al. 2012) and also in tendons of other species 
that undergo high tensile forces; for example, ossi-
fied tendons were found adjacent to posterior spi-
nal elements of dinosaurs (Manning et al. 2009). 
Formation of fibrocartilage with local chondro-
metaplasia was found also in regions of mamma-
lian, including human, tendons wrapped around 
bony prominences as an effect of transverse com-
pressive forces (Berenson et  al. 1996; Parkinson 
et al. 2011).

Proteoglycans are usually divided into two 
large groups of small and large proteoglycans 
(Yoon and Halper 2005). The small proteogly-
cans are also known as small leucine-rich proteo-
glycans (or SLRPs) (Yoon and Halper 2005; 
Iozzo 1999, 2007; Iozzo and Schaefer 2010). 
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These compounds consist of relatively small core 
proteins (~ 40 kDa) to which, or at least to most 
of them, glycosaminoglycan chains are attached. 
The core proteins contains numerous leucine-rich 
repeats (LRRs), which are 20–30 amino acid 
long with leucine situated in conserved positions 
(Yoon and Halper 2005).

SLRPs are a group of 18 compounds, and can 
be further divided into 5 classes. The first three 
classes, I-III, are canonical as they bind glycos-
aminoglycan chains (Halper 2021). These chains 
could be one to two chondroitin or dermatan sul-
fate (CS or DS), or several keratan sulfate (KS) 
(Yoon and Halper 2005; Iozzo and Murdoch 
1996). The members of the first two classes are 
involved in collagen fibrillogenesis and related 
processes (and so we will focus on only those 
SLRPs). Decorin and biglycan, members of Class 
I, bind to the same site on collagen I.  Class I 
SLRPs contain at least 10 leucine rich regions, 
and have chondroitin and/or dermatan sulfate 
attached to the protein core (Iozzo 2007; 
Pietraszek-Gremplewicz et  al. 2019). 
Fibromodulin and lumican, members of Class II, 
bind to a different site on type I collagen mole-
cule (Rada et al. 1993; Schönherr et al. 1995a, b; 
Svensson et al. 2000). The members of class II 
have 10 leucine rich regions in their central 
domain, and carry keratan sulfate chains attached 
to the leucine rich regions. All of these SLRPs are 
present in tendons where they participate in 
fibrillogenesis and thus contribute to the develop-
ment of proper biomechanical function (Zhang 
et al. 2006). The effect of SLRPs on fibrillogen-
esis is not limited to soft tissues, but more specifi-
cally to tendon and its fibrillar collagens. Tanaka 
et  al. have shown that decreased expression of 
decorin, biglycan and fibromodulin in osteoar-
thritic cartilage lead to reduced expression of 
type IX and XI procollagens, and thus to impaired 
fibrillogenesis and to thickening of the fibrils 
(Tanaka et al. 2019). The composition of amino 
acid sequences intervening between four cysteine 
residues comprising N-terminal cysteine clusters 
determines which class the particular SLRP 
belongs to (Schaefer and Iozzo 2008). In addi-
tion, proteoglycans in Classes I-III and extracel-
lular matrix protein 2 (ECM2) contain a so called 

ear repeat, an LRR elongated by several residues 
(McEwan et al. 2006). McEwan et al. proposed 
that the ear-repeat C-terminal motif is the hall-
mark for members of the true SLRP family 
(McEwan et al. 2006).

Based on their protein homology Class II 
members can be further subdivided into three 
smaller groups. Class II SLRPs contain 
N-terminus clusters of tyrosine sulfate residues, 
and are, therefore, polyanionic. They are fibro-
modulin, lumican, proline and arginine-rich end 
leucine-rich repeat protein or prolargin (PRELP), 
keratocan and osteocadherin and they bind kera-
tan sulfate and polyalactosamine (a nonsulfated 
form of keratan sulfate). Their exonic organiza-
tion is similar among them with three exons 
(Iozzo and Schaefer 2010). All of them except for 
PRELP contain an N-terminal extension with at 
least one sulfate tyrosine residue (Heinegård 
2009). The N-terminal region of PRELP binds to 
heparin instead (Bengtsson et al. 2000).

Three compounds are included in Class 
III.  Epiphycan, and opticin have 6 LRRs each, 
whereas osteoglycin has seven LRRs (Pietraszek- 
Gremplewicz et  al. 2019; Schaefer and Iozzo 
2008). They also possess a consensus sequence 
for glycosylation. They usually appear in tissues 
as glycoproteins rather than as proteoglycans 
(Schaefer and Iozzo 2008).

Chondroadherin, nyctalopin and tsukushi 
form a new non-canonical Class IV, which should 
not be considered true SLRPs because of a differ-
ent C-terminal capping (McEwan et  al. 2006). 
They have 11 homologous LRRs flanked by cys-
teine rich N-terminus. Like members of Class I, 
tsukushi is an inhibitor of several bone morpho-
genetic proteins (BMP-2, −4 and −7) (Schaefer 
and Iozzo 2008; Ohta et al. 2006).

Another non-canonical group, Class V, 
includes podocan and podocan-like protein. Both 
are characterized by 20 LRRSs with homology to 
members of Class I and II. The ability of podocan 
to bind type I collagen makes this molecule even 
more similar to other SLRPs (Schaefer and Iozzo 
2008; Shimizu-Hirota et al. 2004).

Schaefer and Iozzo suggested that many 
SLRPs, particularly those in Classes I – III, arose 
by duplication of chromosomal segments. This 
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would explain the similarity and redundancy in 
their function (Schaefer and Iozzo 2008). A com-
plete list of all proteoglycans and summary of 
their functions and activity can be found in Iozzo 
and Schaefer summary (Iozzo and Schaefer 
2015).

The development of knockout mice had 
brought increased understanding of the role 
SLRPs play in normal physiology and of the role 
of mutated or deficient SLRPs in disease. Those 
SLRPs secreted into ECM are indispensable par-
ticipants in proper assembly and function of 
ECM. This is the case especially for those belong-
ing to Classes I and III which bind to several type 
of collagen, and thus play important roles in the 
assembly of collagen fibrils, extracellular matrix 
function, and by extension in physiology of most, 
if not all, tissues and organs (Iozzo and Schaefer 
2015).

As pointed out by Schaefer and Iozzo, SLRP- 
linked genetic diseases lead to eye abnormalities. 
Interestingly, though point mutations in the 
human decorin gene result in congenital stromal 
corneal dystrophy, an autosomal dominant disor-
der limited to the cornea (Bredrup et  al. 2005, 
2010), decorin-deficient mice exhibit abnormal 
collagen fibril structure in the tendon and skin, 
but not in the cornea (Danielson et al. 1997). The 
fact that the decorin in congenital stromal corneal 
dystrophy was found to be truncated and prone to 
form high molecular weight complexes, at least 
in vitro, and opacities in vivo (Bredrup et  al. 
2010), and thus present, albeit defective whereas 
the absence of decorin mRNA or a protein itself 
in decorin-deficient mice (Danielson et al. 1997) 
likely accounts for the difference in phenotype 
due to complete decorin deficiency.

An N-terminus with a typical cluster of cyste-
ine residues forming two sulfide bonds is consid-
ered a marker of Class I with decorin, biglycan 
and asporin as representative members. The 
Class I members have a similar gene organization 
with eight exons and highly conserved intron/
exon junctions. ECM2, though much larger pro-
tein, has 33% of its LRR identical to the corre-
sponding domains of decorin, and its gene is 
actually linked to the gene for asporin on chro-
mosome 9 (Schaefer and Iozzo 2008).

Decorin is the main proteoglycan in tendon. It 
consists of three domains (Reed and Iozzo 2003). 
A single dermatan/chondroitin sulfate chain 
binds to an N-terminal region. A central region 
contains 10 leucine rich repeats forming repeat-
ing parallel beta sheets which contain a binding 
site for fibrils of several collagen types (type I, II, 
III, and VI) at D-periods which maintains fibril 
diameters and biomechanical stability (Kamma- 
Loger et al. 2016). It contains also binding sites 
for several other proteins such as for transform-
ing growth factor β (TGFβ) (Schönherr et  al. 
1998) and epidermal growth factor (EGF) and its 
receptor (Santra et  al. 2002). In addition, the 
attached glycosaminoglycan chain also has bind-
ing sites for TGFβ and tumor necrosis factor α 
(TNFα) (Hildebrand et al. 1994; Tiedemann et al. 
2005). A C-terminal region contains, just like the 
N-terminus, several cysteine residues (Reed and 
Iozzo 2003). Decorin is detected in tendons dur-
ing the first stage of collagen fibrillogenesis (Kuo 
et  al. 2008), and remains expressed in tendons 
(and other connective tissues) throughout the life 
of an individual. Decorin regulates the size of 
collagen fibrils during fibrillogenesis with the 
purpose to limit the diameter of fibrils and mod-
ify the rate of the process (Heinegård 2009). 
Decorin knockout mice have collagen fibrils 
varying in dimension with thicker diameters and 
widely uneven shapes, especially in skin and ten-
don. As a consequence their skin (and tendon) 
was fragile with reduced tensile strength 
(Danielson et  al. 1997). As decorin expression 
increases with age the tendon worsens biome-
chanically because of changes in fibril structure 
and diameter. Paradoxically, tendons from 
decorin- null mice show less decline in their bio-
mechanical parameters with aging than tendons 
from intact mice (Dunkman et al. 2013).

Decorin has many other functions besides its 
regulation of fibrillogenesis. It inhibits TGFβ 
activity, presumably by sequestering the growth 
factor (Hildebrand et al. 1994), and this mecha-
nism might account for inhibition of fibrosis (and 
counteracting disease progression) in recessive 
dystrophic epidermolysis bullosa in mice 
(Cianfarani et al. 2019). Decorin participates in 
regulation of cell proliferation and immune 
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response as well (Yoon and Halper 2005). 
Decorin can substitute for absent biglycan, at 
least in animal models (Ameye and Young 2002).

Two chondroitin or dermatan sulfate chains 
are attached to the protein core of biglycan 
(Krusius and Ruoslahti 1986). As a proper mem-
ber of Class I SLRP its protein core consists of 10 
leucine-rich repeats (Iozzo 2007; Heegaard et al. 
2012). Its central domain contains binding sites 
for type I and VI collagens (Schönherr et  al. 
1995a; Wiberg et al. 2002). The affinity of bigly-
can binding to collagen is similar to decorin and 
is independent of N-linked oligosaccharides pres-
ent on the biglycan molecule (Schönherr et  al. 
1995a). However, the two glycosaminoglycan 
chains attached to the biglycan core protein 
potentiate the binding of the core protein alone to 
collagens (Kram et al. 2020). Similarly to deco-
rin, it interacts with TGFβ1-3 and TNFα through 
binding sites on the core protein and the derma-
tan sulfate chain attached to the core protein 
(Hildebrand et al. 1994; Tiedemann et al. 2005; 
Kram et al. 2020). Biglycan is present at particu-
larly high levels in developing tendon. At E16-18 
of mouse embryonic development, tendons are 
already quite prominent and express high levels 
of biglycan where it is coexpressed with collagen 
VI, and though the level of biglycan then declines 
it remains detectable postnatally (Lechner et al. 
2006). Together with aggrecan (see below) bigly-
can is present in higher concentrations in the 
fibrocartilaginous region of tendon (Rees et  al. 
2009). Several studies have shown that abnormal 
collagen fibrils and their assembly in bone, der-
mis and tendon lead to impaired function in these 
systems in biglycan- deficient mice (Ameye and 
Young 2002; Corsi et  al. 2002; Ameye et  al. 
2002; Young et  al. 2002). The stimulation of 
BMP-4 expression by biglycan leads to proper 
tendon development in the embryo (Iozzo and 
Schaefer 2010). Biglycan also modulates BMP- 
4- induced differentiation of osteoblasts (Iozzo 
and Schaefer 2015). The core protein of biglycan 
stimulates activity of BMP-2 (Kram et al. 2020). 
In biglycan (and fibromodulin) deficient mice 
BMP-2 which is released from biglycan- 
controlled inhibition (at least in tendon) drives 
inhibition of tendon development (Schaefer and 

Iozzo 2008; Bi et al. 2007). Both decorin and big-
lycan are also expressed in healthy arteries 
(Bianco et al. 1990; Yeo et al. 1995). The adven-
titia of aorta is a major site for biglycan deposi-
tion (Heegaard et  al. 2012). However, biglycan 
plays a somewhat sinister role in the development 
of atherosclerotic plaques and aortic valve steno-
sis. Biglycan promotes lipid deposition through 
binding to Toll-like receptors, with induction of 
cytokine production and inflammation. It binds to 
Toll-like receptors 2 and 4 located on macro-
phages, and thus functions as one of the media-
tors of innate immunity (Schaefer and Iozzo 
2008). It also induces the expression of BMP-2, 
TGFß and alkaline phosphatase in interstitial 
cells of human aortic valve primarily through 
Toll-like receptor 2 (Song et al. 2012, 2015). In 
turn, both BMP-2 and TGFß enhance the osteo-
genic process and calcifications leading to aortic 
valve stenosis (Song et  al. 2015). In addition, 
hyperglycemia of diabetes mellitus contributes to 
upregulating of biglycan in aortic valves as well 
(Barth et al. 2019).

A diminished low density lipoprotein (LDL) 
binding ability of biglycan (and versican, another 
LDL-binding proteoglycan) and the subsequent 
release of LDL from human aortic lesions can be 
induced by a disintegrin and metalloproteinase 
with thrombospondin motifs 5 (ADAMTS-5) 
activity (Didangelos et al. 2012). The risk for aor-
tic dissection is X-linked (Coady et al. 1999), and 
aortic dissection and rupture are, indeed, more 
frequent in men with loss-of-function mutation in 
the X-linked biglycan gene (Meester et al. 2017) 
and in women with Turner syndrome (Lin et al. 
1986). Similarly, it is the biglycan-deficient male 
mice rather than the females which suffer aortic 
rupture due to abnormal collagen fibrils with 
great variation in size and shape (Heegaard et al. 
2012). Sporadic aortic dissection can also be 
induced by ADAMTS-4 activity. ADAMTS-4 
can lead to the inflammation and degradation of 
versican, inducing smooth muscle cell apoptosis 
(Ren et al. 2017).

Asporin, another member of Class I, competes 
with decorin for collagen binding but because of 
its ability to bind calcium (Kalamajski et  al. 
2009) it plays a role in pathogenesis of osteoar-
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thritis, and other joint and bone diseases rather 
than in tendon disorders (Ikegawa 2008). 
Interestingly, it has no glycosaminoglycan chain 
attached to its protein core. Asporin-mediated 
decreased calcification of aortic valve cell cul-
tures is probably the result of negative regulation 
of activities of BMP-2, and likely of TGFβ 
(Ikegawa 2008). This suggests that asporin may 
function as a counterpoint to the osteogenic effect 
of biglycan on aortic valve (Polley et al. 2020). 
Though the skin in asporin deficient chicken 
(Aspn−/−) appears normal on histology, including 
immunohistochemistry, the skin feels tougher, 
likely as a consequence of upregulation of genes 
for several collagens and matrix metalloprotein-
ases (MMPs) and for decorin and biglycan, 
accompanied by abundance of chondroitin/der-
matan sulfate,. Those two SLRPs were likely 
compensatory and responsible for the normal his-
tology pattern (Maccarana et al. 2017).

All known members of Class II bind to fibril-
lar collagens through the leucine-rich region, and 
both fibromodulin and lumican bind to the same 
site within the collagen molecule (Heinegård 
2009). Fibromodulin is associated with types I 
and II collagen fibrils, as it binds to the gap 
regions of both collagens, at sites different from 
collagen binding sites for decorin and biglycan 
(Hedlund et al. 1994; Viola 2007). It has multiple 
binding sites for type I collagen, but only one 
binding site for type II collagen (Svensson et al. 
2000). It impedes fibril formation of these two 
collagens (Hedbom and Heinegård 1989). The 
keratan sulfate chains bound to fibromodulin pro-
tein core confer negative charge onto this proteo-
glycan. In addition, the presence of sulfated 
tyrosine residues together with numerous acidic 
amino acids at the N-terminus endows this region 
with properties similar to negatively charged 
heparin (Önnerfjord et  al. 2004). As a conse-
quence, this domain of fibromodulin binds 
growth factors and cytokines, such as fibroblast 
growth factor 2 (FGF2), interleukin 10 (IL-10) 
and oncostatin M and likely plays a role in inter-
actions with collagen (Heinegård 2009).

Lumican, an SLRP closely related to fibro-
modulin, also present in tendons, plays a major 
role in connective tissues of cornea, skin, liver, 

articular cartilage and muscle, including cardiac 
muscle, where by virtue of multiple keratan sul-
fate chains attached to its core protein it retains 
water, and thus provides hydration and resilience 
of these tissues to stressful stimuli. It is involved 
in cell proliferation, migration, angiogenesis and 
Toll-like receptor 4 signaling. Lumican increases 
gene expression of many ECM molecules, 
including fibrillar collagens, MMP9 and TGFß 
(Xiao et al. 2020). Lumican-deficient mice have 
corneal clouding and skin laxity, but only mini-
mal tendon impairment (Chakravarti et al. 1998). 
Several recent studies have shown the importance 
of lumican in cardiac health and dysfunction. 
Like fibromodulin, lumican is involved in colla-
gen fibrillogenesis and cross-linking (Svensson 
et  al. 2000; Mohammadzadeh et  al. 2019) and 
substitutes for fibromodulin in fibromodulin- 
deficient mice (Svensson et al. 1999). Similar to 
biglycan, lumican binds to Toll-like receptor as 
part of the antigen recognition process (Schaefer 
and Iozzo 2008). Its presence is increased in 
hearts of patients and mice with heart failure 
where it contributes to pressure overload induced 
cardiac remodeling, i.e., to cardiac fibrosis 
(Mohammadzadeh et  al. 2019). The suspected 
contribution of lumican to cardiac fibrosis is sup-
ported by attenuation of cardiac fibrosis in 
response to pressure overload, and development 
of cardiac dilatation in lumican knockout mice 
(Mohammadzadeh et al. 2020).

Studies on mice deficient in one or two the 
genes for the four SLRPs (i.e., decorin, biglycan, 
fibromodulin and lumican) showed somewhat 
overlapping role for these proteoglycans in fibril-
logenesis. Deficiency in at least one of them has 
an effect on morphology and diameter of colla-
gen fibrils. For example, the most dramatic effect 
of decorin deficiency is the emergence of irregu-
lar fibrils with large diameter and a decrease in 
skin and tendon tensile strength (Danielson et al. 
1997). This is due to uncontrolled lateral fusion 
of thin and thick fibrils (Reed and Iozzo 2003). 
Abnormal fibril formation is also seen in 
biglycan- deficient mice (Young et al. 2002), and 
such abnormalities are accentuated in double 
knockout mice for both decorin and biglycan 
(Corsi et  al. 2002). Such findings confirm that 
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these proteoglycans play a major role in at least 
the third stage of fibrillogenesis where they limit 
lateral fibril growth. Biglycan deficient mice have 
normal skin but show reduced bone density, pos-
sibly due to modulation of BMP-4 effect on 
osteoblast differentiation described above (Iozzo 
and Schaefer 2015; Corsi et al. 2002). Lumican is 
able to substitute functionally for fibromodulin in 
fibromodulin-deficient mice. In contrast, large 
diameter collagen fibrils forming disorganized 
matrix in cornea and skin were found in lumican- 
deficient mice. It is interesting to note that this 
did not lead to loss in tendon biomechanical 
function and that fibromodulin did not substitute 
for loss of lumican function (Jepsen et al. 2002).

Keratocan, a less described member of Class 
II, has been identified in the tendon in the fibro-
cartilage, in the tensional region and in the endo-
tenon (Rees et  al. 2009). It is interesting that 
tendon keratocan is poorly sulfated in the tendon 
and highly glycosylated in the cornea, perhaps 
reflecting differences in its function in those two 
tissues (Rees et al. 2009). Mutations in keratocan 
can lead to cornea plana, a rare eye disease char-
acterized by small flat corneas, reduced visual 
activity, and corneal clouding among other eye 
problems (Huang et al. 2019).

Aggrecan and versican, two representatives of 
the group of large proteoglycans binding hyal-
uronan, are the main proteoglycans synthesized 
in cartilage where they provide resilience and 
toughness. Brevican and neurocan are two other 
members of this group of so called hyalectans, 
designation derived from their ability to bind 
hyaluronan and lectin (Halper 2021). Aggrecan 
binding to hyaluronan is mediated by a link pro-
tein binding to the globular G1 domain of aggre-
can. The second domain or G2 though quite 
homologous to G1 does not have the ability bind 
hyaluronan, and its function is not understood. 
G3 is located at the C-terminal end of the mole-
cule and has homology to C-type lectin 
(Heinegård 2009). This domain binds and inter-
acts with extracellular matrix proteins with EGF- 
repeats in their molecules, such as fibrillins, 
fibulins and tenascins (Day et al. 2004). A point 
mutation in this lectin region leads to chondritis 
dissecans due to loss of interactions with fibulin-

 1, fibulin-2, and tenascin-R, and it is character-
ized by fragmentation of articular cartilage and 
subsequent dislocation of subchondral bone from 
the joint surface early in life (Stattin et al. 2010). 
Aggrecan is a highly glycosylated molecule with 
numerous CS and KS chains attached to its large 
core protein (Mr ~ 220 kDa). In addition, aggre-
can contains a variable number of O- and N-linked 
oligosaccharides (Iozzo and Murdoch 1996). Up 
to 100, somewhat heterogenous CS chains are 
attached to the CS1 and CS2 domains and even 
undergo further increase in diversity in diseases 
such as rheumatoid arthritis (Heinegård 2009). 
Because the numerous negatively charged kera-
tan sulfate chains attached to aggrecan protein 
core constitute the collagen binding region of 
aggrecan, the ECM acquires high osmotic pres-
sure. The tissue then attracts water. The resulting 
high tissue hydration renders the tissue resistant 
to compressive loading (Valhmu et  al. 1998). 
This resilience is important not only in cartilage 
but also in regions of weight bearing tendons 
experiencing compression (Vogel et  al. 1994), 
and in the walls of atherosclerotic blood vessels 
experiencing high shear (Ström et al. 2004).

Several aggrecanases cleaving specific sites 
on the protein core participate in degradation of 
aggrecan. They are members of the ADAMTS 
family of proteinases and are primarily active in 
the cartilage (Munteanu et al. 2002). The activity 
of ADAMTS was also demonstrated in tendons 
where some of them, particularly ADAMTS-4 
and -5 cleave aggrecan at specific sites, espe-
cially in tendons with abnormally increased con-
tent of aggrecan (Rees et al. 2000; Tsuzaki et al. 
2003; Plaas et al. 2011).

New acquisition of aggrecan happens also 
with age (Rees et al. 2009) and it is a sign of ten-
dons or their regions undergoing remodeling into 
fibrocartilage (Vogel et al. 1994). In addition, a 
different form of aggrecan has been found in ten-
sile regions of tendon: it lacks the G1 domain due 
to proteolytic degradation by aggrecanases 
(Vogel et al. 1994; Rees et al. 2009; Samiric et al. 
2004). Interestingly, comparative explant cul-
tures of tendons and of articular cartilage have 
shown much higher turnover of aggrecan in ten-
dons than in cartilage. This is associated with 
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release of aggrecan G1-containing metabolites 
and high levels of hyaluronan from tendon matrix 
(Rees et  al. 2009). This is likely due to differ-
ences in composition between tendon and carti-
lage aggrecans. It has been suggested that tendon 
aggrecan is more susceptible to aggrecanase deg-
radation due to the higher content of non-sulfated 
chondroitin sulfate disaccharide isomers and less 
keratan sulfate (Rees et al. 2009).

Versican is another member of the hyaluronan- 
binding PGs (Iozzo and Murdoch 1996; Wight 
2002). It is expressed in many tissues, especially 
in fast growing cells of soft tissues. Versican is 
found in the dermis of skin, in the media of the 
aorta, and in lower portions in tendon. It appears 
transiently during mesenchymal condensation in 
developing chicken limb buds (Choocheep et al. 
2010). An increase in versican content leads to 
expansion of ECM and to increased viscoelastic-
ity of pericellular matrix that supports cell-shape 
changes necessary for cell proliferation and 
migration. ADAMTS-1 and -4 were shown to 
cleave also versican, in addition to aggrecan 
(Corps et al. 2008). Similar to aggrecan, versican 
is present in tensile regions of tendons in a catab-
olized form, presumably the result of aggrecan-
ase activity. Like aggrecan, versican in this 
location lacks the G1 domain (Samiric et  al. 
2004). The presence of G3 domain which con-
tains a C-type lectin sequence and binds multiple 
components of the extracellular matrix including 
fibulins -1 and -2 (Aspberg et al. 1999; Olin et al. 
2001), and tenascin C (Day et al. 2004) indicates 
that versican is involved in structural organiza-
tion of the tendon (Rees et  al. 2009). Versican 
interacts also with CD44, integrin and EGF 
receptors through another binding site (Wu et al. 
2005). It stabilizes also the presence of TGFβ in 
the extracellular matrix and regulates TGFβ sig-
naling (Choocheep et al. 2010).

Though neither aggrecan nor versican have 
been implicated as direct culprits in the patho-
genesis of systemic diseases affecting soft con-
nective tissues, including those involving cardiac 
valves and aorta, such as Marfan or Ehlers- 
Danlos syndrome these two proteoglycans do 
play important roles in the structure and physiol-

ogy of the cardiovascular system. So far we 
know that mutations in fibrillin -1 lead to Marfan 
syndrome and mitral valve prolapse (for more 
details see Chap. 8). Mutations in type III colla-
gen and tenascin X may contribute to mitral 
valve prolapse and pulmonary valve stenosis 
(Hinton et  al. 2006). Because these molecules 
are tightly associated with aggrecan and versi-
can, it is likely that the products of the mutated 
genes affect the function of these proteoglycans 
as well. The extracellular matrix in cardiac valves 
is organized into three overlapping layers 
(fibrosa, spongiosa and ventricularis). Collagen 
fibers form the fibrosa, or arterial layer of the 
valvular cusp. The central layer, called spongi-
osa, is composed of loosely deposited proteogly-
cans, including both aggrecan and versican. 
Finally, the ventricularis, facing the ventricle, 
has a high content of elastin (Hinton et al. 2006; 
Lincoln et al. 2006). The precise composition of 
these layers changes during embryonic remodel-
ing. The expression of aggrecan increases during 
cushion elongation and this proteoglycan is also 
present in the fibrosa and spongiosa during the 
cusp remodeling. This is associated with differ-
ential expression of other components of cardiac 
valves such as type III collagen, tenascin and 
elastin as already referred to above (Hinton et al. 
2006). The expression of aggrecan and versican 
is controlled by at least two transcription factors, 
Twist1 (Shelton and Yutzey 2008) and TBx20 
(Shelton and Yutzey 2007). Versican plays an 
important role in cardiac development. Several 
enzymes, such as MMP-2, MMP-9, ADAMTS-5 
and ADAMTS-9 process and cleave versican 
which is particularly relevant in the development 
of certain experimental valve defects (see below) 
(Krishnamurthy et  al. 2012; Visse and Nagase 
2003). Interestingly, though ADAMTS-5 defi-
cient mice on high fat diet (and obese) the lack of 
versican cleavage leads to increase in diastolic 
posterior wall thickness and left ventricle vol-
ume, cardiac function remain intact 
(Hemmeryckx et  al. 2019). The significance of 
these findings for people suffering from obesity 
has not been determined. A lethal mutation in the 
versican gene was described in mice which die in 
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utero due to hypoplastic endocardial cushions 
and malformations of the right cardiac chambers 
(Mjaatvedt et al. 1998). However, some mutant 
mouse embryos with a mixed background and 
lacking only the A subdomain of the G1 domain 
survived to the neonatal stage with a ventricular 
septal defect (Hatano et  al. 2012). Versican in 
these embryos had a decreased ability to bind 
hyaluronan. The versican splicing forms were 
decreased in the atrioventricular canal cushion 
and the ventricular septa. The normal endocar-
dial mesenchymal transition from highly prolif-
erative endocardial cells to less proliferative 
remodeling mesenchymal cells occurring as part 
of normal cardiac development (Hinton et  al. 
2006) was disrupted as endocardial cells per-
sisted in their proliferative state due to the lack of 
the versican A subdomain (Hatano et al. 2012).

The defect or mutation does not have to neces-
sarily reside in versican or its gene for core pro-
tein of versican to disrupt normal heart 
development. Versican interacts closely with 
elastin, the major component of the ventricularis 
layer of cardiac valves. Versican limits elastogen-
esis as it interferes with elastic fiber assembly 
(Wu et  al. 2005; Huang et  al. 2006). Excessive 
proteoglycan accumulation was found in the 
annulus region of the developing aortic valve of 
elastin-insufficient mice (heterogenous for elas-
tin deficiency, designated as Eln+/−) due to 
increase in intact and cleaved versican accompa-
nied by an increase in MMP-2 and MMP-9. This 
was in sharp contrast to wild type mice where the 
proteoglycan in the annulus was identified as 
aggrecan, and no versican, intact or cleaved was 
detected (Krishnamurthy et  al. 2012). As 
Krishnamurthy et  al. point out, versican and 
aggrecan complement each other and so may 
substitute for each other in function if necessary 
(Krishnamurthy et al. 2012).

Whether this would be the case in other car-
diac valves and whether disorders of other com-
ponents of the extracellular matrix expressed in 
Marfan, Ehlers-Danlos and other related syn-
dromes lead to imbalance between aggrecan and 
versican expression and function needs to be 
demonstrated in the future.
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Abstract

Repair and healing of injured and diseased 
tendons has been traditionally fraught with 
apprehension and difficulties, and often led to 
rather unsatisfactory results. The burgeoning 
research field of growth factors has opened 
new venues for treatment of tendon disorders 
and injuries, and possibly for treatment of dis-
orders of the aorta and major arteries as well. 
Several chapters in this volume elucidate the 
role of transforming growth factor β (TGFß) 
in pathogenesis of several heritable disorders 
affecting soft tissues, such as aorta, cardiac 
valves, and tendons and ligaments. Several 
members of the bone morphogenetic group 
either have been approved by the FDA for 
treatment of non-healing fractures or have 
been undergoing intensive clinical and experi-
mental testing for use of healing bone frac-
tures and tendon injuries. Because fibroblast 

growth factors (FGFs) are involved in embry-
onic development of tendons and muscles 
among other tissues and organs, the hope is 
that applied research on FGF biological effects 
will lead to the development of some new 
treatment strategies providing that we can 
control angiogenicity of these growth factors. 
The problem, or rather question, regarding 
practical use of imsulin-like growth factor I 
(IGF-I) in tendon repair is whether IGF-I acts 
independently or under the guidance of growth 
hormone. FGF2 or platelet-derived growth 
factor (PDGF) alone or in combination with 
IGF-I stimulates regeneration of periodontal 
ligament: a matter of importance in Marfan 
patients with periodontitis. In contrast, vascu-
lar endothelial growth factor (VEGF) appears 
to have rather deleterious effects on experi-
mental tendon healing, perhaps because of its 
angiogenic activity and stimulation of matrix 
metalloproteinases-proteases whose increased 
expression has been documented in a variety 
of ruptured tendons. Other modalities, such as 
local administration of platelet-rich plasma 
(PRP) and/or of mesenchymal stem cells have 
been explored extensively in tendon healing. 
Though treatment with PRP and mesenchy-
mal stem cells has met with some success in 
horses (who experience a lot of tendon inju-
ries and other tendon problems), the use of 
PRP and mesenchymal stem cells in people 
has been more problematic and requires more 
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studies before PRP and mesenchymal stem 
cells can become reliable tools in management 
of soft tissue injuries and disorders.
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PRP Platelet-rich plasma
TGFβ Transforming growth factor β
VEGF Vascular endothelial growth factor

6.1  Basics of Tendon Repair

One of the challenges facing patients with tendon 
injuries either due to trauma or joint laxity in 
Ehlers-Danlos syndrome is the lack of good 
options for management and treatment of such 
disorders. Repair in the tendon generally follows 
along the classical pathways for wound healing 
marked by a sequence of inflammation, prolifera-
tion and remodeling. As a result of remodeling, 
type I and type III collagen are laid down first in 
the form of small diameter fibrils (Södersten 
et  al. 2013). Tensile strength increases when 

crosslinks are re-established at 3 weeks after the 
injury (Jones et al. 2006a), though the healed ten-
don does not regain the original organization or 
biomechanical function even years later in most 
cases (Woo et  al. 1999; Graham et  al. 2019). 
Surgical repair is usually incomplete as well, 
resulting in decreased stiffness and adhesion for-
mation (Greenough 1996; Noguchi et al. 1993). 
Various suture techniques have been tested on the 
flexor digitorum profundus tendon in the dog 
with mixed results depending on the technique 
that was utilized (Zhao et al. 2001). Fibrin glue 
has been used in rabbits but no significant differ-
ence in range of motion was detected after 
8 weeks post-treatment (He et al. 2013). Suture 
techniques in tendon repair have also been stud-
ied in rats, with similar insignificant results 
(Sardenberg et  al. 2015). Patients with Marfan 
syndrome also suffer from joint problems and 
from periondontitis, or inflammation of the gin-
giva, periodontal ligament and alveolar bone loss 
which does not accompany dental caries (Suda 
et al. 2009).

Though less obvious than in other tissues, 
healing of tendons and ligaments occurs through 
two pathways. In the extrinsic pathway cells par-
ticipating in tendon repair are recruited from out-
side the injury site. In this case the process ends 
with a scar, and, in many cases, with adhesions 
hindering the normal gliding motion of tendon in 
the sheath (Ingraham et al. 2003; Manske et al. 
1985; Singh et al. 2015). The intrinsic pathway 
leads, at least in theory, to regeneration of the ten-
don without scarring and adhesion formation. It 
consists mostly of proper organization of colla-
gen deposited into the wound bed during its 
fibroblastic/proliferative and remodeling stages 
(Ingraham et  al. 2003; Hazard et  al. 2011). 
During the initial or inflammatory phase, lasting 
about 2  weeks, neutrophils and fibroblasts 
migrate into the wounds. Accumulation of hyal-
uronan makes tendon repair distinct from repair 
in other tissues (Mast et al. 1992). It is the first 
macromolecule appearing in the wound bed. It 
promotes cell differentiation and growth (Chen 
et al. 2008a; Mast et al. 1995), and contributes to 
scarless healing (Ingraham et al. 2003). The pro-
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liferative or fibroblastic stage lasts for several 
weeks and it is marked by proliferation and dif-
ferentiation of epitenon cells until they form a 
multicellular layer encasing collagen bundles at 
severed or injured ends of the tendon. Those 
fibroblasts then synthesize and secrete growth 
factors, such as TGFβ and IGF-I which in turn 
stimulate the production of collagen fibrils which 
then undergo proper assembly (Ingraham et  al. 
2003; Singh et al. 2015; Mass et al. 1993; Mass 
and Tuel 1990; Ohashi et al. 2018). At this time 
type III collagen appears before type I collagen 
and participates in fibrillogenesis (Ingraham 
et al. 2003). Inherently, the emphasis on preser-
vation of biomechanical function of intact and 
healing tendon results in its poor vascularization 
(Fenwick et al. 2002; Pufe et al. 2005a).

In addition, a distinction has to be made 
between acute and chronic injuries of both ten-
dons and ligaments as the pathogenesis and 
pathology differ (Paoloni et  al. 2011). Whereas 
tearing of collagen fibers, hemorrhage, and 
inflammation with progression through standard 
stages of tissue repair are typical for the appear-
ance and subsequent healing of acute (or first- 
time) injuries of tendons and ligaments (Paoloni 
et  al. 2011; Murray et  al. 2007; Kokubu et  al. 
2020), chronic (or repeated) injuries of tendons 
and ligaments are less well defined (Paoloni et al. 
2011; Kokubu et al. 2020; Loiacono et al. 2019) 
Their incidence increases with age and they are 
associated with overuse (Wilson and Best 2005). 
Their hallmarks are degenerative change such as 
collagen disruption, mucoid or proteoglycan 
accumulation, and neovascularization. 
Inflammation is conspicuously absent (Khan 
et al. 1999). Chronic ligament injuries are thought 
to arise from chronic instability secondary to 
failed healing of acute injuries, and often involve 
fiber stretching or tearing and joint laxity, though 
inflammatory changes are sometimes present 
(Hayler and Guffre 2009; Yastrebov and 
Lobenhoffer 2009).

As a consequence, even a seemingly well- 
healed tendon (or ligament) does not return to its 
original structural integrity and full function 

(Loiacono et  al. 2019; Yoon and Halper 2005; 
Frank et al. 1997; Achari et al. 2011; Nayak et al. 
2020). Besides traditional measures such as sur-
gery, exercise or immobility, or administration of 
painkillers, advances in basic research on growth 
factors markedly expanded our knowledge of tis-
sue repair, and thus started bringing solutions to 
practical problems. Growth factors are numer-
ous, and it seems that each year we add more of 
them to our already extensive catalog of small, 
mostly glycosylated proteins involved not only in 
cellular proliferation, but also in embryonic 
development and in maintaining or modulating 
differentiated functions of tissues and organs 
throughout the entire lifespan (Halper 2010). 
Most growth factors are ubiquitous and pleiotro-
pic, and a comprehensive review of their activi-
ties would go beyond the scope of this volume. 
Growth factors, such as transforming growth β1 
(TGFβ1), bone morphogenetic proteins (BMP), 
epidermal growth factor (EGF), platelet-derived 
growth factor (PDGF), vascular endothelial 
growth factor (VEGF), fibroblast growth factors 
(FGFs) and insulin-like growth factor I (IGF-I) 
are produced by tenocytes, inflammatory white 
blood cells, and are released from platelets dur-
ing wound-induced degranulation (Halper 2010). 
These growth factors (and some others as well) 
actively participate in proliferation and formation 
of extracellular matrices and connective tissues, 
including tendons and ligaments (Molloy et  al. 
2003).

Because of their sheer number and complex 
activity and effects, only a few whose role in ten-
don healing and whose function in soft tissue dis-
orders has been understood the most will be 
described here.

6.2  Transforming Growth Factor 
β (TGFβ) Family

This numerous and complex group of growth fac-
tors is indispensable during embryonic develop-
ment and beyond, and is usually divided into four 
groups (Halper 2010):
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 1. Mullerian inhibitory substance group: regu-
lates Mullerian duct regression in male 
embryos.

 2. Inhibin/activin group: includes inhibin (which 
blocks follicle stimulating hormone (FSH) 
release by pituitary cells) and activin (which 
stimulates FSH release by pituitary cells).

 3. Vg-related proteins: regulate primarily embry-
onic development and cell differentiation. 
This group includes bone morphogenetic pro-
teins or BMPs (which regulate bone and ten-
don development) and closely related (and in 
some instances identical) growth differentia-
tion factors or GDFs; dorsalin (which regu-
lates neural tube differentiation); DPP or 
decapentaplegic transcript (regulates dorsal- 
ventral patterning in Drosophila); and VgI 
gene (inducer of mesoderm development from 
ectoderm in Xenopus).

 4. TGFβ family proper: contains three isoforms, 
TGFβ1–3.

All members of the TGFβ superfamily transduce 
their signals through serine/threonine kinase type 
I and type II receptors, designated as TβR-I and 
TβR-II or their equivalent cell membrane com-
pounds (Connolly et al. 2012). Initial binding of 
TGFβ to TβR-II leads to recruitment of TβR-I, 
and formation of a heterotetramer. This configu-
ration triggers a phosphorylation cascade starting 
with the TβR-II mediated activation of the TβR-I 
kinase, and of several Smad proteins and other 
molecules (Hinck 2012). As an alternative to the 
division into the 4 groups outlined above the 
members of the TGFβ family can be divided into 
two large clusters depending on the type of TβR-I 
they bind to and the Smad proteins they activate 
(Hinck 2012). According to this classification, 
TGFβs 1–3, activins, GDFs 8, 9 and 11, BMP3 
and nodal form the first class which, through 
TβR-II binding, turns on one type of TβR-I recep-
tor which then activates Smad 2 and 3. The sec-
ond class includes presumably more distantly 
related proteins, which include BMPs 2, 4–10, 
and GDFs 1, 3, 5, 6 and 7 (Hinck 2012). These 
growth factors bind to two types of serine/threo-
nine kinase receptors which have diversified 
somewhat from the original TβR-I and TβR-II 

scheme. There are as many as three type I recep-
tors (BMPR-1a, BMPR-1b and ActR-1), and 
three type II receptors (ActR-II, ActR-III and 
BMPR-II). The type I receptors to which the 
BMP/GDF ligands bind activate Smads 1, 5, and 
8 (Hinck 2012; Massague and Wotton 2000). In 
addition, these ligands are known to bind to mul-
tiple type I and type II receptors (Hinck 2012). 
According to another classification BMPR-1a 
receptor is also known as activin receptor-like 
kinase 3 (ALK3) and BMPR-1b is identical to 
ALK6 (Cai et al. 2012; Dyer et al. 2014). More 
complete review of TGFβ signaling is provided 
in Chap. 7.

Only BMPs and TGFβ isoforms are pertinent 
to the topic of disorders of soft tissues as dis-
cussed in this volume. TGFβ1–3 isoforms share 
75% amino acid homology and are secreted as 
homodimers in their latent precursor form. The 
latency-associated peptide prevents TGFβ from 
binding to its receptor, and proteolytic cleavage 
is necessary for TGFβ activation. Active TGFβ 
isoforms are homodimers of Mr ~ 25 kDa with 
several disulfide bonds forming a cystic knot 
(Kingsley 1994; O’kane and Ferguson 1997; 
Lichtman et al. 2016).

TGFβ1 is expressed in most cells, but primar-
ily in endothelial, hematopoietic and connective 
tissue cells. TGFβ1 stimulates the proliferation of 
mesenchymal cells (though, on occasion it inhib-
its their proliferation), and is a potent inhibitor of 
epithelial and endothelial cell proliferation, and a 
potent immunosuppressant. TGFβ1 is also a 
strong fibrogenic agent: it induces the production 
of collagen and other components of extracellu-
lar matrix, downregulates the expression of 
matrix metalloproteinases (which degrade extra-
cellular matrix and connective tissues), and 
upregulates the synthesis of protease inhibitors 
(Halper 2010).

TGFβ1 has been shown to play crucial roles in 
pathogenesis and pathophysiology of several 
syndromes and diseases of soft tissues. Though 
its involvement in Marfan syndrome is secondary 
due to its dysregulation by mutated fibrillin, its 
role as a mediator of substantial pathology in 
Marfan syndrome makes this disorder an excel-
lent model for studies on the role of TGFβ1 (and 
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to lesser extent of BMPs) in proper function of 
the cardiovascular system, and other soft tissue 
systems as well. We will not go into more detail 
regarding TGFβ1 as Chapters 7 and 8 in this vol-
ume provide comprehensive overview of TGFβ 
activity and participation in pathogenesis of 
Marfan syndrome and related disorders. Though 
the authors concentrate on the effect of TGFβ1 on 
cardiovascular system, TGFβ1 has similar impact 
on bones and ligament as the two systems (car-
diovascular and musculoskeletal) share certain 
developmental and regulatory mechanisms, and 
similar extracellular matrix structure and compo-
sition (Lincoln et  al. 2006a; Zhao et  al. 2007). 
However, it has been shown that TGFβ1 null 
mice suffer primarily from overwhelming inflam-
matory processes and from vasculogenesis 
defects rather than from musculoskeletal prob-
lems, and that they die early in life (Dickson et al. 
1995; Kruithof et al. 2012). BMP2 null mice fare 
even worse as they suffer from severe heart 
defects or even death in utero because of these 
defects (Kruithof et al. 2012; Zhang and Bradley 
1996; Yoon et  al. 2004; Dronkers et  al. 2020). 
Smad 1, 2, 4 and 5 deficient mice meet the same 
fate in utero because of cardiac defects (Kruithof 
et  al. 2012; Goumans and Mummery 2000; 
Bosman et  al. 2006). As those reports were all 
focused on cardiovascular systems, no descrip-
tion of musculoskeletal system involvement in 
these mice was provided.

Because TGFβ is known to be a very powerful 
promoter not only of collagen synthesis, but of 
other components of ECM as well, it is not sur-
prising that it plays an important role in tissue 
repair. It appears in early stages of tendon repair 
during the first week post-injury (Dahlgren et al. 
2005; Chen et al. 2008b). Exogenous TGFβ1 pro-
motes tendon and ligament development either 
alone or in combination with other growth 
 factors, such as VEGF or BMP12 (Hou et  al. 
2009; Heisterbach et al. 2011), and though so far 
it has not been used in clinical practice, it does 
have a promise as a treatment agent in tendon and 
ligament injuries, at least in some studies 
described here. The addition of TGFβ-
neutralizing antibody to cultures of acellular ten-
don matrix alone, and of acellular tendon matrix 

co-cultured with tendon-derived fibroblast media 
had negative effect on biomechanical parameters 
of the tissue (Azuma et al. 2007). Implantation of 
rat muscle tissue transduced first with recombi-
nant adenovirus encoding for TGFβ1 into rat 
transected tendons of Achilles led to accelerated 
healing (Majewski et  al. 2012). However, other 
studies present a more nuanced picture (Nixon 
et  al. 2012). The overexpression of TGFβ1 and 
TGFβ2  in post-injury rabbit flexor tendons cor-
related with fibrosis and scarring which could be 
controlled with anti-TGFβ antibodies (Chang 
et al. 2000; Chang et al. 1997; Ngo et al. 2001).

Our understanding of TGFβ dysfunctional 
activity in pathogenesis of Marfan and Marfan- 
related syndromes might lead to development of 
treatment modalities which would focus on 
blocking TGFβ1 action rather than promoting it. 
This could be achieved using an approach 
employed in chemotherapy of cancers with bio-
logics, e.g., with monoclonal antibodies to the 
growth factor itself, or with an agent blocking a 
step in the TGFβ1/Smad signaling pathway.

BMPs were first discovered as inducers of 
bone and cartilage formation (Urist 1965). Today, 
we know that this rather large group with more 
than 20 members is involved in organ patterning 
and in formation of tissue architecture and struc-
ture during embryonic development (Guo and 
Wu 2012; Miyazono et al. 2005). The group of 
growth and differentiation factors (GDFs) is 
closely related to BMPs and regulates cartilage 
and skeletal development (King et  al. 1996; 
Guenther et  al. 2008; Pregizer and Mortlock 
2015). Some of the GDFs turned out to be identi-
cal to certain BMPs (see below). The so called 
heterodimeric BMPs are composites of mono-
mers derived from different BMP isoforms and 
they are primarily involved in osteogenesis (Guo 
and Wu 2012; Wang et  al. 1988). Both natural 
and recombinant BMPs have found use in ortho-
pedics and dental surgery as they are highly 
osteogenic (Guo and Wu 2012). A recent study 
added that inhibition of EZH2 (an epigenetic 
suppressor) can serve as a primer for osteogenic 
differentiation mediated by BMP2 (Dudakovic 
et al. 2020). Several laboratories have shown that 
three BMPs (BMPs12–14), first described as 
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growth and differentiation factors in mice and 
rats (GDFs) 5–7, were able to induce tendon- or 
ligament-like tissue in vivo (Dudakovic et  al. 
2020; Aspenberg and Forslund 1999; D'Souza 
and Patel 1999). GDF5 is also known as BMP14, 
GDF6 as BMP13, and GDF7 as BMP12 (Lee 
et al. 2011). In another study, ectopic administra-
tion of the same BMPs led to formation of 
tendon- like structures and expression of a teno-
cytic marker gene (Wolfman et al. 1997). GDF5 
(BMP14) stimulated healing of Achilles tendon 
in rats (Forslund et al. 2003; Dines et al. 2007; 
Bolt et al. 2007). GDF5 also induces tenogenic 
differentiation in human mesenchymal stem cells 
derived from bone marrow as judged from upreg-
ulation of genes encoding for tendon markers 
such as scleraxis, tenascin and type I collagen 
(Tan et al. 2012). The application of BMP14 also 
supported periodontal regeneration through stim-
ulation of both bone and ligament formation 
(Moore et al. 2010). BMP13 in particular appears 
to be a potent promoter of ectopic tendon tissue 
formation (though with some focal ossification 
foci occurring in the newly formed tendon tissue) 
upon intramuscular injection of BMP13 (Helm 
et  al. 2001). BMP12 is another tendon- 
differentiating agent which has been used for in 
vivo (Lou and Tu 2001) and in vitro (Wang et al. 
2005; Violini et  al. 2009) tendon healing and 
development either by gene transfer (Lou and Tu 
2001; Wang et al. 2005) or by in vitro exposure to 
BMP12 (Violini et al. 2009). The healing action 
of BMP12 was enhanced when combined with 
bFGF and TGFβ1 (Majewski et  al. 2018). 
Furthermore, whether the final product of BMP 
activity is tendon or bone (or cartilage) depends 
not only on the BMP isoform used but also on the 
type of mechanical stimulation. Tension or shear 
applied to undifferentiated mesenchymal tissues 
leads to the development of fibrous (tendinous) 
tissues, whereas cartilage appears with the appli-
cation of hydrostatic compression (Forslund and 
Aspenberg 2002).

BMP2 is a powerful osteogenic agent which 
has been approved by the FDA for treatment of 
acute open tibial shaft fractures, and has been 
used in the off-label treatment of non-union and 
acute fractures with considerable success 

(Starman et al. 2012; Ronga et al. 2013), though 
it has some tenogenic qualities as well. 
Mesenchymal stem cells overexpressing BMP2 
and Smad8 (a mediator of signaling of TGFβ 
superfamily) have been found to differentiate 
into tendon cells upon expressing scleraxis, a fac-
tor stimulating tendon formation in the embryo 
(Hoffmann et al. 2006). In the same study, those 
cells had also the capacity to induce Achilles ten-
don repair in rats (Hoffmann et  al. 2006). 
However, in vivo experiments have shown that 
BMP2 stimulated healing at the tendon-bone 
interface due to accelerated new bone formation 
rather than due to tendon formation (Chen et al. 
2008a; Rodeo et  al. 1999). And, indeed, in yet 
another study BMP2 had rather detrimental effect 
on tendon-to-bone healing in a canine flexor ten-
don repair model likely due to lack of effect on 
tendon itself (Thomopoulos et  al. 2012). Such 
data suggest that there may be a fine line between 
the osteogenic and tendon promoting activity of 
BMP2. BMP7 (identical to OP1 growth factor in 
literature) likely plays an important role during 
embryonic development as it is strongly 
expressed in developing chicken tendons (Macias 
et  al. 1997). BMP7 is also a more potent pro-
moter for cell proliferation and type I collagen 
synthesis in tendon cell cultures established from 
both young and aged male tendons than BMP2 
which performs these functions well in cell cul-
tures from young but not older tendons (Klatte- 
Schulz et al. 2012). BMP2 might be more suitable 
for clinical use as a tendon healing agent in non- 
union bone fractions because of its osteogenic 
effect (Haubruck et al. 2018)

As pointed out by Lincoln et al. heart valves 
and parts of the musculoskeletal system, includ-
ing tendons, share regulatory mechanisms 
(Lincoln et al. 2006a). The BMP2-Sox9-aggrecan 
axis is an example of a pathway connecting regu-
lation of cardiac and skeletal development. This 
pathway is instrumental in endocardial cushion 
formation, and in the differentiation of chondro-
genic cell lineages (Lincoln et  al. 2006a; 
Nishimura et  al. 2012) (Jo et  al. 2014). 
Transcription factor Sox9 regulates expression of 
chondrogenic genes and their protein products 
such as type II and type XI collagens, aggrecan, 
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cartilage link protein and some ECM proteins 
produced in chicken heart valves (Nishimura 
et  al. 2012; Bell et  al. 1997; Chimal-Monroy 
et  al. 2003; Kou and Ikegawa 2004; Lefebvre 
et  al. 1997). It is interesting that aggrecan- 
expressing cartilage like cells have been found in 
the spongiosa layer of heart valves. The spongi-
osa layer is sandwiched between the fibrosa and 
atrialis layers where it exhibits compressibility, 
similar to a layer of cartilage (Lincoln et  al. 
2006b).

On the other hand, it is the FGF-scleraxis- 
tenascin which regulates the development of 
semilunar valve precursor cells into valve cups 
and chordae tendineae (the “tendons” of heart 
valves), and its expression is equally important 
during tendon cell lineage differentiation 
(Lincoln et al. 2006a; Zhao et al. 2007).

6.3  Fibroblast Growth Factors

Like most other families of growth factors, fibro-
blast growth factors (FGFs) participate in embry-
onic development; more specifically, they 
regulate gastrulation, neurulation, anteroposte-
rior specification of body segments and organ 
morphogenesis (Böttcher and Niehrs 2005; 
Coutu and Galipeau 2011; Takebayashi-Suzuki 
and Suzuki 2020). In postnatal life they function 
as classical growth factors, including their func-
tion as powerful promoters of angiogenesis. This 
group consists of at least 23 growth factors bind-
ing to four high-affinity transmembrane receptors 
with tyrosine kinase activity (FGFRs). The recep-
tors are subject to alternative splicing which 
modulates their activity (Kosaka et  al. 2009; 
Beenken and Mohammadi 2009; Hui et al. 2018).

Several FGFs are involved in myogenesis and 
tendon development during the embryonic stage 
(Volk 1999; Kieny and Chevallier 1979; Chen 
et  al. 2020; Theodossiou and Schiele 2019). 
FGF2, known previously as basic FGF, is synthe-
sized and secreted without a signal peptide. It is a 
potent mitogen, and a potent angiogenic agent as 
well (Halper 2010; Beenken and Mohammadi 
2009). It also induces regeneration of the chicken 
limb bud after application of FGF2-loaded hepa-

rin gel beads to the amputation site (Taylor et al. 
1994), or of gelatin beads loaded with a mixture 
of FGF2 and FGF8 (Makanae and Satoh 2018). 
FGF2 directs development of tenocytes from 
multipotent mouse cells (Ker et  al. 2011), and 
stimulates proliferation of mouse tendon cell 
lines together with induction of scleraxis, a tran-
scription factor and an early tendon marker 
(Salingcarnboriboon et al. 2003). Ide et al. have 
shown that FGF2 accelerated initial tendon-to–
bone healing due to stimulation of formation of 
tendon and fibrocartilage tissues but not bone, 
something what BMP2 failed to provide (Ide 
et al. 2009).

FGF4, unlike FGF2, is synthesized with a sig-
nal peptide which is cleaved off after extracellu-
lar secretion (Taira et  al. 1987; Yoshida et  al. 
1987). Though originally discovered as an onco-
gene, FGF4 is expressed in preimplantation 
mouse blastocysts. Its multiple roles during 
embryonic development include facilitation of 
epithelial-mesenchymal communication (vital 
for morphogenesis) and maintenance of self- 
renewal and pluripotency of stem cells. More 
pertinent to the topic under discussion here is that 
FGF4 also promotes early cardiac development 
(Kosaka et al. 2009), limb development and, as 
already described above, expression of scleraxis 
(Lincoln et  al. 2006a; Kosaka et  al. 2009). 
Scleraxis in turn induces expression of tenascin, 
another tendon marker. Both scleraxis and tenas-
cin are also expressed in valve progenitor cells 
derived from chicken embryos (Lincoln et  al. 
2006b).

Their avid binding to heparan sulfate and 
other glycans present in the extracellular matrix 
enables FGFs to be stored in the extracellular 
matrix and to be readily available for use in tissue 
repair (Li et al. 2016). Whether FGFs are suitable 
for accelerating or improving healing of tendon 
injuries in a clinical setting remains to be evalu-
ated because their potent angiogenic capacity 
may interfere with proper assembly of collagen 
fibrils, especially in the rather avascular tendon 
and ligament tissues (and in the avascular cardiac 
valves as well). The angiogenic ability of these 
growth factors spurred experimental application 
of recombinant FGF1, FGF2 and FGF4 gene 
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therapy aimed at treatment of cardiovascular 
problems though clinical use is still far away in 
the future (Beenken and Mohammadi 2009).

6.4  Role of IGF-I in Tendon 
Healing

Unlike the huge TGFβ superfamily, the IGF fam-
ily has only two members: IGF-I and IGF-II. Both 
of them retain their close relationship to insulin 
as they evolved from an ancestral insulin-like 
gene by duplication (Kelley et  al. 2002). IGF-I 
has been much better characterized and thus will 
be the target of discussion in this review. It is 
mainly produced by the liver under the control of 
growth hormone (GH) (Messier and Teutenberg 
2005). It has several important roles including 
mediation of growth hormone activity and stimu-
lation of proliferation of various cell types of ani-
mal and human origin, including tenocytes 
(Halper 2010; Jones and Clemmons 1995; 
Tsuzaki et  al. 2000; Ramos et  al. 2019). It can 
bind to any of the six IGF binding proteins which 
are also synthesized in the liver and their main 
function is to regulate IGF-I activity (Halper 
2010; Brown and Halper 1990; Juul 2003). IGF-I 
receptor bears partial homology to insulin recep-
tor and c-ros oncogene. The mature form of this 
receptor is a heterotetramer α2β2 of 350 kDa upon 
which ligand binding leads to activation of tyro-
sine kinase (Cheatham and Kahn 1995; LeRoith 
et  al. 1995; Janssen 2020). Tsuzaki et  al. have 
found IGF-I mRNA, IGF-I and receptors for 
IGF-I in both tendon surface cells (residing in the 
epitenon) and tendon internal fibroblasts (embed-
ded in collagen bundles and fascicles), and they 
noted an increase in the levels of IGF-I and its 
mRNA in actively proliferating cells (Tsuzaki 
et  al. 2000). Hansson et  al. have observed the 
induction of IGF-I synthesis in tendon cells after 
injury and with mechanical loading (Hansson 
et al. 1988a, b). IGF-I is known to stimulate col-
lagen synthesis in fibroblasts, including teno-
blasts (Halper 2010; Hansen et al. 2013) which is 
closely associated with and dependent on 
mechanical loading of the tendon (Hansen et al. 
2013; Banes et al. 1995; Heinemeier et al. 2012). 

It is not clear whether IGF-I stimulates collagen 
directly through the PI-3 kinase pathway alone 
(Chetty et  al. 2006) or through the PI-3 kinase 
and ERK complex (Svegliati-Baroni et al. 1999). 
Some studies even indicate that IGF-I stimulates 
collagen production indirectly through TGFβ1 
(Ghahary et al. 2000; Hernandez et al. 2020). In 
any case, increased collagen synthesis in tendons 
appears to be a part of a systemic response to 
exercise, especially to repeated and sustained 
training in people. Regular exercise leads to sus-
tained elevation of blood levels of GH and IGF-I 
due to an increase of GH release from the pitu-
itary, and this is accompanied by increased 
expression of IGF-I mRNA in human skeletal 
muscle and tendon (Heinemeier et  al. 2012). 
However, it remains speculative whether there is 
a causal relationship between elevated circulating 
GH/IGF-I and stimulation of collagen synthesis 
in the musculoskeletal system (Heinemeier et al. 
2012) as other investigators have not seen  
stimulatory effects of GH on tendon or  
ligament healing at least in some animal models 
(Andersson et al. 2012; Provenzano et al. 2007). 
The stimulatory effect of IGF-I alone (i.e., with-
out involvement of GH) in these models suggests 
only a local rather than systemic effect of  
IGF- I.  Similarly, Yamaguchi et  al. showed that 
loading- induced IGF-I expression in skeletal 
muscle occurs independently of release of GH 
from the pituitary (Yamaguchi et al. 2006). Banes 
et al. have shown that mechanical load alone did 
not stimulate DNA synthesis, but only when both 
IGF-I and PDGF-BB were added to cultures of 
avian tendon cells (Banes et  al. 1995). Ramos 
et al. have shown that insulin added to mesenchy-
mal stem cells seeded in electron-spun poly (lac-
tic acid-co-glycolic acid) scaffolds stimulated not 
only cell proliferation but expression of tendon 
markers as well. If this is the case, then insulin 
can serve as a cheap and effective substitute for 
IGF-I (Ramos et  al. 2019). In a similar experi-
ment, a combination of growth factors, such as 
IGF-I, bFGF and PDGF stimulated repopulation 
by host cells in injured rat tendons implanted 
with tendon-specific hydrogel seeded with 
adipose- derived stem cells (Farnebo et al. 2017). 
These studies are good examples of bioengineer-
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ing efforts currently paving the way for future 
approach to tendon healing and reconstruction.

The presence of several isoforms of IGF-I, the 
result of alternative slicing of IGF-I pre-mRNA, 
compensates for the smallness of the IGF family 
and helps explain the role of IGF-I in stimulation 
of collagen synthesis in the tendon as a conse-
quence of mechanical loading. So far, three iso-
forms of IGF were identified: IGF-IEa, IGF-IEb 
and IGF-IEc. Rat isoform IGF-IEb is identical to 
human IGF-IEc, and to mechano-growth factor 
(MGF) which got its designation because of its 
association with mechanical loading in the mus-
cle and tendon (Dai et  al. 2010). MGF, unlike 
standard IGF-I, is a strictly autocrine/paracrine 
factor produced locally upon proper stimulation 
(McCoy et al. 1999). Upregulation of MGF and 
IGF-Ea7 has been observed in the Achilles ten-
don after eccentric and concentric training 
(Heinemeier et  al. 2007). A more recent study 
showed that resistance training caused no differ-
ences in MGF and IGF-Ea protein expression in 
both young and old men (Ahtiainen et al. 2016). 
However, prolonged hindlimb suspension led to 
an increase in MGF mRNA in rat Achilles tendon 
(Heinemeier et al. 2009). One can only speculate 
that the application of MGF could alleviate ten-
don problems and joint laxity in patients with 
Ehlers-Danlos syndrome, cutis laxa and related 
disorders.

IGF-I binding proteins (IGF-BPs) are involved 
in tendon healing as well, though their specific 
roles have not been yet established. Whereas the 
levels of mRNA for IGF-I and IGF-BPs 2–4 
increased following injury, especially later, at 
4 weeks after injury (Dahlgren et al. 2005), those 
for IGF-BP 5 and 6 decreased (Dahlgren et  al. 
2006). Both IGF-I and IGF- BP4, and their 
respective mRNAs were co-localized to tendon 
fibroblasts and vascular endothelium in the 
human Achilles tendon (Olesen et al. 2006). The 
increase in IGF-BP 4 level seen in the Achilles 
tendons during long distance running can be 
attributed to an increase in mechanical loading 
(Olesen et al. 2006).

The outcome of rather common tendinopa-
thies and injuries of superficial digital flexor and 
other weight-bearing tendons in racehorses is not 

satisfactory when only more traditional treatment 
and management are applied (Durgam et  al. 
2012a; Genovese 1993; Peloso et  al. 1994). 
Though initial studies suggested that local admin-
istration of IGF-I enhances collagen synthesis in 
equine tendon explants (Murphy and Nixon 
1997) and improves equine tendon healing in 
vivo (Durgam et  al. 2012a, b; Dahlgren et  al. 
2002), more recent reports were less enthusiastic 
about the long-term prognosis of IGF-I-treated 
tendon injuries in racehorses (Witte et al. 2011), 
while a more recent review of literature con-
cluded that hormonal treatment of tendon injuries 
shows improved tendon healing, but not biome-
chanical function (Abate et  al. 2016). This 
includes the role of the growth hormone (GH)/
IGF-I system in tendon healing as extrapolated 
from findings in patients with acromegaly who 
have increased expression of mRNAs for colla-
gen and IGF-I. IFG-I stimulates stem cells and its 
effects are overall anabolic in nature and it is con-
sidered to be a survival factor. Effects of GH/
IGF-I are mediated through endocrine and para-
crine/endocrine pathways (Abate et al. 2016).

6.5  PDGF

Growth factors, such as PDGF and VEGF, its 
relative, have been shown to be synthesized and 
likely to play similar roles in tissue repair 
(Aspenberg 2007), though perhaps not in tendon 
healing. These two growth factors, or rather these 
two families of growth factors share 20% homol-
ogy of their respective amino acid sequences 
(Halper 2010). Like many other growth factors 
PDGF/VEGF growth factors contain cysteine 
knots in their molecules (McDonald and 
Hendrickson 1993; Hearn and Gomme 2000).

PDGF is instrumental in repair mechanism of 
vasculature (Andrae et  al. 2008). It is stored in 
platelet α granules so it gets released and ready 
for action during wounding or bleeding when res-
toration of vasculature becomes essential. PDGF 
is synthesized by endothelial cells, placental tro-
phoblasts, smooth muscle cells, macrophages 
and sarcoma cells. PDGF is a 29–33 kDa glyco-
protein, usually composed of 2 chains (at least in 
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humans), either A or B which are joined by disul-
fide bridges. There are several other isoforms, but 
heterodimer PDGF-AB and homodimers PDGF- 
AA and PDGF-BB are the best described. PDGF 
and its isoforms bind to two types of receptors 
with five extracellular immunoglobulin loops and 
with an intracellular tyrosine kinase domain. 
PDGF is required by fibroblasts, smooth muscle 
and glial cells for their optimal growth and cell 
proliferation. Its role in wound healing and as a 
chemotactic agent for fibroblasts and smooth 
muscle cells, neutrophils and macrophages has 
been well documented (Kim et al. 2015). Besides 
its involvement in blood vessel repair it plays a 
role in the pathogenesis of atherosclerosis, pul-
monary fibrosis and glomerulonephritis (Halper 
2010). PDGF-AA and PDGF-BB are important 
mitogens for normal and neoplastic mesenchy-
mal tissues. For example, exogenous PDGF-BB 
had a modest effect on healing of equine superfi-
cial digital flexor tendons (Haupt et al. 2006) and 
of rat Achilles tendons (Aspenberg and Virchenko 
2004). A more recent study has shown that 
PDGF-AA (which binds to PDGF receptor α) 
plays an important role both in proper healing of 
the tendon and also in fibrotic scarring. As Harvey 
et al. have documented the outcome depends on 
the target cell of PDGF-AA: stimulation of quies-
cent stem cells leads to proper healing and repair 
during the first several weeks post tendon injury, 
whereas PDFF-AA stimulation of fibro- 
adipogenic progenitors coexistent with the stem 
cells is responsible for scaring and fibrosis 
(Harvey et al. 2019).

PDGF cooperates with other growth factors. 
The classic paradigm is that while PDGF renders 
cells “competent” to replicate their DNA, and 
thus prepares cells for IGF-I activity as the actual 
growth factors moving cell through the cell cycle 
into the S phase when cells start synthesizing 
DNA (Stiles et al. 1979). This explains why, as 
described above, avian tendon cell cultures 
required both growth factors in addition to 
mechanical loading for DNA synthesis (Banes 
et al. 1995). The excellent review by Andrae et al. 
provides more information on all aspects of 
PDGF biology and role in physiology (Andrae 
et al. 2008).

PDGF delivered via in vivo gene transfection 
is capable to enhance healing of rat Achilles ten-
dons as determined by histological and biome-
chanical parameters. The gene transfer was 
superior to direct administration to the tendons 
(Suwalski et al. 2010). PDGF alone, in particular 
the homodimer PDGF- BB, or in combination 
with IGF-I stimulated regeneration of periodon-
tal ligament and its attachment to the alveolar 
bone (Raja et  al. 2009; Ammar et  al. 2018), a 
matter of importance in Marfan patients with 
periodontitis. By the way, FGF2, discussed in 
more detail above, had similar effect on cells of 
the periodontal ligament (Suda et  al. 2009). 
PDGF was shown to improve healing and biome-
chanical parameters of acute injury of the medial 
collateral ligament in rabbits and rats, especially, 
if administered shortly after injury (Hildebrand 
et al. 1998; Batten et al. 1996; Kim et al. 2019). 
In a recent study, growth factors, such as PDGF, 
IGF-I and basic FGF present in processed amni-
otic/chorionic membranes, contributed to pro-
duction of ECM in cultured tenocytes (McQuilling 
et al. 2019).

6.6  VEGF

VEGF and its isoforms bind to three receptors, 
VEGF-R1–3, which belong to a subfamily of 
tyrosine-kinase receptors within the PDGF- 
receptor class. Just like PDGF, VEGFs are com-
posed of two subunits linked by disulfide bonds. 
These growth factors are usually considered 
exclusive angiogenic factors, particularly 
VEGF-A (Halper 2010). VEGF-A (designated 
just as VEGF for the sake of simplicity from now 
on) is the main VEGF representative (Halper 
2010). More recent studies have shown that 
VEGF has the ability to function as an autocrine 
mitogen for cancer cells (Roy and Peretz 2009; 
Saman et al. 2020).

Whereas splice variants of VEGF, VEGF121 
and VEGF165, have been identified in fetal ten-
dons, healthy adult tendons possess little VEGF 
(Pufe et al. 2005a). Instead, adult tendons express 
endostatin, an antiangiogenic peptide which 
downregulates VEGF-induced Erk1/2 kinase 
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phosphorylation (Pufe et al. 2003, 2004; Zhang 
et al. 2019). VEGF presence and neovasculariza-
tion appearance in the tendon are signs of tendon 
overuse injuries (Pufe et  al. 2005a), and they 
impede rather than stimulate proper healing of 
tendons (Savitskaya et  al. 2011; Sahin et  al. 
2012a). This is due to a sequence of several 
events. Injury to rat patellar tendon results in 
hypoxia, and in increased expression of hypoxia- 
inducible factor-1 (HIF-1) which in turn induces 
transcription of VEGF gene (Hofer et al. 2001). 
In addition to hypoxia, mechanical overload, an 
important factor in overuse tendon injuries, is 
another stimulator of VEGF synthesis (Pufe et al. 
2005a) as is the production of epidermal growth 
factor and inflammatory cytokines (IL-1β, IL-6, 
IL-8) (Pufe et al. 2005a; Savitskaya et al. 2011). 
To facilitate angiogenesis VEGF stimulates the 
production of matrix metalloproteinases (MMPs), 
enzymes actively degrading connective tissues so 
to assist sprouting of new blood vessels. VEGF 
also inhibits the production of tissue inhibitor 
metalloproteinases (TIMPs), enzymes counter-
acting MMP activity (Pufe et al. 2005a, b; Sahin 
et al. 2012a). It is likely that VEGF regulates the 
production of MMPs and TIMPs by endothelial 
cells in blood vessels of injured tendons as well 
as by tenocytes as those latter cells express 
VEGF-R2 (Petersen et  al. 2004). Increase and 
decrease in MMP-3 synthesis correlates well 
with timing of increase in VEGF synthesis at 
7  days post-injury, and with decrease in VEGF 
synthesis 14 and 28 days post-injury, respectively 
(Sahin et  al. 2012b). MMP-3 is not the only 
metalloproteinase associated with VEGF produc-
tion. For example, expression of MMP-1 and 
MMP-13 is regulated also by VEGF, at least in 
chondrocytes (Pufe et  al. 2005a). MMP-9 
secreted by inflammatory cells follows the same 
cycle. It is elevated early in tendon healing, its 
decrease 7 days after wounding is associated with 
rapid increase first in type III collagen, which is 
followed by an increase in type I collagen. 
MMP-2 and MMP-14 were found to be elevated 
21 days after wounding when granulation tissues 
starts undergoing extensive remodeling into 
organized collagen tissue, and scarring (Loiselle 
et  al. 2009). Increased or decreased levels of 

many MMPs were found in patients with rup-
tured rotator cuff, supraspinatus, Achilles and 
other tendons (Riley et  al. 2002; Riley 2008; 
Attia et al. 2013; Fleischhacker et al. 2020). The 
induction of MMP activity and angiogenesis by 
VEGF then leads to impaired biomechanical 
parameters of tendon due to matrix degradation 
(Sahin et  al. 2012b). These tissue changes also 
lead to pain, especially, in the case of neovascu-
larization, in mid-portion of chronic Achilles ten-
dinosis (Pufe et al. 2005a; Ohberg et al. 2001).

Another group of proteinases, members of 
a-disintegrin-and-metalloproteinase-with- -
thrombospondin-like-motifs (ADAMTS) activity 
family or aggrecanases are expressed in tendons 
as well (Riley 2008; Jones et  al. 2006b) . For 
example, upregulation of ADAMTS-4 was 
observed in injured tendons and in tendon cell 
cultures exposed to TGFβ, whereas no differ-
ences in ADAMTS-1 levels were noted between 
normal and diseased tendons (Corps et al. 2008) . 
Because expression of ADAMTS forms is tied 
with degradation of aggrecan they are discussed 
in more detail in the preceeding Chapter of this 
volume.

6.7  Other Modalities

The fact that combinations of several growth fac-
tors have been found beneficial to tendon healing 
should not surprise anybody (Hou et  al. 2009). 
Not only are such preparations able to stimulate 
cell proliferation, they lead also to improvement 
of mechanical properties of tendons (Hou et al. 
2009; Lyras et  al. 2010; Raghavan et  al. 2012; 
Bachl et al. 2009; Hagerty et al. 2012). Such find-
ings have been essential in tissue engineering 
where the current immediate goal is to improve 
cellular repopulation of acellularized scaffolds 
(Raghavan et al. 2012).

Rather than using purified recombinant or 
natural IGF-I or mixture of other growth factors, 
a somewhat expensive undertaking, to treat ten-
don injuries, investigators have been using 
platelet- rich plasma (PRP) in experiments, ani-
mal trials and treatment of chronic leg ulcers, and 
in tissue engineering among other applications 
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(Lyras et al. 2011). The use of PRP provides sev-
eral advantages – it is rich in numerous growth 
factors, it provides other, some of them still 
uncharacterized compounds, promoting tissue 
repair. It is much easier and cheaper to manufac-
ture than individual growth factors. PRP stimu-
lates cell proliferation and collagen synthesis or 
arrangement in human tendon cell cultures (de 
Mos MvdW et  al. 2008; Nishio et  al. 2020; 
Kobayashi et al. 2020). A study in rabbits showed 
accelerated healing of a ruptured Achilles tendon 
accompanied by an upsurge in IGF-I expression 
(Lyras et al. 2011). The effect of autologous con-
ditioned serum on tendon healing was compara-
ble perhaps because the conditioned serum 
increased expression of several growth factors 
(bFGF, BMP12 and TGFβ1) in an in vivo model 
of rat Achilles tendon healing (Heisterbach et al. 
2011). PRP, in combination with BMP2, even 
accelerated healing of bone-tendon injuries, with 
PRP improving tendon healing and BMP enhanc-
ing bone healing in rabbits with their Achilles 
tendon surgically separated from the bone inser-
tion (Kim et al. 2011). Similarly, PRP had benefi-
cial effect on healing of porcine ligaments, 
resulting in improvement of several biomechani-
cal parameters, such as load to failure, maximum 
load and stiffness. However, this effect was rather 
limited as it did not improve laxity, maximum 
tensile strength or linear stiffness (Murray et al. 
2009). In a study of PRP effect on healing of sur-
gically transected tendon of Achilles in rats, local 
application of PRP led to increased expression of 
type I and III collagens, and to improved ultimate 
tensile strength (Kaux et al. 2012).

PRP products have been used in human medi-
cine, mostly for healing of athletic injuries 
(Paoloni et  al. 2011; Bava and Barber 2011). 
Unfortunately, the use of PRP has not met with 
much success in human patients. Why this is so is 
not quite obvious. For one, pathogenesis of 
human tendinopathies may be quite different 
from artificial tendinopathies induced under 
highly simulated conditions, or from Achilles 
tendon rupture in rat or rabbits; two, there is no 
standardization for PRP preparations; three, the 
content of growth factors, cytokines and other 
compounds may differ between human and ani-

mal PRP (Abate et  al. 2012; Del Buono et  al. 
2011). It is also possible that the presence of 
TGFβ in PRP might vary from batch to batch, 
and, if present in higher concentrations, would 
lead to fibrosis, and thus to worse outcome 
(Nixon et  al. 2012). Perhaps most importantly, 
PRP is used on injuries affecting a wide variety 
of tendons, ligaments and even muscle strains 
without much, if any prior clinical evidence of 
effectiveness (Paoloni et  al. 2011; Bava and 
Barber 2011). However, more recent studies indi-
cate that certain preparations of PRP have posi-
tive effect on healing of injured skeletal muscles, 
especially those with enhanced ability to promote 
anti-fibrotic healing (Chellini et al. 2019).

As noted above, not only the presence of spe-
cific growth factors, but also the milieu and 
mechanical parameters determine the final fate 
of tissue differentiation. This is particularly the 
case with stem cells which can be induced to 
commit toward bone or tendon (or many other 
different) lineages with cell culture on properly 
engineered substrates (Sharma and Snedeker 
2010). These substrates functionalized with type 
I collagen and fibronectin were able to direct 
bone marrow- derived stem cells toward teno-
genic differentiation and to production of BMP2/
Smad8. The authors speculate that BMP2 facili-
tates healing at the bone-tendon interface by its 
ability to regulate both osteogenic and tenogenic 
differentiation depending on the degree of stiff-
ness environment and through stimulating sig-
naling of other growth factors (Sharma and 
Snedeker 2012). Tenogenic differentiation 
required the presence of type I collagen with 
fibronectin being optional. The substrate itself 
had to be within a narrow range of elastic mod-
uli. An intermediate elastic modulus then stimu-
lated production of BMP2/Smad8, and ultimately 
of scleraxis. Osteogenic development demanded 
stiffer substrate and fibronectin, type I collagen 
was inhibitory, especially with less stiff sub-
strates (Sharma and Snedeker 2012). It has also 
been shown that mechanical stimulation of bio-
engineered constructs in vitro modulates stiff-
ness, and such constructs upon application in 
vivo enhance tendon repair, at least in rabbits 
(Juncosa-Melvin et al. 2007; Lim et al. 2019).
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It is likely that bioengineering of soft tissues 
will play an important role in treatment of disor-
ders such as Marfan or Ehlers-Danlos. 
Replacement of diseased portion of aorta by bio-
engineered constructs would prevent the devel-
opment and/or rupture of aortic aneurysm. 
Similarly, bioengineered tissues have a great 
potential to serve as patches in other organs with 
potential to rupture (e.g., uterus in women with 
Ehlers-Danlos), or as replacement for affected 
tendons in Ehlers-Danlos.

As noted above injuries of the superficial digi-
tal flexor and other weight bearing tendons are 
common in horses of all breeds, but particularly 
in horses of racing breeds. Because the full recov-
ery and return to races is rather rare after a tendon 
injury, and because of financial considerations, 
such as investments into racehorses, the field of 
stem cell therapy for equine tendons has been 
quite active and has met with some success. 
Some investigators have identified progenitor 
cells residing in the superficial digital flexor ten-
don and found these cells comparable to bone 
marrow derived stem cells. The tendon-derived 
progenitor cells expand quickly in cell culture 
and express the same markers as bone marrow- 
derived cells. The advantage is that tendon- 
derived progenitor cells have high clonogenic 
properties and limited chondrogenic differentia-
tion potential (Lovati et al. 2011; Lin et al. 2019). 
There is one caveat: though tendons have multi-
potent progenitor cells, likely residing in the 
endotenon between the collagen fascicles and 
vasculature, it is very difficult to activate such 
cells in vivo, especially, in more mature tendons 
(Godwin et al. 2011). However, autologous bone 
marrow- or peripheral blood-derived stem cells 
are easier to obtain, and they have been used for 
treatment of equine tendon injuries for several 
years. Almost flawless repair of these tendons 
with fibers perfectly aligned parallel to the long 
axis of the tendon itself was achieved in three 
injured horses with a single injection of autolo-
gous “deprogrammed” peripheral blood-derived 
stem cells (Marfe et al. 2012). Three other horses 
with similar tendon injuries who served as con-
trols and received traditional therapy ended up 

with tendon scarring (documented by ultrasound) 
and re-injury only a few months later (Marfe 
et al. 2012). Godwin et al. harvested mesenchy-
mal stem cells from a bone marrow aspirate 
which was suspended in culture medium. The 
bone marrow-derived mesenchymal stem cells 
attached themselves to the plastic of the tissue 
culture vessels and proliferated until confluent. 
These cells were then detached from the plastic 
and implanted directly into the injury site of 141 
racehorses (Godwin et al. 2011). As in the study 
of Marfe et al. (Marfe et al. 2012), many horses 
were able to re-enter racing with low re-injury 
rate. The ultrasonic appearance indicated com-
plete healing without any evidence of ossification 
in the healed tendon (Godwin et al. 2011). Similar 
results were achieved by other groups as well 
(Borjesson and Peroni 2011; Kol et  al. 2013), 
though treatment with bone marrow-derived stem 
cells had no effect on the diameter of collagen 
fibrils in the healing tendon (Caniglia et al. 2012). 
Equine adipose-derived stromal vascular fraction 
was particularly effective in stimulation cell pro-
liferation, and application of equine cord blood- 
derived mononuclear cells led to increased 
production of interleukin 6, TGFβ1 and prosta-
glandin E2 at least in vitro (Kol et  al. 2013), 
though Uysal et al. have shown the effectiveness 
of adipose-derived stem cells on healing of rabbit 
primary tendon healing in vivo (Uysal et  al. 
2012).

6.8  Epilogue

Though we do have a better understanding of the 
mechanism of tendon injury and subsequent 
repair, we still have a long way to go before we 
will feel confident that we have master the art of 
tendon healing. Progress in growth factor and 
stem cell research is bringing us closer not only 
to the development of new strategies for treat-
ment of tendon injuries, but also to better under-
standing of pathogenesis of heritable diseases of 
soft tissues. What we have to do now is to figure 
out how to use our knowledge to improve the 
lives of patients afflicted with these disorders.

6 Growth Factor Roles in Soft Tissue Physiology and Pathophysiology
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Abstract

Marfan Syndrome (MFS) and Loeys-Dietz 
Syndrome (LDS) represent heritable connec-
tive tissue disorders that segregate with a simi-
lar pattern of cardiovascular defects (thoracic 
aortic aneurysm, mitral valve prolapse/regur-
gitation, and aortic dilatation with regurgita-
tion). This pattern of cardiovascular defects 
appears to be expressed along a spectrum of 
severity in many heritable connective tissue 
disorders and raises suspicion of a relationship 
between the normal development of connec-
tive tissues and the cardiovascular system. 
With overwhelming evidence of the involve-
ment of aberrant Transforming Growth Factor- 

beta (TGF-β) signaling in MFS and LDS, this 
signaling pathway may represent the common 
link in the relationship between connective tis-
sue disorders and their associated cardiovascu-
lar complications. To further explore this 
hypothetical link, this chapter will review the 
TGF-β signaling pathway, the heritable con-
nective tissue syndromes related to aberrant 
TGF-β signaling, and will discuss the patho-
genic contribution of TGF-β to these syn-
dromes with a primary focus on the 
cardiovascular system.
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malformation · SMAD · TGF-β receptor · 
BMP receptor · Activin receptor-like kinase 
(ALK) · Mitogen-activated protein kinase 
(MAPK) · Extracellular signal related kinase 
(ERK) · Fibrillin · Curacao diagnostic criteria 
· Genetic testing · Beta blockers · Losartan · 
Doxycycline · Integrins

Abbreviations

AAT Aortic Aneurysm Thoracic
ACE Angiotensin Converting Enzyme
AKT Protein Kinase B
ALK-1 Activin Receptor-like Kinase 1
ALK-3 Activin Receptor-like Kinase 3
ALK-5 Activin Receptor-like Kinase 5
AOS Aneurysm-Osteoarthritis Syndrome
ATIIR Angiotensin II Receptor Type II
ATIR Angiotensin II Receptor Type I
ATS Arterial Tortuosity Syndrome
AVM Arteriovenous Malformation
BMP Bone Morphogenetic Protein
BMPR1A Bone Morphogenetic Protein 

Receptor 1A
BMPR2 Bone Morphogenetic Protein 

Receptor 2
Co-SMAD Common SMAD; SMAD-4
CTGF Connective Tissue Growth Factor
ECM Extracellular Matrix
ERK1/2 Extracellular Signal-Regulated 

Kinase 1/2
FBN1 Fibrillin-1
FOP Fibrodysplasia Ossificans 

Progressiva
FTAAD Familial Thoracic Aortic Aneurysm 

and Dissection Syndrome
GI Gastrointestinal
HHT1 Hereditary Hemorrhagic 

Telangiectasia, Type 1
HHT2 Hereditary Hemorrhagic 

Telangiectasia, Type 2
JNK c-Jun N-terminal Kinase
LAP Latent Associated Protein
LDS Loeys-Dietz Syndrome
LLC TGF-β Large Latent Complex
LTBP Latent Transforming Growth 

Factor-β Binding Protein

MAPK Mitogen-Activated Protein Kinase
MFS Marfan Syndrome
MMPs Matrix Metalloproteinases
MVP Mitral Valve Prolapse
OMIM Online Mendelian Inheritance in 

Man
PAH Pulmonary Artery Hypertension
PI3K Phosphoinositide-3-Kinase
RA Rheumatoid Arthritis
R-SMAD Receptor SMAD
SARA SMAD Anchor for Receptor 

Activation
SGS Shprintzen-Goldberg Syndrome
SLC TGF-β Small Latent Complex
SLC2A10 Solute Carrier Family 2, Facilitated 

Glucose Transporter Member 10
SLE Systemic Lupus Erythematosus
Smurf SMAD Ubiquitination Regulatory 

Factor
TAA Thoracic Aortic Aneurysm
TAK1 Transforming Growth Factor-Beta 

Associated Kinase 1
TGFBR1 Transforming Growth Factor-Beta 

Receptor, Type-I gene
TGFBR2 Transforming Growth Factor-Beta 

Receptor, Type-I gene
TGF-β Transforming Growth Factor-Beta
TGF-βRI Transforming Growth Factor-Beta 

Receptor, Type-I protein
TGF-βRII Transforming Growth Factor-Beta 

Receptor, Type-II protein
TIMPs Tissue Inhibitors of Matrix 

Metalloproteinases
TRAF6 Tumor Necrosis Factor Receptor 

Associated Factor 6

7.1  Introduction

The connective tissue comprises the most abun-
dant and widely distributed primary tissues 
within the body. Its key functions include protect-
ing, supporting, and insulating our major organs, 
as well as serving as a fuel reserve by sequester-
ing important growth factors and metabolites. 
Due to its key role in multi-organ support, it is 
not surprising that there are over 200 disorders, 
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both non-genetic and hereditary (including some 
autoimmune disorders), that impact the structure, 
function, and integrity of the connective tissue. 
The Transforming Growth Factor-Beta (TGF-β) 
superfamily of signaling molecules, is a large 
structurally related, and functionally overlapping 
family of signaling proteins including the 
TGF-βs, the bone morphogenetic proteins, the 
growth and differentiation factors, and the activ-
ins and inhibins. Overall, this family includes 
approximately 30 different ligands, 7 different 
type-I receptors, 5 different type-II receptors, and 
8 different signaling intermediates (SMAD pro-
teins) (Jones et al. 2009). Among other functions, 
these factors play key roles in regulating the cel-
lular responses that maintain the balance between 
extracellular matrix deposition and degradation. 
Perturbations in homeostatic signaling have been 
associated with numerous human diseases involv-
ing multiple organ systems, of which disorders of 
the cardiovascular system often carry grave life- 
threatening consequences.

Marfan syndrome (MFS) is a well described 
connective tissue disorder characterized by mus-
culoskeletal, ocular, and cardiovascular defects 
including: ascending aortic aneurysm with dis-
section, mitral valve prolapse 
(MVP)/regurgitation, and aortic root dilatation 
with aortic valve regurgitation (Judge and Dietz 
2005). In the early 90’s, Dietz and Pyeritz (Dietz 
and Pyeritz 1995) identified key mutations in the 
fibrillin-1 (FBN-1) gene that were associated 
with MFS and its related disorders. Fibrillin-1 is 
a 350  kDa fibular glycoprotein comprised of a 
series of epidermal growth factor-like motifs, 
many of which contain calcium-binding 
sequences, termed calcium-binding EGF 
(cbEGF) repeats (Yuan et al. 1997). These cbEGF 
modules are arranged in tandem, separated by 
cysteine-rich motifs (8-cys/TB) that have high 
homology to the family of latent transforming 
growth factor-beta (TGF-β) binding proteins 
(LTBPs) (Yuan et al. 1997; Ramirez and Pereira 
1999). Fibrillin monomers self-assemble into 
macroaggregates forming the basic structures on 
which mature elastin fibers are synthesized from 
tropoelastin subunits. Accordingly, it was postu-
lated that the FBN-1 mutations within the aorta 

result in a weakened and disordered microfibril 
network connecting the elastic lamellae to the 
adjacent interstitial cells, and that this weakening 
pre-disposed patients to the primary cardiovascu-
lar manifestation of MFS, ascending aortic aneu-
rysm, the primary cause of mortality in patients 
with MFS (Jones and Ikonomidis 2010; Pereira 
et al. 1999). Dietz and Pyeritz (Dietz and Pyeritz 
1995) however, went further to suggest that MFS 
may be caused by more than just a disordered 
microfibril matrix, suggesting that the inability of 
fibrillin to sequester latent TGF-β may play a 
prominent role in its many pathological manifes-
tations. This was followed by a series of seminal 
studies in which a TGF-β neutralizing antibody 
was used in animal models to demonstrate that 
antagonizing the activation of the TGF-β signal-
ing could reverse the lung, skeletal muscle, mitral 
valve, and aortic dysfunction associated with 
MFS (Habashi et al. 2006; Neptune et al. 2003; 
Ishibashi et al. 2004).

Subsequent to this revelation, in 2005, Loeys 
and Dietz described a cohort of patients with a 
connective tissue disorder that significantly over-
lapped with the phenotype of MFS but included a 
greater cardiovascular risk (Loeys et  al. 2005). 
This disorder was designated Loeys-Dietz syn-
drome (LDS, OMIM #609192), and was charac-
terized by the enhanced development of aortic 
aneurysms and dissections that occur at a younger 
age and smaller aortic diameter. Both disorders 
exhibit a marfanoid habitus (pectus deformity), 
arachnodactyly (elongated fingers), scoliosis, 
and dolichostenomelia (elongated limbs), heart 
valve prolapse with significant regurgitation, and 
aortic aneurysm with dissection. Interestingly, 
this group of patients presented with mutations in 
the type-I (TGF-βRI) or type-II (TGF-βRII) 
TGF-β receptors (Loeys et al. 2005). Moreover, 
despite mutated receptors incapable of propagat-
ing signals, patients with Loeys-Dietz syndrome 
(LDS) paradoxically exhibited indications of 
increased TGF-β signaling: enhanced phosphory-
lation of SMAD-2, a key intracellular mediator 
of TGF-β signaling, as well as elevated expres-
sion of collagen and connective tissue growth 
factor (CTGF), common indicators of TGF-β 
pathway activation (Loeys et al. 2005).
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As examples, MFS and LDS represent con-
nective tissue disorders that are significantly 
affected by altered TGF-β signaling and display 
significant cardiovascular defects. This pattern of 
cardiovascular defects appears to be expressed 
along a spectrum of severity in many heritable 
connective tissue disorders and raises suspicion 
of a relationship between the normal develop-
ment of connective tissues and the cardiovascular 
system. Given the evidence of increased TGF-β 
signaling in MFS and LDS, this signaling path-
way may represent the common link in this 
relationship.

To further explore this hypothetical link, this 
chapter will review the TGF-β signaling pathway, 
with respect to heritable connective tissue syn-
dromes that present with significant cardiovascu-
lar complications and will discuss the pathogenic 
contribution of TGF-β to these syndromes.

7.2  TGF-β, Signaling Pathways, 
and Physiological Effects

Transforming growth factor-β is a soluble cyto-
kine secreted by many cell-types within the body. 
The different three TGF-β isoforms (TGF-β 1, 2, 
3) are produced as 55 kDa precursor proteins that 
homodimerize and bind to an inhibitory peptide 
fragment called the Latency Associated Peptide, 
or LAP, to form the Small Latent Complex (SLC). 
The SLC then associates with a Latent 
Transforming Growth Factor-Beta Binding 
Protein (LTBP), to form the Large Latent 
Complex (LLC), which is then secreted from the 
cell and targeted for sequestration in the extracel-
lular matrix (Gentry et al. 1988; Lawrence et al. 
1984; Zeyer and Reinhardt 2015). Fibrillin-1, 
comprised of multiple cbEGF motifs arranged in 
tandem with 8-cys/TB repeats, has high homol-
ogy to the family of LTBPs, and provides a land-
ing point to sequester the LLC within the matrix 
(Yuan et al. 1997; Pereira et al. 1999; Isogai et al. 
2003). Thus, the ECM serves to sequester and 
concentrate TGF-β in locations where it may be 
rapidly activated when needed (Ramirez and 
Rifkin 2003). Indeed, the ECM is no longer 
thought to be a passive structural support but 

rather a dynamic regulator of growth factor bio-
availability and signaling (Brekken and Sage 
2001; Hynes 2009).

7.2.1  “Canonical” TGF-β Signaling

Mature TGF-β is activated through several differ-
ent known mechanisms including: proteolysis of 
the LTBP or LAP by the action of several matrix 
metalloproteinases (MMP-2, MMP-9, MMP-13, 
MMP-14); interaction of the LAP with thrombo-
spondin- 1; exposure of the LAP to extracellular 
reactive oxygen species; a decrease in extracel-
lular matrix pH effectively  causing degradation 
of the LAP; or through interaction with a family 
of transmembrane protein receptors called the 
integrins, including αvβ1, αvβ3, αvβ6, and αvβ8 
(Annes et  al. 2003; Costanza et  al. 2017; 
Patsenker et al. 2009; Ramirez and Rifkin 2009; 
Reed et al. 2015; Roth et al. 2013). Once released 
from the LAP, the TGF-β homodimer interacts 
with a family of TGF-β receptors initiating a sig-
naling cascade. The TGF-β receptors have been 
subdivided into three families. The type-I and 
type-II receptors belong to a superfamily of tis-
sue- and cell- specific transmembrane serine/
threonine kinase receptors. The type-III recep-
tors, also known as accessory receptors, includ-
ing endoglin and betaglycan, contain 
transmembrane monomers that lack the kinase 
domain, but function to bind and present the 
TGF-β homodimer to the type-I and type-II 
receptor complex (Wrana et al. 1992).

In the “Canonical TGF-β Signaling Pathway” 
TGF-β binds to a homodimer of the type-II recep-
tor, which auto-activates its serine/threonine 
kinase domain, resulting in the autophosphoryla-
tion of the type-II receptor. The phosphorylated 
type-II receptor, recruits a homodimer of the 
type-I receptor, and activates the type-I receptor 
through a transphosphorylation event. The acti-
vated type-I receptor then recruits and phosphor-
ylates one of a class of cytoplasmic mediators, 
the receptor regulated SMADs (R-SMADs), 
these intracellular signaling intermediates were 
named for their homologues in Caenorhabditis 
elegans (SMA genes) and Drosophila (MAD 
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genes; mothers against decapentaplegic). The 
activated R-SMAD then recruits and binds to a 
common-mediator SMAD (co-SMAD; SMAD- 
4) forming a complex revealing a nuclear local-
ization signal, and is then shuttled into the 
nucleus where, upon interaction with transcrip-
tional modifiers (activators or repressors), it 
forms a competent transcription complex capable 
of inducing or repressing numerous TGF-β- 
dependent genes (Fig. 7.1) (Jones et al. 2009; Shi 
and Massague 2003).

7.2.2  Alternate “Noncanonical” 
TGF-β Signaling

In addition to the canonical signaling pathway, a 
growing body of evidence now supports the 
hypothesis that TGF-β signaling can proceed by 
alternative mechanisms that bypass key mediators 
in the classical pathway (Moustakas and Heldin 
2005). For example, these noncanonical signaling 
responses include: 1) signals propagated directly 
by type-II receptors without type-I receptor 

Noncanonical

TG
F-β

TG
F-β

Canonical

R-SMAD-2/3

P R-SMAD-2/3

Co-SMAD

Nucleus
TFs TGF-b Related 

Gene
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TGF-bRIITGF-bRIITGF-bRI
(ALK-5)

Fig. 7.1 Canonical, Noncanonical, and Endoglin/ALK-1 
signaling pathways. Both Canonical and Endoglin/ALK-1 
TGF-β signaling is mediated by the phosphorylation of 
distinct R-SMAD proteins. Nuclear translocation requires 
Co-SMAD binding in both pathways. The R-SMAD and 
Co-SMAD complex, once translocated to the nucleus, 
associates with other transcriptional regulatory factors to 
either repress or activate TGF-β-dependent gene expres-
sion. The noncanonical pathway is mediated by TGF-βRI, 

TRAF6, and TAK1, resulting in the phosphorylation of 
other intracellular signaling intermediates such as 
ERK1/2, JNK, and p38 MAPK. These MAPK-dependent 
signals can re-enter the SMAD-dependent pathway 
through direct activation of the SMADs, or they can medi-
ate downstream signaling through SMAD-independent 
pathways. The lightning bolts represent mutations to the 
indicated proteins causative of the syndromes listed in red
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involvement; 2) direct type-I receptor signals in the 
absence of R-SMAD activation; 3) R-SMAD sig-
naling to parallel pathways in the absence of co-
SMAD involvement; and 4) activation of 
R-SMADs by other signaling mediators in response 
to TGF-β, but not as a result of direct interaction 
with TGF-β receptors (Jones et al. 2009).

The downstream intracellular mediators of 
these alternative pathways are not as well under-
stood as the role of the SMAD proteins in the 
classical pathway. Studies of noncanonical sig-
naling in FBN1 deficient mice have proven help-
ful in this regard. Carta et  al. demonstrated in 
vivo that p38 mitogen-activated protein kinase 
(p38 MAPK) mediated the phosphorylation of 
SMAD-2/3, which was attenuated by treatment 
with p38 MAPK inhibitors. This suggested that 
R-SMAD activation/phosphorylation could 
occur in a manner independent of TGF-βRI activ-
ity (Carta et al. 2009). Subsequent studies exam-
ining the role of Tumor Necrosis Factor-Receptor 
Associated Factor 6 (TRAF6), an E3 ubiquitin 
ligase, demonstrated association with TGF-βRI 
in a TGF-β-dependent manner (Yamashita et al. 
2008; Sorrentino et al. 2008), however, this com-
plex was found to recruit and activate a second-
ary intracellular kinase called TGF-β Associated 
Kinase 1 (TAK1), which was shown to subse-
quently activate p38 MAPK (Fig. 7.1) (Yamashita 
et al. 2008; Sorrentino et al. 2008). In addition to 
p38 MAPK, TGF-β can activate many other sig-
nal pathways independent of R-SMAD media-
tion including: Extracellular-signal Regulated 
Kinase 1 and 2 (ERK1/2) (Lee et al. 2007), c-Jun 
N-terminal Kinase (JNK) (Yamashita et al. 2008; 
Sorrentino et al. 2008), and the Phosphoinositide- 
3- Kinase (PI3K), in the protein kinase B (AKT)-
mediated cellular survival pathway (Wilkes et al. 
2005). Importantly, the canonical and noncanoni-
cal pathways appear to exert differential effects 
on the connective tissues within the ECM. Thus, 
through combinatorial receptor interactions, mul-
tiple regulatory mechanisms, and alternative sig-
naling pathways, the complexity of signaling 
through this pathway is dramatically amplified, 
contributing to the myriad complex signaling 
outcomes reported for TGF-β.

7.2.3  Cellular Responses to TGF-β 
Signaling

Transforming growth factor-β signaling is known 
to contribute to a number of disparate and oppos-
ing physiologic processes including angiogene-
sis, proliferation, differentiation, apoptosis, and 
wound healing, and is a well-established modula-
tor of ECM structure and composition (Bertolino 
et al. 2005; Massague 2000). Stimulation of the 
canonical TGF-β pathway has been well accepted 
as a primary driver of increased extracellular 
matrix protein production and deposition (colla-
gen and elastin) (Ignotz and Massague 1986). In 
addition, while driving matrix production the 
pathway simultaneously functions to attenuate 
the expression of matrix proteolytic enzymes 
(matrix metalloproteinases (MMPs)) (Yan and 
Boyd 2007), and enhances the expression of the 
tissue inhibitors of MMPs (TIMPs) (Kwak et al. 
2006). Alternatively, stimulation of the nonca-
nonical pathways has been associated with 
enhanced matrix degradation through increased 
MMP-dependent proteolysis (Kim et  al. 2004) 
and enhanced MMP activation via plasminogen 
activators (Laiho et al. 1986). This is supported 
by work from Kim et al. demonstrating that the 
activation of p38 MAPK-mediated signaling has 
been associated with increased MMP-2 and -9 
production and release in breast cancer cells 
(Kim et  al. 2004). In similar fashion, in vitro 
expression of MMP-13  in rat osteoblasts was 
found to be dependent on p38 MAPK, involving 
SMAD-2 activation and ERK1/2 signaling 
(Selvamurugan et al. 2004).

The complexity of this signaling pathway 
highlights the importance of TGF-β as a key reg-
ulatory factor in maintaining the homeostatic bal-
ance within the ECM, and further underscores 
how dysregulation of this pathway could play a 
dominant role in connective tissue disorders and 
disease. Accordingly, regulation of this pathway 
is highly critical at multiple levels. An example 
of this regulation is the inhibitory feedback path-
way involving I-SMADs (inhibitory SMAD6 and 
SMAD7) (Park 2005). SMAD6 exerts its effects 
by binding directly to type-I receptors and blunt-
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ing R-SMAD phosphorylation (Imamura et  al. 
1997). SMAD6 also inhibits signaling by com-
peting with SMAD-4 for R-SMAD binding sites, 
reducing nuclear translocation (Hata et al. 1998). 
In addition, SMAD7 inhibits TGF-β signaling by 
targeting both type-I and type-II receptors for 
ubiquitination and subsequent degradation, 
through the recruitment of SMAD Ubiquitination 
Regulatory Factors 1 and 2 (Wicks et  al. 2006; 
Ebisawa et al. 2001; Kavsak et al. 2000). Lastly, 
there are many other regulatory proteins that 
influence the bioavailability of TGF-β, such as 
proteoglycans decorin and biglycan, which bind 
and scavenge its availability for signaling 
(Droguett et al. 2006; Lopez-Casillas et al. 1994; 
Stander et al. 1999).

This group of TGF-β receptors and intermedi-
ates is a small part of a larger “superfamily” of 
growth factors and receptors (Feng and Derynck 
2005). These superfamily members also occupy 
roles in normal connective tissue development 
and repair. Like the TGF-β family, dysregulation 
of BMP signaling has been implicated in herita-
ble connective tissue disorders. Mutations within 
Activin receptor-Like Kinase 2 (ALK-2), a type-I 
BMP receptor, are associated with fibrodysplasia 
ossificans progressive (FOP), a skeletal dysplasia 
characterized by progressive heterotopic bone 
formation (Pignolo et al. 2011). Dysregulation of 
the activin and inhibin signaling has yet to be 
linked to heritable connective tissue disorders. 
However, activin signaling has been implicated 
in the regulation of wound healing and scar for-
mation, processes dependent upon normal con-
nective tissue remodeling (Werner and Alzheimer 
2006).

7.3  TGF-β Signaling 
and Connective Tissue 
Disorders

In addition to MFS and LDS, several heritable 
connective tissue disorders have been associated 
with mutations in the TGF-β signaling pathway 
including Ehlers-Danlos Syndrome (EDS), 
Familial Thoracic Aortic Aneurysms and 
Dissections (FTAAD), Shprintzen-Goldberg 

Syndrome (SGS), and Hereditary Hemorrhagic 
Telangiectasia (HHT), among others (Table 7.1). 
Interestingly, each of these disorders also display 
unique cardiovascular manifestations, resulting 
in a spectrum of disorders ranging from heart 
valve defects to thoracic aortic aneurysms. These 
disorders will be explored in more detail below.

7.3.1  Ehlers-Danlos Syndrome

The Ehlers-Danlos syndromes (EDS) are a clini-
cally diverse and genetically heterogeneous 
group of inherited connective tissue disorders 
primarily characterized by causal mutations in 
genes encoding collagen, its modifying enzymes, 
or other proteins involved in extracellular matrix 
formation (Cortini et al. 2019). These mutations 
lead to a loss of structural integrity within differ-
ent organ systems, and are commonly character-
ized by joint hypermobility, skin 
hyperextensibility, and tissue fragility. To date, 
there have been 13 different subtypes of EDS 
defined based on diverse clinical presentation and 
genetic heterogeneity (Malfait et  al. 2017). Of 
these 13 subtypes, two have been associated with 
altered TGF-β signaling, hypermobile EDS 
(Type-III) and Vascular EDS (Type-IV). Ehlers- 
Danlos syndrome type III (EDS, OMIM 
#130020), also known as Hypermobile Ehlers- 
Danlos Syndrome (hEDS), is the most prevalent 
subtype of EDS, and is primarily characterized 
by marked joint hypermobility in the absence of 
skeletal deformity, with a milder involvement of 
the skin as typically observed in the classical and 
vascular types of EDS. Commonly, patients with 
hEDS present with softer “velvety” skin, that dis-
plays reduced thickness, and increased fragility. 
In addition, an impaired wound healing response 
often results in atrophic scarring. While the pri-
mary underlying genetic basis of hEDS has yet to 
be identified, several candidate genes have been 
identified, most without definitive evidence prov-
ing causality (Gensemer et  al. 2020). Of these 
candidate genes, TNXB (Tenascin X) may fur-
ther highlight the association between aberrant 
TGF-β signaling and cardiovascular complica-
tions in hEDS.
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Table 7.1 TGF-β Related Heritable Connective Tissue Disorders

Connective 
Tissue Syndrome Associated Mutations

Connective Tissue 
Manifestations

Cardiovascular 
Manifestations References

Marfan 
syndrome 
(MFS)

FBN1 
OMIM#154700

Marfanoid habitus: 
dolichostenomelia, reduced 
upper:lower body ratio, 
scoliosis, pectus excavatum 
or carinatum; protrusio 
acetabuli; ectopia lentis; 
high arched palate; dural 
ectasia; lax joints

Ascending aortic 
aneurysm involving 
sinuses of Valsalva and 
dissection; aortic root 
dilatation with possible 
valve insufficiency; 
mitral valve prolapse 
and regurgitation

Judge and 
Dietz 
(2005))
Dietz 
(1993))

Loeys-Dietz 
syndrome 
(LDS)

TGFBRI & II 
OMIM#609192

Bifid uvula; cleft palate; 
clubfoot; hypertelorism; 
thin/velvety skin; blue 
sclera; cervical anomaly/
instability; craniosynostosis; 
scoliosis; dural ectasia; 
protrusion acetabuli; lax 
joints

Ascending aortic 
aneurysm and 
dissection; diffuse 
arterial tortuosity and 
aneurysms; easy 
bruising; mitral valve 
prolapse and 
regurgitation

Loeys et al. 
(2005); 
Loeys et al. 
(2006))

Ehlers-Danlos 
Syndrome 
(EDS), Type-III 
and Type-IV

Tenascin X TGF-βRII 
COL3A1 OMIM# 
130020 OMIM# 
130050

Hypermobile joints, reduced 
skin thickness, increased 
skin fragility, atrophic 
scarring, aberrant TGF-β 
signaling

Enhanced levels of 
circulating TGF-β, aortic 
and small vessel 
aneurysm, left 
ventricular dysfunction, 
heart failure, mitral 
valve insufficiency

Gensemer 
et al. 
(2020))
Morissette 
et al. 
(2014))
Sylvan et al. 
(2013))
Superti- 
Furga et al. 
(1988)
Boutouyrie 
et al. (2004)

Shprintzen- 
Goldberg 
syndrome 
(SGS)

Reported FBN1, 
TGFBR I & II 
OMIM#182212 
(FBN1)

Marfanoid habitus: 
dolichostenomelia, reduced 
upper:lower body ratio, 
scoliosis, pectus excavatum 
or carinatum; club foot; flat 
foot; hernias; scaphocephaly; 
craniosynostosis; digital 
contractures; Chiari-I; 
osteopenia

Mitral valve prolapse 
and regurgitation; aortic 
valve insufficiency; 
occasional aortic root 
dilatation

Greally 
et al. (1998)
Van 
Steensel 
et al. (2008)

Familial 
thoracic aortic 
aneurysm and 
dissection 
syndrome 
(FTAAD)

AAT1–11 AAT5: 
TGFBRI 
OMIM#610380 
AAT3: TGFBRII 
OMIM#608967

Marfanoid Habitus: 
dolichostenomelia, reduced 
upper:lower body ratio, 
scoliosis, pectus excavatum 
or carinatum; livedo 
reticularis; iris flocculi

Ascending and aortic 
root aneurysm and 
dissection; mitral valve 
prolapse and 
regurgitation

Gleason 
(2005)
Pannu et al. 
(2005)

Aneurysm- 
osteoarthritis 
syndrome 
(AOS)

SMAD3 Early onset osteoarthritis; 
osteochondritis dissecans; 
mild hypertelorism; 
abnormal uvula

Aortic aneurysms and 
dissection; tortuosity of 
large and medium sized 
vessels, even intracranial

Van De Laar 
et al. (2011, 
2012)

(continued)
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Tenascin X is an extracellular matrix protein 
that plays an essential role in collagen deposition 
by regulating the spacing between collagen 
fibrils. Interestingly, Tenascin X-deficiency has 
been associated with increased expression and 
abundance of TGF-β ligands, elevated TGF-β 
signaling, activation of signaling intermediates 
(SMAD-1/5/8), and increased MMP-13 produc-
tion (Morissette et al. 2014). While enhanced lev-
els of circulating TGF-β resulting in signaling 
through the classical TGF-β pathway, are hard to 
reconcile with the aberrant wound healing and 
atrophic scarring observed in hEDS, these results 
may suggest that the signaling proceeds through 
a non-canonical TGF-β pathway, dominated by 
the activation of SMAD-1/5/8. Reports by 
Bertolino and Jones, have suggested that TGF-β 
ligands (TGF-β 1, 2, 3) can signal through a sec-
ond Type-I TGF-β receptor, Activin receptor- 
Like Kinase 1 (ALK-1), when recruited to 
TGF-βRII, resulting in the activation of a differ-
ent set of intracellular R-SMADs (SMAD-1/5/8) 
(Jones et  al. 2009; Bertolino et  al. 2005; Jones 
et al. 2008). Interestingly, activation of this alter-
native pathway may be associated with ECM 
degradation by leading to enhanced MMP-13 
production, resulting in the diminished collagen 
network.

In another report by Sylvan and coworkers, a 
patient with a complex medical history including 
a previous diagnosis of type-III EDS, mitral valve 
replacement surgery at age 18, left ventricular 
dysfunction, congestive heart failure, and pulmo-
nary issues was identified (Sylvan et  al. 2013). 
The patient presented with multiple small vessel 
aneurysms, and upon further genetic testing, a 
mutation in the TGF-βRII was identified, while 
confirming the absence of any COL3A1 muta-
tions. While this report represents a single case 
study, the presence of a TGF-β receptor mutation 
in the absence of COL3A1 mutations (commonly 
observed in Type-IV EDS; vascular EDS) and in 
the absence of an LDS phenotype, may also sug-
gest TGF-β receptor mutations can contribute to 
hEDS.

Ehlers-Danlos Syndrome type IV (EDS, 
OMIM #130050), also known as vascular type 
EDS, primarily affects the skin and large arteries, 
and can lead to medial degenerative disease of 
the aorta resulting in acute dissection. The origi-
nal cause was linked to a 3.3-kb DNA deletion in 
one allele of the type III procollagen gene 
(COL3A1). This mutation, which results in a 
truncated procollagen monomer is characterized 
by decreased thermal stability, resistance to pro-
teolytic processing, and reduced secretion 

Table 7.1 (continued)

Connective 
Tissue Syndrome Associated Mutations

Connective Tissue 
Manifestations

Cardiovascular 
Manifestations References

Arterial 
tortuosity 
syndrome 
(ATS)

SLC2A10 
OMIM#208050

High palate; skin and joint 
laxity; hernias; keratoconus; 
facies; micrognathia; 
contractures; arachnodactyly

Large and medium 
vessel tortuosity; diffuse 
aneurysms; aortic 
regurgitation; 
telangiectasias; 
pulmonary artery 
stenoses and aneurysms

Callewaert 
et al. (2008)
Coucke 
et al. (2006)

Hereditary 
hemorrhagic 
telangiectasia 
(HHT)

HHT1: TGFBR 
Type-III (Endoglin; 
ENG) 
OMIM#187300 
HHT2: TGFBR 
Type-I (Activin 
receptor-like 
kinase-1/ALK-1) 
OMIM#600376

Specialized Connective 
Tissues: Blood- 
Thrombophilia; Lymphatic 
tissue-immunodeficiency

Diffuse GI and 
mucocutaneous 
telangiectasias; 
arteriovenous 
malformations in lungs, 
brain and liver; 
nosebleeds; easy 
bleeding and bruising; 
iron deficiency anemia; 
pulmonary artery 
hypertension

Govani and 
Shovlin 
(2009)
Fernandez 
et al. (2006)

7 Connective Tissue Disorders and Cardiovascular Complications: The Indomitable Role of Transforming…



170

(Superti-Furga et  al. 1988). Ultimately, in the 
aorta, it results in a diminished collagen network, 
with a low intimal-medial thickness, increased 
wall stress, and an increased propensity for acute 
dissection and rupture (Boutouyrie et al. 2004). 
As with many connective tissue disorders on this 
spectrum, diagnosis of EDS type IV can be diffi-
cult since there is significant phenotypic overlap 
with patients presenting with LDS. Loeys et al. 
(Loeys et al. 2006), while characterizing 52 LDS- 
affected families for mutations in TGFBR1 and 
TGFBR2 genes also assessed a cohort of EDS 
type IV patients that lacked the COL3A1 gene 
mutations and the craniofacial features of the 
typical LDS patient. Twelve EDS type IV pro-
bands were identified containing TGF-βRI or 
TGF-βRII mutations, suggesting a possible re- 
classification of this group as LDS type 2. One 
could speculate that EDS type IV patients with 
COL3A1 mutations display enhanced TGF-β sig-
naling to compensate for the loss of type III col-
lagen within the aorta. Nonetheless, these results 
further bolster the association between cardio-
vascular complications in connective tissue dis-
orders involving aberrant TGF-β signaling.

7.3.2  Familial Thoracic Aortic 
Aneurysm and Dissection 
Syndrome (FTAAD)

Classically, FTAAD was defined as a collection 
of inherited genetic disorders, leading to thoracic 
aortic aneurysms or aortic dissections, character-
ized by medial necrosis of the proximal ascend-
ing aorta (Nicod et al. 1989). Diagnosed patients 
typically had a first degree relative who also had 
aortopathy, however diagnosis was often clouded 
by dominate inheritance with variable penetrance 
(Milewicz et  al. 1998). Medial necrosis is 
described as degeneration and fragmentation of 
elastic fibers, loss of smooth muscle cells, with 
the presence of interstitial pools of basophilic 
ground substance. This typically occurs in the 
absence of a known genetic syndrome, like MFS. 
Aortic disease in these families is characterized 
by aneurysms involving the ascending aorta often 
leading to type I and II aortic dissections in the 

absence of hypertension (Guo et al. 2001). Since 
its original description, FTAAD has been local-
ized to multiple genetic loci, now with at least 11 
independently associated genes identified in the 
Online Mendelian Inheritance in Man (OMIM) 
database: Aortic Aneurysm Thoracic (AAT) 
1–11. Interestingly, four of these mutations, 
AAT3 (OMIM#608967; TGF-βRII), AAT5 
(OMIM#610380; TGF-βRI), AAT9 
(OMIM#601103; MFAP5) and AAT10 
(OMIM#617168; LOX), were found in genes 
capable of affecting the connective tissue directly. 
AAT3 and AAT5 were found to be associated 
with mutations in TGF-β-receptors (receptors -II 
and -I respectively) and have subsequently been 
grouped under the heading of Loeys-Dietz 
Syndrome as LDS2 and LDS1, to simplify clas-
sification overall. AAT9, was associated with a 
mutation in the Microfibrillar Associated Protein 
5 (MFAP5) gene, which encodes Microfibril- 
Associated Glycoprotein 2, a small proteoglycan 
involved in the assembly and/or maintenance of 
elastic fibers (Barbier et al. 2014), while AAT10, 
was found to encode Lysyl Oxidase (LOX), a 
protein that plays a critical role in initiating the 
crosslinking of collagens and elastin. In each 
case, the initial precipitating event was often inci-
dentally discovered as aortic dilatation, dissec-
tion, or sudden death (Attias et al. 2009; Bruno 
et  al. 1984; Von Kodolitsch et  al. 2004). 
Subsequently, an aortopathy syndrome is sus-
pected when a family history of early aortic dis-
ease or sudden death is revealed or the 
constellation of unique connective tissue symp-
toms (marfanoid habitus like MFS and LDS and/
or the FTAAD specific iris flocculi) provokes 
suspicion. While these seemingly non-syndromic 
TAAs and dissections may be exacerbated by 
contributing risk factors such as hypertension, 
atherosclerosis, it has been reported that almost 
20% of these patients have a first degree relative 
with a similar presentation, suggesting a genetic 
predisposition (Pannu et  al. 2005). Diagnosing 
this group of patients remains complicated 
because of the variable penetrance within a fam-
ily group.

With new and refined genetic technologies, 
additional genes are being added to this list on a 
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regular basis, underscoring the importance of the 
connective tissue compartment, and further defin-
ing the link between dysregulation of extracellu-
lar matrix and cardiovascular complications.

7.3.3  Shprintzen-Goldberg 
Syndrome (SGS)

In 1982, Shprintzen and Goldberg first described 
their eponymous heritable connective tissue syn-
drome in two patients (Shprintzen and Goldberg 
1982). Shprintzen-Goldberg syndrome is charac-
terized by anomalies of the head/face, skeleton, 
brain, and cardiovascular system (Greally et  al. 
1998). Shprintzen-Goldberg syndrome has since 
been recognized as part of a group of phenotypi-
cally overlapping syndromes associated with 
TGF-β receptor mutations (i.e. LDS and FTAAD) 
affecting connective tissues and the cardiovascu-
lar system (Akutsu et  al. 2007). However, SGS 
has been linked to mutations in TGF-β RI and 
RII, as well as fibrillin-1 (OMIM #182212). 
Thus, unlike LDS and MFS, it is not yet known 
whether the connective tissue and cardiovascular 
manifestations of SGS are due to a defect in a 
TGF-β receptor, or a connective tissue compo-
nent like fibrillin-1. Independent of the initiating 
event, the defect lies somewhere in the TGF-β 
pathway creating a heterogeneous range of symp-
toms, making a definite genotype-phenotype cor-
relation difficult. Consequently, the clinical 
presentation of SGS is not well defined and is 
still developing. Intellectual impairment may be 
the only regularly occurring symptom, with all 
documented patients presenting with a range 
from moderate retardation to learning disabilities 
(Greally et  al. 1998). These impairments are 
known to occur simultaneously with brain abnor-
malities: communicating hydrocephalus, dilated 
lateral ventricles, and Arnold-Chiari formation 
type-I (Robinson et al. 2005). Ocular defects may 
also be present in SGS patients. Lens dislocation, 
while seen in MFS, does not appear to be a typi-
cal feature of SGS (Loeys et al. 2006), however, 
hypertelorism (seen in LDS), myopia, and 
 exophthalmos are commonly observed (Greally 
et al. 1998). In addition, several skeletal anoma-

lies have been identified, appearing in early 
childhood (Ades et al. 1995). The major skeletal 
characteristic is scaphocephaly (boat shaped 
skull) with craniosynostosis (premature fusion of 
skull) (Ades et al. 1995). In fact, SGS has been 
referred to as marfanoid habitus with craniosyn-
ostosis (Ades et al. 2006). Many of the other skel-
etal findings associated with MFS and LDS are 
likewise observed in SGS: dolichostenomelia, 
arachnodactyly, scoliosis, pectus excavatum or 
carinatum (hollowed or pigeon chest), joint 
hypermobility, and contracture of the proximal 
joints of the hand (Loeys et al. 2006). Regarding 
facial dysmorphic features, SGS may produce 
micrognathia, midface hypoplasia, low-set ears, 
and palatal soft tissue hyperplasia (pseudocleft 
palate) that may be noted as early as the first year 
of life and become more pronounced with time 
(Greally 1993). Additional characteristic findings 
include: minimal subcutaneous fat, hypotonia, 
obstructive apnea, defects in the abdominal wall 
musculature with hernias, hyperelastic skin, and 
cryptorchidism (Greally 1993).

The cardiovascular defects in SGS are mostly 
limited to the heart valves. Mitral and/or aortic 
valve regurgitation is commonly observed 
(Greally et  al. 1998). Mitral Valve Prolapse 
(MVP), often seen in MFS, occurs commonly, as 
well (Greally 1993). Given that FBN1 mutations 
have been associated with an increase in TGF-β 
release and signaling, Ng et  al. examined the 
association of aberrant TGF-β pathway signaling 
and the pathogenesis of MVP using a mouse 
model of MFS (Ng et al. 2004). Changes in mitral 
architecture were observed to be temporally and 
spatially linked with increased TGF-β activation 
resulting in enhanced proliferation/growth of 
valve cells and decreased apoptosis. Furthermore, 
normal valve phenotype was restored with the 
administration of a TGF-β neutralizing antibody. 
This study provided a potential pathogenic mech-
anism for MVP in MFS/LDS and perhaps SGS as 
well. While common in MFS, LDS, and FTAAD, 
aortic root dilatation and aneurysm has been pre-
viously described in SGS but is not present in 
most affected individuals (Loeys et al. 2005). The 
presence of aortic dilatation may therefore repre-
sent overlap with one of these phenotypically 
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similar syndromes. Aortic valve pathology has 
also been linked to TGF-βRII mutations. An SGS 
patient with a bicuspid aortic valve and an 
ascending aortic aneurysm, which later dissected, 
was found to have a mutation in TGF-βRII 
(Girdauskas et  al. 2011). Thus, both the mitral 
and aortic valvular manifestations of SGS may be 
due to mutations in TGF-β receptors, and altera-
tions in the signaling pathway.

7.3.4  Hereditary Hemorrhagic 
Telangiectasia (HHT)

Originally described in the nineteenth century by 
Osler, Weber, Rendu, and Hanes, HHT is an auto-
somal dominant disorder characterized by vascu-
lar malformations and dilated small blood vessels 
which are fragile due to thin supporting connec-
tive tissue (Macri et al. 2020; Sys and Van Den 
Hoogen 2005). HHT is most commonly caused 
by mutations within TGF-β receptors, disrupting 
TGF-β signaling, and inducing the characteristic 
vascular and connective tissue defects. 
Epidemiologic reports estimate the prevalence of 
HHT between 1  in 5000 to 1  in 8000, though 
some reports believe HHT may be underreported 
due to many patients being unaware of their diag-
nosis (Bideau et al. 1989; Kjeldsen et al. 1999; 
Shovlin et al. 2008). The diagnosis is often diffi-
cult due to its variable penetrance and severity, as 
well as its relatively slow progression. 
Manifestations of HHT typically are not present 
at birth and develop with time. Clinical signs and 
symptoms may be present in childhood though 
generally are noted after puberty with an esti-
mated 7 in 10 HHT patients developing at least 
one clinical symptom or sign by age 16 and 
almost 100 percent by 40 years of age (Bourdeau 
et al. 1999; Cole et al. 2005; Wallace and Shovlin 
2000).

Initially, HHT patients will develop telangiec-
tasias, small blood vessels that dilate near the sur-
face of the skin, mucous membranes and 
gastrointestinal tract. These telangiectasias 
increase in number and size with age (Pasculli 
et  al. 2005; Plauchu et  al. 1989). Nosebleeds 
(also known as epistaxis), the most common clin-

ical manifestation of HHT, result from ruptured 
telangiectasias of the nasal mucosa. Epistaxis and 
telangiectasias within the gastrointestinal tract, 
commonly in the duodenum, are the two major 
mechanisms of iron deficiency anemia secondary 
to hemorrhage in this population. Most HHT 
patients experience only these three symptoms: 
nosebleeds, mucocutaneous telangiectasias, and 
iron deficiency anemia. These symptoms are rel-
atively minor, in terms of their contribution to the 
morbidity and mortality associated with HHT, 
while the primary concern results from arteriove-
nous malformations (AVMs), vascular abnormal-
ities resulting from malformed connections 
between arteries and veins in the visceral organs 
(Kjeldsen et al. 1999).

While AVMs may occur sporadically in the 
general population, AVMs occur in high numbers 
in multiple organs in HHT patients. The most 
clinically relevant locations are distributed 
among the lungs (50%), the liver (30%) and the 
brain (10%) (Cottin et al. 2004; Fulbright et al. 
1998; Piantanida et al. 1996). A further pulmo-
nary manifestation of HHT is severe pulmonary 
artery hypertension (PAH) arising mainly from 2 
sources: (1) high output heart failure secondary 
to hepatic AVM shunting and (2) primary PAH 
without signs of heart failure (Govani and Shovlin 
2009).

Additionally, HHT patients may also exhibit 
pathologic defects within specialized connective 
tissues such as the blood and the immune system/
lymphoid tissue. Elevated clotting factor VIII and 
von Willebrand factor was measured in the blood 
of HHT patients versus normal controls and asso-
ciated with venous thromboembolism (Shovlin 
et al. 2007). Reports of defects in adaptive immu-
nity and a mononuclear cell infiltrate around tel-
angiectasias spawned a suspicion of immune 
system involvement in HHT. These reports were 
further supported by an analysis of the oxidative 
burst activity of HHT monocytes and polymor-
phonuclear cells, which found single or multiple 
deficits in both cell groups in 20 of 22 HHT 
patients (Cirulli et al. 2006).

The Curacao diagnostic criteria are based on 
international consensus and used to diagnose 
HHT with a score that gauges the likelihood of its 
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presence (Faughnan et  al. 2011; Shovlin et  al. 
2000). The criteria include a first degree relative 
with HHT, the presence of several telangiectasias 
on the skin and mucous membranes, recurrent 
and spontaneous epistaxis, and visceral AVMs. 
One point is scored for each of the criteria pres-
ent. If only 1 of the criteria is noted, HHT is 
“unlikely.” Two criteria indicate “suspected” 
HHT. The presence of more than two criteria is 
evidence of “definitive” HHT disease. The diag-
nosis of HHT is made clinically, without requir-
ing genetic testing to identify a potentially 
causative mutation. If desired, genetic testing 
may be employed to confirm the diagnosis.

Mutations in at least five genes have been 
directly associated with the development of HHT. 
These are subdivided based on the gene loci 
involved (Govani and Shovlin 2009). HHT1 and 
2 are the major subtypes linked to mutations 
within endoglin (HHT1, OMIM#187300) 
(Mcallister et  al. 1994) and ALK-1 (HHT2, 
OMIM#600367) (Berg et al. 1997; Johnson et al. 
1996). Additionally, mutations in SMAD4 result 
in HHT with juvenile polyposis. Interestingly, 
juvenile polyposis in the general population 
results from mutation in activin receptor-like 
kinase 3 (ALK-3; also known as BMP 
Receptor-1A), which signals through SMAD-4 
(Govani and Shovlin 2009). However, a family 
with a history of juvenile polyposis, aortopathy, 
and mitral valve dysfunction, was described by 
Andrabi and coworkers, suggesting co- 
segregation of these phenotypes with a mutation 
in SMAD-4 (Andrabi et  al. 2011). Aortopathy 
and mitral valve defects are more typically related 
to MFS and LDS, not HHT, though case reports 
of large vessel aneurysms in HHT do exist 
(Andrabi et al. 2011) The presence of these fea-
tures associated with SMAD4 mutations further 
supports the role of dysfunctional TGF-β signal-
ing in the common pathogenesis of disorders. 
Furthermore, it provides a spectral link between 
the vascular features of MFS and LDS (aortopa-
thy, aneurysm, and mitral valve defects) and 
those seen in HHT (AVMs, small vessel dilata-
tion, and juvenile polyposis).

Activin receptor-like kinase 1 and endoglin 
are expressed on the surface of vascular endothe-

lial cells, suggesting that dysregulated TGF-β 
signaling in endothelial cell plays a major role in 
inducing telangiectasia/dilatation and AVM for-
mation (Letarte et al. 2005). Interestingly, homo-
zygous ALK-1 mutations in zebrafish and mice 
produce embryonic lethality and exhibit severely 
dilated vessels (including the aorta) and abnor-
mal vessel fusion (Oh et al. 2000; Roman et al. 
2002). These vascular defects were associated 
with increased endothelial cell number, enhanced 
expression of angiogenic factors and proteases, 
and deficient differentiation and recruitment of 
smooth muscle cells. Thus, the small vessel dila-
tation in HHT represents a phenotypic micro-
cosm of the aortic and extra-aortic dilatation seen 
in MFS and LDS. Furthermore, Seki et al. dem-
onstrated in mice, that ALK-1 is highly expressed 
in the developing endothelium of arteries (Seki 
et  al. 2003). Taken together, these observations 
support the role of TGF-β signaling in early vas-
cular development and dilatation.

As mentioned above, TGF-β ligands are capa-
ble of signaling through two distinct type-I recep-
tors, TGF-βRI and ALK-1, when complexed with 
TGF-βRII, resulting in different groups of SMAD 
proteins being activated intracellularly; TGF-βRI 
activates SMAD-2/3, whereas ALK-1 activates 
SMAD-1/5/8 (Fig.  7.1) (Bertolino et  al. 2005). 
Endoglin plays an interactive role with ALK-1 
and is required for TGF-β-dependent ALK-1 sig-
naling, through mediating/facilitating the binding 
of TGF-β to the ALK-1 receptor (Bertolino et al. 
2005). TGF-β stimulation of the endoglin/ALK-1 
pathway activates SMAD-1/5/8 and has been 
associated with endothelial proliferation and 
migration, both essential to angiogenesis. 
Alternatively, signaling through ALK-5 pathway 
activates SMAD-2/3 and produces an opposite 
response, inhibiting proliferation and migration 
(quiescence) (Stefansson et al. 2001). This would 
seem to suggest that mutated ALK-1 or endoglin 
would result in a quiescent endothelium, opposite 
to that seen in HHT. However, the ALK-1 path-
way can regulate the expression of ALK-5, such 
that decreased ALK-1 signaling leads a reduction 
in ALK-5 signaling, as evidenced by an 80% 
decrease in ALK-5 mRNA transcripts as mea-
sured in peripheral blood endothelial cells from 
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HHT1 and HHT2 patients (Fernandez et  al. 
2005). This adaptive compensation may produce 
an imbalance favoring dysregulated angiogenesis 
and the formation of AVMs. Evidence suggests 
that the ratio of ALK-1 to ALK-5 determines 
whether or not endothelial cells will become qui-
escent or actively proliferate and migrate 
(Goumans et  al. 2003). Alternatively, similar to 
LDS in which increased TGF-β signaling was 
described despite TGF-β -RI and -RII mutations, 
endoglin and ALK-1 mutations may paradoxi-
cally increase signaling through angiogenic path-
ways thus resulting in AVMs.

In comparison to what is known about the 
mechanisms of AVMs and dilatation, little was 
known about the mechanism of primary PAH in 
HHT until recently. The primary PAH phenotype 
(without heart failure) was observed in <2% of 
HHT patients, and was identical to inherited pri-
mary PAH due to a loss of function mutation in 
Bone Morphogenetic Protein Receptor 2 
(BMPR2); another type-II receptor in the TGF-β 
superfamily (Govani and Shovlin 2009). The 
mechanism is thought to involve a loss of pulmo-
nary artery endothelial and smooth muscle cell 
apoptosis mediated by BMPR2 that results in 
abnormally elevated growth and proliferation 
(Davies et al. 2012; Kimura et al. 2000; West et al. 
2004). When examining families with both HHT 
and PAH, a suggestive linkage between BMPR2 
and ALK-1 was identified (Trembath et al. 2001). 
However, the HHT patients only exhibited muta-
tions in ALK-1, not BMPR2. This suggests a 
common signaling pathway downstream of 
BMPR2 and ALK-1 is involved in the pathogen-
esis of primary PAH. Mutations in endoglin, facil-
itating signaling through ALK-1, may also result 
in PAH.  Type-III TGF-β receptors have been 
implicated in the TGF-β-mediated growth inhibi-
tion in myoblasts, with dependence on SMAD-3 
activation and p38 MAPK signaling (Roman et al. 
2002; You et al. 2007). Thus, interrupted TGF-β 
signaling via a mutated ALK-1 or endoglin gene, 
may remove a TGF-β mediated growth inhibitory 
effect on vascular endothelial or smooth muscle 
cells and contribute to the development of PAH 
and other cardinal manifestations of HHT-
telangiectasias and AVMs.

7.3.5  Other Connective Tissue 
Disorders with TGF-β 
Involvement

TGF-β is also implicated in several other connec-
tive tissue disorders which are not commonly 
defined by gene abnormalities. Most include a 
hyperactive immune system as a component and 
are referred to as autoimmune connective tissue 
diseases. These diseases include systemic sclero-
sis, or scleroderma, rheumatoid arthritis (RA), 
and systemic lupus erythematosus (SLE). The 
severity of scleroderma, a disease of excessive 
fibrosis of vessels, organs, and particularly the 
skin, has been associated with increased levels of 
TGF-β signaling (Hawinkels and Ten Dijke 2011). 
Patients with rheumatoid arthritis (RA), often 
present with elevated plasma levels of both throm-
bospondin-1 and TGF-β; both of which are asso-
ciated with early onset atherosclerosis commonly 
observed in RA (Rico et  al. 2008; Rico et  al. 
2010). Other studies have provided evidence that 
TGF-β can play a role in suppressing immune 
function directly and stimulating T-cell conver-
sion to a suppression phenotype (Wahl and Chen 
2005). Interestingly, TGF-β production is 
decreased in SLE (Ohtsuka et al. 1998). Thus, a 
lack of TGF-β may contribute to SLE through 
diminished ability to suppress the immune system 
(Mageed and Prud'homme 2003). Due to its rela-
tionship with fibrosis and immune modulation, 
TGF-β may plausibly be involved in many auto-
immune connective tissue disorders though its 
exact roles remain to be clarified.

Further lending support to the pivotal role of 
TGF-β in connective tissues and the cardiovascu-
lar system, heritable mutations in downstream 
and upstream mediators of TGF-β signaling dis-
play symptoms overlapping with the other TGF-β 
receptor mutation syndromes. A mutation in 
SMAD-3 was recently linked to a heritable syn-
drome of vascular aneurysms, arterial tortuosity 
(twisted, corkscrew like arteries), skeletal/cranio-
facial abnormalities with osteoarthritis, and is 
referred to as Aneurysm-Osteoarthritis Syndrome 
(AOS) (Van De Laar et al. 2011). Similarly, arte-
rial tortuosity syndrome (ATS), characterized by 
tortuosity of medium to large vessels and aneu-
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rysms, has associated with loss-of-function muta-
tions in SLC2A10 (Solute Carrier Family 2, 
Facilitated Glucose Transporter Member 10) 
(Coucke et al. 2006; Loeys and De Paepe 2008). 
Increased TGF-β signaling is also believed to be 
associated with this syndrome, as vascular 
smooth muscle cells from ATS patients exhibit 
decreased production of decorin, a small leucine 
rich proteoglycan known to bind and sequester 
TGF-β in the ECM (Coucke et  al. 2006). The 
decorin promoter contains a glucose response 
element which is less active, resulting in fewer 
functional glucose transporters, creating a deco-
rin deficiency that can result in increased TGF-β 
ligand abundance and signaling (Coucke et  al. 
2006).

7.4  TGF-β-Directed Therapy 
as a Prime Target 
for Connective Tissue 
Disorders

The evidence presented above highlights the 
indominable role of TGF-β in connective tissue 
disorders with cardiovascular complications. 
Understanding the mechanistic underpinnings of 
these disorders may allow for the development of 
specific therapies designed to interrupt aberrant 
TGF-β signaling and perhaps diminish the pri-
mary complication leading to mortality in many 
of these disorders. The following examples are 
provided as potential evidence to support thera-
peutic options targeted at attenuating the TGF-β 
signaling.

In a very short period of time, significant 
progress has been made in understanding the 
cause, clinical pathogenesis, and clinical man-
agement of MFS (Pyeritz 2016). The dilation of 
the aortic root and its dissection or rupture, are 
the primary manifestations of MFS that drive 
mortality in these patients. Thus, much effort has 
been focused on how to treat these sequelae in 
hope of attenuating aneurysm disease. As a first 
line therapy for all aneurysm patients (with MFS 
or not) β-blockers (e.g. atenolol) are used to regu-
late systemic blood pressure as well as dP/dt 
(rate–rise time) of the cardiac pulse wave as it 

moves through the aorta. This therapy was cho-
sen based on the rationale that regulating sys-
temic blood pressure is likely advantageous to 
prevent rupture and dissection of an aneurysm. In 
an effort to build on this principle, Habashi et al. 
attempted treating MFS mice (C1039G/+), which 
spontaneously develop ascending/aortic root 
aneurysms, with another class of antihyperten-
sives, the angiotensin-II receptor blockers 
(ARBs), specifically losartan (Habashi et  al. 
2006). Losartan became a drug of interest for 
several reasons. Previous studies by Daugherty 
and coworkers, discovered that treating mice that 
had been induced to develop abdominal aortic 
aneurysms (AAAs) with Angiotensin-II (AngII) 
infusion, using an AngII type-I specific receptor 
(AT1-receptor) blocker (losartan), could attenu-
ate AAA formation, while treatment with an 
Ang-II type-II specific receptor (AT2-receptor) 
inhibitor (PD123319), enhanced aortic pathology 
and accelerated aneurysm development 
(Daugherty et al. 2001). Taken together, this sug-
gested that signaling through the AT1-receptor 
had deleterious consequences, accelerating aortic 
pathology, while signaling through the AT2- 
receptor may have been protective. More impor-
tantly, many studies had suggested that 
stimulation of the AT1-receptor could enhance 
the expression and activation of TGF-β ligands 
and receptors (Everett et al. 1994; Fukuda et al. 
2000; Naito et al. 2004; Wolf et al. 1999), there-
fore, inhibition of AT1-receptors may be advanta-
geous toward reducing overall TGF-β signaling. 
Not surprisingly, when Habashi and colleagues 
treated MFS (C1039G/+) mice with losartan, 
aortic dilation and the phosphorylation of 
SMAD-2 were both attenuated (Habashi et  al. 
2006). Furthermore, losartan was also shown to 
rescue the TGF-β-dependent skeletal muscle 
defects and the alveolar septation defects 
observed in the MFS mice (Judge et  al. 2011). 
Subsequent studies by Carta et  al. (Carta et  al. 
2009) and Rodriguez-Vita et al. (Rodriguez-Vita 
et  al. 2005) went further to demonstrate that 
AngII could stimulate the phosphorylation of 
SMAD-2, independent of signaling through 
TGF-βRI, resulting in enhanced production of 
CTGF. Importantly, losartan treatment was able 
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to attenuate both the phosphorylation of SMAD-2 
and the accumulation of CTGF, implicating an 
additional role for an unknown downstream 
mediator in the AT1-receptor pathway. These 
data not only linked TGF-β to aortic pathology, 
but also clearly demonstrate that the inhibition of 
the AT1-receptor is capable of attenuating TGF-β 
signaling.

Xiong and colleagues discovered that doxycy-
cline, an FDA approved tetracycline antibiotic 
with non-specific MMP-inhibitory activity, could 
delay rupture of the ascending aorta in fibrillin-1 
under-expressing mice (mgR/mgR mouse model) 
(Xiong et al. 2008). This was directly associated 
with doxycycline’s ability to inhibit matrix metal-
loproteinases (MMP) -2 and −  9. Further, the 
study showed that doxycycline enhanced the 
preservation of elastic fiber integrity, normalized 
aortic wall stiffness, and prevented vessel wall 
weakening when compared to β-blocker therapy 
alone (Chung et al. 2008). When compared head- 
to- head with losartan, doxycycline was shown to 
inhibit both MMP-2 activation and the phosphor-
ylation of ERK1/2 (Xiong et  al. 2012). 
Interestingly, the action of doxycycline wasn’t 
attributed to its effects on MMP activity, but 
rather to its secondary effect of inhibiting MMP- 
2- dependent TGF-β release. Accordingly, further 
studies of doxycycline alone and in combination 
with β-blockers or ARBs, should be considered 
in the treatment of other TGF-β-dependent con-
nective tissue disorders.

Finally, progress in understanding the process 
of TGF-β release and activation as mediated by 
membrane integrins should be further explored as 
a potential therapy in the treatment of TGF-β- 
dependent connective tissue disorders. Recent 
reports have demonstrated roles for integrin αvβ1 
and αvβ3 in the activation and release of TGF-β, 
in processes leading to the development of fibro-
sis. Newly developed integrin-specific inhibitors 
such as C8 (αvβ1 specific) (Reed et al. 2015) or 
Cilengitide (αvβ3/αvβ5 specific) (Patsenker et al. 
2009; Roth et al. 2013; Li et al. 2013) have been 
used to attenuate TGF-β activation and its down-
stream signaling response.

Together, as the role of TGF-β signaling in 
connective tissue disorders continues to be eluci-

dated, it is important to note that therapeutic 
advances targeted at attenuating aberrant TGF-β 
signaling events may provide significant benefit 
by enhancing quality and quantity of life, given 
that the cardiovascular-associated disorders are 
often the most life-threatening manifestations of 
these disorders.

7.5  Genetic Testing

As reported herein, identifying and diagnosing 
heritable connective tissue disorders is not with-
out significant challenges. As noted, many of the 
disorders have significantly overlapping sympto-
mology. This is further complicated by their 
often-dominant inheritance with variable pene-
trance, leaving the patient and their physician to 
examine family history and the overt phenotypic 
symptoms in an effort to make an accurate diag-
nosis. Accordingly, the use of genetic testing 
through new technologies such as Genome Wide 
Association Studies (GWAS) and whole exome 
Next Generation Sequencing (NGS), provides 
some hope in identifying mutations that may be 
associated with a given disorder. The interpreta-
tion of the genetic sequencing data alone, how-
ever, continues to provide significant challenges 
due to a large number of sequence variants and 
private mutations, further complicated by the fact 
that many of the missense mutations responsible 
for disease often resemble benign genetic varia-
tion. Thus, clinical symptoms and common phe-
notypes are often used in combination with NGS 
results to narrow down the possibilities, identify-
ing the specific underlying genetic variants that 
cause disease. As reported by Pope and cowork-
ers, the presence of cardiovascular disease with a 
documented family history, is a suitable indica-
tion for NGS, based on the presence of the large 
number of causative sequence variants that are 
well associated with heritable connective tissue 
disorders (Pope et al. 2019). Together, the pheno-
type and genotype can be used diagnostically with 
a much greater chance of identifying the underly-
ing cause of disease. Once identified, then famil-
ial inheritance can be back confirmed, and specific 
treatment plans can be made. Thus, this section 
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will discuss the role of genetic testing in some of 
the heritable connective tissue disorders identified 
above.

7.5.1  Genetic Testing for FTAAD

Due to its phenotypic overlap with other inher-
ited aortopathies, FTAAD should be confirmed 
with genetic testing. Genetic testing in cases of 
inherited aortopathy can be beneficial in several 
ways. Identification of an associated mutation 
can change follow-up and medical management 
of the affected patient. Furthermore, identifica-
tion of the mutation present in the proband will 
narrow and facilitate testing in potentially 
affected relatives as well as potential prenatal 
testing. Beginning with identification of the first 
family member (proband) with an FTAAD muta-
tion, guidelines recommend all first-degree rela-
tives be genetically counseled and screened 
(Milewicz et al. 2010). Those relatives found to 
have the genetic mutation should obtain baseline 
aortic imaging immediately, and second-degree 
relatives could reasonably be notified. If aortic 
disease is found in any first-degree relatives, 
imaging of second-degree relatives would be 
warranted (Milewicz et  al. 2010). If a patient 
with aneurysm/dissection does not have any of 
the major gene mutations associated with herita-
ble aortic disease, first-degree family members 
are recommended to seek aortic imaging rather 
than genetic testing (Milewicz et al. 2010). This 
recommendation is particularly relevant because 
only ~30% percent of FTAAD patients will have 
one of the 11 known associated mutations 
(Biddinger et  al. 1997; Coady et  al. 1999; 
Pomianowski and Elefteriades 2013).

7.5.2  Genetic Testing for SGS

SGS is clinically suspected when an individual 
present with a combination of the major char-
acteristics: marfanoid skeletal features, cranio-
synostosis, craniofacial dysmorphism, left 
sided heart valve prolapse or regurgitation, 

intellectual disability with delayed milestones, 
and brain abnormalities (Greally et  al. 1998). 
No specific diagnostic criteria or scoring rubric 
exists for SGS as for MFS with the Ghent cri-
teria and HHT with the Curacao criteria. 
Genetic diagnosis of SGS is difficult due to the 
limited number of SGS patients, the range of 
mutations associated, and phenotypic overlap 
of related syndromes with other heritable con-
nective tissue disorders, and the proclivity for 
variability in presentation. Fibrillin-1 muta-
tions were initially reported in 3 clinically 
diagnosed SGS patients, two of whom had a 
mutation atypical of MFS, and exhibited an 
overlapping phenotype between SGS and MFS 
(Kosaki et al. 2006; Sood et al. 1996). A later 
genetic study of multiple SGS patients found 
no FBN1 mutations (Ades et al. 2006). These 
observations suggest that a similar signaling 
pathway is involved in both SGS and MFS, 
even though more than one gene may be 
affected. A patient described by van Steensel 
et  al., with a TGFBR2 mutation, displayed a 
significant phenotypic overlap between SGS 
and LDS (Van Steensel et al. 2008). In a study 
describing TGF-β receptor mutation pheno-
types, a TGFΒR1 mutation was identified in a 
patient with clinically diagnosed SGS 
(Stheneur et al. 2008). Current criteria do not 
require the identification of a specific mutation 
to diagnose SGS, though identification of an 
FBN1 or TGFΒR mutation may help to con-
firm the diagnosis.

7.5.3  Genetic Testing for HHT

In those cases where HHT is symptomatic, 
patient management is based on the standard of 
care for each of the individual symptoms/condi-
tions as if they occurred alone in a normal 
patient. Arteriovenous malformations are treated 
dependent on their location and based upon an 
expert clinical consultation pertaining to the 
organ involved, the primary diagnosis of HHT, 
or both. Embolotherapy is the preferred and 
most definitive therapy for AVMs (Shovlin et al. 
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2008), though surgical resection or arterial liga-
tion are alternative options (Faughnan et  al. 
2011).

Patients with HHT are typically identified in 
childhood with a progression of subtle clinical 
signs increasing with age. Therefore, determin-
ing whether a newborn has inherited HHT is not 
possible clinically and if suspected, requires 
genetic testing for confirmation (Cohen et  al. 
2005). Genetic testing for HHT involves the 
examination of the endoglin, ALK-1, and 
SMAD-4 genes; these mutations account for 
more than 80% of all HHT cases (Govani and 
Shovlin 2009). However, this means the diagno-
sis for a substantial portion, approximately 20% 
of individuals with HHT, cannot be confirmed 
or excluded by molecular genetic testing. In 
most instances, a positive genetic test does not 
alter the recommended course of treatment or 
screening. However, it may alert the patient to 
be more vigilant. For example, if a SMAD-4 
mutation (associated with juvenile polyposis) 
was detected, it would be critical to know 
whether there was a family history of GI polyps 
and/or malignancy. This would instruct the 
patient to be more rigorous about GI screening 
(Abdalla and Letarte 2006). For this reason, 
genetic testing and counseling are of great 
potential benefit to HHT suspected and affected 
families.

7.6  Summary

We have reviewed several heritable connective 
tissue syndromes associated with mutations in 
TGF-β receptors I and II, as well as accessory 
receptors, and related pathway intermediates. 
Many of these syndromes including MFS, LDS, 
and EDS exhibit concomitant cardiovascular 
manifestations that provide a phenotypic readout 
of the presence of disease and are described in 
more detail in dedicated chapters in this volume. 
While significant progress has been made in 
understanding their underlying mechanisms, the 
refinement of treatment strategies remains an 
area of critical need. In particular, the study of 
TGF-β receptor mutation syndromes holds great 

promise in this regard for the treatment of both 
connective tissue and cardiovascular disorders. 
Mutations in FBN1 or TGF-β receptors appear to 
result in a number of phenotypically overlapping 
connective tissue/cardiovascular syndromes 
involving dysregulation of the TGF-β signaling 
pathway. These TGF-β dysregulation syndromes 
(MFS, LDS, FTAAD, EDS, HHT, SGS, AOS and 
ATS) exhibit a spectrum of cardiovascular defects 
including aortic or arterial aneurysm, dilatation 
or dissection, mitral valve disease, arterial tortu-
osity, and primary PAH (Fig. 7.2). Their patho-
geneses emphasize a common theme, that normal 
TGF-β signaling is integral to the normal devel-
opment and homeostasis of connective tissues 
and the cardiovascular system. This signaling 
superfamily contains potent regulators of many 
cell-types within the mesoderm-derived tissues. 
Thus, perturbations within the signaling pathway 
are uniquely situated to produce defects in these 
tissue types. In Marfan syndrome and its related 
disorders, characteristic abnormalities of these 
syndromes that were once thought to result from 
purely structural deficiencies (e.g. FBN1) are 
now attributed to disruptions of normal TGF-β 
signaling. The undeniable overlap in connective 
tissue disorders with cardiovascular complica-
tions involving fibrillinopathies and mutated 
TGF-β receptor syndromes, supports this notion 
of a common signaling pathway (Loeys et  al. 
2005). Indeed, these mutated receptor pheno-
types are even recapitulated by mutations in 
downstream TGF-β pathway components (e.g. 
SMAD-4 in HHT, SMAD-3 in LDS and FTAAD) 
(Van De Laar et  al. 2011; Abdalla and Letarte 
2006).

Our new understanding of causal signaling 
disturbances in these disorders significantly 
improves the treatment prospects for highly mor-
bid cardiovascular manifestations and debilitat-
ing connective tissue defects. Through amassing 
evidence derived from a combination of under-
standing the symptomology, the familial inheri-
tance, and sequencing results, it may be the 
indominable role of TGF-β that holds the key to 
discovering novel therapeutic strategies for these 
patients.
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Abstract

Marfan syndrome (MFS) is a systemic con-
nective tissue disorder that is inherited in an 
autosomal dominant pattern with variable 
penetrance. While clinically this disease 
manifests in many different ways, the most 
life- threatening manifestations are related to 
cardiovascular complications including 
mitral valve prolapse, aortic insufficiency, 
dilatation of the aortic root, and aortic dissec-
tion. In the past 30  years, research efforts 
have not only identified the genetic locus 
responsible but have begun to elucidate the 
molecular pathogenesis underlying this dis-
order, allowing for the development of seem-
ingly rational therapeutic strategies for 
treating affected individuals. In spite of these 
advancements, the cardiovascular complica-
tions still remain as the most life-threatening 

clinical manifestations. The present chapter 
will focus on the pathophysiology and clini-
cal treatment of Marfan syndrome, providing 
an updated overview of the recent advance-
ments in molecular genetics research and 
clinical trials, with an emphasis on how this 
information can focus future efforts toward 
finding betters ways to detect, diagnose, and 
treat this devastating condition.
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AHT Arterial hypertension
cbEGF Calcium-binding EGF
COPD Chronic obstructive pulmonary 

disease
CVG Composite valved-graft
CCA Congenital contractural arachnodactyly
CNV Copy number variant
EGF Epidermal growth factor
ECM Extracellular matrix
EKR Extracellular signal related kinase
FBN1 Fibrillin-1
HTAD Heritable thoracic aortic disease
LLC Large latent complex
LAP Latency associated peptide
LTBP Latent transforming growth factor 

binding protein
LDS Loeys-Dietz syndrome
MFS Marfan syndrome
MVPS Mitral valve prolapse syndrome
MAPK Mitogen-activated protein kinase
NGS Next generation sequencing
PHN Pediatric heart network
PEARS Personalized external aortic root 

support
PTC Premature termination codon
SLC Small latent complex
TEVAR Thoracic endovascular aortic repair
TGF-β Transforming growth factor-β
VSARR Valve-sparing root replacement
VUS Variant of unknown significance
WES Whole-exome sequencing
WGS Whole-genome sequencing

8.1  Introduction

8.1.1  History and Overview

Approximately 125  years ago (1896), French 
pediatrician Antoine Bernard-Jean Marfan pub-
lished a case report describing a 5½-year-old 
girl (Gabrielle P.) with extraordinary musculo-
skeletal abnormalities that included severe sco-
liosis and fibrous contractures of the fingers, in 
the absence of ocular and cardiac abnormalities 

(Marfan 1896). While much later, based on cur-
rent diagnostic criteria (Beal and Hecht 1971), it 
was suggested that Gabrielle may have actually 
had Congenital Contractural Arachnodactyly 
(CCA) in place of MFS, this early observa-
tion  nonetheless, laid the foundation for the 
description of a genetic syndrome that has come 
to be known as Marfan Syndrome (MFS; OMIM 
#154700). Interestingly, the first description of 
this disorder was likely made 20-years earlier 
by E.  Williams, an Ophthalmologist from 
Cincinnati, OH.  Williams published a case 
report in the Transactions of the American 
Ophthalmological Society, describing a brother-
sister pair with ectopia lentis who both were 
extraordinarily tall and “loose-jointed” from 
birth (Williams 1876). It has been suggested 
that his keen observation went largely unnoticed 
because he did not practice at an academic cen-
ter. Since that time, key discoveries have added 
to the symptomology and clinical description of 
this multisystem connective tissue disorder, pro-
viding better discrimination between similar 
heritable conditions. It wasn’t until 1914 that 
Boerger, officially added ectopia lentis to the 
growing list of other MFS- related symptoms 
(Boerger 1914). The first cardiovascular mani-
festations were described by Salle in 1912. He 
reported the results of a necropsy following the 
death of a 2½ month old infant diagnosed with 
MFS, that displayed “striking changes in the 
mitral valve” (Salle 1912). A literature review 
written by Rados in 1942, supported this early 
observation by Salle, describing the presence 
and prevalence of mitral valve regurgitation 
(“click-murmur syndrome”) in the MFS patient 
population (Rados 1942). The first descriptions 
of aortic aneurysm and dissection were recorded 
in 1943 by Etter and Glover (Etter and Glover 
1943), and Baer and colleagues (Baer et  al. 
1943). This was followed by key advancements 
in 1955 by Victor McKusick, defining the heri-
table nature of MFS and its sequelae, along with 
the new cardiovascular aspects, including aortic 
root dilatation and aortic regurgitation 
(McKusick 1955a, b). Subsequently, this was 
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followed by a postmortem study completed by 
Goyette and Palmer in 1963, in which they con-
firmed that evidence of cystic medial necrosis in 
the ascending aortic aneurysm, aortic insuffi-
ciency, and aortic dissection were prevalent in 
MFS patients (Goyette and Palmer 1963). In 
1975, Brown and coworkers reported the first 
study examining MFS-related cardiovascular 
manifestations using cardiac ultrasound to 
record noninvasive quantitation of aortic size 
and mitral valve function (Brown et  al. 1975). 
This pushed the limits of echocardiographic 
studies during a time when standardized criteria 
for measuring the aortic root had yet to be estab-
lished, resulting in a wide “normal” range, sug-
gesting that mild aortic root dilatation may have 
gone undiagnosed in many MFS patients, par-
ticularly children. It wasn’t until the early 
1990’s that the genetic locus responsible for 
MFS was identified (Dietz et al. 1991a, b, 1993). 
Work by Dietz and Pyeritz localized key muta-
tions to the gene encoding a large extracellular 
matrix structural protein, called fibrillin-1 
(FBN1) (Dietz and Pyeritz 1995). For more than 
a century, many dedicated geneticists, physi-
cians, and scientists have contributed toward 
understanding the mechanistic and clinical 
pathogenesis of this multisystem connective tis-
sue disorder. We now know that MFS is inher-
ited in an autosomal dominant manner with 
variable penetrance, affecting 1 in 3–5000 peo-
ple without preference for ethnicity or geo-
graphic location (Pyeritz 2016). This connective 
tissue disorder affects multiple organ systems 
including the skeletal, pulmonary, ocular, cen-
tral nervous, and cardiovascular systems of the 
body (Cook and Ramirez 2014; Pyeritz 2016).

8.1.2  Identification of the Primary 
Genetic Defect

The primary gene defect in MFS lies on chromo-
some 15q21.1, within the coding region of the 
fibrillin-1 gene (FBN1) (Dietz et  al. 2005). 
Fibrillin-1 is a large 350  kDa glycoprotein, 

 produced and secreted by fibroblasts, and incor-
porated into the extracellular matrix (ECM) as 
insoluble microfibrils (Kielty et al. 2005). These 
microfibrils serve as a scaffold for the deposition 
of elastin and are necessary to build proper elastic 
architecture to provide elasticity to dynamic con-
nective tissues (Kielty et  al. 2002). Structurally, 
each Fibrillin-1 monomer contains multiple epi-
dermal growth factor (EGF)-like motifs that are 
arranged in tandem orientation. There is a total of 
47 EGF-like motifs in all, 43 of which contain 
specialized calcium binding sequences, termed 
calcium-binding EGF (cbEGF) repeats (Yuan 
et  al. 1997). These cbEGF modules sequester 
extracellular calcium in order to protect against 
fibrillin proteolysis, promote interactions between 
fibrillin monomers and other cellular components 
such as the integrins (e.g. αvβ3), and serve to sta-
bilize the structure of the microfibrils, which 
favors lateral packing (Ramirez and Pereira 1999; 
Ramirez et al. 2004). The tandem arrays of cbEGF 
motifs (1 to 12 repeats) are separated by seven 
8-cys/TB modules. These modules have high 
homology to the latent transforming growth factor 
binding proteins (LTBPs), and are characterized 
by eight highly conserved cysteine residues, 
including a unique cysteine triplet (Ramirez and 
Pereira 1999; Yuan et al. 1997). Fibrillin mono-
mers self- assemble into macroaggregates that 
form the basic structure on which mature elastin 
fibers are synthesized from tropoelastin subunits. 
Accordingly, it was originally hypothesized that 
mutations in fibrillin-1 resulted in weak and disor-
dered elastic fiber formation, causing a disruption 
of the microfibril network connections to the adja-
cent interstitial cells (Pereira et al. 1999). In the 
aorta, it was suggested that this gave rise to a 
weakened vascular wall, prone to dilation and dis-
section; commonly observed in patients with 
MFS.

Contrary to the “weakened constitution” 
hypothesis, Dietz and colleagues suggested that 
MFS syndrome is caused by more than just a dis-
ordered microfibril matrix (Dietz et al. 2005). In 
addition to directing elastogenesis and providing 
structural integrity to the elastic lamellae, the 
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8-cys/TB domains of fibrillin are involved in the 
sequestration of latent transforming growth 
factor- beta (TGF-β). TGF-β is synthesized as a 
pre-pro-polypeptide that is cleaved in a post- 
Golgi compartment to yield a mature growth fac-
tor molecule complexed with an inactive cleavage 
fragment, termed the latency-associated peptide 
(LAP). Homodimers of the mature TGF-β and 
the LAP then uniquely combine and form a tight 
biologically inactive complex called the small 
latent complex (SLC). The SLC covalently binds 
to LTBP by forming disulfide bonds between 
cysteine residues in the LAP and a cysteine rich 
motif in the LTBP (Annes et al. 2003; Chaudhry 
et al. 2007; Ramirez et al. 2004). This large latent 
complex (LLC) is then secreted from the cell and 
functions to target latent-TGF-β to the ECM, spe-
cifically to fibrillin microfibrils, and the 8-cys/TB 
motifs they contain (Charbonneau et  al. 2004; 
Isogai et  al. 2003). This complex sequestration 
process serves a dual role in the regulation of 
TGF-β signaling. First, the LAP sequesters active 
TGF-β, rendering it inactive, preventing unregu-
lated stimulation of the TGF-β signaling path-
way. Second, interactions of the LLC with 
microfibrillar proteins, localizes and concentrates 
the inactive latent TGF-β at critical signaling 
sites within the ECM, making it available for 
rapid release and activation when required by the 
cell. As a result, when Dietz and coworkers local-
ized multiple mutations within the FBN1 gene to 
sites that were associated with sequestering the 
LLC (Dietz and Pyeritz 1995), they hypothesized 
that fibrillin-1-dependent abnormalities observed 
in MFS may lead to impaired sequestration of 
latent TGF-β complexes and enhanced TGF-β 
signaling (Dietz et al. 2005).

In support of the Dietz hypothesis, evidence 
reported by Isogai and coworkers, demon-
strated that fibrillin-1 and LTBP-1 were directly 
associated in vivo, and that the interaction was 
mediated by the cbEGF domains common to 
both proteins (Isogai et al. 2003). Chaudhry and 
coworkers identified a peptide of fibrillin-1 
(encoded in exons 44–49) that was capable dis-
rupting the interaction between fibrillin-1 and 

the C-terminal domain of LTBP-1 (Chaudhry 
et al. 2007). They demonstrated that the release 
of the LLC led to enhanced TGF-β signaling as 
determined by the phosphorylation Smad-2. 
While their work defined a physiological mech-
anism by which the LLC could be released 
from fibrillin-1, it did not address how TGF-β 
was released from the SLC. Studies by Ge et al. 
demonstrated that bone morphogenetic protein 
1 (BMP1)-like metalloproteinases were capable 
of hydrolyzing LTBP-1 at two independent 
sites (Ge and Greenspan 2006). This resulted in 
the release of the SLC and subsequent activa-
tion of TGF-β via further cleavage of the LAP 
by non-BMP1-like proteinases. In similar fash-
ion, work by Tatti ei al. demonstrated that 
LTBP-1 could be hydrolyzed by the action of 
membrane type-1 matrix metalloproteinase 
(Tatti et al. 2008). These studies suggested that 
proteolysis of LTBP-1 was sufficient to release 
the SLC, which was then subsequently acted 
upon by other extracellular proteases to release 
active TGF-β in a non- regulated fashion. In 
addition to proteolysis of the SLC, a number of 
other mechanisms have been shown to catalyze 
the release TGF-β or modify its association 
with the LAP by rendering it active; these 
include non-proteolytic dissociation by interac-
tion with thrombospondin or integrin αvβ6, and 
release from the LAP by exposure to acidic or 
oxidative stress (reviewed in (Annes et  al. 
2003)).

Taken together, the missense mutations iden-
tified in the FBN1 gene, have been shown to 
alter the interaction between FBN1 and the 
TGF-β- LLC, resulting in aberrant sequestration 
of latent TGF-β. Upon further proteolytic action, 
LTBP releases the bound SLC, which subse-
quently releases activated homodimers of 
TGF-β that are capable of binding and activat-
ing the TGF-β signaling pathway. As a result of 
these biochemical studies, many of the clinical 
manifestations of MFS were looked at in a new 
light, focusing on how a weakened fibrillar elas-
tic matrix could be exacerbated by enhanced 
TGF-β signaling.

S. M. Zeigler et al.
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8.2  Diagnosis and Clinical 
Presentation

8.2.1  Diagnostic Criteria

Diagnosis over the years often relied heavily on 
the treating physician to recognize the evidence 
of multiple clinical features scattered across mul-
tiple organ systems. Although these common 
clinical features do indeed appear in most 
patients, the variable penetrance of the genetic 
defect lead to inconsistencies in the time of onset, 
sometimes making a definitive diagnosis diffi-
cult. To improve diagnostic ability, an interna-
tional clinical congress met in 1986 to formalize 
and categorize the common clinical diagnostic 
criteria; these criteria were thus termed the Berlin 
nosology (Beighton et al. 1988). Over time weak-
nesses were discovered in these criteria, which 
were further illuminated by the addition of novel 
molecular testing. As a result, the criteria were 
revised to include requirements for diagnosis of a 
first degree relative, skeletal involvement in 4 of 
8 typical skeletal manifestations, any potential 
contribution from molecular diagnostics, and 
delineation of criteria for other heritable condi-
tions with partial overlapping phenotypes (De 
Paepe et  al. 1996). This set of diagnostic stan-
dards became known as the revised Ghent nosol-
ogy. As information continues to be gathered 
about disease presentation, other heritable con-
nective tissue disorders, and advanced molecular 
diagnostics, our capacity to discriminate similar 
but genetically and phenotypically unique dis-
eases away from MFS has improved. The most 
recent iteration of the diagnostic criteria is known 
as the 2010 revised Ghent nosology (Table 8.1) 
(Loeys et al. 2010). This version of the diagnostic 
criteria relies heavily on the presence of aortic 
root aneurysm, ectopia lentis, family history, and 
genetics, but still requires a combination of two 
major criteria in different body systems, plus a 
minor criterion in a third body system. 
Furthermore, the revised criteria have advanced 
our ability to distinguish MFS from other herita-
ble conditions, potentially avoiding unnecessary 
diagnostic testing, anxiety, and medical interven-
tions. While the diagnosis of MFS in a patient 

that had a first degree relative who had previously 
been diagnosed with MFS was quite simple, 
patients lacking an affected first degree relative 
remain a bit more challenging. To facilitate the 
often-complex diagnostic process, a scoring sys-
tem was developed (Table  8.2) (Loeys et  al. 
2010). Accordingly, the presence of an aortic root 
aneurysm, ectopia lentis, or a systemic score ≥ 7 
provides sufficient confidence to make a positive 
diagnosis.

8.2.2  Clinical Presentation of MFS

Marfan syndrome, without appropriate and 
timely treatment, leads to a reduced lifespan with 
death usually in the third to fifth decades of life 
(Goldfinger et al. 2017). With appropriate medi-
cal and surgical care, however, patients can 
expect a lifespan approaching normal. Early 
diagnosis, expectant management, and multidis-
ciplinary expertise throughout the patient’s life-
time are key to achieving a near normal quantity 
of life for people with Marfan syndrome. Even 
so, there are significant detriments to quality of 
life based on repeat hospitalizations, a lifetime of 
medical and surgical therapies, as well as pain 
and disability from the musculoskeletal, ocular, 
neurologic, pulmonary, and cardiovascular 
sequelae (Goldfinger et al. 2017).

8.2.2.1  Musculoskeletal Manifestations
Musculoskeletal abnormalities are often the first 
finding that raises suspicion for MFS. The classic 
MFS phenotype includes exaggerated long bone 
growth accompanied by scoliosis, pectus defor-
mities, and increased joint laxity. Aberrant TGF-β 
signaling, as a result of mutations in FBN1 dur-
ing bone growth and mineralization, has been 
implicated in MFS-related osteoporosis and long 
bone overgrowth (Nistala et  al. 2010). 
Dysregulated osteogenesis and osteoclastic activ-
ity lead to excessive growth in both long bones 
and the axial skeleton. Excessive rib length leads 
to anterior or posterior displacement of the ster-
num, causing pectus deformities. Dysregulated 
skeletal growth leads to other common musculo-
skeletal findings in MFS, including increased 
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arm span, pes planus, wrist sign, and the thumb 
sign. Patients with MFS also display a higher 
fracture rate, presumably due to osteopenia com-
bined with joint instability and deformities that 

worsen with age (Trifiro et al. 2020). Scoliosis in 
MFS patients is quite common and can be both 
disabling and painful. Surgical repair of spinal 
alignment deformities, however, carries a higher 
risk for complications when compared to 
 unaffected patients (Kurucan et al. 2019). While 
it is commonly held that MFS patients are tall 
and slender, this is not always true. Abnormal 
height should be evaluated relative to unaffected 
family members. Additionally, obesity and MFS 
can co- exist, which can serve to exacerbate joint 
and spinal deformities, and should likewise be 
carefully managed

8.2.2.2  Ocular and Craniofacial 
Manifestations

Visual disturbances are common in Marfan syn-
drome, related both to abnormal globe morphol-
ogy and to laxity in the support structures of the 
lens and retina. The globe can be elongated with 
a flatter, thinner cornea, often showing posterior 
displacement within the orbit due to changes in 
the orbit volume (called endophthalmos), along 
with an increased distance between the eyes 
(hypertelorism) (Child 2017). One of the most 
common manifestations associated with MFS, 
and possibly the first identified, was thought to be 
caused by weakened structural filaments in the 
lens of the eye, likely due to the presence of 

Table 8.2 MFS Diagnostic Scoring System. (www.mar-
fan.org/dx/home). US/LS: Upper segment/lower segment 
ratio

Diagnostic Scoring System
(A score ≥ 7 indicates systemic involvement)
Features Points
Wrist AND thumb sign Wrist OR 

thumb sign
3 1

Pectus carinatum deformity Pectus 
excavatum OR 
chest 
asymmetry

2 1

Hindfoot deformity Plain pes planus 2 1
Pneumothorax 2
Dural ectasia 2
Protrusio acetabuli 2
Reduced US/LS AND increased arm/height 
AND no severe scoliosis

1

Scoliosis or thoracolumbar kyphosis 1
Reduced elbow extension 1
Facial features (3/5 required: Dolichocephaly, 
enophthalmos, down slanting palpebral 
fissures, malar hypoplasia, retrognathia)

1

Skin striae 1
Myopia> 3 diopters 1
Mitral valve prolapse (all types) 1
Maximum 20

Table 8.1 Revised Ghent Nosology. MASS: myopia, mitral valve prolapse, borderline aortic root dilation, striae, skel-
etal findings phenotype; MVPS: mitral valve prolapse syndrome

Aortic Root 
Dimension

Presence of 
Ectopia Lentis Genetic Testing

Systemic 
Score Other Factors Diagnosis

Increased aortic dimensions
Z-score ≥ 2 + − n/a MFS

Z-score ≥2 Causal FBN1 
mutation

n/a MFS

Z-score ≥ 2 − ≥ 7 MFS
Normal aortic dimensions
Z-score < 2 + Causal FBN1 

mutation
n/a MFS

Z-score < 2 + Non-MFS FBN1 
mutation OR
No FBN1 mutation

n/a Ectopia Lentis 
syndrome

Z-score < 2 No − ≥ 5 MASS
Z-score < 2 No − < 5 Mitral valve 

prolapse
MVPS

Note: 1) aortic root z-score calculators for pediatric and adult populations can be found at (www.marfan.org/dx/home); 
2) the presence of an aortic dissection can supplant a Z-Score cutoff for diagnosis of MFS

S. M. Zeigler et al.
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mutated fibrillin-1 protein. This predisposed 
patients to ectopia lentis, a dislocation or dis-
placement of the natural crystalline lens outside 
of the hyaloid fossa, free-floating in the vitreous, 
present in the anterior chamber, or lying directly 
on the retina (Clarke 1939). Around 30% of MFS 
patients will develop ectopia lentis, which is 
rarely seen outside of this disorder, but can result 
from facial trauma (Chandra et  al. 2014; Gehle 
et al. 2017). Ectopia lentis is one of the cardinal 
features in the 2010 Ghent nosology. Myopia and 
astigmatism are also quite common and can be 
easily corrected with lenses. Retinal detachment 
occurs in about 15% of MFS patients (Chandra 
et  al. 2014). Both ectopia lentis and retinal 
detachment may require ophthalmologic surgery 
to preserve vision. The majority of ophthalmo-
logic problems manifest before age 30, and close 
follow up with an ophthalmologist starting in 
early childhood is recommended. Additional cra-
niofacial findings may include a condition where 
the head is longer relative to its width (called 
dolichocephaly), down slanting palpebral fis-
sures of the eye, malocclusion of the maxilla or 
mandible (retrognathia), a high arched palate, 
and underdevelopment of the upper jaw (malar 
hypoplasia)

8.2.2.3  Neurologic Manifestations
Dural Ectasia is dilation of the neural canal, usu-
ally in the lumbosacral region of the spinal cord. 
Though it can be found in a number of other con-
nective tissue disorders, the presence of dural 
ectasia is another cardinal feature in the 2010 
Ghent Nosology. It is commonly associated with 
MFS and found in more than 80% of patients 
with a prior diagnosis (Lundby et al. 2009). The 
dilation may lead to thinning of the cortex of the 
vertebral bodies and pedicles, and enlargement 
of the neural foramina, or anterior meningocele 
(De Paepe et al. 1996). These changes often lead 
to chronic back pain (Ahn et al. 2000), or to pos-
tural headaches related to intracranial 
hypotension.

8.2.2.4  Pulmonary Manifestations
Spontaneous pneumothorax is the chief pulmo-
nary manifestation of Marfan syndrome, and 

blebs are commonly seen on radiographic imag-
ing (Child 2017; Neuville et al. 2015). Chronic 
Obstructive Pulmonary Disease (COPD) can 
occur secondary to a weakened trachea (tracheo-
malacia), and has been associated with increased 
TGF-β signaling in the lung of MFS patients. 
Upper airway obstruction and obstructive sleep 
apnea related to abnormal oropharyngeal anat-
omy can also occur. Restrictive lung disease can 
be exacerbated in the setting of severe kyphosis 
or pectus excavatum, often associated with MFS.

8.2.2.5  Cutaneous Findings
Stretch marks on the skin (striae atrophicae) may 
occur in anyone as a result of rapid growth ado-
lescence and pregnancy or with marked weight 
gain or loss. Patients with MFS, however, are 
prone to develop stretch marks, often at an early 
age and without weight change (Grahame and 
Pyeritz 1995). These striae, frequently seen on 
the trunks of MFS patients, tend to appear in near 
body parts subject to stress, such as the shoul-
ders, hips, and lower back.

8.2.2.6  Cardiovascular Manifestations
Cardiovascular disease is the primary determi-
nant of lifespan in MFS patients (van Karnebeek 
et al. 2001). The phenotype varies widely by age 
of presentation and severity of disease. The 
spectrum of MFS-related cardiovascular disease 
includes aneurysmal dilation of the aortic root, 
and proximal pulmonary arteries, thoracic aortic 
dissection and aneurysm, mitral and tricuspid 
valve prolapse, cardiomyopathy, and supraven-
tricular arrhythmias (Figueiredo et  al. 2001; 
Takeda et al. 2016). Of these, aortic aneurysm 
and dissection are the most immediately life- 
threatening (Groth et  al. 2018). In the early 
1970’s, the outcomes of emergent surgical 
repair of the aortic valve and root in MFS 
patients were unacceptably poor. With the 
development of the Bentall procedure (Bentall 
and De Bono 1968), which was first performed 
on a patient with MFS, outcomes were dramati-
cally improved and use of this composite graft 
(Bentall) procedure, rapidly became the interna-
tional standard (Gott et  al. 1999). Mortality 
related to prophylactic root replacement has 
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proven to be safe and effective in MFS patients 
(Aalberts et al. 2008), and represents the single 
most effective intervention leading to a longer 
life span. In many cases, a valve-sparing proce-
dure can be performed, which negates the need 
for long term anticoagulation and further 
improves long-term survival.

The classic aortic aneurysm associated with 
MFS is described as “annulo-aortic ectasia,” 
highlighting the fact that both the aortic annu-
lus and the sinuses of Valsalva are dilated. 
Uncorrected, this can lead to aortic insuffi-
ciency, aortic dissection, and congestive heart 
failure. In most instances, the ascending aorta 
and arch retain their normal dimensions, lead-
ing to an “Erlenmeyer flask” shaped aneurysm 
originating at the aortic valve annulus. As the 
aorta dilates, the risk for aortic rupture and dis-
section increases. Population studies have sug-
gested that MFS patients are approximately 200 
times more likely to die from aortic disease 
(Groth et al. 2018), and that half of patients <40 
years old who suffer from aortic dissection 
likely have MFS (de Beaufort et al. 2017). It is 
unclear why the sinuses of Valsalva are more 
prone to early dilation than other aortic seg-
ments. However, recent biomechanical studies 
have demonstrated that aortic tissue from MFS 
patients demonstrated increased sinus stiffness 
with medial degeneration, both during aging 
and with aneurysmal growth (Yan et al. 2019). 
This suggests that the increased aortic stiffness 
present in in the aortic root, may significantly 
contribute to dilation and dissection early in 
disease pathogenesis. It is important to note, as 
MFS patients are now routinely surviving 
beyond their 30’s following prophylactic aortic 
root repair, aortic dissection involving the aor-
tic arch and/or descending thoracic aorta are 
becoming more common. Moreover, these 
patients experience elevated risk of thoracoab-
dominal aneurysms and dissections, as well as 
peripheral artery aneurysms (Yetman et  al. 
2011). Reports of the presence of myocardial 
fibrosis leading to distinct non-ischemic cardio-

myopathy independent of valvular lesions, as 
well as an increased propensity for supraven-
tricular tachycardias have also emerged, pre-
sumably due to the role of fibrillin-1  in 
maintaining normal structure and function of 
the myocardium (Cook et al. 2014; Judge and 
Dietz 2005; Sulejmani et al. 2017). In teens and 
young adults, aortic valve regurgitation and 
aortic root disease have  become the dominant 
cardiac pathologies, however mitral valve pro-
lapse and regurgitation are also commonly 
encountered.

Cardiovascular manifestations in neonates 
are less common, however with particularly 
aggressive forms of the MFS, they are affected 
by severe mitral and tricuspid valvular regurgita-
tion, often leading to cardiac failure and death. 
This phenotype has commonly been called 
“Neonatal Marfan Syndrome” though some have 
suggested this term be retired in favor of “Early 
Onset Marfan Syndrome” or “Rapidly 
Progressive Marfan Syndrome” (Hennekam 
2005; Yetman et  al. 2011). Fortunately, aortic 
dissection in the pediatric MFS patient popula-
tion remains rare.

Mitral valve dysfunction was the earliest car-
diovascular manifestation of MFS syndrome 
identified (Salle 1912) and represents a key cardi-
nal feature of the 2010 Ghent nosology. 
Myxomatous thickening and elongation of the 
mitral valve leaflets commonly occur in MFS 
patients in response to mutations in FBN1 (Judge 
et  al. 2011). Prolapse of the anterior leaflet, or 
bileaflet prolapse, are more common in MFS than 
in the degenerative mitral valve regurgitation 
populations.

All patients with suspected or confirmed MFS 
should be followed by a cardiologist appropriate 
for the age group and diagnosis. Ideally, these 
patients should also be referred for genetic coun-
seling, and have close access to a tertiary cardio-
vascular surgery program with experience in 
valve sparing aortic root operations, mitral valve 
repair, and thoracoabdominal aortic 
interventions.

S. M. Zeigler et al.
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8.3  Molecular Pathogenesis

8.3.1  Mouse Models of MFS

To enhance the ability to study the pathogenesis 
of MFS, small animal models designed to reca-
pitulate the clinical phenotypes observed in MFS 
patients, were developed. Three primary strains 
emerged and have now been used for more than 
two decades to define mechanisms and disease 
sequalae. The first strain developed by Periera 
et al., designed to replicate the dominant- negative 
effects of fibrillin-1 mutations in MFS, targeted 
exons 19–24 for replacement with a neomycin 
resistant expression cassette (Pereira et al. 1997). 
The resulting mouse (designated Fbn1mgΔ/mgΔ) 
resulted in a substantial reduction in fibrillin-1 
protein (almost complete) but retained normal 
elastin levels. There was no fetal loss of trans-
genic pups, and no overt phenotypic abnormali-
ties at birth. At approximately 3-weeks after birth 
however, they would all suddenly die from car-
diovascular complications, showing evidence of 
hemothorax and large vessel catastrophe upon 
necropsy. The mgΔ/+ heterozygotes, on the other 
hand, were morphologically and histologically 
indistinguishable from wild-type animals, living 
a normal lifespan with normal fertility. The sec-
ond MFS strain generated, was also developed by 
Periera et al., using the same targeting vector and 
scheme as the Fbn1mgΔ/mgΔ mouse. This strain, 
designated Fbn1mgR/mgR, was the result of an aber-
rant recombination event that only replaced 
exons 20–24, retaining exon 19 (Pereira et  al. 
1999). Similar to the original strain, the 
Fbn1mgR/mgR were born with reduced fibrillin-
 1 protein levels. They contained on average, 
approximately 25% of the normal amount of 
fibrillin-1, with variability depending on second-
ary factors, which suggested there may be a mini-
mum threshold, that once reached would be lethal 
embryologically. Importantly, the Fbn1mgR/mgR 
mice displayed classic MFS phenotypic features 
in the skeleton including progressive kyphosis, 
overgrowth of the ribs, and elongation of the long 
bones. The most severe manifestations were dis-
played in the cardiovascular system and included 
aortic aneurysm and dissection. The homozygous 

mgR mice typically survived to 3.8  months on 
average before dying (Pereira et al. 1999). Once 
again, the heterozygous mgR/+ mice were indis-
tinguishable from their wild-type littermates. The 
third MFS mouse strain developed was based on 
a common missense mutation identified in the 
human MFS patient population (Judge et  al. 
2004). In this strain, mice heterozygous for a cys-
teine (C) to glycine (G) substitution in a calcium 
binding EGF-like domain (designated 
Fbn1C1039G/+), resulted in a 50% reduction in 
fibrillin-1 protein at birth, and recapitulated many 
of the human MFS phenotypic features including 
the pulmonary, skeletal, and cardiovascular man-
ifestations. Mice homozygous for the Fbn1C1039G 
mutation uniformly died in the perinatal period 
from aortic catastrophe. While a small number of 
other MFS mouse strains exist, these three strains 
were the primary tools utilized to define much of 
the molecular pathogenesis of MFS. These ani-
mals replicated clinical MFS features to different 
degrees, based on the severity of fibrillin-1 loss, 
and formed the basis for several key discoveries, 
as well as serving as a testbed for translational 
studies that ultimately resulted in novel clinical 
trials.

8.3.2  Identification of Disease 
Mechanisms

Several key laboratory studies were initiated to 
provide empirical support for the role of aberrant 
TGF-β signaling in the pathogenesis of MFS. 
First, Neptune and coworkers described that the 
lung abnormalities, evident in the immediate 
postnatal period in fibrillin-1 deficient mice 
(Fbn1mgΔ/mgΔ), were related to enhanced TGF-β 
activation and signaling, and that the perinatal 
administration of a TGF-β neutralizing antibody 
could rescue the defect in alveolar septation 
(Neptune et  al. 2003). The second study used 
mice carrying the  hypomorphic allele of the 
fibrillin-1 missense mutation (Fbn1C1039G/+) that 
effectively recapitulated most of the MFS clinical 
phenotypes. In this study, Ng and coworkers sim-
ilarly demonstrated that treatment with a TGF-β 
neutralizing antibody was able to reverse myxo-
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matous changes in the mitral valve, rescuing the 
prolapse defect (Ng et  al. 2004). This was fol-
lowed with a study by Habashi et al., using the 
same Fbn1C1039G/+ mouse, which demonstrated 
that the treatment with the TGF-β neutralizing 
antibody was sufficient to attenuate the spontane-
ous aortic root dilatation, elastic fiber fragmenta-
tion, and activation of downstream TGF-β 
signaling intermediates (phospho-Smad2) 
(Habashi et al. 2006).

The use of β-blockers as a first line therapy for 
MFS patients was considered standard of care 
and offered to all patients with aortic root dilata-
tion. As a class, β-blockers (e.g. atenolol) func-
tioned by regulating systemic blood pressure as 
well as the cardiac pulse wave (dP/dt; rate-rise 
time). The underlying premise was that attenua-
tion of the force of the cardiac pulse wave as it 
moved through the aorta, would decrease in sys-
temic blood pressure and aortic wall tension and 
thereby must be advantageous towards the pre-
vention of aneurysm rupture and continued root 
dilatation. With this in mind, Habashi and 
coworkers tried another class antihypertensives; 
the angiotensin-II receptor blockers (ARBs), spe-
cifically losartan (Habashi et  al. 2006). There 
were several reasons supporting the use losartan 
in models of MFS. First, Daugherty et al., discov-
ered that treatment with an Ang-II type-I specific 
receptor (AT1R) blocker (losartan) could attenu-
ate AngII-induced abdominal aortic aneurysm 
formation, while treatment with an Ang-II type-II 
specific receptor (AT2R) inhibitor (PD123319) 
enhanced aortic pathology and aneurysm devel-
opment. This suggested that activation of the 
AT1R pathway had deleterious effects on aneu-
rysm development, while signaling through the 
AT2R pathway may have protective effects. 
Similarly, this drove the argument that AT1R 
selective antagonism may be better than the com-
bined antagonism achieved with angiotensin con-
verting enzyme (ACE) inhibitors (Daugherty 
et  al. 2001). Secondly, many studies had previ-
ously demonstrated that losartan could attenuate 
TGF-β signaling by inhibiting AngII-dependent 
expression of TGF-β ligands and receptors 
(Everett et  al. 1994; Fukuda et  al. 2000; Naito 
et  al. 2004; Wolf et  al. 1999). These important 

discoveries led Habashi et al. to hypothesize that 
treating MFS mice with losartan may be advanta-
geous both for its ability to lower systemic blood 
pressure and its ability to attenuate TGF-β signal-
ing. Indeed, treating MFS mice (Fbn1C1039G/+) 
with losartan attenuated aortic root dilatation, 
similar to treatment with the TGF-β neutralizing 
antibody (Habashi et  al. 2006). These results 
indirectly implicated enhanced TGF-β signaling 
as the primary mechanism underlying FBN1 
mutations. Subsequent studies by Carta et  al. 
(Carta et  al. 2009) and Rodriguez-Vita and 
coworkers (Rodriguez-Vita et al. 2005), demon-
strated that AngII could stimulate the phosphory-
lation of Smad-2, independent of signaling 
through the type-I TGF-β receptor (ALK-5), 
resulting in enhanced production of connective 
tissue growth factor (CTGF). Importantly, losar-
tan treatment was able to attenuate both the phos-
phorylation of Smad-2 and the accumulation of 
CTGF, suggesting a role for an as yet unknown 
downstream mediator in the AT1R pathway. 
Interestingly, AngII stimulation of Smad-2 phos-
phorylation was attenuated by treatment with a 
p38 MAPK selective inhibitor (SB203580), sug-
gesting that AngII induced Smad-2 phosphoryla-
tion by a non-canonical pathway involving p38 
MAPK that was independent of TGF-β receptor 
signaling (Carta et al. 2009). The importance of 
non-canonical TGF-β signaling in MFS has 
gained further support by a subsequent series of 
studies by Habashi (Habashi et  al. 2011) and 
Holm (Holm et al. 2011) demonstrating that both 
ERK1/2 and JNK1 could be activated by AngII, 
and inhibition of either pathway could attenuate 
aortic disease in MFS mice (Fbn1C1039G/+).

8.4  Genetic Testing and Patient 
Management

The classic ocular, skeletal, neurologic, and car-
diovascular manifestations result from a combi-
nation of both fibrillin-1 structural weakness and 
abnormal TGF-β signaling, which leads to pleio-
morphic changes depending on the local environ-
ment and the stage of tissue development. In fact, 
this deeper understanding of the role of TGF-β 

S. M. Zeigler et al.



195

signaling has led to the appropriate delineation of 
similar but genetically unique inherited vascular 
connective disorders. The most notable of these, 
Loeys-Dietz Syndrome, is caused by an inherited 
defect in the TGF-β receptors and has a pheno-
type that is distinct from but commonly identified 
as MFS. To assist in the differentiation of herita-
ble connective tissue disorders that have overlap-
ping symptomology, genetic testing has taken on 
a larger role, and has been included as part of the 
criteria defined in the 2010 Ghent nosology.

8.4.1  Genetic Testing

Advances in genetic analysis have dramatically 
altered the landscape for diagnosis of heritable 
diseases, and as a result, the understanding of 
MFS and other related connective tissue disor-
ders has grown rapidly since the early twenty- 
first century. Genetic analysis can be used both 
for diagnosis of a proband, and for screening of 
potentially affected relatives. On the other hand, 
with new information comes more questions.

Pathogenic variants causal for MFS are found 
on the FBN1 gene, on chromosome 15q21.1. 
However, not all variants in this locus are associ-
ated with MFS, and some of these may be associ-
ated with familial thoracic aortic aneurysms. 
These are often termed variants of unknown sig-
nificance  (VUS). Additionally, there are non- 
pathogenic variants that do not lead to any 
clinically relevant syndrome. In current practice, 
diagnosis of MFS and related diseases has shifted 
further and further away from clinical diagnosis 
to a genetic diagnosis (Loeys et  al. 2010). 
However, correct diagnosis of MFS from genetic 
analysis is only possible when combined with 
clinical findings.

When heritable connective tissue or aortic dis-
ease is suspected, a consultation with a genetic 
counselor should be considered. However, in the 
appropriate clinical setting, genetic analysis is 
not necessary prior to prophylactic aortic root 
surgery or repair of disabling musculoskeletal or 
ocular features. The proband may be offered 
large panel sequencing, which examines a panel 
of different loci that have been implicated in 

hereditary aortopathies. If a causal variant is 
identified, then appropriate clinical follow up and 
surveillance imaging can be arranged, with a goal 
of providing prophylactic aortic surgery prior to 
aortic dissection or development of irreversible 
heart failure. If a causal variant, or a VUS is iden-
tified, but clinical criteria are not met, the diagno-
sis may be better described as the MASS 
phenotype (mitral valve prolapse (M), nonpro-
gressive aortic root dilatation (A), musculoskele-
tal findings (S), and skin striae (S); OMIM# 
604308), Shprintzen-Goldberg syndrome, the 
Weill-Marchesani syndrome, familial thoracic 
aortic aneurysm, or familial thoracic aortic dis-
section. Further differential diagnosis must then 
be based on clinical criteria (Arslan-Kirchner 
et al. 2008). It is important to note that our under-
standing of the role of isolated VUS and the inter-
play between VUS, bicuspid aortic valve disease, 
and less severe causal variants is incomplete.

Specific variants do impact severity of disease 
and prognosis. For instance, specific variants in 
the exon 24–32 region, colloquially known as the 
“neonatal region,” are associated with a severe 
prognosis and death in the first few years of life 
(Faivre et al. 2007). Probands with premature ter-
mination codon (PTC), or non-sense variants had 
significantly reduced extracellular fibrillin 
 deposition in addition to reduced fibrillin synthe-
sis, whereas individuals with mis-sense cysteine 
substitutions had normal levels of fibrillin syn-
thesis accompanied by reduced matrix deposition 
(Aubart et  al. 2018; Faivre et  al. 2007; Takeda 
et  al. 2018). Genotype-phenotype correlations 
are further complicated by clinical heterogeneity 
among individuals with the same variant.

Genetic screening may also differentiate MFS 
from other related disorders arising from genetic 
variants remote from FBN1. These panels also 
screen for other potential pathogenic variants in a 
wide array of genes, such as TGFBR1 and 
TGFBR2, which may lead to Loeys-Dietz 
Syndrome; COL3A1 leading to vascular Ehlers- 
Danlos Syndrome; and ACTA2, the SMAD fam-
ily of genes, and NOTCH genes. These panels 
may identify variants associated with both syn-
dromic and non-syndromic hereditary aneurysm 
clusters (expertly reviewed by De Backer, et al. 
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(De Backer et al. 2019)). Once a specific variant 
is identified, the family group may choose to 
undergo focused cascade screening, which 
screens relatives only for the variant identified in 
the proband. Cascade screening is typically less 
expensive and can be done more quickly than 
large panel screening (Fig. 8.1).

Despite significant progress made in under-
standing the genetic and molecular basis of MFS, 
the diagnosis continues to depend heavily on 
clinical features described in the 2010 revised 
Ghent nosology, however, with the 2010 revision, 
genetic testing is playing a larger role in diagno-
sis (Ammash et al. 2008).

8.4.2  Management and Treatment 
of MFS in the Pediatric 
Population

All possible cases of MFS in the pediatric popu-
lation should be regularly assessed by echocar-
diography, optometry, and skeletal survey as the 
child grows. Children often have an evolving 
phenotype and commonly need to be followed 
for several years before a MFS diagnosis can be 
confirmed (Stuart and Williams 2007). Early 
referral to a cardiologist and clinical geneticist is 
key. Repair of pectus deformity should be post-
poned until the adolescent growth spurt is com-
pleted unless there is cardiopulmonary 
compromise. Severe scoliosis may require surgi-
cal stabilization (Jones et al. 2002). These opera-
tions should be performed at centers with 
experience managing Marfan patients based on 
commonly used operative criteria.

All patients with MFS should undergo a yearly 
evaluation with a pediatric cardiologist to include 
physical exam and imaging of the aorta (Lindsay 
2018). The preferred imaging modality is echo-
cardiography in the majority of patients. In 
patients who are unable to be properly imaged 
with echocardiography due to either obesity or 
extreme pectus deformity, MRI or CT scanning 
can be used yearly for follow up; though MRI is 
preferred to avoid radiation exposure whenever 

practical (Lindsay 2018). In patients with an aor-
tic root dimension above 4 cm, aortic root growth 
of more than 0.5  cm/year, or those involved in 
competitive sports, it is recommended to obtain 
aortic imaging every 6 months (Lindsay 2018).

Lifestyle modifications are another mainstay 
in the management of MFS. It is generally 
advised that children with MFS avoid isometric 
exercise, high impact sports, and competitive 
sports due to the risk of aortic dissection, long 
bone fractures, and retinal detachment. However, 
most patients should be encouraged to remain 
active with aerobic activities performed in mod-
eration (Judge and Dietz 2005).

The commonly prescribed use of β-blockers 
for MFS patients is intended to reduce hemody-
namic stress on the aortic wall and is considered 
by many to be the standard of care (Salim et al. 
1994). Data supporting the therapeutic benefits of 
this class of drugs is conflicting, and controversy 
remains regarding the true benefit of β-blockade 
(Selamet Tierney et al. 2007). If the decision is 
made to use β-blockers it must be titrated to clini-
cal guidelines. While studies using murine mod-
els of MFS, demonstrated the utility of Losartan, 
an angiotensin receptor blocker, in slowing aortic 
growth and preventing dissection, multiple ran-
domized controlled human trials have been 
unable to consistently reproduce this effect 
(Forteza et al. 2016; Lacro et al. 2014; Milleron 
et al. 2015). When comparing losartan monother-
apy to combination therapy with β-blockade, two 
studies have shown slower rates of aneurysm pro-
gression in the combination therapy (Forteza 
et al. 2016; Mullen et al. 2019). A recent meta- 
analysis concluded that ARB therapy and in com-
bination with β-blockade, was capable of slowing 
the rate of aortic root dilation but did not change 
the rate of aortic complications and surgery 
(Al-Abcha et al. 2020). Accordingly, the use of 
ARBs may also favorably affect myocardial 
fibrosis, aortic stiffening, and circulating TGF-β 
levels (Karur et al. 2018). We recommend ARB 
as first line therapy, with the addition of 
β-blockade as tolerated.
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Fig. 8.1 Genetic Testing Flow Chart. (Adapted from De 
Backer, J. et  al.; Curr Opin Cardiol 34:585–593; 2019 
with permission from the publisher). Flowchart for the 
process of genetic evaluation in heritable thoracic aortic 

disease. HTAD, heritable thoracic aortic disease; NGS, 
next generation sequencing; WES, whole-exome sequenc-
ing; WGS, whole-genome sequencing
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8.4.3  Management and Treatment 
of MFS in the Adult 
Population

Management of the adult with MFS revolves 
around medical drug therapy, lifestyle manage-
ment, and appropriate surveillance of aortic and 
cardiac disease. The relative merits of β-blockade 
versus ARBs are as controversial in adults as in 
children, based on the same trial data. 
Hypertension should be avoided, with goal rest-
ing blood pressure < 130/80. Most cardiologists 
and aortic surgeons initiate prophylactic ARB or 
β-blocker therapy as tolerated, regardless of 
blood pressure. Both hydralazine and calcium 
channel blockers should be avoided in MFS 
patients, as these may be associated with higher 
rates of aortic dissection and death (Doyle et al. 
2015). Furthermore, fluoroquinolones should be 
strongly avoided in patients with MFS, as multi-
ple studies have demonstrated these medications 
are associated with de novo aneurysm formation, 
rapid aneurysmal dilation, and higher rates of 
dissection (Lee et al. 2015).

Lifestyle recommendations for adults are sim-
ilar to those for children. High impact and iso-
metric exercise, as well as competitive athletic 
pursuits should be avoided, though moderate 
aerobic exercise is generally recommended. 
Activities with dynamic atmospheric pressures, 
i.e. scuba and extreme altitude, should be avoided 
given the risk of spontaneous pneumothorax 
(Keane and Pyeritz 2008). It should be noted, 
there is little real-world data to support these life-
style recommendations, however, they are 
unlikely to cause harm. Other cardiovascular risk 
factors, such as smoking, diabetes, hyperlipid-
emia, should be managed accordingly.

8.4.4  Cardiovascular Management

8.4.4.1  Imaging Surveillance
Imaging of the aortic root with echocardiography 
is recommended at the time of diagnosis, and at 
6  month intervals after diagnosis in order to 
quantify baseline aortic root dimensions and ini-
tial rate of growth. Echocardiography will also 

determine the presence of any mitral valve 
pathology. Bi-annual transthoracic echocardiog-
raphy should be considered if the maximal aortic 
dimension is greater than 4.5 cm.

It is important to note that size recommenda-
tions for intervention are based on cross-sectional 
imaging, not echocardiographic dimensions. CT 
measurements report the external dimension and 
tend to be a few millimeters larger than echocar-
diographic measurements (Taylor et  al. 2010). 
Gated CT angiography should be performed if 
surgical repair is considered.

Surgical referral for prophylactic root replace-
ment should be sought when the maximal aortic 
dimension reaches 5.0 cm. Other indications for 
prophylactic root replacement include rapid 
growth (>0.5 cm/yr), family history of dissection 
at smaller dimensions, or concomitantly when 
the primary indication is severe aortic or mitral 
valve regurgitation. For shorter patients and chil-
dren, an aortic-height index greater than 10 has 
been associated with higher risk of dissection 
(Milewicz et al. 2005).

Often, a diagnosis of MFS is not made until 
after emergency treatment of a Stanford Type A 
aortic dissection. Following dissection repair, 
cross-sectional imaging should be obtained at 1, 
3, 6, and 12 months, and annually to watch for 
aneurysmal dilation of the remaining aortic 
segments.

8.4.4.2  Surgical Management
The historic gold standard for treating aortic root 
aneurysm with or without aortic valve regurgita-
tion in a patient with MFS is root replacement 
with a composite valved-graft (CVG), which 
incorporates a mechanical aortic valve into an 
aortic prosthesis (the Bentall procedure). This 
approach allows for resection of the aortic root 
and ascending aorta, as well as a durable, compe-
tent aortic prosthesis (Bentall and De Bono 
1968). This approach still exposes the patient to 
lifelong anticoagulation with warfarin, as well as 
a significant risk of thromboembolic events, life 
threatening bleeding, and prosthetic valve endo-
carditis. Important refinements in surgical tech-
nique have led to the David technique becoming 
the preferred operation for prophylactic root 
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replacement in the young, including in MFS 
patients. This technique, also known as aortic 
valve reimplantation, or less precisely, valve- 
sparing root replacement (VSARR), preserves 
the native aortic valve leaflets and can often 
restore competence to even a severely regurgitant 
valve, provided that there is limited pathology to 
the leaflets (David and Feindel 1992). A recent 
meta-analysis comparing VSARR to CVG in 
Marfan patients demonstrated very significant 
reductions in late complications including bleed-
ing, thromboembolism, endocarditis, and mortal-
ity, with no difference in the need for reoperation. 
Overall survival for the entire cohort was excel-
lent: 97.8% at 1  year and 90.5% at 10  years 
(Flynn et al. 2017).

Another interesting approach involves a 
custom- made external support, which becomes 
incorporated into the aortic wall to prevent dila-
tion. Personalized external aortic root support 
(PEARS) was developed by an engineer with 
MFS, who then became the first patient in 2004. 
Mid-term follow up of the first 24 patients was 
published in 2018 and showed stability of the 
aortic root and ascending aorta, though 2 patients 
had technical failure of the operation (Izgi et al. 
2018).

Patients presenting with an acute Type A dis-
section are much more difficult to manage, and 
often there is no opportunity for patient transfer 
to a high-volume aortic center without risking 
patient death. However, there is clear evidence 
that a more aggressive index operation, including 
root replacement and extension of the repair to 
the arch, results in less reoperation (Rylski et al. 
2014). Failure to replace the aortic root in the 
index operation led to a 40% reintervention rate 
in their series.

The management of Type B aortic dissection 
in Marfan patients remains controversial. 
Traditionally, endovascular techniques have been 
avoided due to poor outcomes in the early experi-
ence with the technology. In low-risk patients 
with chronic dissection related thoracoabdominal 
aortic disease, open repair remains the treatment 
of choice on account of its reproducibility and 
high rate of technical success compared with 
TEVAR.

Open repair in the acute setting leads to poor 
outcomes; this has been largely abandoned except 
in rare circumstances. Outside of connective tissue 
disease, the use of thoracic endovascular aortic 
repair (TEVAR), even in uncomplicated dissec-
tion, is becoming more common. While initial 
experience with TEVAR in patients with connec-
tive tissue disorders was promising, due to the 
young age of the patients at implantation, the 
instability of the landing zones, a high rate of rein-
tervention, and late complications was not uncom-
mon (Nordon et al. 2009). The advantage to early 
TEVAR would include favorable remodeling by 
covering the primary tear. The debate continues as 
to whether this actually lessens the need for open 
thoracic aortic repairs (Cooper et al. 2009).

8.4.4.3  Mitral Valve Repair
Mitral valve pathology may present anytime in 
the course of a MFS patient’s life. As previously 
discussed, bileaflet pathology is common, includ-
ing prolapse and chordal rupture. Annular 
 dilatation is also common. The indications for 
repair or replacement are not different for Marfan 
patients, and surgical repair should be considered 
when severe mitral regurgitation is present, 
regardless of symptoms or ventricular pathology 
(Otto et al. 2021). The presence of left ventricular 
myocardial dysfunction, heart failure symptoms, 
or atrial fibrillation is a strong indication for sur-
gery. Despite concerns about repair failure, MFS 
patients who undergo mitral valve repair, rather 
than replacement, have improved long term sur-
vival and this is the preferred strategy (Fuzellier 
et  al. 1998; Gillinov et  al. 1994; Helder et  al. 
2014). Similar concerns about long term bleed-
ing, thromboembolism, and infection apply for 
mitral valve surgery.

8.4.4.4  Treatment of MFS in Pregnancy
Pregnancy with MFS requires special attention. 
There are important considerations regarding 
prophylactic surgery and the risk for Type B dis-
section. The negative effects of Warfarin on fetal 
development, and the risk for dissection associ-
ated with lactation following delivery are key 
concerns. These patients need to be managed by 
a high-risk obstetrician, preferably at a medical 
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center with expertise in aortic surgery and man-
agement of MFS patients.

8.5  Clinical Trials

Results from the early animal studies demon-
strating that treatment with losartan, an already 
FDA approved ARB, could attenuate many of 
the MFS disease sequelae, stimulated physicians 
worldwide to start prescribing losartan to 
patients with thoracic aortic aneurysms second-
ary to MFS. As noted by Hoffmann Bowman and 
colleagues, this occurred well before random-
ized clinical trials of losartan had begun, in many 
cases in place of β-blocker therapy (Hofmann 
Bowman et al. 2019). Nonetheless, these animal 
studies served as a foundation for designing and 
implementing a series of exciting clinical trials 
that had the potential to change the medical man-
agement of MFS forever. The first landmark 
study was a small clinical trial that specifically 
recruited pediatric MFS patients with severe aor-
tic root enlargement, that had already received 
β-blocker therapy that failed to reduce aortic root 
enlargement (Brooke et al. 2008). These patients 
received ARB therapy and were followed for 
12–47  months. The results demonstrated that 
losartan was able to delay aortic root dilatation 
from 3.54+/−2.87 mm per year during previous 
β-blocker therapy to 0.46+/−0.62 mm per year 
during ARB therapy (P < 0.001) (Brooke et al. 
2008). This early indication of success contin-
ued to feed the excitement and led to the initia-
tion of multiple randomized clinical trials 
world-wide.

The first prospective trial assessed 233 Dutch 
MFS patients that were older than 18 years of age 
and were given losartan in addition to standard of 
care therapy (COMPARE trial), which often 
included a β-blocker (Groenink et al. 2013). The 
results were reported after 3 years of follow-up 
and suggested that losartan significantly reduced 
aortic root dilatation as compared to standard 
therapy alone. It was also reported, however that 
more patients receiving losartan were taking a 
β-blocker than in the standard of care treatment 
group (Groenink et  al. 2013). Moreover, a sub-

study of this trial reported that of 117 patients 
that underwent FBN1 mutation analysis, there 
was a statically significant response to losartan in 
those patients that had FBN1 haploinsufficiency 
(reduced protein content, with normal protein 
function) versus FBN1 missense mutations (nor-
mal protein content, with aberrant protein func-
tion) (Groenink et al. 2013).

The next clinical trial to report results was 
completed in the US and sponsored by the 
Pediatric Heart Network (PHN). This random-
ized trial enrolled 608 MFS patients with aortic 
root enlargement and compared losartan with 
atenolol directly in children and young adults. 
The primary outcome measure was the rate of 
aortic-root enlargement indexed to body-surface 
area, measured over a 3-year period (Lacro et al. 
2014). Unfortunately, the results revealed that 
there no significant difference in aortic-root dil-
atation rate after three years, as measured by 
standardized echocardiography, between 
patients randomized to the two treatment 
groups.

Shortly thereafter, a small parallel, random-
ized, double-blind study was initiated in Spain 
with 140 patients, using the same study design as 
the PHN (Forteza et  al. 2016). After 3 years of 
follow-up this study likewise showed no change 
in aortic root diameter between the two groups, 
demonstrating no benefit of losartan over ateno-
lol. Furthermore, follow-up of 128 of these 
patients at 6.7 years after receiving initial treat-
ment, still failed to show a difference in aortic 
root diameter between the treatment groups 
(Forteza et al. 2016).

Importantly, the PHN and Spanish trials did 
not indicate that losartan was ineffective, it sug-
gested only that it was equivocal with atenolol 
treatment, showing no specific benefit over stan-
dard of care. Interestingly, in the COMPARE trial 
substudy in which losartan was given in combi-
nation with β-blocker therapy, results suggested 
that there was a possible benefit in combination 
therapy. Accordingly, the “Marfan-Sartan” study 
addressed this question directly (Milleron et  al. 
2015). This study was a double-blind, random-
ized, multi-center, placebo-controlled, add-on 
trial that compared losartan vs. placebo in MFS 
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patients that were older than 10  years of age. 
After 3.5  years of follow-up the 303 patients 
enrolled showed no difference in aortic root 
diameter (Milleron et  al. 2015). In contrast to 
these results, the Aortic Irbesartan Marfan Study 
(AIMS) examined 192 patients with MFS that 
were receiving standard of care (in which approx-
imately 56% of the patients were receiving a 
β-blocker) and randomized them to receive either 
irbesartan or a placebo (Mullen et al. 2019). The 
mean baseline aortic root diameter was 34.4 mm 
both groups at the start of the study. After 5-years 
of follow-up, the mean rate of aortic root dilata-
tion was 0.53  mm per year in the irbesartan 
group, versus 0.74  mm per year in the placebo 
group, representing a statistically significant 
reduction in aortic root dilatation of −0.22 mm 
per year (Mullen et al. 2019). Importantly, irbe-
sartan was well tolerated in both treatment 
groups, even in children.

While most of these clinical trials showed no 
benefit of ARB (losartan) over β-blocker (ateno-
lol) therapy, there are a couple of important con-
clusions that came out of this work. First, there 
may be some hope in combining ARB and 
β-blocker therapies. Two of the smaller studies 
demonstrated benefit with the drug combination. 
Furthermore, the use of different β-blockers or 
ARBs may contribute to improved responses. 
Second, as additional studies began to look at the 
specific associations between genotype and phe-
notype, there may be subsets of patients that 
respond better than others. For example, as indi-
cated above in the COMPARE trial, MFS patients 
that were FBN1 haploinsufficient, responded bet-
ter to losartan than those that had missense muta-
tions (Franken et  al. 2015). The authors 
hypothesized that haploinsufficient patients may 
have a weaker aortic wall due to reduced FBN1 
content, leading to enhanced mechanotransduc-
tion as a result of aortic dilatation and enhanced 
activation of the mechanosensitive angiotensin 
receptor pathway. Clearly further studies are war-
ranted to delineate this and other genotype- 
phenotype associations and may suggest that 
additional treatment strategies are needed for 
MFS patients with dominant negative FBN1 
mutations.

8.6  Conclusions

While the recent equivocal clinical trial results 
comparing ARB therapy versus β-blockade, have 
not been able to perfectly replicate the early 
promising animal studies, new data continues to 
build on the suggestion that combination therapy 
may provide the best benefit to all patients for 
now. Nonetheless, current therapeutic standards 
(β-blocker therapy) and prophylactic aortic root 
replacement, have extended the life of MFS 
patients to near normal. They are living longer 
and are now having to deal with medical issues 
related to later onset symptoms including joint 
disease and aneurysm of the descending thoracic 
aorta. Moreover, as genetic testing becomes 
increasingly prevalent in diagnosis and classifica-
tion, additional data examining the FBN1 haplo-
insufficient genotype-phenotype association with 
ARB therapy response will certainly provide new 
insights and potential treatment options. 
Importantly, this highlights the need to develop 
additional therapeutic strategies to address those 
patients with less favorable genotypes. Overall, 
few medical discoveries in history have been elu-
cidated to the degree that MFS has seen. From 
the early indications of a heritable disorder, to the 
identification of the gene responsible, to discern-
ing the complex pathogenesis, culminating in 
rationale clinical trial design, the degree of 
thought and investment from the countless physi-
cians and scientists involved has facilitated the 
truly remarkable progress that has been made in 
understanding this disorder.
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Abstract

Ehlers-Danlos syndrome is an umbrella term 
for a clinically and genetically heterogeneous 
group of hereditary soft connective tissue dis-
orders mainly featuring abnormal cutaneous 
texture (doughy/velvety, soft, thin, and/or 
variably hyperextensible skin), easy bruising, 
and joint hypermobility. Currently, musculo-
skeletal manifestations related to joint hyper-
mobility are perceived as the most prevalent 
determinants of the quality of life of affected 
individuals. The 2017 International 
Classification of Ehlers-Danlos syndromes 
and related disorders identifies 13 clinical 
types due to deleterious variants in 19 differ-
ent genes. Recent publications point out the 
possibility of a wider spectrum of conditions 
that may be considered members of the Ehlers- 
Danlos syndrome community. Most Ehlers- 
Danlos syndromes are due to inherited 
abnormalities affecting the biogenesis of 
fibrillar collagens and other components of the 
extracellular matrix. The introduction of next- 
generation sequencing technologies in the 
diagnostic setting fastened patients’ classifica-
tion and improved our knowledge on the phe-

notypic variability of many Ehlers-Danlos 
syndromes. This is impacting significantly 
patients’ management and family counseling. 
At the same time, most individuals presenting 
with joint hypermobility and associated mus-
culoskeletal manifestations still remain with-
out a firm diagnosis, due to a too vague clinical 
presentation and/or the lack of an identifiable 
molecular biomarker. These individuals are 
currently defined with the term “hypermobil-
ity spectrum disorders”. Hence, in parallel 
with a continuous update of the International 
Classification of Ehlers-Danlos syndromes, 
the scientific community is investing efforts in 
offering a more efficient framework for clas-
sifying and, hopefully, managing individuals 
with joint hypermobility.
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Abbreviations

ACLP aortic carboxypeptidase-like protein
CAH congenital adrenal hyperplasia
CGH comparative genomic hybridization
CNV copy number variation
DS dermatan sulfate
EDS Ehlers-Danlos syndrome
ER endoplasmic reticulum
GAG glycosaminoglycan
hEDS hypermobile Ehlers-Danlos syndrome
HSD hypermobility spectrum disorders
HT-EDS hypermobility type, Ehlers-Danlos 

syndrome
JHM joint hypermobility
JHS joint hypermobility syndrome
LZT LIV-1 subfamily of ZIP zinc 

transporter
MLPA multiplex ligation probe amplification
NGS next generation sequencing
ROM range of motion
SNP single nucleotide polymorphism
WES whole exome sequencing
WGS whole genome sequencing

9.1  Introduction

The Ehlers-Danlos syndromes (EDS) are a 
group of clinically varied and genetically het-
erogeneous hereditary soft connective tissue 
disorders which mainly feature (i) abnormal 
cutaneous texture manifesting with doughy/vel-
vety, soft, thin and/or variably hyperextensible 
skin, (ii) easy bruising with capillary fragility, 
and (ii) joint hypermobility (JHM) of various 
degree. Additional features which aid the dis-
tinction among the most common clinical types 
include skin fragility, abnormal wound healing 
and scarring formation, congenital contortion-
ism (as a form of extreme generalized JHM), 
propensity to acquired dislocations which mani-
fest spontaneously or due to trivial traumas, and 
fragility of vessels and internal organs with rup-

tures occurring in the absence of an underlying 
disease. Almost all of these characterizing fea-
tures are intended as primary manifestations of 
a (dys)-histogenetic abnormality of non-ossified 
connective tissues. Therefore, EDS are “dyspla-
sias” accordingly to the currently accepted ter-
minology in Clinical Genetics (Hennekam et al. 
2013).

Individuals with EDS may also present a con-
stellation of additional connective tissue and 
pleiotropic manifestations, and this more fre-
quently and distinctively occurs in the rarer types. 
Among these findings, the most clinically rele-
vant include corneal thinning and eye fragility, 
congenital hypotonia or myopathy, severe scolio-
sis, skeletal dysplasia, joint contractures, congen-
ital dislocations, congenital hernias, progressive/
severe heart valve disease, and early-onset peri-
odontitis. Finally, there is a series of anthropo-
metric and morphological traits which usually do 
not impact the health status of the affected indi-
vidual but rather support the physician in recog-
nizing the disease, and mostly comprise unusual 
skin signs, such as piezogenic papules and pre-
tibial plaques, peculiar facial features, mild foot 
deformities, and habitus variability (e.g. arachno-
dactyly and Marfanoid habitus).

Most EDS types are due to deleterious vari-
ants in genes encoding collagens I, III, V and XII, 
and enzymes involved in the biogenesis of fibril-
lar collagens or the glycosaminoglycan (GAG) 
chains of proteoglycans. All these molecules 
have a key role in the composition and functions 
of the extracellular matrix (ECM). The hypermo-
bile EDS remains the unique variant without an 
identified molecular cause. In the last two 
decades, the interests around EDS proliferated 
due to the increasing number of newly discov-
ered EDS types, and the emerging attention that 
the scientific community and lay people put on 
JHM and its ramifications in human pathology. 
This chapter is dedicated to offer an updated 
overview on EDS, and to present the current 
framework for approaching and classifying indi-
viduals presenting JHM.

L. Micale et al.
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9.2  Historical Overview

9.2.1  Original Description 
and the Berlin Nosology 
(1986)

EDS is an evolving concept. The very first 
descriptions by drs Chernogubow (Chernogubow 
1892), Ehlers (Ehlers 1901) and Danlos (Danlos 
1908) emphasized the tetrad of JHM, skin hyper-
extensibility, easy brusing and skin fragility as 
the paradigm of the disease. Afterwards, the 
growing observations allowed a deeper under-
standing of the background phenotype and the 
identification of an increasing number of “varia-
tions of the theme”. Since the second half of the 
past century, the phenotypic core and boundaries 
of EDS changed significantly. The Berlin nosol-
ogy of heritable disorders of connective tissue 
first identified eleven clinical types of EDS even 
before the “molecular era” (Beighton et al. 1988). 
Also at that time, the tetrad emphasized by 
Chernogubow, Ehlers and Danlos was recog-
nized as more characteristic of what we currently 
define “classical” EDS (types I and II in the 
Berlin nosology), while the other nine types were 
distinguished by the attenuation of one or more 
of the key features, the presence of additional, 
sometime life-threatening features, and/or inheri-
tance patterns different from the more common 
autosomal dominant.

9.2.2  Villefranche Nosology (1997)

From the last decade of the twentieth century, the 
introduction of molecular genetic technologies in 
the discovery of genes responsible for Mendelian 
disorders improved dramatically our understand-
ing of the biological blueprint underlying the 
EDS nosology. Five major types were associated 
with deleterious variants in specific genes encod-
ing collagens or enzymes directly involved in 
collagen production before the end of the last 
century. An updated (Villefranche) nosology of 
EDS was proposed in 1997, in which six major 
types were delineated (Beighton et al. 1998). At 

that time, seven genes (i.e. ADAMTSL2, COL1A1, 
COL1A2, COL3A1, COL5A1, COL5A2 and 
PLOD1) were known as causative of EDS and 
the hypermobility-type EDS (HT-EDS) was the 
unique “major” type with unknown molecular 
bases. The Villefranche nosology also included a 
series of “minor types”, for which available clini-
cal descriptions were insufficient for delineating 
diagnostic criteria and, similarly to HT-EDS, 
molecular signatures were lacking.

9.2.3  The Beginning of the Twenty- 
First Century

The first decade of the current century opened 
with the publication of the Brighton criteria for 
the JHM syndrome (JHS) (Grahame et al. 2000). 
The term JHS was used to revise and extend the 
concept of the hypermobility syndrome, origi-
nally proposed by Kirk et al. (1967) as the pre-
sumably non-casual association of JHM and 
chronic musculoskeletal symptoms. The (revised) 
Brighton criteria for JHS were not limited to 
JHM and related musculoskeletal manifestations, 
but also included a series of soft-tissue manifes-
tations, such as abnormal scarring, Marfanoid 
habitus and prolapses. Although JHS was origi-
nally intended as separate from HT-EDS, clinical 
practice suggested to a group of clinical geneti-
cists and rheumatologists that HT-EDS and JHS 
should be considered one and the same at the 
phenotypic level until molecular studies will 
identify distinct profiles (Tinkle et al. 2009). This 
feeling was also supported by a family study, 
which demonstrated that, at least in some cases, 
the diagnostic criteria for HT-EDS and JHS may 
coexist in different family members or even in 
the same individual (Castori et al. 2014). While 
such a commonality of conditions was not 
accepted by some researchers, who recognized in 
such a presumed continuity between JHS and 
HT-EDS the premise for a drift of the concept of 
EDS and the related clinical research, these 
observations introduced the need of revising the 
EDS nosology and stimulating a reframe for the 
concept of JHM. This point was first presented at 
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the scientific community in 2015 with a mono-
graphic issue of the American Journal of Medical 
Genetics dedicated to EDS and JHM (Castori and 
Colombi 2015).

9.2.4  International Classification 
(2017)

In 2017, the efforts of the “neonate” Ehlers- 
Danlos Society, risen from the merger of the 
national patients’ associations of America and 
Great Britain, culminated with the publication of 
the International Classification of EDS and 
related disorders (Malfait et  al. 2017). The 
Ehlers-Danlos Society invited dozens of interna-
tional experts in the field with different interests 
and academic profiles to contribute in updating 
the clinical and molecular knowledge of previ-
ously defined EDS types, present an updated 
nosology including all other new monogenic 
forms of EDS described after the Villefranche 
nosology and propose a novel definition for 
HT-EDS (now renamed hypermobile EDS  – 
hEDS). The 2017 International Classification of 
EDS and related disorders also included a set of 
satellite papers dedicated to single prevalent EDS 
types (i.e. classical, hypermobile and vascular) 
and to relevant clinical problems involving peo-
ple with JHM and the various EDS, mostly hEDS 
(Bloom et  al. 2017). Finally, this classification 
included a novel framework for people with JHM 
but not affected by a monogenic form of EDS (or 
any other genetic disorder featuring JHM and 
known molecular bases). This heterogeneous and 
presumably common group of people include 
individuals with non-syndromic, asymptomatic 
JHM, individuals with hEDS (which remains the 
unique type of EDS without known molecular 
basis), and individuals with apparently non- 
syndromic JHM in combination with various 
musculoskeletal complaints. The International 
Classification recognized that these three broad 
phenotypes are not clear-cut separated, but rather 
represent a continuous spectrum (i.e. the “spec-
trum”) with non-syndromic, asymptomatic JHM 
on one end and a combination of pleiotropic fea-

tures also including JHM and corresponding to 
the current diagnostic criteria for hEDS on the 
other. In the middle there are a series of possible 
combinations of JHM and musculoskeletal mani-
festations (with or without single or a few addi-
tional morphological signs compatible with 
hEDS, but in combinations not sufficient for a 
diagnosis of hEDS), which were defined hyper-
mobility spectrum disorders (HSD). By defini-
tion, HSD include all presentations of “painful” 
JHM which cannot be associated with a deleteri-
ous variant in a known disease-gene and do not 
respect the hEDS criteria. Therefore, the term 
HSD incorporates JHS when it does not corre-
spond to hEDS and solves the confusion previ-
ously generated by the possibility of co-diagnoses 
(i.e. both JHS and HT-EDS in the same individ-
ual) or “mutualistic” diagnoses (i.e. JHS instead 
of HT-EDS and vice versa) (Castori et al. 2017).

9.2.5  The Present

The International Classification of EDS and 
related disorders included 13 types of EDS due to 
deleterious variants in 19 different genes (Malfait 
et al. 2017). In 2018, Blackburn et al. (2018) pub-
lished biallelic variants in the AEBP1 gene in a 
disorder reminiscent of classical EDS but trans-
mitted in an autosomal recessive pattern. This 
condition was provisionally added as the four-
teenth type of EDS to the current classification 
(Malfait et al. 2020). More recently, individuals 
ascertained for a suspect of EDS and carrying 
deleterious variants in COL1A1 and COL1A2 
were described as separate from the other EDS 
types with specific variants in these genes. These 
subjects present a phenotype strongly resembling 
EDS (often hEDS) and sometimes show minor 
features of osteogenesis imperfecta. In the past, 
such a condition was variably defined as “osteo-
genesis imperfecta/Ehlers-Danlos syndrome 
overlap” and currently renamed as “COL1- 
related overlap disorder” (Morlino et  al. 2020). 
Whether such a condition will be recognized as 
an additional EDS type or not remains pending 
(Table 9.1).

L. Micale et al.
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Table 9.1 Current nosology of Ehlers-Danlos syndromes

Type Gene(s) Encoded Protein(s) Inheritance Prevalence Major Features*
Types included in the 2017 international classification of Ehlers-Danlos syndromes and related disorders
Classical COL5A1, 

COL5A2, 
COL1A1 
[p.(Arg312Cys)]

α1(V) procollagen, 
α2(V) procollagen, 
α1(I) procollagen

AD ~1/20.000 Atrophic scarring
Joint hypermobility 
(generalized)
Skin 
hyperextensibility

Classical-like  
(type 1?)

TNXB Tenascin-X AR Unknown 
(rare or 
ultrarare)

Easy bruising
Joint hypermobility 
(generalized)
Skin 
hyperextensibility
Note: Absence of 
atrophic scarring

Cardiac-valvular COL1A2 (null 
alleles)

α2(I) procollagen AR Unknown 
(rare or 
ultrarare)

Atrophic scarring
Easy bruising
Joint hypermobility 
(variable)
Severe/progressive 
cardiac valvular 
disease
Skin 
hyperextensibility 
or thin skin

Vascular COL3A1, 
COL1A1 
[p.(Arg312Cys), 
p.(Arg574Cys), 
p.(Arg1093Cys)]

α1(III) procollagen, 
α1(I) procollagen

AD 1/50.000–
200.000

Arterial rupture at 
a young age
Carotid-cavernous 
sinus fistula in the 
absence of trauma
Colonic rupture in 
the absence of an 
underlying disease
Uterine rupture 
during third 
trimester in the 
absence of 
C-section or 
perineum tears

Hypermobile Unknown Unknown AD (?) <1/5.000 Joint hypermobility 
(generalized)
Secondary 
musculoskeletal 
complications
Mild systemic 
involvement
Note: See 
Table 9.2

Arthrochalasia COL1A1 
(skipping of exon 
6), COL1A2 
(skipping of exon 
6)

α1(I) procollagen, 
α2(I) procollagen

AD Unknown 
(rare or 
ultrarare)

Congenital 
bilateral hip 
dislocation
Joint hypermobility 
(generalized)
Skin 
hyperextensibility

(continued)
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Table 9.1 (continued)

Type Gene(s) Encoded Protein(s) Inheritance Prevalence Major Features*
Dermatosparaxis ADAMTS2 Procollagen I 

N-procollagen
AR Unknown 

(rare or 
ultrarare)

Easy bruising 
(severe)
Extreme, 
congenital skin 
fragility
Facial features
Postnatal growth 
retardation
Redundant/lax skin 
and increased 
palmar wrinkling
Short limbs/hands/
feet
Umbilical hernia

Kyphoscoliotic PLOD1 Lysyl-hydroxylase 1 AR Unknown 
(rare or 
ultrarare)

Congenital 
hypotonia
Congenital/
early-onset 
kyphoscoliosis
Joint hypermobility 
(generalized)

Brittle cornea 
syndrome

PRDM5, ZNF469 PR-domain containing 
protein 5, zinc finger 
protein 469

AR Unknown 
(rare or 
ultrarare)

Blue sclerae
Easy-onset, 
progressive 
keratoconus/globus
Thin cornea

Spondylodysplastic B3GALT6, 
B4GALT7, 
SLC39A13

Galactosyltransferases 
I and II, ZIP13

AR Unknown 
(rare or 
ultrarare)

Bowing of limbs
Hypotonia
Short stature

Musculocontractural CHST14, DSE Dermatan-4-O- 
sulfotransferase 1, 
dermatan sulfate 
epimerase 1

AR Unknown 
(rare or 
ultrarare)

Atrophic scarring
Distal 
arthrogryposis
Easy bruising
Facial features
Skin 
hyperextensibility

Myopathic COL12A1 α1(XII) procollagen AD Unknown 
(rare or 
ultrarare)

Congenital 
hypotonia
Joint contractures 
(proximal)
Joint hypermobility 
(distal)

Periodontal C1R, C1S Complement 
subcomponents 1r and 
1 s

Unknown 
(rare or 
ultrarare)

Early-onset, severe 
periodontitis
Lack of attached 
gingiva
Pretibial plaques

(continued)
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9.3  Joint Hypermobility

The current classification of EDS and related dis-
orders clearly separates EDS from JHM. EDS is 
a group of pleiotropic conditions manifesting 
with multiple developmental anomalies also 
comprising JHM. Conversely, JHM is a clinical 
sign which may or may not occur within clini-
cally relevant phenotypes. Clinical conditions 
related to JHM are not limited to the rare EDS 
(and any other Mendelian disorders featuring 
JHM  – see below) but also extend to common 
chronic disorders primarily restricted to the mus-
culoskeletal system (i.e. HSD).

9.3.1  Definition

JHM is the ability that a joint has to move beyond 
its normal limits along physiological axes. The 
adjective “normal” refers to the mean range of 
motion (ROM) that can be observed in the general 
population for any given joint. Major anatomical 
contributors to joint mobility include wellness of 
the articular surfaces, underlying bone morphol-
ogy, muscle tone, and integrity of the soft tissues 
around joints, including ligaments, tendons and 

entheses. Such a variability in ROM relates to the 
evolution-driven peculiarities of the human muscu-
loskeletal system, and a series of influencing non-
modifiable factors, including sex, age and ethnicity. 
A series of modifiable factors may also impact the 
ROM and include, for example, nutritional status, 
weight, physical/sport training, past traumas and 
surgery. In the medical literature, synonyms of 
JHM are “joint laxity” and “joint hyperlaxity”.

9.3.2  Epidemiology

JHM is common in the general population and 
shows an excess in females, with a prevalence of 
6–57%, compared to males, who present JHM in 
2–35% of the cases. Although epidemiological 
data are heterogeneous due to the variability of 
assessment methods used by the various research 
groups, all works present similar results (Remvig 
et al. 2007). Rate of JHM is also affected by eth-
nicity. It is more common in Inuit, African and 
Asian people and less common in Europe and 
Australasia. Intermediate rates are registered in 
North, Middle and South America (Cheng et al. 
1991; Seow et  al. 1999; Remvig et  al. 2007). 
Clinical practice also indicates an excess of JHM 

Table 9.1 (continued)

Type Gene(s) Encoded Protein(s) Inheritance Prevalence Major Features*
Subsequently identified conditions which could deserve inclusion in future revisions
Classical-like (type 
2?)

AEBP1 AE-binding protein 1 AD Unknown 
(rare or 
ultrarare)

Not yet available, 
presumably:
Atrophic scars
Early-onset 
osteopenia
Foot deformities
Joint hypermobility 
(generalized)
Skin 
hyperextensibility

COL1-related 
overlap disorder

COL1A1, 
COL1A2

α1(I) procollagen, 
α2(II) procollagen

AD, AR 
(rare)

Unknown 
(rare or 
ultrarare)

Blue sclerae
Foot deformities
Joint hypermobility 
(generalized)
Skin 
hyperextensibility
Soft and doughy 
skin

AD autosomal dominant, AR autosomal recessive. *Derived from the major diagnostic criteria in the 2017 International 
Classification of Ehlers-Danlos syndromes and related disorders

9 Ehlers-Danlos Syndromes, Joint Hypermobility and Hypermobility Spectrum Disorders
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in children and adolescents compared to adults 
and elder.

9.3.3  Patterns

Pattern analysis of JHM identifies four categories 
including generalized JHM, peripheral JHM, 
localized JHM and historical JHM. Generalized 
JHM is the most extended form of JHM and 
affect multiple joints (or groups of joints) of the 
appendicular and axial skeleton. Generalized 
JHM is reasonably the clinical equivalent of the 
lay terms “contortionism” and “double- 
jointedness”. Peripheral JHM is a form of JHM 
that affects the extremities (i.e. hand and foot 
joints) only. It is often bilateral and is quite com-
mon in children. Localized JHM affects a single 

Table 9.2 Current criteria for hypermobile Ehlers- 
Danlos syndrome

CRITERION 1 (generalized joint hypermobility)
Beighton score ≥6 for pre-pubertal children and 
adolescents

OR Beighton score ≥5 for pubertal men and women 
up to the age of 50

OR Beighton score ≥4 for those >50 years of age for 
hEDS
Note: The 5-point questionnaire is used for individuals 
with historical (generalized) joint hypermobility and 
acquired joint limitations (past surgery, wheelchair, 
amputations, etc.) affecting the Beighton score; a 
diagnosis of generalized joint hypermobility can be 
made if BS is 1 point below the age- and sex-specific 
cut-off AND the 5-point questionnaire is positive with 
at least 2 positive items.
CRITERION 2
Two or more among the following features (A, B 
and C) MUST be present (i.e. A&B, or A& C, or 
B&C, or A&B&C).
Note: In individuals with an acquired connective 
tissue disorder (e.g., lupus, rheumatoid arthritis, etc.), 
additional diagnosis of hypermobile Ehlers-Danlos 
syndrome requires meeting both features A and B of 
criterion 2. Feature C of criterion 2 (chronic pain and/
or instability) cannot be counted.
Feature A
Systemic manifestations of a more generalized 
connective tissue disorder (≥5 must be present 
among):
1. Unusually soft or velvety skin
2. Mild skin hyperextensibility
3. Unexplained striae such as striae distensae or rubrae 
at the back, groins, thighs, breasts and/or abdomen in 
adolescents, men or prepubertal women without a 
history of significant gain or loss of body fat or weight
4. Bilateral piezogenic papules of the heel
5. Recurrent or multiple abdominal hernia(s) (e.g., 
umbilical, inguinal, crural)
6. Atrophic scarring involving at least two sites and 
without the formation of truly papyraceous and/or 
hemosideric scars as seen in classical Ehlers-Danlos 
syndrome
7. Pelvic floor, rectal, and/or uterine prolapse in children, 
men or nulliparous women without a history of morbid 
obesity or other known predisposing medical condition
8. Dental crowding and high or narrow palate
9. Arachnodactyly, as defined in one or more of the 
following: a. positive wrist sign on both sides; b. 
positive thumb sign on both sides

10. Arm span-to-height ≥ 1.05
11. Mitral valve prolapse mild or greater based on 
strict echocardiographic criteria
12. Aortic root dilatation with Z-score > +2

(continued)

Table 9.2 (continued)

Feature B
Positive family history, with one or more first 
degree relatives meeting the current diagnostic 
criteria for hypermobile Ehlers-Danlos syndrome.
Feature C
Musculoskeletal complications (must have at least 
one among):
1. Musculoskeletal pain in two or more limbs, 
recurring daily for at least 3 months

2. Chronic, widespread pain for ≥3 months
3. Recurrent joint dislocations or frank joint 
instability, in the absence of trauma (a or b)
a. Three or more atraumatic dislocations in the same 
joint or two or more atraumatic dislocations in two 
different joints occurring at different times
b. Medical confirmation of joint instability at 2 or 
more sites not related to trauma
CRITERION 3
All the following prerequisites MUST be met:
1. Absence of unusual skin fragility, which should 
prompt consideration of other types of Ehlers-Danlos 
syndrome
2. Exclusion of other heritable and acquired 
connective tissue disorders, including autoimmune 
rheumatologic conditions
3. Exclusion of genetic syndromes with joint 
hypermobility other than heritable soft connective 
tissue disorders
According to 2017 international criteria, the 
clinical diagnosis of hypermobile Ehlers-Danlos 
syndrome requires the simultaneous presence of 
CRITERIA I AND 2 AND 3.

L. Micale et al.
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or a few (≤2) joints (or group of joints). Historical 
JHM is a questioned form of JHM. Its presence is 
testified by a personal history positive for some 
forms of congenital contortionism, but physical 
examination is, by definition, negative for exces-
sive ROM at all assessed joints.

JHM can be also classified in congenital and 
acquired. Congenital JHM is (presumably) pres-
ent at birth and, therefore, it is assumed a genetic 
and/or constitutional trait. On the contrary, 
acquired JHM is due to postnatal events (e.g. 
modifiable factors) and it is assumed not due to a 
genetic predisposition. Compared to generalized 
and peripheral JHM, localized JHM is more com-
monly acquired.

9.3.4  Clinical Measurements

In a clinical setting, JHM should be carefully 
assessed in as a higher number of body sites as 
possible. The ROM of almost all joints can be 
established with the use of appropriate tools (e.g. 
orthopedic goniometer and flexible tape) and by 
comparing the values to available standards (for 
example, accessible at https://www.cdc.gov/
ncbddd/jointrom/index.html). The Beighton 
score is currently recognized as the most suitable 
tool for assessing generalized JHM, although 
this method has major limitations due to the lack 
of appropriate corrections considering modifi-
able and non-modifiable factors. The Beighton 
score includes the evaluation of nine joints or 
group of joints. In presence of clinically appre-
ciable JHM, 1 point is attributed to each maneu-
ver, while 0 points are assigned in case of normal 
ROM. The items composing the Beighton score 
include: (a) passive apposition of the thumb to 
the flexor aspect of the forearm (one point for 
each hand), (b) passive dorsiflexion of the V fin-
ger beyond 90° (one point for each hand), (c) 
hyperextension of the elbow beyond 10° (one 
point for each arm), (d) hyperextension of the 
knees beyond 10° (one point for each leg), (e) 
forward flexion of the trunk with the knees 
extended and the palms resting flat on the floor. 
A score of 5 or more is accepted for the “diagno-
sis” of generalized JHM in adults, while this cut-

off is fixed to 6 in children (Juul-Kristensen et al. 
2017). Historical JHM may be explored by the 
administration of the 5-point questionnaire 
(Hakim and Grahame 2003): (a) can you now (or 
could you ever) place your hands flat on the floor 
without bending your knees?; (b) can you now 
(or could you ever) bend your thumb to touch 
your forearm?; (c) as a child did you amuse your 
friends by contorting your body into strange 
shapes or could you do the splits?; (d) as a child 
or teenager did your shoulder or kneecap dislo-
cate on more than one occasion?; (e) do you 
consider yourself double-jointed?. Positive 
answers to ≥2 questions are compatible with 
past JHM not yet appreciable at physical 
examination.

9.3.5  Secondary Musculoskeletal 
Manifestations

JHM facilitates the onset and worsening of a 
series of symptoms affecting the musculoskeletal 
system. JHM-related secondary musculoskeletal 
manifestations separates asymptomatic JHM 
from symptomatic JHM.  Currently, the most 
common form of symptomatic JHM is 
HSD.  However, similar manifestations are 
observed in hEDS and are presumably common 
also in the other EDS types. Joint instability is 
probably one of the leading mechanisms underly-
ing JHM-related secondary musculoskeletal 
manifestations. Joint instability is a non- 
physiological condition of a joint or group of 
joints which can move along non-physiological 
axes and facilitates occasional, recurrent, and 
voluntary joint subluxations and luxations. 
Dislocations are usually acquired. However, in 
the most severely affected individuals, disloca-
tions may be congenital particularly affecting the 
hips. JHM also predisposes to soft tissue injuries, 
sprains and strains. Musculoskeletal pain is com-
mon in combination with JHM. Types of muscu-
loskeletal pain not related to the above mentioned 
events include acute/recurrent arthralgias and 
myalgias, cramps and neuropathic pain. Chronic 
widespread musculoskeletal pain is the worst 
pain-related complication in JHM (Castori et al. 
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2013; Castori 2016). There is only a fragmented 
knowledge of the natural history of musculoskel-
etal pain in HSD and EDS. Cross-sectional obser-
vations in people at different ages with hEDS/
HSD suggest a possible evolution of pain, from 
occasional oligoarticular pain in combination or 
not with dislocations in infancy/childhood, to 
recurrent polyarticular pain in adolescence/adult-
hood, to chronic widespread pain with features of 
neuropathic pain and/or central sensitization in 
predisposed individuals (Castori et  al. 2013). 
Preliminary evidence also indicates an associa-
tion between JHM and developmental coordina-
tion disorders, attention deficit/hyperactivity 
disorders and learning disabilities in children 
(Piedimonte et al. 2018). The reasons as to why 
JHM co-exists with these neurodevelopmental 
attributes are undefined and, perhaps, related to a 
defective proprioception during development 
(Ghibellini et al. 2015).

9.4  The “Spectrum” 
and Hypermobility Spectrum 
Disorders

EDS is the most common pleiotropic syndrome 
presenting with JHM. For this reason, a growing 
number of physicians tend to suspect EDS when 
they notice this sign in their patients. Nevertheless, 
many individuals with JHM are healthy and most 
of the remaining are not affected by a recogniz-
able genetic syndrome.

In the past, the too fragmented knowledge of 
the molecular basis of EDS, the difficulties in 
performing extensive molecular testing in a 
timely fashion and the confusion generated by 
the partially overlapping criteria for JHS and 
HT-EDS facilitated an over-diagnosis of EDS, 
mostly hEDS, in specific settings (e.g. rheuma-
tology) and/or different countries. Presumably, 
most individuals who received a clinical diagno-
sis of EDS (i.e. molecular data unavailable or 
negative) or hEDS (i.e. Villefranche and/or 
Brighton criteria met) in the past, were affected 
by a chronic and sometimes disabling condition 
with widespread musculoskeletal involvement 
and a series of satellite functional disorders (the 

“so-called” joint hypermobility-related co- 
morbidities according to the 2017 international 
classification of EDS and related disorders – see 
below). Although such a presentation remains 
common among subjects respecting the 2017 cri-
teria for hEDS, it is equally common in people 
referred for unexplained chronic pain but lacking 
these criteria or not affected by a syndrome with 
a deleterious variant in a known gene. The term 
HSD was introduced to define this latter category 
of patients, which likely represents an emerging 
phenotype presenting similarities with EDS but 
still unconvincing for a stringent diagnosis of 
EDS, which is, by definition, a rare condition 
(Castori et al. 2017).

Considering people without a molecularly- 
proved condition with JHM, HSD are put in the 
middle between non-syndromic, asymptomatic 
JHM and hEDS. More specifically, the presence 
of musculoskeletal complaints separates individ-
uals with HSD from non-syndromic, asymptom-
atic JHM, while the presence of the 2017 
diagnostic criteria separates hEDS from the 
remaining phenotypes within the “spectrum” 
(Fig. 9.1 and Table 9.2).

The current criteria for hEDS and, in particu-
lar, feature 2A (i.e. systemic involvement), which 
must be met by all index cases (i.e. family his-
tory/feature 2B not applicable), comprise a set of 
objective features standing for the primary 
involvement of connective tissue derivatives 
other than joints. Most of these ancillary findings 
are intended as bona fide manifestations of plei-
otropy. On the contrary, musculoskeletal mani-
festations related to JHM may be (perhaps, 
simplistically) considered “consequences” of a 
pre-existing (congenital?) ligamentous laxity. 
Moreover, criterion 2A is distinguished from 
JHM-related co-morbidities which are, in turn, 
functional disorders equally common in the gen-
eral population and, hence, not easily put under 
the umbrella of pleiotropy or interpreted as direct 
effects of JHM. The identification of a causative 
variant in a gene associated with a Mendelian 
syndrome with JHM, such as the other EDS 
types, moves the affected individual outside the 
“spectrum”. Hence, the “spectrum” is, by defini-
tion, a transitory nosology used to classify indi-
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viduals with JHM who cannot be diagnosed with 
more accurate methods, such as molecular 
testing.

At the time of this writing, HSD are consid-
ered exclusion diagnoses or descriptors for peo-
ple with JHM (various phenotypes) and related 
musculoskeletal manifestations. No pathogno-
monic finding or set of diagnostic criteria are cur-
rently available for HSD, although some 
specifications have been put forward with an 
expert-based approach (Castori and Hakim 
2017). HSD are provisionally classified mirror-
ing the different patterns of JHM.  Therefore, 
three different types of HSD are recognized and 
include generalized HSD (i.e. in presence of gen-
eralized JHM), peripheral HSD (i.e. in presence 
of peripheral JHM) and localized HSD (i.e. in 
presence of localized JHM). The existence of a 
fourth category of HSD for people with a history 
of (generalized) JHM but without evidence of 

JHM at examination (i.e. historical HSD) is ques-
tioned (Malfait et al. 2020). There are also con-
cerns in attributing a diagnosis of HSD to all 
individuals with JHM and any musculoskeletal 
symptoms. Presumably, only a selected set of 
musculoskeletal manifestations may be intended 
as the symptomatic counterpart of a clinically 
demonstrable JHM and, therefore, eligible for a 
diagnosis of HSD. For example, musculoskeletal 
pain should be attributed to an underlying HSD 
only if (i) not associated with inflammatory/auto-
immune disease, (ii) recurrent or chronic, and 
(iii) localized to joints with evidence or history of 
JHM. Dislocations could be considered only if (i) 
repeated (two or more events), (ii) not related to 
external forces sufficiently explaining the event, 
and (iii) affecting joint(s) with evidence or his-
tory of JHM.  In addition, only a limited set of 
musculoskeletal physical traits (i.e. flexible flat-
foot, scoliosis, genua and cubita valga), degen-

Fig. 9.1 Graphical representation of the relationships 
among joint hypermobility, hypermobility spectrum dis-
orders and hypermobile Ehlers-Danlos syndrome. The 
presence of (secondary) musculoskeletal manifestations, 
with an increasing degree, separates (non-syndromic, 
asymptomatic) joint hypermobility from hypermobility 
spectrum disorders. On the other end, concurrent primary 
structural anomalies in other organs and tissues (i.e. plei-
otropy) allow the distinction between (non-syndromic, 

asymptomatic) joint hypermobility and hypermobile 
Ehlers-Danlos syndrome. At the same time, it is accepted 
that secondary musculoskeletal manifestations are also 
common in hypermobile Ehlers-Danlos syndrome and 
that some attenuated/partial/incomplete pleiotropic fea-
tures can be occasionally encountered in individuals with 
hypermobility spectrum disorders but lacking the criteria 
for other related diagnoses
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erative joint and bone disease (i.e. premature 
osteoarthritis and reduced bone mass), and neu-
rodevelopmental attributes (i.e. benign hypoto-
nia, simple motor delay, developmental 
coordination disorder, attention deficit/hyperac-
tivity disorder) might be considered “extended” 
manifestations of an underlying HSD (Castori 
and Hakim 2017).

The diagnosis of HSD is established at physi-
cal examination including extensive evaluation of 
JHM, personal and family history, and exclusion 
of partially overlapping disorders (mostly, hEDS, 
the other syndromes featuring JHM and well- 
defined rheumatologic diseases causing pain). 
Hence, HSD is a nosologic category in which a 
patient falls if demonstrated as NOT affected by 
the above mentioned disorders, also including 
hEDS.

9.5  Joint Hypermobility-Related 
Co-Morbidities

In 2004, drs. Hakim and Grahame first put 
emphasis on a possible association between auto-
nomic dysfunction and JHS (Hakim and Grahame 
2004). In the ensuing years, this hypothesis 
attracted increasing attention by different 
research groups and an excess of various forms of 
orthostatic intolerance, mostly postural ortho-
static tachycardia syndrome, is now accepted in 
people with JHM, HSD/JHS and hEDS/HT-EDS 
(Hakim et  al. 2017; Roma et  al. 2018). 
Intriguingly, hEDS and “isolated” generalized 
JHM are also common among individuals ascer-
tained for postural orthostatic tachycardia syn-
drome (Miller et al. 2020). Such a bi-directional 
association is also observed for functional gastro-
intestinal disorders (Fikree et al. 2015; Lam et al. 
2020), anxiety disorders (Bulbena et  al. 2011; 
Bulbena et al. 2017), and pelvic prolapses (Veit- 
Rubin et al. 2016; Tinkle et al. 2017). Fatigue is 
also common in HSD and hEDS (Hakim et  al. 
2017b). The reasons as to why JHM (and related 
“spectrum” phenotypes) is so convincingly asso-
ciated with orthostatic intolerance, functional 
gastrointestinal disorders, anxiety disorders, pel-

vic prolapses and fatigue are unknown. At the 
moment, pleiotropy is not an easy explanation as 
not any convincing molecular evidence is avail-
able. The more neutral term “co-morbidity” was 
preferred to describe this phenomenon, given the 
common occurrence of JHM and these associated 
disorders in the general population, and the com-
plex etiopathogenesis presumed for all (Castori 
et  al. 2017). In EDS and HSD, an underlying 
autonomic dysregulation could explain the com-
bination of orthostatic intolerance and functional 
gastrointestinal disorders. If replicated in other 
populations, an increased rate of small fiber neu-
ropathy demonstrated in Italian subjects with 
EDS might fill the gap between JHM and auto-
nomic dysregulation (Cazzato et al. 2016).

9.6  Molecular Pathogenesis 
of Ehlers-Danlos Syndromes

ECM is a complex meshwork of insoluble fibril-
lar proteins and signaling factors interacting 
together to provide architectural and instructional 
cues to the surrounding cells. ECM exerts a 
plethora of biological functions. In addition to 
biomechanical support, ECM participates in cell 
communication and differentiation (Jover et  al. 
2018), and regulates development and homeosta-
sis in all eukaryotic cell types. ECM is a reservoir 
of growth factors and bioactive molecules. The 
“core matrisome” comprises approximately 300 
ECM constituents including collagens, proteo-
glycans, elastin, and cell-binding glycoproteins 
(Murphy-Ullrich and Helene 2014). ECM under-
goes a continuous turnover either under physio-
logical or in pathological circumstances, and its 
homeostasis is critical for connective tissue 
architecture and function (Karamanos 2019). 
Abnormal ECM remodeling is implicated in 
many pathological conditions such as cancer, 
osteoarthritis and fibrosis (Nallanthighal et  al. 
2019). Differential expression of genes encoding 
ECM components was reported as key driving 
factors in many connective tissue disorders and, 
among them, EDS (Chiarelli et  al. 2016; Lim 
et al. 2019).
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9.6.1  Collagen Biogenesis

Collagens represent the major ECM structural 
component and play a central role in providing 
the structural integrity of several connective tis-
sue and various organs such as skin, lungs, and 
blood vessels. Collagens interact with other ECM 
components, as the integrins, a set of specific cell 
surface receptors that mediate the complex cell- 
matrix interactions. These bridging molecules, 
which are heterodimeric transmembrane recep-
tors, connect ECM to cytoskeleton by interacting 
via their extracellular domain with collagens and 
other matrix molecules, thus mediating cell adhe-
sion and motility (Campbell and Humphries 
2011). Some integrins, the α5β1 and α2β1 are 
involved in ECM organization of fibronectin and 
fibrillar collagens, respectively and their expres-
sion results de-regulated in various types of EDS, 
reasonably as secondary effects of the primary 
collagen defect (Zoppi et al. 2004; Janecke et al. 
2016).

Among vertebrates, there are 28 distinct col-
lagen glycoproteins that are encoded by at least 
45 genes. Deleterious variants in the genes 
encoding for (the various chains of) collagen I, 
III and V have been identified as molecular basis 
of many EDS types also including the most com-
mon ones, such as classical and vascular 
EDS. Each collagen gene encodes a unique alpha 
(α) chain. Each fibrillar collagen is usually made 
of three different polypeptides which are indi-
vidually synthesized as procollagen chains 
(Fig. 9.2). These procollagens include the globu-
lar N- and C-propeptides flanking the prototypi-
cal collagen triple helix structures characterized 
by the Glycine-X-Y triple repeat, where X and Y 
can be any amino acid, more often proline and 
hydroxyproline, respectively. Once secreted, the 
procollagene polypeptides form trimers in the 
cytoplasm and the terminal propeptides are 
excised by N- and C-proteinase-mediated proteo-
lytic cleavage. This action leads to the formation 
of the typical triple helix of the mature collagen 
molecule, which conserves short telopeptides at 
both ends. Procollagens are cleaved to form 
mature collagen molecules by disintegrin and 
metalloproteinase with thrombospondin motifs 

proteins (ADAMTS) and bone morphogenetic 
protein 1/tolloid-like proteinases.

The triple collagens fiber can be homotri-
meric, composed of three identical α chains, or 
heterotrimeric, comprised of α chains encoded by 
distinct genes with possibly different proportions 
also according the expression sites (i.e. organs 
and structures). For instance, collagen V can be 
formed by one α1 and two α2 chains (encoded by 
COL5A1 and COL5A2, respectively), by one α1, 
one α2 and one α3 chains (encoded by COL5A1, 
COL5A2 and COL5A3), or three α1 chains 
(encoded by COL5A1). Collagen I is usually het-
erotrimeric and formed by two α1 and one α2 
chains (encoded by COL1A1 and COL1A2, 
respectively). Conversely, collagen III is always 
homotrimeric and formed by three α1 chains, 
encoded by COL3A1.

Since the Villefranche nosology, it was known 
that heterozygous variants in COL5A1 and 
COL5A2 cause classical EDS, while heterozy-
gous variants in COL3A1 cause vascular EDS 
(Beighton et al. 1998). At the moment, COL5A3 
variants have been never described in any EDS 
type. Not any strong genotype-phenotype corre-
lation exists for classical and vascular 
EDS. Variants in COL5A2 seem associated with a 
more severe cutaneous phenotype compared to 
COL5A1 (Ritelli et  al. 2013). In vascular EDS, 
in-frame exon skipping variants appear associ-
ated with the lowest median survival, followed by 
glycine substitutions with bulky residues and, 
then, by glycine substitutions with smaller resi-
dues (Pepin et al. 2014). Atypical missense vari-
ants in COL3A1 leading to the substitution of a 
glutamic acid with lysine cause a cutaneous phe-
notype resembling classical EDS in people with 
vascular EDS (Ghali et al. 2019a). In rare fami-
lies, an EDS phenotype with variable features of 
classical and vascular types has been described in 
association with the missense p.(Arg312Cys) in 
COL1A1. Vascular EDS has been also described 
in association with the non-glycine missense 
variants p.(Arg574Cys) and p.(Arg1093Cys) in 
COL1A1. While such rare heterozygous missense 
variants in COL1A1 give rise to vascular and/or 
classical EDS genocopies, biallelic null alleles in 
COL1A2 cause an ultrarare variant of EDS with 
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severe/progressive cardiac valve disease (i.e., 
cardiac-valvular EDS). In this variant of EDS, 
collagen I fibers are homotrimeric and always 
formed by α1 chains.

Heterozygous recurrent splicing variants caus-
ing loss of (the entire or part of) exon 6 of 
COL1A1 and COL1A2 are associated with arthro-
chalasia EDS.  Exon 6 contains the N-terminal 

Fig. 9.2 Schematic representation of collagen fibrillo-
genesis by fibroblasts. Procollagen polypeptides are syn-
thesized, and then, they form trimers in the fibroblasts’ 
cytoplasm. Procollagens contain a central domain flanked 
by propeptide N- and C-terminal domains. Once secreted, 

the terminal propeptides are processed and this leaves the 
typical triple helix of the mature collagen molecule, which 
conserves short telopeptides at both ends. Collagen mol-
ecules assemble to form striated fibrils by covalent cross- 
links through these polipeptides
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propeptide cleavage site in both genes. Such vari-
ants cause the loss of the substrate sequence for 
the procollagen N-proteinase, whose enzymatic 
activity is necessary for maturation of the colla-
gen fiber, by skipping of the entire exon 6 or of 
the sequence corresponding to the N-proteinase 
cleavage site, when a cryptic exonic acceptor site 
is used (Chiodo et al. 1992). Similarly, biallelic 
loss-of-function variants in ADAMTS2, encoding 
the procollagen I N-proteinase, cause the autoso-
mal recessive dermatosparaxis EDS. In this con-
dition, there is the retention of the N-terminal 
propeptides in all collagen I chains and this gen-
erate fibrils that are completely distorted (Smith 
et al. 1992).

Structural integrity and stability of tissues and 
organs is also determined by the ability of mature 
collagen molecules to form covalent cross-links 
and then generate intermediate fibrils. Lysyl 
hydroxylase 1, encoded by PLOD1, is a critical 
enzyme involved in the formation of covalent 
cross-links and collagen glycosylation 
(Rautavuoma et  al. 2004). This enzyme depen-
dent collagen crosslinking stabilizes newly 
formed collagen fibers and enhances the stiffness 
of the matrix. Particularly, PLOD1 regulates the 
hydroxylation of lysyl residues on collagen type 
V (Lim et  al. 2019). Biallelic loss-of-function 
variants in PLOD1 cause PLOD1-related kypho-
scoliotic EDS and they explain the mechanical 
instability observed in the affected tissues, as 
well as the resulting clinical features (Giunta 
et al. 2005; Zahed-Cheikh et al. 2017).

Intermediate fibrils assemble into striated 
fibrils by the action of organizers, nucleators and 
regulators. At the plasma membrane, fibronectin 
and integrins act as organizers of fibril assembly. 
Type V collagen has an essential role during the 
early process of collagen fibril nucleation (Birk 
2001; Wenstrup et al. 2004) inducing the addition 
of other collagen monomers. The intermediate 
fibrils are then deposited in the ECM and, subse-
quently, stabilized by regulators such as tenascin 
X, encoded by TNXB, and collagen type XII, 
encoded by COL12A1, which induce the covalent 
cross-links between telopeptides. These regula-
tors influence the rate of assembly, size and struc-
ture of the collagen fibrils. Collagen XII and 

tenascin X form flexible bridges between colla-
gen fibrils and other non-collagenous ECM mol-
ecules to regulate the organization and mechanical 
properties of collagen fibrils in several tissues. 
Heterozygous and biallelic variants in COL12A1 
have been found in individuals who presented 
with a phenotype that couples signs of EDS with 
myopathy (i.e. myopathic EDS). Recessive loss- 
of- function variants in TNXB are associated with 
classical-like EDS (type 1) (see “structure of the 
TNXB-surrounding genomic region and TNXB 
analysis”).

9.6.2  Other Constituents 
of the Extracellular Matrix

GAGs form a considerable group of non- 
collagenous proteins abundant in connective tis-
sue that display a variety of functions in ECM 
structure and remodeling. They are linear poly-
saccharides that form the side chain of proteogly-
cans. The structure of proteoglycans is composed 
of two fundamental molecules: core proteins and 
GAGs. Core protein represents a point of attach-
ment to different GAGs such as heparan sulfate 
and/or dermatan sulfate (DS). Defects in the bio-
synthesis of GAGs are associated with rare forms 
of EDS, including spondylodysplastic and mus-
culocontractural EDS. Spondylodysplastic EDS 
types 1 and 2 result from biallelic variants in 
B4GALT7 and B3GALT6 genes, which encode 
for galactosyltransferase I and galactosyltrans-
ferase II enzymes, respectively (Myllyharju and 
Kivirikko 2001; Nakajima et  al. 2013). Both 
enzymes are involved in the biosynthesis of the 
proteoglycan core protein. Molecular studies on 
affected individuals’ fibroblasts carrying 
B4GALT7 or B3GALT6 deleterious variants 
exhibited a reduced galactosyltransferase I and 
galactosyltransferase II enzyme activity, respec-
tively, and showed an aberrant glycosylation of 
B4GALT7 or B3GALT6-target proteins (Malfait 
et al. 2013; Ritelli et al. 2017).

A further form of spondylodysplastic EDS 
(type 3) is linked to defects in a protein involved 
in zinc transport, by deleterious variants in 
SLC39A13 which encodes for ZIP13, a member 
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of the LIV-1 subfamily of ZIP zinc transporters 
family (Bin et al. 2011). ZIP13 is important for 
connective tissue development, by monitoring 
the transport zinc and/or other metal ions from 
the extracellular space or from the organelles 
lumen into the cytoplasm. Deleterious variants in 
SLC39A13 result in the disturbance of intracel-
lular zinc homeostasis that appears to contribute 
to spondylodysplastic EDS pathogenesis. To date 
only three SLC39A13 homozygous pathogenic 
variants have been identified: a 9-bp deletion, a 
missense and nonsense variants (Giunta et  al. 
2008; Fukada et al. 2008; Dusanic et al. 2018).

Musculocontractural EDS is caused by defects 
in the GAGs biosynthesis due to deleterious vari-
ants in CHST14, which encodes dermatan-4-O- 
sulfotransferase 1, and DSE, which encodes 
DS-epimerase 1. They encode two enzymes that 
are necessary for biosynthesis of DS, which is the 
core protein of GAGs (Miyake et  al. 2010). 
Variants in CHST14 and DSE lead to a reduced 
activity of DS that, in turn, compromises GAG 
chains and ECM organization. The reduced activ-
ity of DS has been demonstrated both in skin 
fibroblasts and urine from individuals harboring 
CHST14 deleterious variants (Miyake et al. 2010; 
Mizumoto et al. 2017).

The ECM homeostasis is also assured by cor-
rect protein folding of mature fibrils of collagens 
in the endoplasmic reticulum (ER) lumen 
(Bateman et al. 2009). FKBP14 encodes FKBP22, 
a peptidyl-prolyl cis-trans isomerase localized in 
the endoplasmic reticulum lumen that catalyzes 
procollagens folding. Biallelic variants in 
FKBP14 cause a second form of kyphoscoliotic 
EDS.  Inherited defects in this protein result in 
accumulation of collagen molecules in the ER, a 
fact that likely explains the enlargement of the 
ER cisterns that has been observed in FKBP14- 
related kyphoscoliotic EDS (Baumann et  al. 
2012).

The ECM equilibrium for the biosynthesis, 
processing and integrity of its constituents is 
maintained by the ECM protein degradation 
quality control system, which may be extended to 
the complement pathway. Kapferer-Seebacher 
and colleagues identified heterozygous variants 

in C1R or C1S, two contiguous genes encoding 
the complement subunits C1r and C1s as the 
genetic cause of periodontal EDS (Kapferer- 
Seebacher et al. 2016). These two proteins form a 
heterotetramer that combines with six C1q sub-
units and has a crucial role for targeted ECM pro-
teins degradation.

In addition to ECM glycoproteins, many other 
proteins are matrix components required for the 
integrity of ECM. One of them is the aortic 
carboxypeptidase- like protein (ACLP) encoded 
by the AEBP1 gene. ACLP binds fibrillary types 
I, III and V collagens, and assists in type I colla-
gen polymerization (Blackburn et  al. 2018). 
Recently, whole-exome sequencing study in indi-
viduals affected by an autosomal recessive vari-
ant of EDS reminiscent of classical EDS reported 
biallelic deleterious variants in AEBP1 
(Blackburn et al. 2018).

9.7  Diagnosis

In the field of JHM-related disorders, the “diag-
nosis” is a heterogeneous procedure mixing body 
measurements, review of systems for diagnostic 
criteria check listing and, in selected cases, 
molecular testing. Recognizing JHM is a physi-
cal procedure as previously reported (see “joint 
hypermobility”). Among individuals with a sus-
pect of EDS, practitioners should take in their 
minds that many individuals with “symptomatic” 
JHM are usually affected by HSD or hEDS 
according to the current classification. Differently 
from the other “monogenic” EDS types whose 
recognition stands on positive molecular testing, 
the diagnosis of hEDS is uniquely established on 
the basis of clinical criteria (Table 9.2). Of rele-
vance, criterion 3 of hEDS includes the exclusion 
of any other acquired and hereditary conditions 
which may represent an issue in specific cases. 
Therefore, although molecular testing is not indi-
cated in all individuals with features of hEDS, it 
may be considered with a “case-by-case” 
approach. People with “symptomatic” JHM with 
specific musculoskeletal manifestations (see “the 
“spectrum” and hypermobility spectrum disor-
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ders”) who do not respect the hEDS diagnostic 
criteria and have not received (or do not need) 
molecular confirmation of any other partially 
overlapping syndrome are labeled as HSD. Hence, 
molecular testing is currently indicated in (i) all 
individuals with JHM and a suspect of a genetic 
syndrome with known molecular basis, also 
including the monogenic EDS, and (ii) those with 
phenotypes compatible but not clinically con-
vincing for a background diagnosis of hEDS or 
HSD. Molecular testing is not useful for distin-
guishing between HSD and hEDS.

The 2017 International Classification of EDS 
and related disorders highlights that the diagnosis 
of EDS should be confirmed by a “positive” 
molecular testing in all cases except for hEDS. If 
molecular testing is unavailable, a few exceptions 
exist in which the clinical diagnosis could be sup-
ported by other laboratory tests, including serum 
concentration measurement of tenascin-X for 
classical-type EDS (type 1) (Schalkwijk et  al. 
2001), and quantification of urinary deoxypyridi-
noline and pyridinoline crosslinks for PLOD1- 
related kyphoscoliotic EDS (Rohrbach et  al. 
2011) and, in a lesser extent, SLC39A13-related 
spondylodysplastic EDS (Giunta et  al. 2008). 
However, these strategies are currently used for 
the study of variants of unknown significance 
detected at sequencing rather than as alternative 
first-tier analyses. Skin biopsy followed with 
electron microscopy is not efficient due to the 
very low predicting value of abnormal findings in 
most EDS types (Malfait et al. 2020). Therefore, 
molecular testing is currently accepted as the 
“gold standard” for the diagnosis of all EDS 
types (hEDS excluded).

Sanger sequencing has been widely used for 
several years for the molecular diagnosis of EDS 
(Ritelli et al. 2017). In the last decade, the advent 
of high-throughput next-generation sequencing 
(NGS) technologies has progressively changed 
the diagnostic approach in clinical laboratories 
by accelerating the rate of sequence generation 
and by reducing the costs. Based on laboratory 
setting, specificity of the phenotype and accuracy 
of the clinical diagnosis, first-tier analyses could 
be performed through three different approaches: 

(i) Sanger sequencing for selected genes or muta-
tional hot-spots (e.g. arthrochalasia EDS or 
COL5A1/COL5A2-negative classical EDS), (ii) 
NGS analysis of custom targeted multigene NGS 
panels, or (iii) whole exome (WES) or whole 
genome (WGS) sequencing platforms. Sanger 
sequencing is usually limited to highly selected 
cases in which the causative variant is predicted 
falling in a single gene whose direct sequencing 
remains cost-effective compared to NGS accord-
ing to the specific laboratory setting, or in case of 
stringent genotype-phenotype correlations linked 
to mutational hot-spots. The NGS multigene 
panel testing is probably the first-tier approach 
used in most specialized laboratories. Genes 
included in the panel could be restricted to those 
comprised in the current classification and those 
associated with emerging variants described after 
its publication in 2017 (i.e. AEBP1), or extended 
to partially overlapping conditions such as 
Marfan syndrome, Loeys-Dietz syndrome, 
hereditary cutis laxa syndromes, Stickler syn-
drome and myopathies with JHM.  WES and 
WGS approaches are currently used with a vir-
tual multigene panel strategy or with more open 
approaches based on the heterogeneity of the 
phenotype. In the latter case, the analysis is usu-
ally carried out on the proband and both parents 
simultaneously (trio analysis). Compared to 
WES, WGS data allow a higher predictive value 
for copy number variation (CNV) analysis (see 
below) and for the detection of balanced 
rearrangements.

In selected EDS types, the causative variant(s) 
is (are) single-exon, multi-exon or whole-gene 
deletion(s) or duplication(s). CNVs usually skip 
detection by standard NGS analyses carried out 
with short-reads NGS technologies. Selected lab-
oratories implemented or are implementing in 
silico algorithms aimed at predicting CNVs, but 
this procedure has been currently integrated in 
the bioinformatics pipeline of a few laboratories 
only and its findings ideally need confirmation by 
a second technique for diagnostic purposes. 
CNVs could be investigated (or confirmed and 
refined) by second-tier technologies including 
locus-specific analyses (e.g. multiplex ligation 
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probe amplification – MLPA) or high-resolution 
genomic hybridization arrays, including compar-
ative genomic hybridization (CGH) and single 
nucleotide polymorphism (SNP) array (SNP- 
array). However, such approaches have a limited 
resolution at the exon level. Recently, a MLPA 
technology with extended CNV detection (i.e. 
digital MLPA) and SNP-array platforms with 
probes enriched for all coding exons have been 
commercialized.

An integrated analysis investigating point 
variants and CNVs, simultaneously or with a 
multi-tier approach, is recommended in most 
cases of molecular confirmation of EDS. In the 
current scenario, however, the analysis of TNXB 
remains a challenge due to the peculiar genomic 
structure in which TNXB maps. Therefore, the 
suspect of classical-like EDS (type 1) needs fur-
ther molecular testing integrating NGS and 
exploring TNXB/TNXA chimeras and point vari-
ants in the TNXB/TNXA homologous regions 
(see “structure of the TNXB-surrounding 
genomic region and TNXB analysis”). In addi-
tion, intronic variants affecting canonical and 
non-canonical splice sites, and synonymous 
variants falling near to the exon-intron junctions 
detected at sequencing usually need demonstra-
tion of their effect in order to improve their 
clinical significance (unless this information is 
available in previous robust publications). In 
these cases, mRNA studies from peripheral 
blood or skin biopsy, or exon- trapping assays 
(in case of further sample unavailability, or 
genes not expressed in blood and skin) are indi-
cated. Finally, several laboratories developed 
gel electrophoretic analyses of collagens I and 
III produced by cultured fibroblasts from 
affected individuals for the study of variants of 
unknown significance, also comprising splicing 
variants.

In the future, the integration of long reads and 
ultra-long reads NGS technologies, RNAseq and 
methylome studies, and more robust functional 
assays for variants of unknown significance in 
the diagnostics of EDS will certainly improve the 
detection rate and variant clinical interpretation 
in a more cost- and time-effective approach.

9.8  Structure of the TNXB- 
Surrounding Genomic 
Region and TNXB Analysis

Biallelic loss-of-function variants in TNXB result 
in autosomal recessive classical-like EDS (type 
1). TNXB encodes for an ECM protein (i.e. tenas-
cin X) 4267 amino acids long and with a mass of 
about 450 kDa. Tenascin X is a large ECM–form-
ing glycoprotein characterized structurally by an 
N-terminal signal peptide followed by a series of 
repeats that resemble epidermal growth factor, a 
stretch of fibronectin type III repeats and a large 
C-terminal domain structurally related to fibrino-
gen (Bristow 1993). Tenascin X is a crucial com-
ponent of connective tissue and is found in 
dermis, skeletal muscle, heart, and blood vessels 
and plays an important role in collagen fibrillo-
genesis and matrix maturation (Egging et  al. 
2007). It has been proposed to be essential for 
collagen I deposition by dermal fibroblasts and 
important for maintaining the distance between 
collagen fibrils by forming bridges through direct 
interactions with collagen fibrils (Lethias et  al. 
1996; Chiquet-Ehrismann et  al. 2014; Bristow 
et al. 2005).

TNXB resides on chromosome 6p21.3, spans 
68.2  kb and contains 44 exons. TNXB maps 
within the major histocompatibility complex 
locus of the human leukocyte antigen, which is 
characterized by highly homologous sequences 
between functional genes and their correspond-
ing pseudogenes. CYP21A2 encoding 
21- hydroxylase, RP1 encoding tryptophan/threo-
nine kinase 19 (called “RP” in honor of the Nobel 
laureate Sir Rodney R. Porter; Shen et al. 1994), 
and C4A and C4B encoding the subcomplements 
C4a and C4b, are functional genes. RP2, 
CYP21A1P and TNXA are the nonfunctional 
forms of the RP1, CYP21A2, and TNXB genes, 
respectively. These genes are arranged in tandem 
in the RCCX module in the following order: 
RP1–C4A-CYP21A1P–TNXA– RP2–C4B–
CYP21A2–TNXB. The TNXA and TNXB genes 
are located on the antisense strand, and their tran-
scriptional direction is opposite that of the C4s 
and CYP21s genes (Lee 2005; Lee et al. 2004). 
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The last exon of TNXA and TNXB is located in 
the 3′-untranslated region of CYP21A1P and 
CYP21A2, respectively.

This genomic structure is prone to genic con-
versions and rearrangements, the latter resulting 
in the generation of chimeric CYP21A1P/
CYP21A2 and TNXA/TNXB genes combined with 
the deletion of the neighboring genes (Lee et al. 
2004). When the resulting rearrangement cause 
haploinsufficiency of both CYP21A2 and TNXB 
(by either chimera formation or large deletion), 
carrier individuals may be affected by both con-
genital adrenal hyperplasia (CAH) related to 
CYP21A2, and EDS. In this case, the term “CAH- 
X” syndrome is used (Burch et al. 1997). To date, 
three major types of TNXA/TNXB chimera have 
been identified to generate CAH-X rearrange-
ments based on the junction site location (Miller 
and Merke 2018) (Fig. 9.3).

CAH-X chimera 1 (CH-1) and CAH-X chi-
mera 2 (CH-2) have TNXB exons 35–44 and 
40–44, respectively, replaced with TNXA (Burch 
et al. 1997; Merke et al. 2013; Morissette et al. 
2015). CH-1 is characterized by a nonsense 120 
base pairs deletion (c.11435_11524 + 30del) due 
to the substitution of TNXB exon 35 by TNXA 
that is the only well-documented discrepancy 
between TNXB and TNXA homologous sequence. 
CH-2 is characterized by the c.12174C > G, p.
(Cys4058Trp) variant derived from the substitu-
tion of TNXB exon 40 by TNXA, which likely dis-
rupts tenascin X function but not affect protein 
expression (Morissette et  al. 2015; Chen et  al. 
2016). CAH-X chimera 3 (CH-3) has TNXB 
exons 41–44 substituted by TNXA and is charac-
terized by a cluster of the three pseudogene vari-
ants: c.12218G > A p.(Arg4073His) in exon 41, 
and c.12514G  >  A, p.(Asp4172Asn) and 
c.12524G > A p.(Ser4175Asn) in exon 43.

Molecular testing of TNXB represents a chal-
lenging task for a diagnostic laboratory, due to 
the high homology between TNXB and TNXA 
fact that does not allow unequivocal assignment 
of sequence variants in this region to the gene or 
pseudogene. In fact, TNXB variants can be dis-
carded and not be “called” in the short reads NGS 
data and TNXA variants can erroneously be 
assigned to TNXB (Mueller et al. 2013; Demirdas 

et al. 2017). Currently, effective mutational anal-
ysis of TNXB for a suspect of classical-like EDS 
(type 1) could include: (i) (short reads) NGS 
analysis of TNXB non-homologous region, (ii) 
multistep Sanger sequencing of the TNXA/TNXB 
homologous region, (iii) CNV analysis by MLPA 
kit or SNParray. Alternatively, the TNXB non- 
homologous region could be investigated by 
standard Sanger sequencing. The TNXA/TNXB 
homologous region study must be currently car-
ried out by a combined long- and nested- 
polymerase chain reaction analysis.

9.9  Principles of Management

At the moment, there are no management, treat-
ment and follow-up guidelines available for the 
various clinical manifestations related to JHM, 
HSD and EDS.  Updated, expert-based recom-
mendations are available in Malfait et al. (2020).

9.9.1  Mucocutaneous 
Manifestations and Tissue 
Fragility

While mucocutaneous manifestations are absent 
or minimal in HSD, doughy, soft, velvety and 
hyperextensible skin is one of the hallmark of 
EDS. Vascular EDS is the only consistent excep-
tion to this rule as it usually presents with thin 
and translucent skin. A limited subset of individ-
uals with vascular EDS and atypical missense 
(glutamic acid to lysine) variants in COL3A1 
show significant cutaneous involvement with 
skin fragility and hyperextensibility (Ghali et al. 
2019b). Delayed wound healing with propensity 
to atrophic scar formation is also common in the 
various EDS types. Skin fragility manifesting 
with propensity to lacerations and surgical com-
plications is typical of EDS types with a more 
severe cutaneous involvement, such as classical 
EDS, kyphoscoliotic EDS, dermatosparaxis EDS 
and AEBP1-related classical-like EDS. In classi-
cal and AEBP1-related classical-like EDS types, 
defective tissue repair is marked with formation 
of extensively atrophic scars (i.e. papyraceous 
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Fig. 9.3 Diagram of the CYP21A2-TNXB region and of 
the TNXA/TNXB chimeras CAH-X CH-1, CH-2 and 
CH-3. (A) The wild-type region is bimodular and includes 
two RP-C4-CYP21-TNX modules. (B) Unequal crossing 
over during meiosis generates the TNXA/TNXB chimeras, 
including CAH-X CH-1 (type 1), CH-2 (type 2) and CH-3 
(type 3). (C) Representation of the three TNXA/TNXB chi-
meras. The solid triangle at the boundary of TNXB exon 
35 and intron 35 denotes the 120 bp fragment absent in 
CAH-X CH-1. The lack of this 120 bp fragment is typical 
of CAH-X CH-1. The c.12174C > G pseudogene variant 

in exon 40 identifies CAH-X CH-2. CAH-X CH-3 is char-
acterized by a cluster of 3 pseudogene variants: 
c.12218G  >  A in exon 41, and c.12514G  >  A and 
c.12524G > A in exon 43. Non-functional genes (pseudo-
genes) and their non-coding exons are indicated with grey 
boxes. TNXB and CYP21A2 (and their exons are) ere indi-
cated with blue and red boxes, respectively. The non- 
coding TNXA and CYP21A1P (and their non-coding 
exons) are marked with red and blue borders, respectively. 
The sizes of the exons and introns are not scaled
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scars). Easy bruising is an additional characteris-
tic cutaneous feature of EDS. In most EDS types, 
lesions are small- or medium-sized. In vascular 
EDS, easy bruising can manifest with extensive 
lesions involving entire limbs. Coagulation tests 
usually give normal or negative results.

People with EDS types with increased skin 
fragility could prevent lacerations, and delayed 
and defective scarring with protections especially 
during sport activities. This is particularly indi-
cated in children. Education in preventing strate-
gies and basic support after unexpected traumas 
is recommended in children and adults. Surgical 
repair should be carried out with care via sutures 
without tension. Stitches should be applied gen-
erously and left in place for a prolonged time 
(usually, twice as long as usual). Medications and 
tapes should be removed gently in order to pre-
vent secondary skin lacerations. Easy bruising 
does not have any effective treatment. Anecdotal 
reports indicate amelioration by prolonged ascor-
bic acid oral assumption. People with EDS types 
with increased vascular fragility (e.g. vascular 
and kyphoscoliotic EDS) and those with other 
EDS types but a history of hemorrhagic events 
could benefit from an off-label use of 
1- deamino-8-D-arginine vasopressin to prevent 
hemorrhages during major and minor surgery.

Fragility of the soft tissues is not limited to the 
dermis in EDS. People with vascular EDS have a 
risk of ~15% of perforation of the gastrointestinal 
tract, more commonly of the colon, in the absence 
of any underlying disease. Immediate surgery is 
the only indicated treatment and the most 
 effective for reducing the risk of secondary infec-
tions. In case of colonic involvement, complete 
colectomy is the most commonly used approach. 
A study demonstrated that males with vascular 
EDS are more commonly affected and noted an 
increased risk of reperforation after resection of 
the rectosigmoid colon. Therefore, the authors 
proposed subtotal colectomy, particularly in 
males (Adham et al. 2019). Ruptures of the gut 
and perforation of colonic diverticula have been 
repeatedly described also in CHST14-related 
musculocontractural EDS and TNXB-related 
classical-like EDS (Kosho 2016; Demirdas et al. 
2017; Green et al. 2020).

9.9.2  Secondary Musculoskeletal 
Manifestations

Management of secondary musculoskeletal man-
ifestations is unrelated to the background pheno-
type (e.g. HSD, hEDS and EDS rare types). 
Occasional joint dislocations should be managed 
following standard procedures. People with JHM 
who experience a single dislocation should be 
instructed in the self-care of future events. 
Preventive strategies for activities at risk are indi-
cated. Recurrent dislocations are often less pain-
ful, but may significantly impact quality of life. 
In people with JHM and recurrent dislocations, 
orthopedic surgery should be considered only 
after multidisciplinary consultation. Occasional 
and recurrent pain is often managed successfully 
by rest, short cycles of non-steroidal or steroidal 
anti-inflammatory drugs, and manual therapy. 
Recurrence of disabling events needs assessment 
by a specialist in physical medicine and rehabili-
tation for appropriate therapeutic and prevention 
strategies. People with chronic (widespread) 
musculoskeletal pain and neuropathic pain 
should be managed in a multidisciplinary setting 
also including the palliative care specialist for the 
appropriate use of opioids and drugs (neuropathic 
pain), specialist in physical therapy and rehabili-
tation medicine, and psychologist. Rest, cold or 
hot applications and non-steroidal anti- 
inflammatory drugs represent the routine clinical 
care of sprains, strains and soft-tissue injuries. 
Recurrence may be reduced by physical therapy 
programs improving proprioception, muscle tone 
and core stability. In children, neurodevelopmen-
tal attributes of JHM (i.e. developmental coordi-
nation disorders, learning difficulties, attention 
deficit/hyperactivity disorder) should be man-
aged according standard procedures with focus 
on a likely underlying defect in proprioception.

9.9.3  Cardiovascular Manifestations

Cardiac valvular and arterial disease is absent or 
trivial in most EDS individuals and, in particular, 
hEDS.  At the moment there is no evidence of 
progressive cardiovascular disease in HSD and 
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non-syndromic, asymptomatic JHM. Conversely, 
progressive and potentially life-threatening car-
diac valve disease has been considered the hall-
mark of cardiac valvular EDS due to biallelic null 
alleles in COL1A2. Vascular surgery is appar-
ently the unique therapeutic resource for severe 
cardiac valvular disease in EDS and, ideally, is 
most effective if carried out as planned repair. 
Arterial/aortic aneurysms, spontaneous arterial 
rupture and dissections, arterial complications/
fragility after surgery and trauma are typical of 
vascular EDS and are more common in kypho-
scoliotic EDS. Elective surgical repair is the only 
available treatment for aneurysm. Although arte-
rial complications has been registered in a wider 
spectrum of EDS types, the a priori risk seems 
relatively low for people with types other than 
vascular and kyphoscoliotic EDS (Malfait et al. 
2017).

Two clinical trials have been published indi-
cating a potential effect of celiprolol in reducing 
the risk of arterial ruptures in adults with vascular 
EDS (Ong et al. 2010; Frank et al. 2019). Given 
the rarity of the disorder, these studies have major 
limitations and concerns remain in the use of 
celiprolol in children with vascular EDS.

No specific recommendations are available for 
cardiovascular surveillance in EDS.  Cardiac 
valves and thoracic aortic diameters could be 
assessed by heart ultrasound every 3–5 years or 
more frequently in presence of abnormal find-
ings. The vascular tree could be assessed 
 periodically (e.g. annually) in people with EDS 
types with increased vascular risk favoring non- 
invasive methods, such as head-to-pelvis mag-
netic resonance imaging angiography.

9.9.4  Reduced Bone Mass

Reduced bone mass is frequently observed in 
association with JHM, HSD and EDS (Guarnieri 
and Castori 2018). Recently, this feature is 
emerged as significantly impacting the overall 
clinical picture and, therefore, osteoporosis has 
been included among the JHM-related co- 
morbidities (Leganger et  al. 2020). However, 
while documentation of a suboptimal bone com-

position is common in EDS, the risk of fractures 
is not well defined in the various JHM-related 
phenotypes (Guarnieri and Castori 2018; 
Basalom and Rauch 2020). Occasionally, (recur-
rent) fractures may occur in kyphoscoliotic and 
spondylodysplastic EDS (personal observation). 
There is also a subset of individuals with multi-
ple features evocative of EDS in combination 
with minor manifestations, including mild 
increase of the pre-pubertal annual fracture rate, 
of osteogenesis imperfecta who share deleterious 
variants in COL1A1 and COL1A2. Such a mixed 
phenotype has been recently defined COL1-
related overlap disorder (Morlino et  al. 2020). 
Recently, an increased prevalence of fractures 
has been also documented in women with hEDS/
HSD compared to controls (Banica et al. 2020). 
Monitoring and treatment of reduced bone mass 
without evidence of an increased rate of fractures 
should be treated conservatively and following 
the recommendations available for the general 
population. People with EDS and a history of 
fractures, either spontaneous or after trivial/
minor traumas, and those with COL1-related 
overlap disorder might benefit from the inclusion 
in an osteogenesis imperfecta management 
pathway.

9.9.5  Pregnancy 
and Anesthesiology

In the light of the current knowledge, pregnancy 
should not be an issue for fertile women with 
non-syndromic, asymptomatic JHM and 
HSD.  Perhaps, those with HSD could have an 
increased risk of worsening of musculoskeletal 
pain and fatigue in the second half of the preg-
nancy and during puerperium. Concerning 
women with EDS, the associated risks are influ-
enced by the type. Presumably in most EDS types 
but more commonly and severely in vascular 
EDS, pelvic floor laxity and membrane fragility 
may predispose to prematurity due to cervical 
incontinence or premature ruptures of the mem-
branes. Women with vascular EDS also have an 
increased risk of maternal death due to uterine 
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and vascular rupture in the third trimester, and of 
vaginal and cervical tears after vaginal delivery.

Recurrence risk remains currently undefined 
for non-syndromic, asymptomatic JHM and 
HSD. Couples with a member affected by hEDS 
has a theoretical risk of 50% of transmitting the 
disease to the offspring. However, the current 
uncertainties about the molecular basis of hEDS 
limit such an assumption. Couples with a mem-
ber affected by any other Mendelian EDS type 
have a risk related to the inheritance pattern. If 
the causative genetic variant(s) is/are known, pre-
natal diagnosis is an option.

Tissue fragility rises concerns for anesthesia 
and procedures in people with EDS who need 
programmed and emergency surgical interven-
tions. While HSD and hEDS seem to associate 
with minimal risks, this is not the same for the 
other Mendelian EDS types. Current literature is 
fragmented in single case reports and small case 
series and they are most commonly dedicated to 
vascular EDS.  However, a series of (low) 
evidence- based recommendations are available 
in Wiesmann et  al. (2014) and at https://www.
orpha.net/data/patho/Ans/en/Ehlers- Danlos- 
Syndrome.pdf. Factors potentially influencing 
planning and outcome of anesthesiologic proce-
dures may include (i) mucosal fragility, and tem-
poromandibular joint and neck instability during 
intubation; (ii) blood volume instability during 
and after surgery due to unexpected arterial rup-
tures and/or defective tissue repair (major in vas-
cular EDS); (iii) delayed wound healing; (iv) 
increased risk of orthostatic headache and cere-
brospinal fluid leakage after spinal anesthesia; 
(v) resistance to local anesthesia; (vi) increased 
risk of pneumothorax during mechanical ventila-
tion (vascular EDS); (vii) propensity to plexus 
and other compression neuropathies after pro-
longed uncomfortable positions.

9.9.6  Joint Hypermobility-Related 
Co-Morbidities

Comparably to secondary musculoskeletal mani-
festations, the management of JHM-related co- 
morbidities is unrelated to the background 

phenotype. At the moment, not any specific treat-
ment is available for the wide range of JHM- 
related co-morbidities. Hence, their management 
should be based on the principles developed in 
the respective specialty setting. In people with 
evidence of fragility and/or softness of the tis-
sues, surgical options should be considered in a 
multidisciplinary setting only.
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Ehlers Danlos Syndrome  
with Glycosaminoglycan  
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Abstract

Ehlers–Danlos syndrome (EDS) is a geneti-
cally and clinically heterogeneous group of 
connective tissue disorders that typically pres-
ent with skin hyperextensibility, joint hyper-
mobility, and tissue fragility. The major cause 
of EDS appears to be impaired biosynthesis 
and enzymatic modification of collagen. In 
this chapter, we discuss two types of EDS that 
are associated with proteoglycan abnormali-
ties: spondylodysplastic EDS and musculo-
contractural EDS. Spondylodysplastic EDS is 
caused by pathogenic variants in B4GALT7 or 
B3GALT6, both of which encode key enzymes 
that initiate glycosaminoglycan synthesis. 
Musculocontractural EDS is caused by muta-
tions in CHST14 or DSE, both of which 
encode enzymes responsible for the post- 
translational biosynthesis of dermatan sulfate. 

The clinical and molecular characteristics of 
both types of EDS are described in this 
chapter.

Keywords
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Abbreviations

B4GALT7 Galactosyltransferase I
CHST14 Carbohydrate sulfotransferase 14
CS Chondroitin sulfate
D4ST1 Dermatan 4-O-sulfotransferase 1
DS Dermatan sulfate
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EDS Ehlers–Danlos syndrome
GAG Glycosaminoglycan
Gal Galactose
GalNAc N-acetyl-D-galactosamine
GlcA Glucuronic acid
IdoA Iduronic acid
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PG Proteoglycan
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10.1  Introduction

Ehlers–Danlos syndrome (EDS) is a connective 
tissue disorder that affects as many as 1 in 5000 
individuals. It is characterized by joint and skin 
laxity, and tissue fragility (Steinmann, and 
R.P.M., Superti-Furga A. 2002). EDS is clinically 
and genetically heterogeneous, and has been 
repeatedly reclassified upon the discovery of new 
genes and pathomechanism (Beighton et  al. 
1988, 1998). In the latest classification of EDS 
established in 2017, the syndrome is classified 
into 13 subtypes (Malfait et al. 2017) and it can 
also be classified into seven groups based on the 
molecular pathomechanism (Table 10.1). Among 
these, two subtypes, spondylodysplastic and 
musculocontractural EDS, are classified as 
“Group D, disorders of glycosaminoglycan 
(GAG) biosynthesis” (Malfait et  al. 2017). 

Specifically, impaired GAG synthesis causes 
spondylodysplastic EDS (spEDS), while 
impaired biosynthesis of dermatan sulfate causes 
musculocontractural EDS (mcEDS). In this chap-
ter, the clinical and molecular characteristics of 
both types of EDS are described.

10.2  Background

Glycosylation is the addition of a sugar chain (a 
glycan) to a protein (generating a glycoprotein) 
or lipid (generating a glycolipid). Proteoglycans 
(PGs) are composed of core proteins and one or 
more glycans with modifications. PGs are present 
in the extracellular matrix and have important 
and diverse biological functions (Bulow and 
Hobert 2006). PG synthesis is initiated by the 
sequential addition of four monosaccharides 
[xylose (Xyl), two molecules of galactose (Gal), 
and glucuronic acid (GlcA)], known as a linker 
tetrasaccharide, to the serine residue of the core 
protein backbone (Fig.  10.1). In this process, 
xylose is transferred from UDP-xylose to a serine 
residue of the core protein by xylosyltransferases 
I and II encoded by XYLT1 and XYLT2, respec-
tively. Then, two molecules of galactose are seri-
ally added by beta-1,4-galactosyltransferase 7 
encoded by B4GALT7 and beta-1,3- 
galactosyltransferase 6 encoded by B3GALT6. 
Furthermore, a glucuronic acid is added by beta- 
1,3-glucuronyltransferase 3 encoded by B3GAT3 
(Fig. 10.1). Additional sugar chains are extended 
from the linker tetrasaccharide by the addition of 
repeated disaccharides (usually consisting of 
50–150 disaccharides in vivo). Subsequently, 
some sugars are modified by a series of epimer-
ases (epimerization) and sulfotransferases 
(sulfation).

GAGs are long unbranched polysaccharides 
consisting of repeating disaccharide units. They 
are highly negatively charged because of the 
acidic sugar residues and/or sulfation. 
Consequently, GAGs can change their conforma-
tion, attract cations, and bind water. Hydrated 
GAG gels enable joints and tissues to absorb 
large pressure changes, providing tissue elastic-
ity. Post-translational modifications such as 

Table 10.1 The latest classification of Ehlers–Danlos 
syndrome based on the pathomechanism

Group A: Disorders of collagen primary structure and 
collagen processing
  Classical EDS (COL5A1, COL5A2, COL1A1; 
AD)
  Vascular EDS (COL3A1, COL1A1; AD)
  Arthrochalasia EDS (COL1A1, COL1A2; AD)
  Dermatospraxis EDS (ADAMTS2; AR)
  Cardiac-valvular EDS (COL1A2; AR)
Group B: Disorders of collagen folding and collagen 
cross-linking
  Kyphoscoliotic EDS (PLOD1, FKBB14; AR)
Group C: Disorder of structure and function of 
myomatrix, the interface between muscle and ECM
  Classical-like EDS (TNXB; AR)
  Myopathic EDS (COL12A1; AD/AR)
Group D: Disorder of glycosaminoglycan biosynthesis
  Spondylodysplastic EDS (B4GALT7, B3GALT6; 
AR)
  Musculocontractural EDS (CHST14, DSE; AR)
Group E: Disorder of complementary pathway
  Periodontal EDS (C1R, C1S; AD)
Group F: Disorders of intracellular processes
  Spondylodysplastic EDS (SLC39A13; AR)
  Brittle cornea syndrome (ZNF469, PRDM5; AR)
Unsolved forms of EDS
  Hypermobile EDS (gene unknown; AD)

AD Autosomal dominant, AR autosomal recessive, ECM 
extracellular matrix

N. Miyake et al.



237

epimerization, sulfation, and acetylation/deacet-
ylation result in the formation of diverse motifs in 
the GAG chains, which can bind to a large variety 
of ligands. Therefore, GAG chains play impor-
tant roles in regulating growth factor signaling, 
cell adhesion, proliferation, differentiation, and 
motility (Bulow and Hobert 2006; Sugahara et al. 
2003; Bishop et al. 2007).

GAGs can be divided into two groups:  
(1) galactosaminoglycans such as chondroitin 
sulfate (CS) and dermatan sulfate (DS), and  
(2) glucosaminoglycans such as hyaluronic acid, 
keratan sulfate, heparan sulfate, and heparin 
(Sisu et al. 2011). Two types of glycosylation are 
known: O-glycosylation and N-glycosylation 

(Fig.  10.2a). Most GAGs (except for keratan  
sulfate and hyaluronic acid) are O-glycans that 
bind to the glycan via an oxygen molecule in a 
serine or threonine residue of the core protein 
(Fig. 10.2a).

The CS and DS GAGs are produced via the 
same pathway (Fig. 10.1). After the linker tetra-
saccharide attaches to the serine residue of the 
core protein, GalNAc (N-acetyl-D-
galactosamine) transferase I elongates the gly-
can branch to create CS/DS. The enzyme 
C5-carboxy epimerase transforms glucuronic 
acid (GlcA) to iduronic acid (IdoA), which is 
specific for dermatan/DS. DS actually exists in a 
CS/DS hybrid state, containing GlcA–GalNAc 

Fig. 10.1 Chondroitin sulfate and dermatan sulfate bio-
synthesis and related enzymes in two types of EDS associ-
ated with glycosaminoglycan abnormalities
The serine residue (Ser) of the core protein and the GAG 
chain are bound via a linker tetrasaccharide. In CS, the 
disaccharides are composed of N-acetylgalactosamine 
(GalNAc) [position A] and glucuronic acid (GlcA) [posi-
tion B]. In DS, the disaccharides are composed of GalNAc 
[position A] and iduronic acid (IdoA) [position C]. 
B4GALT7 and B3GALT6 add the first and second galac-

toses (Gal), respectively, to the xylose of the linker tetra-
saccharide. DSE alters GlcA to IdoA in the GAG chain in 
both directions. CHST14 adds the active sulfate (yellow 
circle with “S”) to the 4-O position of GalNAc on derma-
tan. Four EDS genes associated with glycosaminoglycan 
abnormalities are shown in red. Gal: galactose; GlcA: 
glucuronic acid; S: active sulfate; Ser: serine; Xyl: xylose. 
(This figure has been reprinted from Miyake et al. (Miyake 
et al. 2014) with permission from the publisher.)
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and IdoA–GalNAc disaccharides (Esko et  al. 
2009). Carbohydrate sulfotransferase 14 
(CHST14, dermatan 4-O-sulfotransferase 1 
(D4ST1) specifically transfers an active sulfate 
to the 4-O position on the GalNAc residue of 
dermatan. This transfer of an active sulfate is 
impaired in mcEDS type 1 (mcEDS-CHST14). 
DSE converts GlcA to IdoA residues in DS syn-
thesis (Maccarana et  al. 2006) (Figs.  10.1 and 
10.2b). DSE defect leads to mcEDS type 2 
(mcEDS-DSE).

10.3  Spondylodysplastic EDS 
(spEDS)

Mutations in at least three genes (B4GALT7, 
NM_007255.2, MIM*604327; B3GALT6, NM_ 
080605.3, MIM*615291; SLC39A13, 

NM_152264.4, MIM*608735) are known to 
cause spEDS.  Among them, B4GALT7 and 
B3GALT6 are associated with GAG abnormali-
ties (Table  10.1). Here, we list the major and 
minor diagnostic criteria of spEDS according  
to the latest EDS classification (Malfait et  al. 
2017):

[Major criteria]
 1. Short stature (progressive in childhood)
 2. Muscle hypotonia (ranging from severe 

congenital, to mild later onset)
 3. Bowing of limbs

[Minor criteria]

 1. Skin hyperextensibility, soft, doughy skin, 
thin translucent skin

 2. Pes planus

Fig. 10.2 Chemical structures of proteoglycan and disac-
charides. (a) Chemical structures of O-linked and N-linked 
glycans. O-linked glycan can be linked via the O-element 
of serine or threonine. The diagram shows the linking for 

serine. (b) Chemical structures of the disaccharide units 
of CS (left) and DS (right). (This figure has been reprinted 
from Miyake et al. (Miyake et al. 2014) with permission 
from the publisher)
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 3. Delayed motor development
 4. Osteopenia
 5. Delayed cognitive development

The detailed information and additional minor 
diagnostic criteria of spEDS are presented in a 
gene-specific manner below.

10.3.1  EDS, Spondylodysplastic Type 
1 (EDSSPD1, spEDS-B4GALT7, 
MIM#130070)

Disease gene: beta-1,4-galactosyltransferase 7 
(B4GALT7)

Inheritance mode: autosomal recessive
Alternative names:
EDS, progeroid type 1, formerly
EDS with short stature and limb anomalies
Xylosylprotein 4-β-galactosyltransferase 

deficiency
Galactosyltransferase I deficiency

10.3.1.1  Clinical Manifestations
In addition to the diagnostic criteria common for 
spEDS, the following features are noted as 
B4GALT7-specific minor criteria (Malfait et  al. 
2017):

 – Radioulnar synostosis
 – Bilateral elbow contractures or limited elbow 

movement
 – Generalized joint hypermobility
 – Single transverse palmar crease
 – Characteristic craniofacial features
 – Characteristic radiographic findings
 – Severe hypermetropia
 – Clouded cornea

Craniofacial features include triangular face, 
wide-spaced eyes, proptosis, narrow mouth, 
low- set ears, sparse scalp hair, abnormal denti-
tion, flat face, wide forehead, blue sclerae, and 
cleft palate/bifid uvula. Radioulnar synostosis, 
metaphyseal flaring, osteopenia, radial head sub-
luxation/dislocation, and short clavicles with 
broad medial ends are the characteristic radio-
graphic findings.

10.3.1.2  Genetic Information
In 1999, two different research groups (Almeida 
et al. 1999; Okajima et al. 1999a) identified com-
pound heterozygous mutations of the gene encod-
ing beta-1,4-galactosyltransferase 7 (B4GALT7, 
NM_007255.2), c.557C > A (p.Ala186Asp) and 
c.617 T > C (p.Leu206Pro), in the Danish patient 
originally reported by Kresse in 1987 (Kresse 
et al. 1987). In addition, two Qatari patients from 
a large consanguineous family were analyzed in 
2004 (Faiyaz-Ul-Haque et  al. 2004). Based on 
the autosomal recessive mode of inheritance, 
haplotype analysis using microsatellite markers 
for the limited candidate loci delineated a homo-
zygous region from D5S469 to D5S2111, which 
harbors B4GALT7, and a homozygous missense 
pathogenic variant (c.808C > T, p.Arg270Cys) in 
B4GALT7 was identified (Faiyaz-Ul-Haque et al. 
2004). Interestingly, the clinical phenotype of the 
Qatari patients was milder than that of the Danish 
one.

B4GALT7 was cloned by Okajima et  al. 
(Okajima et al. 1999b). This gene consists of six 
coding exons with a 948-bp open reading frame. 
It encodes B4GALT7 (also known as galactosyl-
transferase I, and XGALT1), which is 327 amino 
acids long and has a molecular weight of 
37.4 kDa. B4GALT7 is a type II transmembrane 
protein localized in the Golgi apparatus, and is a 
key initiator of GAG synthesis as it attaches the 
first galactose of the linker tetrasaccharide of PGs 
(Fig.  10.1). At least 11 pathogenic variants in 
B4GALT7 have been reported to date, according 
to Human Genome Mutation Database (HGMD) 
Professional 2020.2 (https://portal.biobase- 
international.com/hgmd/pro/start.php).

10.3.1.3  Biochemical Characteristics
Kresse et  al. reported that their patient’s fibro-
blasts produced only PG chain-free core proteins 
(molecular weights: 46 and 44  kDa), whereas 
control fibroblasts produced normal PG chains 
(Kresse et al. 1987). Additionally, the GAG-free 
core proteins in that patient contained unsubsti-
tuted xylose residues.

Okajima et al. measured the enzyme activity 
of exogenously expressed proteins (wild type, p.
Ala186Asp, p.Leu206Pro) in XGalT-1/
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B4GALT7-deficient CHO cells (Okajima et  al. 
1999a). In total cell lysates, the enzyme activity 
of the p.Ala186Asp mutant was approximately 
50% lower than that of the wild-type protein, 
whereas the activity of the p.Leu206Pro mutant 
was almost undetectable. Interestingly, the wild- 
type and p.Ala186Asp proteins were localized in 
the Golgi apparatus, whereas the p.Leu206Pro 
mutant existed in the cytoplasm. The α-helix dis-
rupted by p.Leu206Pro may alter the protein’s 
conformation, thus impairing intracellular traf-
ficking and enzyme activity (Okajima et  al. 
1999a).

B4GALT7 activity in fibroblasts from another 
patient with a homozygous mutation, c.808C > T 
(p.Arg270Cys), was also lower than that of con-
trols (Seidler et  al. 2006). The extracellular 
matrix around the B4GALT7Arg270Cys mutant 
fibroblasts was disorganized without banded 
fibrils. Furthermore, the proliferation of 
B4GALT7Arg270Cys fibroblasts was significantly 
reduced to 45% of the level of control fibroblasts 
(Seidler et al. 2006).

Bui et al. measured the galactosyltransferase 
activity of B4GALT7 mutants expressed in CHO 
pgsB-618 cells using 4-methylumbelliferyl-β-D-
xylopyranoside as an acceptor substrate. The 
enzyme activities of the p.Arg270Cys, p.
Ala186Asp, and p.Leu206Pro mutants were 
decreased to 60%, 11%, and 0% (undetectable) 
of that of the wild-type enzyme (Bui et al. 2010). 
It has been reported that the clinical features of 
patients with homozygous p.Arg270Cys muta-
tion appear to be milder than those of patients 
with compound heterozygous mutations, includ-
ing p.Ala186Asp or p.Leu206Pro, supporting the 
different effects of these mutations.

10.3.2  EDS, Spondylodysplastic Type 
2 (EDSSPD2, spEDS-B3GALT6, 
MIM#615349)

Disease gene: beta-1,3-galactosyltransferase 6 
(B3GALT6)

Inheritance mode: autosomal recessive

Alternative name:
EDS, progeroid type 2, formerly

10.3.2.1  Clinical Manifestations
In addition to the major and minor diagnostic cri-
teria of spEDS, the gene-specific minor criteria 
are as follows (Malfait et al. 2017):

 – Kyphoscoliosis (congenital or early onset, 
progressive)

 – Joint hypermobility, generalized or restricted 
to distal joints, with joint dislocations

 – Joint contractures (congenital or progressive) 
(especially hands)

 – Peculiar fingers (slender, tapered, arachnodac-
tyly, spatulate, with broad distal phalanges)

 – Talipes equinovarus
 – Characteristic craniofacial features
 – Tooth dislocation, dysplastic teeth
 – Characteristic radiographic findings
 – Osteoporosis with multiple spontaneous 

fractures
 – Ascending aortic aneurysm
 – Lung hypoplasia, restrictive lung disease

Craniofacial features are midfacial hypopla-
sia, frontal bossing, proptosis, or prominent eyes, 
blue sclerae, down-slanting palpebral fissures, 
depressed nasal bridge, long upper lip, low-set 
ears, micrognathia, abnormal dentition, cleft pal-
ate, and sparse hair (Malfait et  al. 2017). 
Platyspondyly, anterior beak of vertebral body, 
short ilium, prominent lesser trochanter, acetabu-
lar dysplasia, metaphyseal flaring, metaphyseal 
dysplasia of femoral head, elbow malalignment, 
radial head dislocation, overtubulation, bowing 
of long bones, generalized osteoporosis, and 
healed fractures are the characteristic radio-
graphic findings.

10.3.2.2  Genetic Information
In 2013, two independent groups, Nakajima et al. 
and Malfait et al., identified biallelic mutations of 
B3GALT6 (NM_080605.3) in patients with the 
progeroid form of EDS (Nakajima et  al. 2013) 
and in a pleiotropic EDS-like connective tissue 
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disorder (Malfait et  al. 2013). This intronless 
gene has a 990-bp open reading frame and 
encodes beta-1,3-galactosyltransferase 6 (also 
known as UDP-Gal:βGal β-1,3- 
galactosyltransferase polypeptide 6, galactosyl-
transferase- II: GalT-II), which is 329 amino acids 
long and has a molecular weight of 37.1 kDa. It is 
also a type II transmembrane protein localized in 
the Golgi apparatus, and it attaches the second 
galactose of the tetrasaccharide linker of PGs 
(Fig. 10.1). More than 40 pathogenic variants in 
B3GALT6 have been reported so far, according to 
HGMD Professional 2020.2.

10.3.2.3  Biochemical Characteristics
Nakajima et  al. measured the galactosyltrans-
ferase activity of B3GALT6 in vitro using 
soluble- FLAG- tagged proteins for WT and a 
mutant (p.Ser309Thr) found to be shared 
between two spEDS-B3GALT6-affected fami-
lies. They revealed that the enzyme activity of 
the mutant protein was significantly decreased 
compared with that of the wild type (Nakajima 
et al. 2013). They also measured the amount of 
disaccharide of GAG chains from lymphoblas-
toid cells of the patients. The amount of disac-
charide from heparan sulfate was significantly 
decreased and that from CS and DS chains was 
approximately five times higher than that in the 
control samples (Nakajima et al. 2013). In addi-
tion, Malfait et  al. reported that the loss of 
B3GALT6 function impaired the formation of 
the tetrasaccharide linker region of PGs, pro-
duced immature decorin lacking its CS/DS 
chain, and decreased or abolished the heparan 
sulfate chains in patient-derived skin fibroblasts 
(Malfait et al. 2013).

10.3.2.4  Pathology
Malfait et al. observed the skin biopsy of a patient 
with a homozygous missense variant (c.649G > A, 
p.Gly217Ser) by transmission electron micros-
copy, and revealed loosely packed collagen fibrils 
of variable size and shape (Malfait et al. 2013). 
They also mentioned that these features are simi-
lar to those in tenascin-X-deficient patients.

10.4  Musculocontractural EDS 
(mcEDS)

Two causative genes (CHST14, NM_130468.3, 
MIM*608429; DSE, NM_ 013352.3, 
MIM*605942) of mcEDS have been identified. 
Here, we list the major and minor diagnostic cri-
teria of mcEDS based on the latest classification 
of EDS (Malfait et al. 2017):

[Major criteria]

 1. Congenital multiple contractures, charac-
teristically adduction–flexion contractures 
and/or talipes equinovarus (clubfoot)

 2. Characteristic craniofacial features, which 
are evident at birth or in early infancy

 3. Characteristic cutaneous features includ-
ing skin hyperextensibility, easy bruisabil-
ity, skin fragility with atrophic scars, and 
increased palmar wrinkling

[Minor criteria]

 1. Recurrent/chronic dislocations
 2. Pectus deformities (flat, excavated)
 3. Spinal deformities (scoliosis, 

kyphoscoliosis)
 4. Peculiar fingers (tapering, slender, 

cylindrical)
 5. Progressive talipes deformities (valgus, 

planus, cavum)
 6. Large subcutaneous hematomas
 7. Chronic constipation
 8. Colonic diverticula
 9. Pneumothorax/pneumohemothorax
 10. Nephrolithiasis/cystolithiasis
 11. Hydronephrosis
 12. Cryptorchidism in males
 13. Strabismus
 14. Refractive errors (myopia, astigmatism)
 15. Glaucoma/elevated intraocular pressure

Craniofacial features include large fontanelle, 
wide-spaced eyes, short and down-slanting pal-
pebral fissures, blue sclerae, short nose with 
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hypoplastic columella, low-set and rotated ears, 
high palate, long philtrum, thin upper lip vermil-
ion, small mouth, and micrognathia.

10.4.1  EDS, Musculocontractural 
Type 1 (mcEDS-CHST14, 
MIM#601776)

Disease gene: carbohydrate sulfotransferase 14 
(CHST14)

Inheritance mode: autosomal recessive
Alternative names:
D4ST1-deficient EDS
Ehlers–Danlos syndrome, type VIB, formerly
Adducted thumb–clubfoot syndrome
Adducted thumbs, clubfoot, and progressive 

joints and skin laxity syndrome
Arthrogryposis, distal, with peculiar faces and 

hydronephrosis

10.4.1.1  Clinical Manifestations
Originally, mcEDS-CHST14 was recognized as 
kyphoscoliosis type without lysyl hydroxylase 
deficiency (formerly known as EDS type VIB) 
(Steinmann et al. 1975; Royce et al. 1989; Kosho 
et al. 2005). At birth, affected individuals show a 
characteristic facial features and multiple con-
tractures (Fig.  10.3). The joint contractures 
become less evident with aging. The most unique 
and life-threatening complication is large subcu-
taneous hematoma formation, which sometimes 
requires intensive treatment. Intranasal adminis-
tration of 1-desamino-8-D-arginine vasopressin 
was reported to prevent the development of large 
subcutaneous hematomas after trauma (Yasui 
et  al. 2003). This syndrome is characterized by 
age-dependent phenotypes and a progressive 
clinical course.

10.4.1.2  Genetic Information
mcEDS-CHST14 is considered to have an auto-
somal recessive mode of inheritance based on the 
presence of this syndrome in consanguineous 
families. Three independent groups performed 
homozygosity mapping and/or linkage analysis 
of independent mcEDS-CHST14 families, and 
each showed that the gene carbohydrate sulfo-

transferase 14 (CHST14, NM_130468) was 
responsible for this syndrome (Dundar et  al. 
2009; Miyake et al. 2010; Malfait et al. 2010).

CHST14 was first cloned by Evers et al. (Evers 
et al. 2001). It contains one coding exon (1131- 
bp open reading frame) and is localized at 
15q15.1. This gene encodes CHST14 (formerly 
D4ST1), a 376-amino-acid type II transmem-
brane protein (molecular weight: 43 kDa) that is 
localized in the Golgi membrane. It transfers a 
sulfate group from 3'-phosphoadenosine 5'-phos-
phosulfate to position 4 of the GalNAc residues 
in dermatan to generate DS (Fig. 10.1). Northern 
blotting revealed that CHST14 is mainly 
expressed in the heart, placenta, liver, and 
 pancreas, and is weakly expressed in the lung, 
skeletal muscle, and kidney (Evers et al. 2001).

At least 22 pathogenic variants in CHST14 
have been reported based on HGMD Professional 
2020.2. Among them, 12 variants are missense 
and 10 are truncating. Therefore, these variants 
are likely to cause loss of function of CHST14.

10.4.1.3  Biochemical Information
Dündar et  al. reported that DS-derived IdoA- 
GalNAc(4S) disaccharide was undetectable in 
fibroblasts derived from a patient with homozy-
gous p.Arg213Pro mutation (Dundar et al. 2009). 
They also reported that GlcA-GalNAc(4S) con-
tent was greatly increased in the fibroblast extract 
and the culture media obtained from cultures of 
fibroblasts derived from this patient compared 
with the levels for control fibroblasts (Dundar 
et al. 2009). It was also found that the amount of 
nonsulfated disaccharides (GlcA-GalNAc and 
IdoA-GalNAc) was increased in the cell extract 
and its media from the patient’s fibroblasts com-
pared with those for normal control fibroblasts. 
From these results, Dündar et  al. proposed that 
the epimerization of GlcA to IdoA by C5-carboxy 
epimerase is followed by the sulfation of the C4 
hydroxyl on the adjacent GalNAc residue by 
CHST14. This process generates DS from der-
matan and prevents back-epimerization from 
IdoA to GlcA (Dundar et  al. 2009; Malmstrom 
1984).

Miyake et  al. measured the sulfotransferase 
activity of COS7 cells transfected with wild-type 
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Fig. 10.3 Clinical photographs of patients with mcEDS- 
CHST14. (a–d) Facial features of a patient at 23 days (a), 
3 years (b), and 16 years of age (c, d). (e, f) Images of the 
hand in a patient with an adducted thumb at 1 month of 
age (e) and cylindrical fingers at 19 years of age (f). (g–i) 
Images of the foot in a patient with bilateral clubfeet at 
1 month of age (g, h) and progressive talipes deformities 
(planus and valgus) at 19  years of age (i). (j–m) 
Radiographs of a 16-year-old patient show diaphyseal 
narrowing of the phalanges and metacarpals (j, k) and 
kyphoscoliosis with tall vertebral bodies (l, m). (n, o) 

Cutaneous features of a 19-year-old patient with hyperex-
tensibility (n), atrophic scars, and fistula formation (o). 
(p) A massive cranial subcutaneous hematoma in the head 
of a 6-year-old patient after falling onto the floor. (q) A 
subcutaneous hematoma in the leg of a 16-year-old 
patient. Modified from Kosho et al. [Am J Med Genet A. 
2005 Oct 15;138A(3):282–7. doi: https://doi.org/10.1002/
ajmg.a.30965; Am J Med Genet A. 2010 
Jun;152A(6):1333–46. doi: https://doi.org/10.1002/
ajmg.a.33498], and reprinted from Miyake et al. (Miyake 
et al. 2014) with permission from the publisher
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and mutant CHST14 harboring the p.Lys69*, p.
Pro281Leu, p.Cys289Ser, or p.Tyr293Cys muta-
tion. The enzyme activity of the mutants was as 
low as that in mock-transfected cells, suggesting 
that these missense mutations result in loss of 
function (Miyake et al. 2010). The disaccharide 
composition of the decorin GAG chain isolated 
from the patient’s fibroblasts consisted only of 
CS, without DS, while the chains isolated from 
normal fibroblasts consisted of CS/DS hybrid 
chains (Miyake et  al. 2010). Furthermore, the 
level of nonsulfated dermatan was negligible in 
the patient’s fibroblasts (Miyake et  al. 2010). 
Thus, in this syndrome, the CS/DS chain is 
replaced by the CS chain, even though the core 
proteins are normal. Interestingly, DS was unde-
tected in patients’ urine while CS/DS and CS 
were detected in patients at levels comparable to 
those in sex- and age-matched healthy controls 
(Mizumoto et  al. 2017). Thus, urine could be 
used for a noninvasive clinical test of 
mcEDS-CHST14.

10.4.1.4  Pathophysiology
Of the major DS PGs in skin, decorin was a focus 
of research about the pathomechanism of 
mcEDS-CHST14 because it binds to collagen 
fibrils via its core protein and its GAG chains act 
as interfibrillar bridges (Scott 1996; Scott 2003). 
Three α-collagen chains are self-assembled to 
generate tropocollagen, in the form of a triple 
helix. Tropocollagen then self-assembles to form 
collagen fibrils via decorin (Fig. 10.4a). Collagen 
fibrils are assembled into a collagen fiber, known 
as the collagen bundle, via the antiparallel com-
plex of the CS/DS hybrid GAG chains of decorin, 
which acts like a bridge to provide a space 

between individual fibrils and tighten the colla-
gen fiber (Fig. 10.4b, c).

The GAGs span collagen fibrils in the extra-
cellular matrix of skin and tendons, and the 
length of the GAG chain determines the width of 
the interfibrillar gap (Scott 1988; Scott 1992). 
Elasticity of the extracellular matrix is explained 
by the sliding filament model, which allows 
reversible longitudinal slippage between the anti-
parallel GAG chains (Fig.  10.4b) (Scott 2003). 
Because tissue stability and elasticity depend on 
the structure of the GAG bridges, irreversible 
damage can occur if the bridges are inelastic 
(Scott 2003).

Decorin is composed of a horseshoe-shaped 
core protein (molecular weight: ~45 kDa) and a 
single CS/DS hybrid chain on the N-terminal 
side (Fig.  10.4a) (Kobe and Deisenhofer 1993; 
Weber et al. 1996). Weber et al. reported that the 
model structure of decorin consists of an arch in 
which the inner concave surface is formed from a 
curved β-sheet and the outer convex surface is 
formed from α-helices. They also proposed that 
one tropocollagen fiber lies within the decorin 
convexity and another interacts with one arm of 
the arch (Weber et  al. 1996). The IdoA:GlcA 
ratio in DS ranges from ~10% to >90% depend-
ing on the tissue type (Scott 2003). Importantly, 
L-IdoA residues in DS can easily undergo con-
formational changes, unlike GlcA in CS (Casu 
et  al. 1988; Catlow et  al. 2008). Thus, the 
IdoA:GlcA ratio should be higher in more flexi-
ble tissues (Scott 2003).

Light microscopic investigation of skin speci-
mens from the patients showed that fine collagen 
fibers were predominant in the reticular to papil-
lary dermis and the number of thick collagen 

Fig. 10.4 (continued) The black lines represent unspeci-
fied GAGs. (c, d) In the normal state, the CS/DS chains 
can bend against the direction of mechanical compression 
and rebound to the original structure (c). Thus, the colla-
gen bundles are refractory to compression stress (d). (e, f) 
In mcEDS-CHST14, the CS/DS chains are replaced with 
CS chains (red lines). These chains cannot resist mechani-
cal compression, resulting in irreversible scattering of the 
collagen fvibrils. (g) The size and shape of the collagen 

fibrils are highly variable in decorin-deficient mice. (h) 
Composition of decorin core protein (green circle), GAG 
chain (blue line), and collagen fibrils (orange square) in 
the longitudinal view of a collagen fiber. (i, j) Scheme of 
the cross-sectional view of collagen fibrils (orange circle) 
with decorin core protein (green circle) and normal GAG 
(blue line in i) in a normal control or abnormal CS GAG 
chain (red lines in j) in a patient with mcEDS-CHST14. 
(This figure has been reprinted from Miyake et al. (Miyake 
et al. 2014) with permission from the publisher)
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Fig. 10.4 Putative model of abnormal collagen bundle 
assembly in mcEDS-CHST14. (a) Tropocollagen directly 
binds to decorin and forms a collagen fibril. The blue lines 

represent the CS/DS hybrid chain. (b) Illustration of the 
sliding filament model showing reversible longitudinal 
slippage between the antiparallel GAG chains. 
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bundles was markedly reduced (Miyake et  al. 
2010; Mochida et  al. 2016; Kono et  al. 2016). 
Electron microscopic examination of the speci-
mens showed that collagen fibrils were dispersed 
throughout the reticular dermis, whereas they 
were regularly and tightly assembled in control 
tissue (Miyake et al. 2010; Mochida et al. 2016; 
Kono et  al. 2016; Janecke et  al. 2016). 
Surprisingly, each collagen fibril was smooth and 
round, with little variation in size or shape, simi-
lar to the fibril in the control tissue (Fig. 10.4d, f) 
(Miyake et al. 2010). In addition, increased elas-
tic fibers in the dermis were observed in the 
Elastica van Gieson-stained skin specimen of a 
patient (Kono et al. 2016).

The disaccharide composition of the decorin 
GAG chain from a patient’s fibroblasts only con-
sisted of CS, without DS disaccharide, whereas 
control fibroblasts consisted of a CS/DS hybrid 
(Miyake et  al. 2010). The transition of decorin 
from the CS/DS hybrid chain to a CS chain prob-
ably decreases the flexibility of the GAG chain. 
The sliding filament model proposes that 
mechanical compression might also act in the CS 
chain of mcEDS-CHST14 patients, but the inflex-
ibility of the CS chain is unable to tolerate higher 
mechanical pressures or is too inelastic to main-
tain normal skin properties (Fig. 10.4e, f). This 
irreversible event could explain the progressive 
clinical course of this disease.

Interestingly, there were marked variations in 
the size and shape of dermal collagen fibrils in 
decorin-null mice (Fig. 10.4g) (Danielson et al. 
1997). These findings suggest that the decorin 
core protein is important for collagen fibril for-
mation, and that the CS/DS hybrid chain of 
decorin PG regulates the space between the col-
lagen fibrils and the formation of collagen bun-
dles, as previously reported (Scott 1995). These 
findings suggest that the main pathological basis 
of this disorder could be the insufficient assem-
bly of collagen fibrils.

However, Dündar et al. reported that the light 
microscopic and electron microscopic findings of 
a patient’s skin were unchanged relative to those 
of a normal control (Dundar et al. 2009). Malfait 
et  al. reported that, in their mcEDS-CHST14 

patient, most collagen bundles had a small diam-
eter, and some were composed of collagen fibrils 
of varying diameter that were separated by irreg-
ular interfibrillar spaces (Malfait et al. 2010). In 
addition, the fibroblasts exhibited an elongated 
and/or dilated endoplasmic reticulum.

Very recently, Hirose et al. successfully visu-
alized the decorin localization and the shape of 
GAG in the skin specimens of patients with 
mcEDS-CHST14 (Hirose et  al. 2019). 
Immunohistochemistry revealed that decorin 
core proteins were colocalized with collagen 
bundles with a clear boundary in control sam-
ples, while they were stained like thin filaments 
without a clear boundary in the patients’ skin 
specimens (Hirose et  al. 2019). Transmission 
electron microscopy-based cupromeronic blue 
staining revealed that GAG chains attach per-
pendicularly to collagen fibrils and bind collagen 
fibrils at the D band in the longitudinal section  
of control and patients’ samples (Fig.  10.4h). 
Interestingly, in the cross-sectional view, a 
majority of GAG chains appeared to be curved 
along with the surface of the collagen fibrils in 
normal control samples, while a majority of 
GAG chains appeared to be straight from the 
surface of the collagen fibrils in patients’ sam-
ples (Fig. 10.4i and j).

10.4.2  EDS, Musculocontractural 
Type 2 (mcEDS-DSE, 
MIM#615539)

Disease gene: dermatan sulfate epimerase (DSE)
Inheritance mode: autosomal recessive

10.4.2.1  Clinical Manifestations
To date, only eight individuals affected by 
mcEDS-DSE have been reported (Müller et  al. 
2013; Syx et  al. 2015; Schirwani et  al. 2020; 
Lautrup et  al. 2020). While the number of 
reported patients is limited in both types of 
mcEDS, their clinical features are quite similar 
(Lautrup et al. 2020). As no patients with mcEDS- 
DSE have shown life-threatening complications, 
it is possible that mcEDS-DSE is milder than 
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mcEDS-CHST14. Further accumulation of 
patients is needed to confirm this.

10.4.2.2  Genetic Information
In 2013, Müller et al. reported that EDS, muscu-
locontractural type 2, is caused by biallelic DSE 
variants (autosomal recessive inheritance) 
(Müller et al. 2013). To date, only six pathogenic 
variants in DSE have been reported (Müller et al. 
2013; Syx et  al. 2015; Schirwani et  al. 2020; 
Lautrup et al. 2020). Three are missense and the 
other three are truncating. As in the case for 
mcEDS-CHST14, a loss-of-function mechanism 
may thus be involved in this condition.

10.4.2.3  Biochemical Information
DSE and dermatan sulfate epimerase like (DSEL) 
play an important role in the conversion from 
chondroitin to dermatan by converting glucuronic 
to iduronic acid of the chondroitin backbone; 
they can also perform conversion in the opposite 
direction (Fig. 10.1). Müller et al. measured the 
composition of CS/DS chains in fibroblasts from 
a patient harboring a homozygous missense vari-
ant (c.803C  >  T, p.S268L) and a control, and 
revealed that DS was significantly decreased in 
the cell fraction and conditioned media, while CS 
was increased in the cell fraction, but not in con-
ditioned media, in the patient (Müller et al. 2013). 
This might indicate that decreased DS biosynthe-
sis led to the increase of CS, which could not be 
converted to DS, in the patient (Müller et  al. 
2013). In addition, Lautrup et  al. measured the 
disaccharide composition of DS and CS in the 
urine of a patient harboring a homozygous non-
sense variant (c.960 T > A, p.Thr320*). DS was 
not detected in the patient, while CS was detected 
at a level similar to that in an age- and sex- 
matched control (Lautrup et  al. 2020). Thus, 
urine could also be used for a noninvasive clinical 
test of mcEDS-DSE.
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Loeys-Dietz Syndrome
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Abstract

Loeys-Dietz syndrome is an autosomal domi-
nant aortic aneurysm syndrome characterized 
by multisystemic involvement. The most typi-
cal clinical triad includes hypertelorism, bifid 
uvula or cleft palate and aortic aneurysm with 
tortuosity. Natural history is significant for 
aortic dissection at smaller aortic diameter and 
arterial aneurysms throughout the arterial tree. 
The genetic cause is heterogeneous and 
includes mutations in genes encoding for 
components of the transforming growth factor 
beta (TGFβ) signalling pathway: TGFBR1, 
TGFBR2, SMAD2, SMAD3, TGFB2 and 

TGFB3. Despite the loss of function nature of 
these mutations, the patient-derived aortic tis-
sues show evidence of increased (rather than 
decreased) TGFβ signalling. These insights 
offer new options for therapeutic 
interventions.
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Abbreviations

AOS Aneurysm-osteoarthritis syndrome
ARCL1 Autosomal recessive cutis laxa 

type 1
ASD/VSD Atrial and ventricular septum 

defects
ATS Arterial tortuosity syndrome
BAV Bicuspid aortic valve
BMP Bone morphogenetic protein
EDS Ehlers-Danlos syndrome
LDS Loeys-Dietz syndrome
MFS Marfan syndrome
PDA Patent ductus arteriosus
PLOD1 Procollagen-lysine, 2-oxoglutarate 

5-dioxygenase 1
SGS Shprintzen-Goldberg syndrome
TAAD Thoracic aortic aneurysms and 

dissections
TGFβ Transforming growth factor β
TGFβR  Transforming growth factor β 

receptor

11.1  Introduction

The Loeys-Dietz syndrome (LDS, MIM#609192) 
was first described by Loeys and Dietz in 2005. 
The initial paper presented ten probands with a 
novel aortic aneurysm syndrome characterized 
by the clinical triad of hypertelorism, bifid uvula/
cleft palate and aortic/arterial aneurysms and tor-
tuosity (Loeys et al. 2005). Although these pre-
sented the most typical characteristics, a 
widespread involvement of different organ sys-
tems was also recognized. These included cranio-
facial (e.g., craniosynostosis), skeletal (joint 
laxity and contractures), integumental (skin 
hyperextensibility, dural ectasia) and ocular find-
ings (e.g., strabismus). Although LDS shows 
clinical overlap with Marfan syndrome (MFS), it 
can be clinically distinguished from the latter. 
Shared features include aortic root aneurysm, 
pectus deformities, scoliosis and arachnodactyly. 
Distinguishing findings are craniosynostosis, 
hypertelorism, cleft palate or bifid uvula, cervical 
spine instability, club feet, and most importantly 

widespread arterial aneurysms with tortuosity 
and early aortic rupture. Since the initial descrip-
tion of LDS, families with aortic aneurysms 
without significant outward features have also 
been described (Pannu et al. 2005; Tran-Fadulu 
et al. 2009).

11.2  Inheritance and Mutational 
Spectrum

LDS is an autosomal dominant disorder. About 
two-thirds of cases are the consequence of de 
novo mutations, whereas the other one-third are 
familial. In general, the more severe cases with 
marked craniofacial and skeletal findings are the 
consequence of a de novo mutation, whereas the 
milder cases tend to be familial. Both non- 
penetrance (Loeys et  al. 2006) and mosaicism 
(Watanabe et al. 2008) have been reported.

Two major genes have been initially associ-
ated with LDS.  These genes encode the trans-
forming growth factor β receptors 1 and 2, 
TGFBR1 and TGFBR2. TGFBR1 is located on 
chromosome 9q and contains 9 exons, whereas 
TGFBR2 is positioned on chromosome 3p and 
contains 8 exons. Mutations in the gene encoding 
SMAD3 have been associated with a condition 
called aneurysm-osteoarthritis syndrome, show-
ing significant clinical overlap with LDS (van de 
Laar et  al. 2011). Finally, also mutations in 
SMAD2, TGFB2 and TGFB3 have been identi-
fied in patients with LDS-like presentations 
(Lindsay et  al. 2012; Cannaerts et  al. 2019; 
Bertoli-Avella et al. 2015).

TGFBR1/2 mutations are primarily located in 
the serine-threonine kinase domain, the intracel-
lular part of the TGFβ receptor. Although occa-
sional nonsense mutations or small intragenic 
deletions have been described in TGFBR2, these 
were all predicted to escape nonsense-mediated-
mRNA decay (Loeys et  al. 2006). Deletions 
involving TGFBR2 lead to an LDS-like pheno-
type but patients lack significant aortic disease 
(Campbell et al. 2011). Moreover, TGFBR1 non-
sense mutations or mutations predicted to cause a 
complete loss-of-function have been shown to 
lead to a skin cancer phenotype, multiple self-
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healing squamous epitheliomas (Goudie et  al. 
2011). Haploinsufficiency and loss-of-function 
were suggested as mutational mechanisms for 
both SMAD2/3 and TGFB2/3 mutations. All find-
ings hitherto suggest that although the TGFBR- 
mutations in LDS are also predicted to lead to 
loss-of-function (Cardoso et  al. 2012), some 
residual protein activity seems to be required to 
cause the LDS phenotype (see pathogenesis).

11.3  Signs and Symptoms

An overview of the clinical features of LDS is 
given in Table 11.1. LDS is characterized by four 
major groups of clinical findings, affecting the 
vascular, craniofacial, skeletal and cutaneous 
system (Loeys et al. 2005). Although some clini-
cal overlap with MFS exists, highly prevalent dis-
tinguishing features in LDS are cleft palate/bifid 
uvula, hypertelorism and arterial tortuosity. 
Interestingly, in some patients, the bifid uvula is 
the only visible marker to identify people at risk 
for aortic aneurysms.

11.3.1  Cardiovascular Manifestations

In the vascular system, the most common and 
prominent finding is the dilatation of the aortic 
root at the sinuses of Valsalva, which if unde-
tected, leads to aortic dissection and rupture. 
These dissections have been described in patients 
as young as 6 months of age. Moreover, dissec-
tions have occurred at smaller diameters than 
those generally accepted at risk in MFS (Williams 
et al. 2007). In addition to the aortic root aneu-
rysms, aneurysms throughout the arterial tree 
have been described, most prominently in the 
side branches of the aorta and the cerebral circu-
lation. Finally, another striking finding is the 
presence of arterial tortuosity, which is usually 
most prominent in the head and neck vessels. 
Vertebral and carotid artery dissection and cere-
bral bleeding have been described; however, iso-
lated carotid artery dissection in the absence of 
aortic root involvement has not been observed 
(Loeys et al. 2005, 2006; Eckman et al. 2009).

11.3.2  Skeletal Manifestations

Marfanoid skeletal features can be observed, 
although the actual overgrowth tends to be 
milder in LDS patients compared to MFS 
patients. Most typical LDS skeletal findings 
include pectus excavatum or pectus carinatum, 
scoliosis, joint laxity, arachnodactyly, talipes 
equinovarus and cervical spine malformation 
and/or instability. Arachnodactyly is present in 
some, but true dolichostenomelia (leading to an 

Table 11.1 Clinical features at initial diagnosis of LDS

Craniofacial features:
   Craniosynostosis 15%
   Hypertelorism 48%
   Cleft palate/uvula 72%
   Exo/esotropia 18%
   Blue sclerae 23%
Skeletal features:
   Pectus deformity 51%
   Joint contractures 23%
   Joint hypermobility 50%
   Arachnodactyly 56%
   Club feet 22%
   Pes planus 51%
   Scoliosis 70%
   Cervical spine abnormality 39%
Skin features:
   Thin, translucent 33%
   Smooth, velvety 23%
   Easy bruising 24%
   Delayed wound healing 12%
   Herniae 25%
Vascular findings
   Arterial tortuosity 92%
    Most common in head and neck vessels
      Carotids (55%)
      Vertebral (56%)
      Intracranial (37%)
    Ascending aorta (5%), aortic arch (10%)
    Descending thoracic (4%) or abdominal 

(7%) Ao, also other vessels (e.g. iliacs)
   Aneurysms
    Aorta
     Root 87%
     Ascending 27%
     Arch 10%
     Desc thoracic 15%
     Abdominal 12%
    Vessel beyond Ao 30%
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increase in the arm span-to-height ratio and a 
decrease in the upper- to- lower segment ratio) is 
less common in LDS than in MFS. The com-
bined thumb and wrist signs are present in circa 
one-third of individuals with LDS. Joint hyper-
mobility is very common and does include con-
genital hip dislocation and recurrent joint 
subluxations. Paradoxically, some individuals 
can show reduced joint mobility, especially of 
the hands (camptodactyly) and feet (club feet). 
Other recurrent skeletal findings include spondy-
lolisthesis, acetabular protrusion and pes planus 
(Loeys et al. 2005, 2006). Preliminary evidence 
suggests that individuals with LDS have an 
increased incidence of osteoporosis with 
increased fracture incidence and delayed bone 
healing (Kirmani et al. 2010).

11.3.3  (Cranio)Facial Manifestations

Most typical craniofacial features consist of 
ocular hypertelorism and the presence of a cleft 
palate, or its mildest presentation, a bifid uvula. 
Sometimes the uvula is not bifid but has an 
unusual broad appearance with or without a 
midline raphe. Another common presenting 
feature in the more severely affected patients is 
craniosynostosis. In the latter all sutures can be 
involved: most commonly the sagittal suture 
(resulting in dolichocephaly), but also the coro-
nal suture (resulting in brachycephaly) and 
metopic suture (resulting in trigonocephaly). 
Other common craniofacial characteristics are 
malar flattening and retrognathia. Besides the 
hypertelorism, ocular manifestations include 
strabismus, blue sclerae and myopia, but the 
latter is less frequent and less severe than in 
MFS. Significant refractive errors can lead to 
amblyopia. Retinal detachment has been 
reported rarely (Loeys et al. 2005, 2006). In our 
experience, ectopia lentis is not observed, 
although in the literature minimal lens(sub)
luxation has been reported (Mizuguchi et  al. 
2004). Less common associated findings requir-
ing further exploration include submandibular 
branchial cysts and defective tooth enamel 
(Loeys et al. 2006).

11.3.4  Cutaneous Manifestations

In persons without craniofacial features, impor-
tant cutaneous findings can provide the clue 
towards diagnosis. These skin findings show sig-
nificant overlap with those observed in Ehlers- 
Danlos syndrome (EDS) and include velvety, 
thin, translucent skin, easy bruising (other than 
the lower legs) and dystrophic scars. Comparable 
to the vascular type of EDS, life-threatening 
complications, such as spontaneous bowel rup-
ture and peripartal uterine rupture have been 
reported (Loeys et al. 2006; Gutman et al. 2009). 
Although in the past, type I and II LDS have been 
described based on the presence of these vascular 
EDS-like findings, we now believe these are the 
representation of a continuum within the LDS 
spectrum of disease.

11.3.5  Other Findings

Finally, a minority of affected individuals present 
developmental delay. When present, develop-
mental delay is most often associated with cra-
niosynostosis and/or hydrocephalus, suggesting 
that learning disability is an extremely rare pri-
mary manifestation of LDS.  Common neurora-
diological findings are dural ectasia and 
Arnold-Chiari type I malformation (Rodrigues 
et al. 2009). The precise incidence of those two 
findings is unknown.

Other recurrent findings that need further doc-
umentation include muscle hypoplasia, dental 
problems with enamel dysplasia, allergic disease 
with seasonal allergies, asthma/sinusitis, eczema 
and important gastro-intestinal problems: food 
allergy, eosinophilic esophagitis, inflammatory 
bowel disease.

11.4  The Expanding Spectrum 
of LDS and Closely Related 
Disease

Van de Laar et  al. described another autosomal 
dominant variant of LDS, also called aneurysm- 
osteoarthritis syndrome (AOS) (van de Laar et al. 
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2011). AOS is characterized by aneurysms, dis-
sections and tortuosity throughout the arterial 
tree in addition to craniofacial (including hyper-
telorism and abnormal palate/uvula), skeletal 
(including arachnodactyly and scoliosis) and 
cutaneous (including striae and velvety skin) 
symptoms and thus perfectly fits in the pheno-
typic spectrum of LDS. A distinguishing feature, 
however, might be the presence of early-onset 
osteoarthritis. In the initially published series, 
about 50% of the patients present with osteo-
chondritis dissecans and about 90% of patients 
have vertebral disc degeneration, suggesting that 
these findings are very common in SMAD3 asso-
ciated type of LDS (van de Laar et  al. 2011). 
Since the initial publication, however, it has 
become clear that not all SMAD3 mutation- 
positive patients do present with osteoarthritis 
(Wischmeijer et al. 2013; Regalado et al. 2011). 
The cardiovascular severity of AOS is similar to 
classical LDS with early-onset dissections at 
smaller diameters and marked tortuosity (van de 
Laar et  al. 2012, 2012). As such, AOS is now 
classified as LDS type 3 (MIM#613795).

Subsequently, patients with mutations in the 
TGFB2 gene, also present with an autosomal 
dominant disorder with many systemic features 
of both MFS and LDS, and are classified as LDS 
type 4 (MIM#614816). Features shared with 
MFS and LDS include aortic aneurysm, pectus 
deformity, arachnodactyly, scoliosis and skin 
striae. Features shared with LDS but not with 
MFS, consist of hypertelorism, bifid uvula, 
bicuspid aortic valve (BAV), arterial tortuosity, 
club feet and thin skin with easy bruising. Ectopia 
lentis was not observed (Lindsay et  al. 2012). 
Heterozygous mutations in TGFB3 lead to the 
mildest form of LDS, LDS type 5 (MIM#615582) 
(Bertoli-Avella et  al. 2015). Although typical 
LDS features are observed non-penetrance is also 
very common. The most recently discovered 
gene for LDS involves SMAD2 (LDS type 6) 
(Cannaerts et  al. 2019). So far, few mutation- 
positive have been reported, so its precise posi-
tion in the phenotypical spectrum still needs to be 
determined.

Interestingly, mutations in SKI, a functional 
repressor of TGFβ signalling, were identified as 
the cause of Shprintzen-Goldberg syndrome 
(SGS) (Doyle et al. 2012). SGS is characterized 
by craniosynostosis, distinctive craniofacial fea-
tures with dolichocephaly, retrognathia, high 
arched palate, marfanoid skeletal changes includ-
ing dolichostenomelia, arachnodactyly, campto-
dactyly, pes planus, pectus excavatum or 
carinatum, scoliosis, joint hypermobility, and 
contractures. Cardiovascular anomalies with 
mitral valve prolapse, mitral regurgitation, and 
aortic regurgitation may occur, but aortic root 
dilatation is usually mild. Minimal subcutaneous 
fat, abdominal wall defects, cryptorchidism in 
males, and myopia are also characteristic find-
ings. Nearly all SGS patients present with devel-
opmental delay, a finding that is rare in 
LDS. Molecular analysis of a series of individu-
als with typical SGS did not reveal mutations in 
the TGFBR1 or TGFBR2 (Loeys et al. 2005).

The major clinical findings of MFS, LDS sub-
types and SGS are summarized in a comparative 
table (Table 11.2).

11.5  Diagnostic Criteria for LDS

Although no formal diagnostic criteria have been 
developed, LDS gene testing (TGFBR1/2, 
SMAD2/3, TGFB2/3) should be considered in the 
following scenarios:

 1. Patients with the typical clinical triad of 
hypertelorism, cleft palate/bifid uvula and 
arterial tortuosity/aneurysm

 2. Early-onset aortic aneurysm with variable 
combination of other features including arach-
nodactyly, camptodactyly, club feet, cranio-
synostosis (all types), blue sclerae, thin skin 
with atrophic scars, easy bruising, joint hyper-
mobility, BAV and patent ductus arteriosus 
(PDA), atrial and ventricular septum defects 
(ASD/VSD)

 3. Patients with a MFS-like phenotype, espe-
cially those without ectopia lentis, but with 
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aortic and skeletal features not fulfilling the 
MFS diagnostic criteria (Loeys et al. 2010)

 4. Families with autosomal dominant thoracic 
aortic aneurysms, especially those families 
with precocious aortic/arterial dissection, 
 aortic disease beyond the aortic root (includ-
ing cerebral arteries)

 5. Patients with a clinical tableau reminiscent of 
vascular EDS (thin skin with atrophic scars, 
easy bruising, joint hypermobility) and nor-
mal type III collagen biochemistry

 6. Isolated young probands with aortic root dila-
tation/dissection

If patients present with premature onset of 
osteoarthritis in addition to any of the above clin-
ical scenarios, SMAD3 may be prioritized as the 
causal gene. If the clinical presentation is rather 
mild, mutation in TGFB2 or TGFB3 may also be 
considered. Although it should be stressed that 
the clinical overlap is so large, that it is impossi-
ble to predict the correct causal gene based on the 
clinical signs only. If craniosynostosis and intel-
lectual disability are associated features, SKI 
might be the first gene to be analysed.

11.6  Differential Diagnosis

11.6.1  Syndromic Differential 
Diagnosis

11.6.1.1  Ehlers-Danlos Syndrome
EDS is a clinically and molecularly heteroge-
neous disorder (Beighton et al. 1998). Amongst 
the different subtypes, the vascular, valvular 
(Schwarze et  al. 2004) and kyphoscoliosis type 
can present with significant cardiovascular 
complications.

The most typical clinical manifestations of 
vascular EDS include thin, translucent skin, char-
acteristic facial appearance, vascular fragility 
demonstrated by extensive bruising and easy 
bleeding and spontaneous arterial/
intestinal/uterine ruptures (Beighton et al. 1998). 
An abnormal type III collagen biochemistry con-
firms the diagnosis, but ultimate confirmation of 
the diagnosis lies in the identification of muta-
tions in the COL3A1 gene, encoding for the type 
III collagen α-chain 1. Interestingly, in a cohort 
of 40 patients displaying a vascular EDS-like 

Table 11.2 Differential diagnostic features of MFS, LDS and SGS

Clinical feature
MFS LDS SGS
FBN1 TGFBR1/TGFBR2 SMAD2/3 TGFB2/3 SKI

Ectopia lentis +++ − − − −
Cleft palate/bifid uvula − ++ + + +
Hypertelorism − ++ + + ++
Craniosynostosis − ++ + − +++
Tall stature +++ + + ++
Arachnodactyly +++ ++ + + ++
Pectus deformity ++ ++ ++ ++ ++
Club foot − ++ + ++ +
Osteoarthritis + + +++ + −
Aortic root aneurysm +++ ++ ++ ++ +
Arterial aneurysm − ++ + + +
Arterial tortuosity − ++ ++ + +
Early dissection + +++ ++ + −
Bicuspid aortic valve − ++ + + +
Mitral valve insufficiency ++ + + ++ +
Striae ++ + + + +
Dural ectasia + + + + +
Developmental delay − − − − ++
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phenotype but normal collagen III biochemistry, 
30% carried TGFBR1/2 mutations (Loeys et al. 
2006), suggesting on the one hand that vascular 
EDS closely resembles LDS but on the other 
hand that TGFBR mutations may cause a broad 
spectrum of diseases associated with aortic aneu-
rysms. Finally, arginine-to-cysteine mutations in 
COL1A1 have been identified in a subset of 
affected individuals who typically present with 
aneurysms of the abdominal aorta and iliac arter-
ies reminiscent of vascular EDS. For these cases, 
distinct abnormalities on collagen electrophore-
sis have been observed (Malfait et al. 2007).

The valvular type of EDS is a rare form of 
EDS with early-onset cardiac valvular dysfunc-
tion. This autosomal recessive condition is caused 
by nonsense mutations in COL1A2. Other recur-
rent findings include joint hypermobility and skin 
hyperextensibility (Schwarze et al. 2004).

Finally, aortic aneurysm and arterial rupture 
can also occur in the kyphoscoliotic form of EDS 
(the former type VI or Ocular-Scoliotic type). 
This generalized connective tissue disorder is 
characterized by kyphoscoliosis, joint laxity, 
muscle hypotonia, and, in some individuals, ocu-
lar problems. This autosomal recessive form of 
EDS is caused by deficient activity of the enzyme 
procollagen-lysine, 2-oxoglutarate 5- dioxygenase 
1 (PLOD1, also called lysyl hydroxylase 1). The 
diagnosis of EDS, kyphoscoliotic type relies on 
the demonstration of an increased ratio of 
deoxypyridinoline to pyridinoline crosslinks in 
urine. Alternatively, an assay of lysyl hydroxy-
lase enzyme activity in skin fibroblasts is diag-
nostic. Mutations in PLOD1, the gene encoding 
the enzyme lysyl hydroxylase 1, are causative 
(Pinnell et al. 1972).

11.6.1.2  Arterial Tortuosity Syndrome 
and Autosomal Recessive 
Cutis Laxa Type 1

Two other autosomal recessive connective tissue 
disorders present arterial tortuosity and aortic 
aneurysm as key findings.

The arterial tortuosity syndrome (ATS) is 
characterized by generalized tortuosity, elonga-
tion, stenosis and aneurysm formation in the 

major arteries. Patients often die at a young age 
due to cardiopulmonary complications. Features 
in common with LDS include arachnodactyly, 
hypertelorism, cleft palate and/or bifid uvula, 
joint laxity or contractions and micro/retrognathia. 
ATS is caused by loss-of-function mutations in 
SLC2A10, encoding GLUT10, which belongs to 
the glucose transporter family but its precise 
function remains unknown (Coucke et al. 2006).

Autosomal recessive cutis laxa type 1 
(ARCL1) is another connective tissue disorder 
characterized by vascular anomalies, lung 
emphysema and diverticulae of the urinary and 
gastrointestinal tract aside from the cutaneous 
symptoms. As in ATS, prognosis can be severely 
compromised by cardiopulmonary complica-
tions. Mutations in two fibulin genes, EFEMP2 
(also called FBLN4) or FBLN5, are responsible 
for ARCL1 (Hucthagowder et  al. 2006; Loeys 
et al. 2002). Arterial aneurysms and tortuosity are 
very prominent in patients with FBLN4 muta-
tions, while the cutaneous manifestations in 
FBLN4 patients are limited and vascular stenosis 
is more pronounced in FBLN5 patients. As such, 
ARCL1 caused by FBLN4 mutations can be cat-
egorized within the LDS spectrum.

11.6.1.3  Meester-Loeys Syndrome
Loss-of-function mutations in BGN were identi-
fied in patients presenting with Meester-Loeys 
syndrome (MLS), a condition characterized by 
early-onset aortic dissection and LDS-associated 
features (i.e., hypertelorism, bifid uvula, and joint 
hypermobility and contractures) (Meester et  al. 
2016). Although most prominent in males as 
expected for an X-linked condition, a subset of 
mutation-carrying females also experience aortic 
aneurysm and even dissection. In other families, 
females were completely asymptomatic. 
Surprisingly skewed X-inactivation was shown 
not to underly this striking variability in females. 
BGN encodes the small leucine-rich proteogly-
can biglycan that interacts with extracellular 
matrix components such as collagen I, III or elas-
tin. Apart from this structural role, biglycan is 
also known to regulate cytokine activity (e.g. 
TGFβ and bone morphogenetic protein (BMP)).
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11.6.2  Non-syndromic Differential 
Diagnosis

Non-syndromic types of thoracic aortic aneu-
rysms and dissections (TAAD), or types in which 
only minor additional symptoms are present, 
exist as well. Occasionally, mutations in FBN1 
(Milewicz et al. 1996) and in TGFBR1/2 (Pannu 
et  al. 2005; Tran-Fadulu et  al. 2009) causing 
TAAD have been described, perhaps represent-
ing the mildest end of the MFS/LDS phenotypic 
spectrum. Up to now, three genes, coding for 
components of the vascular smooth muscle con-
tractile apparatus have been associated with 
familial thoracic aortic aneurysm: ACTA2, cod-
ing for vascular smooth cell specific α-actin, 
MYH11 (β-myosin heavy chain 11) and MYLK 
(myosin light chain kinase) (Guo et  al. 2007; 
Wang et al. 2010; Zhu et al. 2006). ACTA2 -muta-
tions have been identified in 14% of TAAD 
patients (Guo et al. 2007), while MYH11 muta-
tions have been found in TAAD patients with 
persistent ductus arteriosus (Zhu et  al. 2006). 
Additional symptoms that can be found in ACTA2 
mutation positive patients include persistent duc-
tus arteriosus, bicuspid aortic valve, iris flocculi, 
cerebrovascular accidents, Moya-Moya disease 
and coronary artery disease (Guo et  al. 2009). 
Most recently, mutations in MYLK, PRKG1, 
FOXE3 have been shown to account for a small 
subset of familial aortic aneurysmal disease 
(Wang et al. 2010; Guo et al. 2013; Kuang et al. 
2016).

11.7  Pathology

Histologic examination of aortic tissue from LDS 
patients reveals elastic fibre fragmentation, loss 
of elastin content, a marked excess of collagen 
and accumulation of amorphous matrix compo-
nents in the aortic media. Electron microscopy 
shows loss of the intimate spatial association 
between elastin deposits and vascular smooth 
muscle cells (Loeys et al. 2005). These findings 
have been reported already in very young chil-
dren undergoing early aortic surgery and do 
occur in the absence of inflammation, suggesting 

a severe defect in elastogenesis rather than sec-
ondary elastic fibre destruction. LDS aortic sam-
ples had significantly more diffuse medial 
degeneration compared with MFS and control 
samples, but the changes are not specific for LDS 
(Loeys et al. 2005).

11.8  Biochemical Defects 
and Pathogenesis

For a long time, Marfan syndrome has been used 
as the sole paradigm for the pathogenetic study of 
thoracic aortic aneurysm. The study of Marfan 
mouse models has shifted our understanding of 
the pathogenetic mechanisms underlying this 
condition. In the past, it was believed that the 
structural deficiency of fibrillin-1 was responsi-
ble for many of the phenotypic characteristics, 
but recent work has also evoked a significant role 
for altered TGFβ signalling. It is now believed 
that deficient microfibrils fail to sequester TGFβ 
in an inactive state and that overactivation of the 
TGFβ signalling pathway contributes signifi-
cantly to the disease pathogenesis. The discovery 
of the genetic basis of LDS has deepened our 
insights into the role of TGFβ in aortic aneurysm 
formation.

LDS is most frequently caused by mutations in 
the genes encoding the transforming growth fac-
tor beta (TGFβ) receptor subunits, TβRI and 
TβRII. The majority of LDS mutations are mis-
sense mutations positioned within the intracellu-
lar kinase domain, impairing kinase activity but 
not altering receptor expression or trafficking 
(Loeys et  al. 2005, 2006). These mutations are 
predicted to cause loss-of-function of TβRI and 
TβRII. Interestingly, a recent report describes a 
cutaneous neoplastic phenotype without aortic or 
systemic involvement in people with heterozy-
gous mutations that confer haploinsufficiency for 
TGFBR1 (Goudie et  al. 2011). In LDS, it was 
hypothesized that loss-of-function of the TGFβ 
receptors could lead to a paradoxical upregulation 
of TGFβ signalling. Indeed, aortic tissue-derived 
fibroblast studies documented that heterozygous 
patient cells show full preservation of the acute-
phase response to TGFβ, and that patient-derived 
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tissues show evidence of increased (rather than 
decreased) TGFβ signalling (Loeys et  al. 2005, 
2006). While this finding intuitively corroborates 
the essential role of TGFβ in the pathogenesis of 
aortic aneurysm, it was not clear how a loss-of-
function of the TGFβ receptors could lead to the 
same upregulation of TGFβ activity as seen in the 
Marfan mouse models.

The current data suggest that expression of a 
receptor with impaired kinase activity is neces-
sary to generate the LDS phenotype and would 
be compatible with either a dominant-negative or 
complex gain-of-function mechanism of disease. 
On the one hand, at least two studies, either using 
heterozygous patient cells or co-transfection 
experiments, could not find evidence for 
dominant- negative activity (Loeys et  al. 2005; 
Mizuguchi et al. 2004). On the other hand, a third 
study provided a somewhat complicated argu-
ment for a dominant-negative mechanism despite 
evidence that co-transfection of equal amounts 
(both 1X) of DNA encoding wild-type and 
mutant receptor subunits did not result in less 
than half the signalling activity seen upon trans-
fection of a 2X complement of wild-type DNA 
(as expected for a dominant-negative mecha-
nism)(Horbelt et al. 2010). Given that the TGFβ 
receptor complex involves association between 
two TβRI and two TβRII subunits, one might 
argue that dominant-negative activity is both 
intuitive and inevitable. However, recent evi-
dence suggests that the individual TβRI:TβRII 
dimers within this tetrameric complex bind 
ligand and signal independently, yielding a 
dominant- negative mechanism untenable (Huang 
et  al. 2011). When considered in combination 
with the repetitive observation of paradoxically 
increased TGFβ activity in LDS patient tissues, 
hypotheses have focused on the prospect of 
excessive and nonproductive compensatory 
mechanisms, most likely proximately induced by 
an imbalance of the various signalling functions 
(eg canonical versus noncanonical) supported by 
TGFβ receptors in a given cell type or an imbal-
ance of TGFβ signalling in general between dis-
tinct but neighbouring cell populations (Lindsay 
and Dietz 2011). This hypothesis was first 
 supported by accentuation of the aneurysm phe-

notype in Fbn1C1039G/+ mice after the introduction 
of Smad4 haploinsufficiency in the context of 
maintained high levels of Smad-dependent sig-
nalling and enhanced Smad-independent signal-
ling (Holm et  al. 2011). Furthermore, 
loss-of-function mutations in SMAD3 or 
TGFB2/3 were also associated with an overall 
increased TGFβ signature in the aortic wall (van 
de Laar et al. 2011; Lindsay et al. 2012).

Together, these findings indicate that TGFβ 
signalling is under the control of multiple feed-
back regulatory pathways. While adding to the 
complexity, the data support the contentions that 
many features of microfibril disorders likely 
manifest failure of proper regulation of TFGβ 
function, and that consideration of both primary 
and secondary events will be required to attain 
full mechanistic insight. Overall, the observa-
tions confirm the central role of TGFβ in the final 
common pathway leading to aortic aneurysms in 
different syndromes.

11.9  Treatment and Management

11.9.1  Natural History

Comparison of the natural history of Marfan syn-
drome and Loeys-Dietz syndrome has lead to two 
important lessons. First, in the most severe cases 
of LDS (with more outward features of LDS), 
aortic dissections at smaller diameters as in MFS 
have been observed, leading to the need for ear-
lier surgical intervention (see below). Secondly, 
it has been observed that the aortic disease is far 
more widespread in LDS with aortic disease 
beyond the aortic root and prominent involve-
ment of aortic sidebranches, necessitating a com-
plete imaging of the arterial tree from head to 
pelvis.

11.9.2  Medical Treatment

Many of the treatment strategies in LDS are 
derived from knowledge derived from MFS 
patient management. The current treatment for 
aortic aneurysms in MFS is not causal and purely 
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symptomatic. Preventive treatment with beta- 
blockers is believed to slow down the aortic root 
growth but in general this does not prevent aortic 
surgery at later age. Based on initial experiments 
that demonstrated the rescue of the lung pheno-
type in Marfan mouse models through the use of 
TGFβ neutralizing antibodies (Neptune et  al. 
2003), it was hypothesized that similar treat-
ments may be beneficial for the aortic phenotype 
in MFS patients. Proof-of-principle was obtained 
from a Marfan mouse trial (Habashi et al. 2006). 
The intraperitoneal injection of TGFβ neutraliz-
ing antibody blocked aortic root growth in these 
mice. Subsequently, similar results were obtained 
using an angiotensin II type 1 receptor blocker, 
losartan. Losartan does not only have an effect on 
the renin-angiotensin-aldosterone axis but has 
also an effect on TGFβ signalling. It is believed 
to reduce both the total and active amount of 
TGFβ in the extracellular matrix, probably 
through effects on thrombospondin, a TGFβ acti-
vator. In a placebo-controlled trial on Marfan 
mice, losartan resulted in significantly reduced 
aortic growth compared to atenolol, despite the 
similar hemodynamic effect. In addition to a 
major effect on the aortic growth, the histology of 
elastic fibres in the aortic wall of the losartan 
treated MFS mice was also indistinguishable 
from wild type mice (Habashi et al. 2006).

The beneficial effect of angiotensin receptor 
blocker treatment on aortic growth was con-
firmed in a preliminary observational study in 
severely affected pediatric MFS patients. Similar 
to the MFS mice, a significant decrease in rate of 
change of aortic root dimension after starting 
angiotensin receptor blocker therapy was 
observed. Again, as there was no difference in the 
effect of hemodynamic parameters, the data sug-
gest that these achieved protective effects were 
likely to be attributed to TGFβ antagonism 
(Brooke et al. 2008). This study has provided the 
first evidence for a significant benefit of angio-
tensin receptor blocking agents over current ther-
apies in reducing aortic root dilation in severe 
pediatric MFS patients.

Based on the mouse data and the preliminary 
human study a large, randomized clinical trial in 
MFS patients has been initiated. This trial, sup-

ported by the Pediatric Heart Network through 
the U.S. National Heart, Lung and Blood Institute 
(NHLBI), compares atenolol with losartan treat-
ment in more than 600 patients for a three-year 
treatment (Lacro et al. 2007). In addition, a dozen 
other trials with different designs and inclusion 
criteria have been initiated in Belgium, France, 
Italy, The Netherlands, Taiwan and the United 
Kingdom (Detaint et  al. 2010; Gambarin et  al. 
2009; Moberg et al. 2012; Radonic et al. 2010). A 
meta-analysis suggests that losartan is associated 
with a slower progression of aortic root dilation 
when compared with placebo and as an addition 
to beta-blocker therapy (Pyeritz and Loeys 2011; 
Al-Abcha et  al. 2020; Elbadawi et  al. 2019). 
Nevertheless, the precise mode of action of losar-
tan is still unclear and might express its effect 
independently of the targeted angiotensin recep-
tor, as a recent study in MFS murine model sug-
gested (Sellers et al. 2018).

Taken together, in recent years, major steps 
have been made in elucidating the pathogenesis 
of thoracic aneurysm diseases and their clinical 
treatment. However, until now, there are only 
limited therapeutic prospects to completely halt 
its progression. This points out the need for fur-
ther clinical trials including more patients and 
longer follow up periods in order to delineate 
even the minute effects that current and future 
treatments might express.

11.9.3  Surgical Treatment

Given the safety and the increasing availability of 
the valve-sparing procedure, the following rec-
ommendations have been issued for aortic sur-
gery in LDS (Patel et al. 2011). First, for young 
children with severe systemic findings of LDS, 
surgical repair of the ascending aorta should be 
considered once the maximal dimension exceeds 
three standard deviations and the aortic annulus 
exceeds 1.8 cm, allowing the placement of a graft 
of sufficient size to accommodate growth. 
Second, for adolescents and adults, surgical 
repair of the ascending aorta should be consid-
ered once the maximal dimension approaches 
4.0–4.5 cm. This advice is based on both numer-
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ous examples of documented aortic dissection in 
adults with aortic root dimensions at or below 
4.5 cm and the excellent outcome of prophylactic 
surgery. An extensive family history of larger 
aortic dimension without dissection could alter 
this practice for individual patients (Augoustides 
et al. 2009).

11.10  Genetic Counselling

LDS is inherited in an autosomal dominant man-
ner. About one-quarter of LDS patients has an 
affected parent whereas approximately three- 
quarters of probands have LDS as the result of a 
de novo mutation. If the parent is affected, each 
child has a 50% chance of inheriting the mutation 
and thus the disorder. Prenatal diagnosis for preg-
nancies at increased risk for LDS is possible if 
the disease-causing mutation in the family is 
known.
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Meester-Loeys Syndrome

Josephina A. N. Meester, Pauline De Kinderen, 
Aline Verstraeten, and Bart Loeys

Abstract

Meester-Loeys syndrome is an X-linked form 
of syndromic thoracic aortic aneurysm, char-
acterized by the involvement of multiple organ 
systems. More specifically, the cardiovascular, 
skeletal, craniofacial, cutaneous and neuro-
logical systems are affected. Clear clinical 
overlap with Marfan syndrome and Loeys- 
Dietz syndrome is observed. Aortic dissec-
tions occur typically at young ages and are 
most often observed in males. Meester-Loeys 
syndrome is caused by loss-of-function muta-
tions in BGN, encoding the small leucine-rich 
proteoglycan biglycan. Although functional 
consequences of these mutations remain 
largely elusive, increased TGF-β signaling has 
been observed. Novel insights will provide 

opportunities for preventive therapeutic 
interventions.

Keywords

Meester-Loeys syndrome · Loss-of-function 
mutations · Biglycan · Thoracic aortic 
aneurysm · Aortic dissection · Marfan 
syndrome · Loeys-Dietz syndrome · 
Connective tissue disorder

Abbreviations

BGN Biglycan
ECM Extracellular matrix
GAG Glycosaminoglycan
LDS Loeys-Dietz syndrome
MFS Marfan syndrome
MRLS Meester-Loeys syndrome
NMD Nonsense mediated RNA decay
SEMDX Spondylo-epi-metaphyseal dysplasia
TAA Thoracic aortic aneurysm

12.1  Introduction

Meester-Loeys syndrome (MRLS, OMIM 
#300989) was first described in 2017 and is 
caused by loss-of-function mutations in the BGN 
gene (Meester et  al. 2017). This initial report 
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described five probands, all of which suffered 
from cardiovascular complications (i.e. predomi-
nantly thoracic aortic aneurysm (TAA) but also 
mild valve insufficiency was seen in some fami-
lies), in addition to other connective tissue find-
ings affecting the skeleton (e.g., joint 
hypermobility and contractures, and flat feet), 
skin (e.g., striae and hypertrichosis), neurological 
system (e.g., dilated cerebral ventricles and rela-
tive macrocephaly) and craniofacial structures 
(e.g., hypertelorism, down-slanting eyes, propto-
sis, malar hypoplasia, frontal bossing and doli-
chocephaly). A clear clinical overlap is observed 
with Loeys-Dietz syndrome (LDS, OMIM 
#609192, #610168, #613795, #614816, #615582, 
and #601366) (Loeys et al. 2005; Bertoli-Avella 
et  al. 2015; Boileau et  al. 2012; Lindsay et  al. 
2012; van de Laar et al. 2011; Micha et al. 2015) 
and Marfan syndrome (MFS, OMIM #154700), 
(Dietz et al. 1991) evidenced by the presence of 
TAA, early onset aortic dissections, hyper-
telorism, bifid uvula, arterial tortuosity, joint 
hypermobility and joint contractures. Unique 
features for MRLS include ventricular dilatation 
on brain imaging, hypertrichosis, gingival hyper-
trophy and relative macrocephaly.

12.2  Genetics

Although familial TAA is most often inherited in 
an autosomal dominant manner, rare X-linked 
families have been described before (Coady et al. 
1999). Prior to the publication of loss-of-function 
mutations in BGN as the cause for MRLS, FLNA 
(encoding for filamin A) was the only X-linked 
gene associated with aortic aneurysm formation. 
However, only 18% of FLNA mutation carriers 
suffers from TAA (29% males and 71% females), 
and dissections are rarely observed, (Chen et al. 
2018) whereas all male patients (N = 9) and 67% 
of female patients (N  =  6) with a BGN 
 loss-of- function mutation were reported to suffer 
from TAAs (Meester et  al. 2017). Due to its 
X-chromosomal location (Xq28), BGN shows 
different phenotypes in mutation carriers across 
genders and could play an important role in sex-
ual dimorphism of TAA in general.

To date, five causal mutations for MRLS have 
been described. More specifically, these include 
two large deletions (respectively 21 kb and 28 kb 
in size), deleting all coding exons of BGN and a 
portion of downstream DNA (including the 5′ 
untranslated region of several isoforms of 
ATP2B3), one nonsense mutation at the very 
N-terminal part of the protein (p.(Trp2*)), and 
two missense mutations (p.(Gly80Ser) and p.
(Gln303Pro)), which are both located at the exon- 
intron boundaries. These missense mutations 
(are  predicted to) lead to nonsense mediated 
RNA decay (NMD), due to splicing aberrations. 
All BGN mutations were inherited, so de novo 
mutations have not yet been described for this 
syndrome (Meester et al. 2017).

Interestingly, a more pronounced skeletal phe-
notype was described in male patients with a 
deletion of the (coding part of the) BGN gene. 
This skeletal phenotype involved brachydactyly, 
arachnodactyly, flat feet, short stature, joint 
hypermobility, and joint contractures. Unique 
skeletal features observed in these patients 
include spatulous fingers, joint dislocation and 
C1/2 spine malformation (Meester et al. 2017).

12.3  Clinical Features

Table 12.1 lists the clinical features of MRLS 
with their observed frequencies in the total cohort 
of mutation carriers as well as in males and 
females separately.

12.3.1  Cardiovascular Manifestations

The cardiovascular manifestations in MRLS 
already manifest at a very young age and are par-
ticularly severe in males. All male carriers suffer 
from (severe) aortic root dilatation and aortic dis-
section was reported in two male BGN deletion 
carriers. In two other hemizygous carriers, TAA 
was observed both at the level of the ascending 
aorta and aortic root (Meester et al. 2017).

In contrast to what has been observed in 
males, females have a very variable degree of 
cardiovascular severity. One female died from 
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aortic dissection and several others suffered from 
aortic root dilatation, while some do not show 
any aortic dilatation (even at old age). Skewed X 
inactivation was investigated, but could not pro-
vide a solid explanation to the observed differ-
ences in phenotypes (Meester et al. 2017).

Furthermore, aneurysms are not restricted to 
the aorta, as cerebral, patent ductus arteriosus, 
and pulmonary artery aneurysms were also 
observed. Complete imaging from head to pelvis 
is therefore recommended in the management of 
this syndrome. Other cardiovascular features 
include atrial septal defect, aortic valve regurgita-
tion, arterial tortuosity, and mitral valve prolapse, 
but these features have only been observed once 
(Meester et al. 2017).

12.3.2  Skeletal Manifestations

MRLS presents with a variety of skeletal mani-
festations, some of which are also observed in 
MFS and LDS. Joint hypermobility was observed 
most frequently, but this feature is present in 
many connective tissue disorders and can there-
fore not be used to distinguish MRLS from other 
TAA syndromes (Meester et al. 2017).

In LDS and especially MFS, skeletal over-
growth underlies most observed skeletal features. 
Clinically overlapping features have the following 
frequencies in MRLS: pectus deformity (18%, 
2/11), arachnodactyly (40%, 4/10), flat feet (56%, 
5/9), joint hypermobility (80%, 8/10), joint con-
tractures (57%, 4/7), and joint dislocation (43%, 
3/7). However, in MRLS, the opposite phenotype 
is also observed, as 43% (3/7) of patients had 
brachydactyly and 45% (5/11) had a rather short 
stature (Table 12.1) (Meester et al. 2017).

In both MRLS and LDS, cervical spine mal-
formation has been observed. Unique features of 
MRLS patients are the presence of spatulous fin-
gers, skeletal dysplasia with hip dislocation, 
platyspondyly, phalangeal dysplasia and dysplas-
tic epiphysis of the long bones. However, these 
unique features have only been observed in males 
with a deletion of BGN (Meester et al. 2017).

12.3.3  Craniofacial Manifestations

Most typical craniofacial features of MRLS 
include, dolichocephaly, frontal bossing, down- 
slanting palpebral fissures, proptosis and malar 
hypoplasia. Bifid uvula, a cardinal feature of 
LDS, has been observed, in addition to its milder 
equivalent, a broad uvula. A highly arched pal-
ate has also been observed occasionally. 
Although rarely observed in MFS, a large pro-
portion of LDS patients has hypertelorism, 
which is also the case for MRLS. A specific fea-
ture for MRLS patients is gingival hypertrophy, 
observed in two patients with a deletion of BGN. 
Interestingly, no specific ocular features have 
been associated to this syndrome yet (Meester 
et al. 2017).

12.3.4  Cutaneous Manifestations

Striae have been reported in 44% of cases. Two 
brothers were also reported to have hypertricho-
sis, a feature that has not been described for LDS 
or MFS. Other occasional skin findings, which 
are frequently observed in other connective tissue 
disorders, include delayed wound healing, easy 
bruising, and umbilical hernia (Meester et  al. 
2017).

12.3.5  Neurological Manifestations

Unique features to MRLS include dilated cere-
bral ventricles and relative macrocephaly. 
However, they were only observed in males with 
a BGN deletion. It remains to be determined if 
these features are specific for BGN deletion carri-
ers, or whether they can also be observed in other 
MRLS patients. Mild learning problems were 
described in one male, but it is unknown if this 
feature is part of the clinical MRLS spectrum or 
whether this was an incidental finding (Meester 
et al. 2017).

J. A. N. Meester et al.
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12.4  Diagnostic Criteria for MRLS

Because MRLS was not described until 2017, the 
number of reported patients is very limited. 
Therefore, no formal diagnostic criteria have been 
proposed yet. These criteria can be established 
when a larger number of cases have been reported. 
There are a number of recurrent features which 
could be considered for the diagnostic criteria, 
including aortic aneurysms and dissections, joint 
hypermobility, and joint contractures. 
Furthermore, unique features of MRLS should 
also be included in these criteria, as they allow to 
differentiate between other connective tissue dis-
orders. Ventricular dilatation on brain imaging, 
hypertrichosis, gingival hypertrophy, relative 
macrocephaly and several skeletal findings are the 
currently suggested discriminating features. 
However, only a limited number of BGN patients 
have been described so far and they potentially 
represent the most severe end of the spectrum. 
Therefore, it remains to be determined what the 
entire clinical spectrum encompasses. Finally, 
proof of loss-of-function for the identified BGN 
variant should be included in the future diagnostic 
criteria (Meester et al. 2017).

12.5  Differential Diagnosis

Due to significant clinical overlap, both MFS and 
LDS should be considered in diagnostic decision 
making. Although these conditions are caused by 
mutations in different genes, all patients have 
overlapping connective tissue findings, e.g. TAA 
and/or dissection, joint hypermobility, pectus 
deformity, and joint contractures. Other 
 overlapping features between MRLS and LDS 
include hypertelorism and a bifid (or broad) uvula.

The skeletal features that can be observed in 
specific MRLS families (i.e. in families with a 
BGN deletion) show also significant clinical 
overlap with Melnick-Needles syndrome. Both 
are X-linked disorders, but Melnick-Needles syn-
drome is caused by gain-of-function mutations in 
FLNA and is often lethal in males (Robertson 
et al. 2003; Foley et al. 2010). Clinical overlap is 
evidenced by the presence of proptosis, frontal 

bossing, short stature, and phalangeal dysplasia 
(Foley et al. 2010).

Connective tissue findings, other than TAA 
and aortic dissections, can also be mild in MRLS 
patients. Therefore, the syndromic presentation is 
not always visible at a first glance. For this rea-
son, non-syndromic TAA should also part of the 
differential diagnosis. Several causal genes have 
been described for familial TAA, including 
ACTA2, MYH11, PRKG1, MFAP5, LOX, and 
MYLK. (Guo et  al. 2007; Wang et  al. 2010; 
Luyckx et al. 2017; Zhu et al. 2006; Guo et al. 
2013; Barbier et al. 2014; Guo et al. 2016)

12.6  Biglycan

BGN (Xq28) encodes biglycan, which belongs to 
the class I small leucine-rich proteoglycans and 
is mainly involved in maintenance and assembly 
of the extracellular matrix (ECM) (Halper 2014). 
The small protein core contains 10 leucine-rich 
repeats, to which two tissue-specific chondroitin 
or dermatan-sulfate glycosaminoglycan (GAG) 
chains are attached (Roughley and White 1989). 
Through these GAG chains and its core region, 
biglycan interacts with many other ECM pro-
teins, including collagen type I, II, III, and VI and 
elastin (Douglas et al. 2006; Wiberg et al. 2002; 
Reinboth et  al. 2002). Apart from being a 
mechanical link between matrix components, 
biglycan is also involved in regulation of signal-
ling pathways by growth factor binding, includ-
ing TGF-β (Hildebrand et  al. 1994). BGN 
expression has been found in various tissues (e.g. 
bone, cartilage, skin, heart, lung, artery) and spe-
cialized cell types (e.g. endothelial cells, skeletal 
myocytes, differentiating keratinocytes) (Bianco 
et al. 1990; Yeo et al. 1995).

12.7  Pathogenesis

In contrast to what has been described for LDS 
and MFS, where fragmentation of elastic fibers is 
typically present, elastic fibers appeared normal 
in the aortic walls of two patients with MRLS 
(Meester et al. 2017). This is similar to what has 
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been described for a Bgn knock-out (KO) mouse 
model, where elastic fibers in the aorta also 
appeared normal (Heegaard et  al. 2007). 
Furthermore, an increase in collagen content is 
typical for LDS and MFS patients, while a low to 
normal collagen content was observed in patients 
with MRLS (Meester et al. 2017). This is also in 
line with what has been described in this Bgn KO 
mouse model, where no change in collagen con-
tent was observed, but clear structural collagen 
abnormalities, evidenced by variable sizes of col-
lagen fibril diameters, were apparent (Heegaard 
et  al. 2007). This suggests that biglycan, as a 
structural component of the extracellular matrix, 
plays an important role in the regulation of col-
lagen fibril diameters, rather than in the regula-
tion of overall collagen content (Meester et  al. 
2017).

The TGF-β signaling pathway is well known 
to play a key role in the pathogenesis of MFS and 
LDS. MFS is caused by mutations in the ECM 
protein fibrillin-1, while LDS is caused by muta-
tions in genes encoding key signaling compo-
nents of the TGF-β pathway, including 
TGFBR1/2, TGFB2/3, and SMAD2/3. Similar to 
fibrillin-1, biglycan is described to play a role in 
growth factor and cytokine binding, including 
TGF-β (Meester et  al. 2017; Hildebrand et  al. 
1994; Neptune et  al. 2003). It is suggested that 
biglycan, similar to fibrillin-1, forms a reservoir 
for inactive TGF-β. Because of clinical similari-
ties to these syndromes and the suggested role of 
biglycan in growth factor regulation, this path-
way has also been investigated in the frame of 
MRLS.  Indeed, an upregulation of the TGF-β 
pathway, evidenced by an increase in pSMAD2 
positive nuclei, has been observed in patient aor-
tic walls (Meester et al. 2017). This observation 
can be related to the regulatory role that biglycan 
performs. It remains to be investigated what exact 
downstream effects of this increased TGF-β sig-
naling is, as no clear effects on extracellular 
matrix organization and content have been 
observed yet. Furthermore, pathomechanistic 
insights into the differences in (skeletal) pheno-
types of BGN mutation carriers are lacking and 

provide interesting avenues for further 
investigation.

12.8  Treatment and Management

Many lessons can be learned from MFS and LDS 
regarding the management and treatment of 
MRLS patients. Similar to LDS, aortic dissec-
tions tend to occur at younger ages and aneu-
rysms are not restricted to the aorta. Therefore, 
complete imaging from head to pelvis is neces-
sary to identify any potential life-threatening 
aneurysms at locations beyond the ascending 
aorta. As in LDS, yearly echocardiographical 
follow-up of the aorta is recommended with 
intermittent CT-angio or MR-angio of the com-
plete arterial tree.

Both a medical and surgical treatment are 
used to treat (syndromic) TAA patients. Due to 
the limited number of identified BGN mutation 
carriers, no firm recommendations regarding 
treatment can be given yet, but treatment can be 
guided by experience in LDS.  Preventive treat-
ment with losartan or β-blockers is believed to 
slow down aortic growth progression, but this 
does not prevent any surgical treatment that is 
required at a later age. Isometric exercises and 
competitive sports should be avoided. Until more 
MRLS specific experience is available, thresh-
olds for aortic surgery defined in LDS can be 
applied in MRLS (MacCarrick et al. 2014).

12.9  Genetic Counseling

MRLS is inherited in an X-linked manner, which 
differs from all other identified TAAD genes 
(except for FLNA). To date, it is unknown what 
proportion of BGN variants are the result of a de 
novo mutation, as none have been described yet. 
A child has a 50% chance of inheriting the muta-
tion from a mutation carrying mother. An affected 
father on the other hand, cannot pass the mutated 
allele to his son, but will pass it on to his 
daughters.

J. A. N. Meester et al.
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12.10  SEMDX

In parallel to what has been observed in MRLS, 
two missense mutations (p.(Lys147Gly) and 
p.(Gly259Val)) in BGN, were described as the 
cause of an X-linked spondylo-epi-metaphyseal 
dysplasia (SEMDX) in three families. These 
mutations were not predicted to affect splicing 
and no cardiovascular anomalies were identified 
in these BGN mutation carriers. SEMD refers to a 
heterogeneous group of disorders with different 
modes of inheritance and are associated with ver-
tebral, epiphyseal, and metaphyseal anomalies. 
To date, BGN is the only known X-linked SEMD 
gene. BGN-related SEMD cases have vertebral 
anomalies and show epi- and metaphyseal 
changes in the long bones, leading to short stat-
ure, brachydactyly and osteoarthritis. The initially 
proposed disease mechanism was either impaired 
binding of TGF-β to the concave binding site of 
biglycan or decreased biglycan stability (and as 
such also LOF), but no functional evidence was 
provided for these hypotheses (Cho et al. 2016). 
Pathomechanistic insights are required to deter-
mine how different BGN mutations lead to two 
seemingly very different phenotypes.
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Abstract

Cutis laxa (CL) syndromes are a large and het-
erogeneous group of rare connective tissue 
disorders that share loose redundant skin as a 
hallmark clinical feature, which reflects der-
mal elastic fiber fragmentation. Both acquired 
and congenital-Mendelian- forms exist. 
Acquired forms are progressive and often pre-

ceded by inflammatory triggers in the skin, but 
may show systemic elastolysis. Mendelian 
forms are often pleiotropic in nature and clas-
sified upon systemic manifestations and mode 
of inheritance. Though impaired elastogenesis 
is a common denominator in all Mendelian 
forms of CL, the underlying gene defects are 
diverse and affect structural components of 
the elastic fiber or impair metabolic pathways 
interfering with cellular trafficking, proline 
synthesis, or mitochondrial functioning. In 
this chapter we provide a detailed overview of 
the clinical and molecular characteristics of 
the different cutis laxa types and review the 
latest insights on elastic fiber assembly and 
homeostasis from both human and animal 
studies.
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Abbreviations

AA Ascorbic acid
ADAMTS a Disintegrin and metalloproteinase 

with thrombospondin motifs
ADCL Autosomal dominant cutis laxa
ALDH Aldehyde dehydrogenase
Apo C-III Apolipoprotein CIII
ARCL Autosomal recessive cutis laxa
ARCL1 ARCL Type 1
ARCL2 ARCL Type 2
ARCL3 ARCL Type 3
ARD Aortic root dilatatio
ATS Arterial tortuosity syndrome
CDG Congenital disorder of glycosylation
CFC Cardiofaciocutaneous
CHST14 Carbohydrate sulfotransferase 14
CL Cutis laxa
CRISPR Clustered regularly interspaced short 

palindromic repeats
DBS De Barsy syndrome
DSE Dermatan sulfate epimerase
EBP Elastin binding proteins
ECM Extracellular Matrix
EDS Ehlers Danlos syndrome
EGR1 Early growth response 1
ELN Elastin
ER Endoplasmic reticulum
FLN Fibulin
GLUT10 Glucose transporter 10
GO Geroderma osteodysplastica
HGPS Hutchinson-Gilford progeria 

syndrome
IUGR Intra-uterine growth retardation
KD Knockdown
KI Knockin
KO Knockout
LAP Latency-associated protein
LOX Lysyl oxidase
LTBP Latent transforming growth factor β
MACS Macrocephaly, alopecia, cutis laxa 

and scoliosis
MD Menkes disease
MFS Marfan syndrome
MGUS Monoclonal gammopathy of unde-

termined significance
MO Morpholino
NGS Next-generation sequencing
OHS Occipital horn syndrome

P5CSΔ1 Pyrroline-5-carboxylate synthase 
enzyme

PAR1 Protease activating factor–1
PLOD1 Procollagen-Lysine,2-Oxoglutarate 

5-Dioxygenase
PYCR1 Pyrroline-5-carboxylate reductase 1
SCARF Skeletal abnormalities, cutis laxa, 

craniostenosis, ambiguous genita-
lia, retardation and facial 
abnormalities

TALDO Transaldolase
TEM Transmission electron microscopy
TIEF Transferrin-isoelectric focusing 

analysis
VSMC Vascular smooth muscle cell
VUR Vesicourethral reflux
VUS Variants of unknown significance
UPR Unfolded protein response
WRS Wiedeman-Rautenstrauch syndrome
WSS Wrinkly skin syndrome
XRCL X-linked recessive cutis laxa

13.1  Introduction

Cutis laxa (CL) syndromes are multisystem con-
nective tissue disorders that share loose redundant 
skin folds as a hallmark clinical feature that reflects 
severe elastic fiber fragmentation in light micros-
copy of skin biopsies. Both acquired and inherited 
subtypes exist, that vary significantly in severity and 
spectrum of the associated clinical manifestations.

Historically, the classification of cutis laxa dis-
orders is based on the mode of inheritance and sys-
temic involvement. Autosomal dominant (ADCL; 
MIM 123700, MIM 614434, MIM 616603), auto-
somal recessive (ARCL; MIM  219100, 
MIM 614437, MIM 613177, MIM 219200, MIM 
612940, MIM 617402, MIM 617403, MIM 
219150, MIM 614438, MIM 231070, MIM 
612075) and X-linked recessive patterns (XRCL; 
MIM 304150) are considered (Berk et al. 2012). 
However, the clinical use of this classification is 
hampered by the extensive overlap between differ-
ent phenotypes, the limited clinical characteriza-
tion of rare subtypes, the presence of related 
entities, and ongoing identification of new sub-
types. Hence, the diagnostic work-up and manage-
ment of CL patients is often challenging.
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The molecular defects underlying congenital 
forms of cutis laxa affect different steps in the 
synthesis and/or association of elastic fiber asso-
ciated extracellular matrix (ECM) proteins. 
Initial research focused on the extracellular 
matrix, identifying defects in elastin, latent trans-
forming growth factor β proteins and fibulins 
(ELN, LTBP4, FBLN4, FBLN5) (Zhang et  al. 
1999; Urban et al. 2009; Nampoothiri et al. 2010; 
Loeys et al. 2002). However, more recent insights 
in the pathogenesis also include defects in cellu-
lar trafficking (ATP6V0A2, ATP6V1E1, 
ATP6V1A, SCYL1BP1, RIN2, and ATP7A) and 
metabolism (ALDH18A1, PYCR1, SLC2A10), 
implicating disturbed intracellular transport, 
lysosomal dysfunction, mitochondrial dysfunc-
tion, and proline synthesis (Kornak et al. 2008a; 
Van Damme et  al. 2017; Kaler et  al. 1994; 
Reversade et al. 2009; Bicknell et al. 2008).

CL entities due to defects in ECM proteins 
include the type 1 dominant (caused by ELN 
mutations) and type 1 recessive forms (caused by 
mutations in FBLN4, FBLN5 and LTBP4). 
Patients with autosomal dominant CL (MIM 
123700) show generalized, but variable skin 
involvement and a risk for developing aortic root 
dilatation and emphysema (Callewaert et  al. 
2011; Hadj-Rabia et al. 2013). Autosomal reces-
sive cutis laxa type 1 is associated with severe 
cardiopulmonary complications and historically 
consists of 3 subtypes (ARCL1A, -1B and -1C). 
FBLN5- and LTBP4-related CL (ARCL1A, MIM 
604850; ARCL1C, Urban-Rifkin-Davis syn-
drome, MIM 604710) are disorders with exten-
sive clinical overlap presenting with 
life-threatening pulmonary emphysema, arterial 
stenoses and diverticula of the gastrointestinal 
and urinary tract (Urban et al. 2009; Loeys et al. 
2002). FBLN4/EFEMP2-related CL (ARCL1B, 
MIM 603633) is characterized by widespread 
arterial tortuosity, aneurysms, and stenoses 
(Kappanayil et al. 2012). Arterial tortuosity syn-
drome (ATS, MIM 208050) is closely related to 
type 1B recessive CL with severe tortuosity of 
the arterial bed and a propensity for aneurysm 
formation. ATS is caused by mutations in 
SLC2A10, encoding the glucose transporter 10 
(GLUT10) that has been suggested to transport 

dehydroascorbic acid into different intracellular 
compartments (Coucke et  al. 2006; Boel et  al. 
2019a).

X-linked cutis laxa or Occipital Horn syn-
drome (OHS, MIM 304150) presents with vari-
able neurological involvement, bony exostoses 
[most prominently on the occiput (‘occipital 
horn’)], and  connective tissue abnormalities 
including hernias, joint laxity, and bladder diver-
ticula. Being allelic with Menkes disease (MD, 
OMIM 309400), OHS is considered to be situ-
ated at the milder end of the phenotypic spectrum 
resulting from pathogenic variants in ATP7A, 
encoding a copper transporting P-type ATPase 
(Kaler et al. 1994). Copper is a cofactor of mul-
tiple enzymes, including lysyl oxidase that cross- 
links elastin and collagens.

Defects in cellular trafficking (ATP6V0A2, 
ATP6V1E1, ATP6V1A), metabolism (de novo 
proline synthesis), and mitochondrial function 
(PYCR1, ALDH18A1) result in metabolic cutis 
laxa syndromes with skeletal and central nervous 
system abnormalities. ATP6V0A2-related CL 
(ARCL type 2a, MIM 219200) comprises the 
phenotypic spectrum of both Debré type CL and 
the milder Wrinkly Skin Syndrome (WSS) 
(Kornak et al. 2008b) with neurological impair-
ment, lipodystrophy and variable skeletal mani-
festations. The more recently described 
ATP6V1E1- and ATP6V1A-related CL (MIM 
617402 and 617403) combine marfanoid habitus, 
lipodystrophy, hypotonia, cardiovascular abnor-
malities, and pneumothorax in a related congeni-
tal disorder of glycosylation (CDG) entity (Van 
Damme et  al. 2017). PYCR1 mutations 
(ARCL2B, MIM 612940) cause a variable phe-
notype with intrauterine growth retardation, skel-
etal problems, central nervous abnormalities, 
with or without cataract or corneal clouding 
(Reversade et al. 2009). If the latter symptom is 
present, the disorder is known as De Barsy syn-
drome  (DBS) or autosomal recessive cutis laxa 
type 3B (ARCL3B, OMIM 614438). ALDH18A1- 
related CL (ARCL3A, OMIM 219150) reveals a 
more severe phenotype within the same spectrum 
(Bicknell et al. 2008).

ADCL3 (MIM 616603) is caused by de novo 
recurrent pathogenic variants in ALDH18A1 and 
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results in a milder form of DBS compared to its 
recessive counterparts. Patients show intrauterine 
growth retardation, mild intellectual disability, 
corneal clouding, cataract, and intracranial arte-
rial tortuosity.

13.2  Clinical Delineation of Cutis 
Laxa Syndromes

13.2.1  CL Entities Due to Defects 
in Extracellular Matrix 
Proteins

13.2.1.1  ELN-related Autosomal 
Dominant Cutis Laxa

Autosomal dominant cutis laxa (ADCL) presents 
with generalized, but variable skin involvement, 
ranging from mild skin hyperextensibility to 
loose redundant skin folds, most pronounced in 
the axillar, inguinal, and lower facial regions 
(Hadj-Rabia et  al. 2013). Typical facial charac-
teristics include a high forehead, sagging cheeks, 
prominent nasolabial folds, large ears, a long 
philtrum, and a  convex nasal ridge (Fig. 13.1) 
(Callewaert et al. 2011; Hadj-Rabia et al. 2013). 
A hoarse voice, inguinal or umbilical hernias, 
and joint hypermobility are usually present.

Although previously considered a mild dis-
ease restricted to the dermatological manifesta-
tions, several reports indicate a risk for major 
complications including aortic root dilatation 
with a risk for dissection and pulmonary emphy-
sema (Callewaert et  al. 2011; Hadj-Rabia et  al. 
2013; Szabo et  al. 2006), occurring in 55 and 
35% of patients, respectively. Some patients may 
show bicuspid aortic valves with a dilatation 
more distally on the ascending aorta (Callewaert 
et al. 2011). Frequent respiratory infections and 
bronchiectasis may cause morbidity, both early 
and later in life (Callewaert et  al. 2011; Vodo 
et al. 2015; Graul-Neumann et al. 2008). As these 

pulmonary and cardiovascular complications can 
lead to early demise, a close follow-up of the aor-
tic root diameter with echocardiography and 
 pulmonary function with spirometry is recom-
mended (Szabo et al. 2006; Urban et al. 2005).

13.2.1.2  FBLN4/EFEMP2 -related Cutis 
Laxa

Mutations in FBLN4 (or EFEMP2), cause ARCL 
type 1B associated with severe cardiovascular 
abnormalities including aortic dilatation, aortic 
and arterial tortuosity, focal aortic narrowing at 
the isthmus, and dilatation or stenosis of the pul-
monary arteries (Kappanayil et  al. 2012; Loeys 
et al. 1993). A high risk for cardiovascular com-
plications including stroke, dissection, and car-
diopulmonary failure results in a poor prognosis 
(Kappanayil et  al. 2012; Hucthagowder et  al. 
2006; Renard et al. 2010). However, clinical vari-
ability is wide (personal observation). The phe-
notype in FBLN4-related CL is closely related to 
ATS (see 2.1.3.), that however has a far better 
prognosis despite even more prominent arterial 
tortuosity.

Successful vascular surgery, mainly replace-
ment of the ascending aorta (Al-Hassnan et  al. 
2012), has been applied in multiple cases of 
ARCL1b. Skin features are usually mild with a 
rather hyperextensible or velvety skin, or some 
redundant skin folds in the axillae and groins 
(Fig. 13.2). Rarely, inguinal or diaphragmatic 
hernias can be associated (Renard et al. 2010). In 
contrast to FBLN5-related cutis laxa, develop-
mental pulmonary emphysema is uncommon, 
and reported in only one individual, who also 
presented diaphragmatic hypoplasia (Hoyer et al. 
2009). Nonetheless, aneurysmatic compression 
of the trachea and bronchi may cause respiratory 
complications such as atelectasis and respiratory 
distress (Kappanayil et al. 2012; Deshpande et al. 
2017). Musculoskeletal features include arachno-
dactyly, joint hypermobility, pectus deformities, 

Fig. 13.1  (continued) individual), sagging cheeks, 
and large ears. FBLN5-related CL: ‘droopy’ face, convex 
nasal ridge, large ears, and micrognathia. LTBP4- related 
CL: periorbital fullness, depressed nasal bridge, and ante-
verted nares. OHS: long face, large ears, and sagging 
cheeks. ATP6V0A2-related CL: long face, downslanted 

palpebral fissures, broad nasal bridge, marked nasolabial 
folds and coarse hair. ATP6V1E1/A-related CL: ‘mask’-
like triangular face, short forehead, entropion, and pointed 
chin. PYCR1- and ALDH18A1(dom)-related CL: triangu-
lar face, short pinched nose, thin lips, and long philtrum
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Fig. 13.1 Craniofacial characteristics in cutis laxa syn-
dromes. ELN-related CL: long face, sagging cheeks, long 
philtrum, prominent nasolabial folds, and large ears. 

FBLN4-related CL: hypertelorism, retrognathia, long 
philtrum, and  thin upper vermillion. ATS: long face, 
downslanting palpebral fissures  (not present in this  
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Fig. 13.2 Clinical features of cutis laxa syndromes. a–c: 
Skin features include loose redundant skin folds in ELN-, 
FBLN5- and LTBP4-related CL (a), mild CL with pre-
dominantly hyperextensible skin in FBLN4-related CL 
and ATS (b) and skin wrinkling on the abdomen and dor-
sum of hands and feet in ATP6V0A2-, PYCR1- and 
ALDH18A1-related CL). d-f: Cardiovascular abnormali-
ties are common in FBLN4-related CL and ATS and 

include generalized arterial tortuosity, aortic root dilata-
tion and stenosis. Image (e) also shows the presence of a 
hiatal hernia. g: Severe emphysema is the main feature of 
FBLN5-and LTBP4-related CL. h: Bladder diverticulae 
are common in FBLN5-related and LTBP4-related CL, but 
also a main feature of OHS. i: Pathognomic occipital 
horns in OHS

A. Beyens et al.
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and osteoporosis with easy fracturing (Hoyer 
et al. 2009; Dasouki et al. 2007). Despite hypoto-
nia, neurodevelopment and intelligence are nor-
mal. Affected individuals may show specific 
craniofacial features such as hypertelorism, a 
long philtrum with thin upper vermilion, a highly 
arched palate, and retrognathia. (Fig. 13.1).

13.2.1.3  Arterial Tortuosity Syndrome
Arterial tortuosity syndrome (ATS) is character-
ized by the elongation and tortuosity of the large 
and medium-sized arteries with a propensity for 
aneurysm formation, dissection, and ischemic 
events. Most patients present in early infancy 
with cardiovascular manifestations, including a 
cardiac murmur, coarctation, or narrowing of the 
descending aortae. Other reported initial presen-
tations are infant respiratory distress syndrome, 
skin laxity, failure to thrive, and pyloric stenosis. 
In some cases, prenatal manifestations such as 
intra-uterine growth retardation (IUGR) and oli-
gohydramnios were observed (Beyens et  al. 
2018a).

Facial features suggestive for ATS constitute 
of a long face, hypertelorism, downslanting pal-
pebral fissures, epicanthal folds, sagging cheeks, 
large ears, and a highly arched palate (Fig. 13.1). 
Patients can display variable connective tissue 
manifestations including increased skin laxity, 
hernias (diaphragmatic, inguinal and umbilical), 
joint hypermobility, and muscular hypoplasia. 
Arachnodactyly and pectus deformities are fre-
quently observed. Hypotonia may interfere with 
early motor development, but normalizes later in 
life (Beyens et al. 2018a; Callewaert et al. 2008a). 
Ocular problems, including corneal thinning and 
pellucid corneas have been reported in several 
ATS patients, and result in irregular astigmatism, 
keratoconus, and keratoglobus (Hardin et  al. 
2018).

Tortuosity of the aorta and/or middle-sized 
arteries is the main cardiovascular manifestation 
in ATS and is invariably present (Fig. 13.2). The 
head, neck, and pulmonary arteries are most fre-
quently affected. Arterial narrowing can be asso-
ciated, mainly located in the aorta and pulmonary 
arteries. The latter often leads to pulmonary 
hypertension and secondary feeding difficulties. 

A risk for aortic or renal artery stenosis warrants 
caution when starting agents interfering with 
intraglomerular pressure (angiotensin-converting 
enzyme inhibitors, angiotensin II receptor antag-
onists and nonsteroidal anti-inflammatory 
agents). The occurrence of early aortic root dila-
tation (ARD) at young age warrants initial echo-
cardiographic follow-up every 3 months until the 
age of 5 years (Beyens et al. 2018a). So far, no 
arterial dissections have been unequivocally 
recorded in ATS (even with large diameters), 
which suggests that an aggressive surgical 
approach may not be of first choice in cases of 
slowly progressive ARD (Callewaert et  al. 
2008a). As such, management guidelines similar 
to those being used for Marfan syndrome (MFS) 
might be appropriate. Ischemic cerebrovascular 
events are one of the main concerns in ATS, as 
well as intestinal perforations secondary to local 
ischemia (Beyens et al. 2018a).

Taking in mind the generalized arterial anom-
alies, ATS was thought to have a poor prognosis 
with reported mortality rates up to 40% before 
the age of 5 years (Wessels et al. 2004). However, 
early studies may have been biased by severity 
and more recent studies indicate a milder course 
with better survival (Beyens et  al. 2018a; 
Callewaert et al. 2008a).

13.2.1.4  FBLN5-related Cutis Laxa
FBLN5-related CL is characterized by severe, 
early-onset pulmonary emphysema, aortic and 
pulmonary artery stenosis, and diverticula of the 
urinary tract. Patients show severe cutis laxa with 
loose redundant skin folds over the whole body, 
but most obviously in the neck, axillae and groin. 
The generalized skin sagging results in a ‘droopy’ 
or prematurely aged facial appearance with sag-
ging cheeks, long philtrum, downslanted palpe-
bral fissures, eyelid ptosis, and downturned 
mouth corners. Other craniofacial features 
include a convex nasal ridge, large ear lobules, 
and micrognathia (Fig. 13.1) (Loeys et al. 2002; 
Kantaputra et al. 2014; Malakan Rad et al. 2016; 
Van Maldergem and Loeys 1993). FBLN5-related 
CL has a poor prognosis with childhood mortal-
ity rates between 30–50%, mainly attributable to 
cardiopulmonary failure and rupture of  hollow 
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visceral diverticula (Loeys et al. 2002; Elahi et al. 
2006; de Schepper et  al. 2003; Van Maldergem 
et  al. 1988). In most cases, panlobular emphy-
sema develops during early childhood, but it can 
already be present in the neonatal period (Van 
Maldergem et al. 1988). Recurrent lower respira-
tory infections resulting in pneumonia are 
reported in most patients (Loeys et  al. 2002; 
Kantaputra et al. 2014; Malakan Rad et al. 2016; 
Elahi et  al. 2006; de Schepper et  al. 2003). 
Supravalvular aortic stenosis and peripheral pul-
monary artery stenosis are the most common car-
diovascular abnormalities. Peripheral pulmonary 
artery stenosis often leads to right ventricular 
dilatation and progressive heart failure. Tricuspid 
valve dysplasia, including stenosis and regurgita-
tion may be present (Callewaert et  al. 2013). 
Apart from severe cutis laxa, patients show signs 
of a generalized connective disorder. Inguinal 
hernias are frequent, while umbilical hernias are 
rare, and diaphragmatic hernias have not been 
observed. Bladder diverticula, vesicourethral 
reflux (VUR) and hydrourethronephrosis can 
cause recurrent upper and lower urinary infec-
tions and even lead to end-stage kidney failure 
(Loeys et al. 2002; Van Maldergem et al. 1988; 
Callewaert et al. 2013). Neuromotor and skeletal 
development is normal in FBLN5-related CL 
(Van Maldergem et  al. 1988; Callewaert et  al. 
2013).

13.2.1.5  LTBP4-related Cutis Laxa 
(Urban-Rifkin-Davis 
Syndrome)

The clinical features of LTBP4-related CL 
(ARCL type 1C), eponymously named Urban- 
Rifkin- Davis syndrome, are variable and highly 
similar to FBLN5-related CL. It is a severe disor-
der characterized by early childhood pulmonary 
emphysema, peripheral pulmonary artery steno-
sis, and signs of a generalized connective tissue 
disorder (Urban et al. 2009).

Obvious at birth in most patients, the cutis 
laxa is generalized and resembles the skin fea-
tures seen in FBLN5-related CL (Fig. 13.2). 
Craniofacial features include a ‘droopy’ facial 
appearance (as described in FBLN5-related CL), 
periorbital fullness, depressed nasal bridge, ante-

verted nares, and micrognathia (Fig. 13.1). 
Severe pulmonary emphysema usually becomes 
obvious in the first months of life. However, in 
some patients who survived beyond childhood, 
emphysema can be mild or even absent, even 
though lung function tests shows obstructive lung 
disease (Fig. 13.2) (Urban et al. 2009; Su et al. 
2015). Precipitating factors to respiratory failure 
include recurrent respiratory infections, pulmo-
nary hypertension, tracheomalacia, and positive 
pressure ventilation (Urban et al. 2009; Callewaert 
et al. 2013; Su et al. 2015). Bladder diverticula 
can be found in about 50% of patients, appear 
and enlarge progressively, and, in addition to ure-
thral weakness and prolapse, contribute to void-
ing problems. VUR and fragility of the collective 
system can induce hydronephrosis. Patients are at 
risk of upper and lower urinary tract infections 
(Urban et  al. 2009; Callewaert et  al. 2013). 
Gastrointestinal abnormalities are a discernable 
feature of LTBP4-related CL rarely found in 
other CL subtypes (Urban et al. 2009). Newborns 
at risk for (early onset) pyloric stenosis. 
Diverticula, elongation and tortuosity of the gas-
trointestinal tract predispose to intestinal wall 
fragility and possible rupture. Rectal prolapse 
may occur and cause obstipation. Diaphragmatic 
involvement is present in half of reported patients 
and includes congenital, sliding, or hiatal hernia, 
and diaphragmatic eventration, frequently aggra-
vating respiratory problems. Gastroesophageal 
reflux frequently occurs. Nissen fundoplication 
has been successfully applied in LTBP4-related 
CL (Urban et al. 2009).

Cardiovascular features primarily include ste-
nosis of the peripheral pulmonary arteries, fre-
quently complicated by pulmonary hypertension. 
Septal defects and valvular dysfunction are less 
common. Cognition is likely normal, but hypoto-
nia commonly results in delayed motor mile-
stones. Joint hyperlaxity and pectus deformities 
are present in a minority of patients. Overall 
prognosis is poor, with mortality rates up to 50% 
during childhood and thus similar to FBLN5- 
related cutis laxa (Urban et al. 2009; Callewaert 
et al. 2013). The distinction between FBLN5- and 
LTBP4-related cutis laxa can be challenging 
purely based on clinical grounds. In LTBP4- 
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related CL, supravalvular aortic stenosis is gener-
ally not observed and the gastrointestinal tract is 
more commonly affected than in FBLN5-related 
CL. Pulmonary hypertension appears to be a fea-
ture specific for LTBP4-related CL, despite the 
presence of (peripheral) pulmonary artery steno-
sis in both entities (Urban et al. 2009; Callewaert 
et al. 2013; Callewaert and Urban 1993).

13.2.2  Neurometabolic Cutis Laxa 
Syndromes

13.2.2.1  CL Entities Due to Defects in 
Cellular Trafficking

 (a) ATP6V0A2-related Cutis Laxa

Debré type CL and the milder WSS are com-
prised in the phenotypic spectrum of ATP6V0A2- 
related CL (ARCL2A, MIM 219200). The 
clinical features include typical facial character-
istics, variable skin involvement, skeletal and 
neurological abnormalities. Patients usually pres-
ent with normal growth parameters and general-
ized cutis laxa at birth (Morava et al. 2008). This 
ranges from confined areas with wrinkly skin to 
marked CL with loose redundant skin folds. In 
general, skin features seem to improve over time 
and shift from wrinkly to more overfolded skin 
(Van Maldergem et  al. 1993; Van Maldergem 
et al. 2008). Facial features include a long face, 
downslanting palpebral fissures, a  convex nasal 
ridge, a broad nasal root, sagging cheeks, marked 
nasolabial folds, and coarse hair (Fig. 13.1) (Van 
Maldergem and Loeys 1993; Fischer et al. 2012). 
The fontanelles are invariably large and show 
delayed closure (with an anterior fontanel over 
6x6cm in a newborn and over 3x3cm in babies 
aged 1 year) (Hucthagowder et al. 2009). Skeletal 
abnormalities include congenital hip dislocation, 
microcephaly, short stature, joint hypermobility, 
and the occurrence of bony exostoses in some 
older individuals (Fischer et al. 2012).

Delayed neuromotor development is common, 
but not present in all patients. Intellectual disabil-
ity varies in presence and severity, but is usually 
mild to moderate. Seizures (generalized or partial 
complex) and neurologic regression (spasticity 

and cerebellar signs) can occur by the end of the 
first decade and are often associated with cortical 
and cerebellar malformations, such as ‘cobble-
stone’ brain dysgenesis reflecting lissencephaly, 
polymicrogyria, and  cerebellar vermis hypopla-
sia or a classic Dandy-Walker malformation (Van 
Maldergem et al. 2008; Gardeitchik et al. 2014). 
In contrast to PYCR1- and ALDH18A1- related 
CL, the corpus callosum is normal in all but one 
reported patient (Beyens et  al. 2018b). 
Sensorineural hearing loss can be found in some 
patients (Morava et al. 2008). Patients may dis-
play different ophthalmological problems, which 
can consist of strabismus, high myopia (<−5 
diopters) or amblyopia with hypermetropia. 
Cardiovascular features are rare, but there is an 
increased risk for aortic root dilatation and aortic 
coarctation (Morava et  al. 2008; Greally et  al. 
2014). Though lung emphysema was not regarded 
to be part of the ATP6V0A2 spectrum, a recent 
report mentioned one young adult with emphy-
sema in the absence of risk factors (Beyens et al. 
2018b). Bleeding diathesis linked to coagulation 
factor deficiencies, including Van Willebrand dis-
ease type 2, may lead to prolonged bleeding time 
with easy bruising, gingival bleeding and menor-
rhagia (Beyens et al. 2018b). All patients have a 
combined disorder of glycosylation with type II 
pattern on plasma transferrin-isoelectric focusing 
analysis (TIEF; detection of N-glycosylation) 
and abnormal isoelectric focusing of plasma apo-
lipoprotein CIII (Apo C-III) consistent with 
defects in the core 1 mucin type O-glycan bio-
synthesis (Morava et al. 2008).

 (b) ATP6V1E1/ATP6V1A-related CL

ATP6V1E1- and ATP6V1A-related CL are two 
recently described cutis laxa entities within the 
of CDG disease group. In infancy, both diseases 
show considerable overlap with generalized cutis 
laxa, lipodystrophy, striking facial dysmorphol-
ogy, hypotonia, congenital hip dysplasia, and 
joint contractures. Craniofacial features include a 
‘mask’-like triangular face, short forehead, 
hypertelorism, entropion, a convex nasal ride, 
narrow nostrils, short pointed chin, and low-set 
ears with misfolded helices (Fig. 13.1). However, 
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whereas skin features in ATP6V1E1-related CL 
consist of generalized skin wrinkling, the 
ATP6V1A subtype rather shows loose redundant 
skin folds and abnormal fat distribution (mainly 
on the buttocks) that tends to improve over time. 
Hypotonia is severe and disabling in all patients, 
but ATP6V1A mutations cause an additional neu-
rological phenotype with intellectual disability, 
seizures, and brain abnormalities (enlarged ven-
tricles with white matter involvement, polymi-
crogyria, and thin corpus callosum), so far not 
observed in ATP6V1E1-related CL.  Less fre-
quently observed features include marfanoid 
habitus, congenital hip dysplasia, congenital con-
tractures, kyphoscoliosis, inguinal hernia, and 
cryptorchidism (Van Damme et al. 2017; Alazami 
et al. 2016).

Both disorders are associated with an increased 
risk for potentially life-threatening cardiopulmo-
nary complications, such as pneumothorax, aor-
tic root dilation, cardiomyopathy, and congenital 
heart defects (septal defects, right hypoplastic 
heart syndrome, and cardiac valve abnormali-
ties). These features allow to differentiate both 
entities from the more prevalent ATP6V0A2 sub-
type, as these patients rarely show any cardiopul-
monary involvement. In addition, the 
cardiopulmonary features are also discernable 
from those observed in ARCL type 1 (FBLN4, 
FBLN5 and LTBP4-related CL), where patients 
present with emphysema and arterial tortuosity. 
Finally, variable glycosylation abnormalities can 
be found. Despite the limited number of reported 
patients, the prognosis ad vitam seems rather 
poor (mortality ATP6V1E1: 2/6 (33%), ATP6V1A: 
1/3 (33%) (Van Damme et  al. 2017; Alazami 
et al. 2016).

 (c) X-linked cutis laxa/Occipital horn syndrome 
and Menkes disease

Occipital horn syndrome (OHS, MIM 304150) 
and Menkes disease (MD, MIM 309400) are 
allelic X-linked recessive disorders caused by 
pathogenic variants in the ATP7A gene. ATP7A 
encodes a copper transporter. Most clinical fea-
tures in both disorders are related to the malfunc-
tioning of different cupro-enzymes, such as lysyl 

oxidase (LOX), dopamine ß-hydroxylase, tyrosi-
nase and cytochrome C oxidase (Byers et  al. 
1980a; Petris et  al. 2000; Kodama et  al. 1989; 
Royce et  al. 1980). OHS, previously known as 
Ehlers-Danlos syndrome (EDS)  type IX or 
X-linked CL, is characterized by the formation of 
bony exostoses, and variable generalized connec-
tive tissue abnormalities including cutis laxa, 
hernias, joint hypermobility, and bladder diver-
ticula. Downward pointing exostoses situated in 
the tendinous insertions of the sternocleidomas-
toid and trapezius muscles, known as ‘occipital 
horns’ appear in childhood and are pathogno-
monic (Fig. 13.2) (Kaler et al. 1994; Beyens et al. 
2019; Kaler 2013).

MD is a lethal multisystemic disorder of cop-
per metabolism characterized by progressive 
neurodegeneration, growth retardation, vascular 
abnormalities, kinky hair (pili torti and trichor-
rhexis nodosa), dysautonomia, and different con-
nective tissue problems (Kaler 2013; Tümer and 
Møller 2010).

With only a limited number of reported 
patients, OHS is far less frequent than MD, but 
has a better prognosis and survival rate with lim-
ited childhood mortality. However, significant 
mortality can still be present in young adults and 
be related to gastrointestinal, respiratory bleed-
ing complications, such as intestinal perforations 
due to gastric ulcers or (post-surgery) apnea 
(Beyens et al. 2019). Patients may display vari-
able mild craniofacial features, including a long 
face, large ears, sagging cheeks, and hair abnor-
malities (coarse hair, pili torti). The ubiquitous 
connective tissue manifestations include cutis 
laxa and inguinal hernia in most patients. Skeletal 
abnormalities are widespread in OHS and often 
disabling, requiring repeated surgical correction. 
The age-dependent pathognomonic occipital 
horns are reported in all patients but one (Tang 
et al. 2006; Tsukahara et al. 1994; Lazoff et al. 
1975). Less specific for OHS are hammer-shaped 
clavicula and radial/tibial exostoses. Other skel-
etal problems include scoliosis, pectus deformi-
ties, coxa and genua valga, joint hypermobility, 
and joint luxations. Urological complications are 
of utter concern in OHS, with most patients pre-
senting giant bladder diverticula and VUR lead-
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ing to complications such as urinary tract 
infections, urinary retention, bladder rupture, and 
ultimately VUR-related renal failure (Fig. 13.2). 
Since surgical diverticulectomy has a high failure 
rate, self-catherisation or vesicostomy are often 
indicated to maintain proper voiding. The neuro-
logical symptoms in OHS are significantly milder 
than the reported neurodegeneration in MD, but 
still consist of developmental delay, mild intel-
lectual disability and seizures in up to two-thirds 
of patients (Beyens et al. 2019). Hypotonia can 
also be present. Symptoms of dysautonomia can 
be disabling and consist of chronic diarrhea, 
hypothermia and orthostatic hypotension (Kaler 
et al. 1994; Kaler 2011). Tortuosity of the intra-
cranial arteries is reported in two thirds of patients 
and to lesser extent in the cervical, splenic and 
mesenteric arteries. Importantly, aneurysm for-
mation can complicate pre-existing tortuosity 
and impose risks for aneurysm rupture and bleed-
ing (Beyens et al. 2019).

13.2.2.2  Mitochondrial CL Disorders
ARCL type 3, caused by PYCR1 and ALDH18A1 
mutations, comprises progeroid disorders over-
lapping with DBS.  DBS can be situated at the 
severe phenotypic end of ARCL-2B. ALDH18A1 
and PYCR1 encode the mitochondrial enzymes 
∆1-pyrroline-5-carboxylate synthase enzyme 
(P5CS) and pyrroline-5-carboxylate reductase 1 
involved in glutamate and proline biosynthesis, 
respectively (Reversade et  al. 2009; Bicknell 
et al. 2008; Vanakker et al. 2015; Mohamed et al. 
2011).

 (a) PYCR1-related CL

PYCR1-related CL consists of a variable phe-
notype with severe intrauterine growth retarda-
tion, neurological, and skeletal abnormalities. 
Patients present with a typical progeroid facial 
gestalt, including triangular face, short pinched 
nose, thin lips, long philtrum, and large ears (Fig. 
13.1). Cutis laxa is mainly characterized by thin, 
translucent, and wrinkled skin, most notable on 
the dorsum of hands and feet (Fig. 13.2) (Yildirim 
et  al. 2011). Prominent cutaneous venous pat-
terning is often present on the scalp and chest. 

The type and extend of neurological involve-
ment, such as psychomotor delay, intellectual 
disability, hypotonia, seizures, and pachygyria, is 
variable and not discriminative from other neuro-
metabolic cutis laxa syndromes. Choreo- 
athethosis and corpus callosum agenesis are more 
specific for this type of cutis laxa, but their 
absence does not rule out the diagnosis 
(Dimopoulou et  al. 2013; Morava et  al. 2009). 
Skeletal abnormalities include congenital hip dis-
location, short stature, microcephaly, joint hyper-
mobility, joint contractures (adducted thumbs), 
and osteopenia. Corneal clouding, resulting from 
the rupture of the Descemet’s membrane, and 
cataract are specific for ARCL type 3, but  
less frequently present in PYCR1-related  
CL compared to ALDH18A1-related CL. 
Cardiopulmonary and urogenital abnormalities 
are usually not associated. Nonetheless, mild aor-
tic root dilatation was described in two patients 
(Lessel et al. 2018; Lin et al. 2011a, b). Inguinal 
hernia is present in a few patients. Despite some 
patients being severely disabled due to profound 
psychomotor retardation and ataxia, the progno-
sis is better compared to ALDH18A1-related CL 
with no reported mortality (Table 13.1).

 (b) ALDH18A1-related CL

Biallelic ALDH18A1 mutations cause a more 
severe phenotype within the spectrum of DBS- 
ARCL3A.  With fewer reported cases than 
PYCR1-related CL, it is considered to be the 
most severe disease of the ARCL spectrum. 
Patients with P5CS deficiency share most fea-
tures with PYCR1-related CL, including the pre-
viously described IUGR, typical facial gestalt, 
skeletal, neurological, and ophthalmological 
abnormalities (Fig. 13.1) (Mohamed et al. 2011). 
Thin, translucent skin with prominent venous 
patterning is the main skin feature. The neuro-
logical phenotype is characterized by severe 
intellectual disability, structural brain abnormali-
ties (cortical thinning, cerebellar hypoplasia, 
enlarged ventricles, corpus callosum agenesis), 
progressive neurodegeneration, choreo-athetosis, 
and seizures (Handley et al. 2014; Zampatti et al. 
2012; Martinelli et  al. 2010). Severe hypotonia 
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and absence of language development can worsen 
the neurological prognosis (Bicknell et al. 2008). 
Bilateral subcapsular cataract or corneal clouding 
is present in most patients (Mohamed et al. 2011). 
In addition to the congenital hip dislocation, 
microcephaly, joint hypermobility, short stature, 
and finger contractures, patients may show 
kyphoscoliosis and abnormally shaped skeletal 
elements (metacarpal bowing, rib hypoplasia) 
(Fischer et al. 2014; Wolthuis et al. 2014). Arterial 
tortuosity limited to the intracranial vessels is 
specific for ALDH18A1-related CL and may 
impose a risk for stroke with fatal outcome 
(Fischer et al. 2014; Dutta et al. 2016; Skidmore 
et al. 2011; Martinelli et al. 2012). In some severe 
cases, congenital heart malformations, such as 
cardiac septal defects and patent ductus arterio-
sus, were found (Alazami et  al. 2016; Fischer 
et  al. 2014; Skidmore et  al. 2011). The overall 
prognosis is poor with several reports of early 
childhood mortality due to progressive failure-to- 
thrive and stroke (Fischer et al. 2014; Skidmore 
et al. 2011).

In addition, de novo heterozygous mutations 
of a highly conserved Arginine at p.138  in 
ALDH18A1 cause an autosomal dominant cutis 
laxa disorder with progeroid features. The pheno-
type is milder compared to ARCL3 with IUGR, a 
wrinkled and translucent skin, mild to moderate 
intellectual disability, congenital hip dislocation, 
postnatal growth retardation, cataract, and intra-
cranial arterial tortuosity (Sinnige et  al. 2017). 
This phenotype more faithfully resembles the 
 initial description of the De Barsy syndrome 
(Fischer-Zirnsak et al. 2015).

13.2.3  Acquired Cutis Laxa

The acquired form of cutis laxa is associated with 
skin inflammation inducing elastolysis and skin 
wrinkling. Two subtypes have been described in 
acquired cutis laxa. Type 1 acquired CL often 
starts in young adulthood and can be generalized 
or localized. Clinically, the inflammatory phase 
shows an erythema, often starting at the neck or 
trunk, expanding to the rest of the body and rela-
tively sparing the limbs. Different triggers have 

been described to initiate the disease, including 
neoplastic disorders [monoclonal gammopathy 
of undetermined significance (MGUS) or multi-
ple myeloma], infections (viral, atypical bacterial 
or parasitic), hypersensitivity reactions to drugs 
(penicillin, penicillamin or isoniazide), or insect 
bites (Paulsen et al. 2014). This process starts in 
early adulthood and may continue for several 
years. In some cases, the process can spread to 
other internal organs, causing aortic root dilata-
tion or pulmonary emphysema. Type 2 acquired 
cutis laxa or Marshall syndrome is characterized 
by signs of an inflammatory dermatitis with neu-
trophilic component (mostly urticarial or papular 
eruptions). Skin elasticity occurs over the inflam-
matory area without underlying systemic involve-
ment (Fontenelle et  al. 2013; Nabatanzi et  al. 
2020). In both types, the pathogenesis remains 
incompletely understood.

13.3  Diagnosis of Cutis Laxa 
Syndromes

13.3.1  Histological 
and Ultrastructural Findings 
in Cutis Laxa Syndromes

Light microscopy in affected skin demonstrates 
reduced, fragmented elastic fibers in the reticular 
dermis. All types of CL show elastic fiber abnor-
malities, but no findings are discriminative for 
individual subtypes. Moreover, mild abnormali-
ties of elastic fibers are difficult to detect upon 
histochemical analysis and the absence of major 
elastic fiber abnormalities does not exclude the 
diagnosis of CL.

Transmission Electron Microscopy (TEM) 
has showed specific abnormalities in several cutis 
laxa subtypes and overrules light microscopy 
when diagnosing the type of CL.  Nevertheless, 
molecular genetic testing has become the golden 
standard to diagnose the correct cutis laxa type. 
However, the increased use of next-generation 
sequencing-based techniques (NGS), including 
multiple gene panels, exome or genome sequenc-
ing, has led to the identification of variants of 
unknown significance (VUS), which may hamper 

A. Beyens et al.



287

a straightforward diagnosis. As such, additional 
functional studies to deliver supporting evidence 
of pathogenicity are needed and may be provided 
by performing TEM on the dermis of CL patients. 
In the next paragraph, we give an overview of the 
ultrastructural abnormalities of the elastic fibers 
reported in specific CL subtypes.

In ELN-related CL, TEM reveals a reduced 
number of elastic fibers with disorganized elastin 
deposition onto microfibrillar bundles. The 
amount of amorphous elastic material is reduced, 
shows extensive branching and fragmentation, 
and is not properly associated with microfibrils. 
The elastin is organized in separate globules with 
an increasing electron density from the inner to 
outer elastic fiber (Callewaert et  al. 2011). 
LTBP4-related CL is associated with distinctive 
elastic fiber anomalies including large, globular 
deposits of elastin poorly integrated with the 
microfibrils. As in ELN-related CL, separate elas-
tic globules are found spread over a normally 
appearing microfibrillin scaffold (Urban et  al. 
2009; Callewaert et  al. 2013). Comparably, 
patients with FBLN5 mutations show rounded 
and poorly integrated elastin deposits, but these 
are smaller and more uniform compared to the 
observations in LTBP4-related CL (Callewaert 
et al. 2013). In addition, microfibrils are reduced 
in size and abnormally shaped. No electron 
microscopy studies have been performed in 
FBLN4 patients. In ATS, patient dermis shows 
fragmentation of the periphery of the elastic fiber, 
as the elastin core is disrupted by the presence of 
microfibrils and the peripheral mantle of microfi-
brils is extensive and random directionality exists 
(Beyens et al. 2018a).

Neurometabolic CL syndromes due to 
impaired vesicular trafficking, including 
ATP6V0A2- and ATP6V1E1-related CL, associ-
ate with severe elastic fiber anomalies. The elas-
tic fibers are sparse and show disorganized 
microfibrillar structures with complete disruption 
of the elastic fiber core. The deposited elastin 
shows a frayed and moth-eaten aspect with a net-
work of fragmented elastin clumps (Van Damme 
et  al. 2017; Beyens et  al. 2018b). In mitochon-
drial CL syndromes, such as PYCR1- and 
ALDH18A1-related CL, the elastic fibers are 

sparse and thin, show minimal peripheral frag-
mentation, and are surrounded by an excessive 
mantle of microfibrils (Fischer et al. 2014; Kretz 
et al. 2011). Interestingly, in X-linked or ATP7A- 
related CL, similar elastic fiber abnormalities are 
reported with a debris extending outside the elas-
tic fiber and loss of the microfibrillar organiza-
tion with, in addition, a complete disruption of 
the elastin core (Beyens et al. 2019).

13.3.2  Differential Diagnosis 
of Related Entities Presenting 
with CL-like Features (Table 
13.2)

13.3.2.1  Related Entities
 (a) Geroderma Osteodysplasticum

Geroderma Osteodysplastica (GO) refers to 
the old aspect of the skin and the bone abnormali-
ties typically associated with this syndrome. 
Facial characteristics include a prematurely aged 
appearance, sagging cheeks, maxillary hypopla-
sia, and oblique furrowing extending from the 
outer canthus to the lateral border of the supraor-
bital ridge (Kariminejad et al. 2017). Osteoporosis 
or severe osteopenia and spontaneous fractures 
are present in most patients, often affecting the 
vertebra. Additional musculoskeletal abnormali-
ties include congenital hip dislocation, short stat-
ure, and hypotonia. Intelligence is normal 
(Kariminejad et al. 2017; Al-Dosari and Alkuraya 
2009; Hunter 1988). GO is caused by mutations 
in the SCYLB1/GORAB gene, a Rab-6 interacting 
golgin and COP1 scaffolding factor at the trans- 
Golgi (Hennies et al. 2008; Witkos et al. 2019).

 (b) MACS syndrome

MACS syndrome is an acronym for macro-
cephaly, alopecia, cutis laxa, and scoliosis. 
Patients further display a coarse and swollen 
facial appearance affecting the eyelids, lips, and 
cheeks. There are no ocular, neurological, or 
respiratory abnormalities (Basel-Vanagaite et al. 
2009). The causative gene is RIN2, which plays a 
role in endocytic trafficking and as a guanine 

13 Clinical and Molecular Delineation of Cutis Laxa Syndromes: Paradigms for Elastic Fiber Homeostasis



288

Table 13.2 Differential diagnosis of cutis laxa syndromes

Disorder Gene Dermatological abnormalities Additional features
Geroderma 
Osteodysplaticum

SCYLBP1 
(GORAB)

WS, mainly on dorsum of 
hands, feet and abdomen

Osteopenia, fractures, microcephaly, 
hip dislocation, SS

MACS syndrome RIN2 CL, hyperextensible skin, 
alopecia

Macrocephaly, scoliosis, JH

Ehlers-Danlos 
syndromes (EDS)
Classical EDS COL5A1 

COL5A2
Hyperextensible skin, atrophic 
scarring, easy bruising

JH, luxations, aortic aneurysms

Vascular EDS COL3A1 Thin, translucent, 
hyperextensible skin, easy 
bruising

Arterial disease, gastrointestinal 
perforation, uterine rupture

Hypermobile EDS Unknown Mild hyperextensible, soft skin JH, (sub)luxations and pain
Kyphoscoliotic EDS PLOD1 

FKBP14
Thin, hyperextensible, soft 
skin, easy bruising

Kyphoscoliosis, ocular fragility  
(PLOD1), hearing loss (FKBP14)

Dermatosparaxis EDS ADAMTS2 Sagging, soft skin, easy 
bruising

Delayed closure of fontanelles, SS, 
brachydactyly, blue sclerae

Arthrochalastic EDS COL1A1 
COL1A2

Thin, hyperextensible, soft 
skin, atrophic scars, easy 
bruising

Congenital hip dislocation, JH, 
hypotonia, SS

Musculocontractural EDS CHST14 
DES

Adducted thumbs, kyphoscoliosis, 
congenital talipes

Brittle cornea syndrome ZNF469 
PRDM5

WS, mainly on palms and 
soles, atrophic scars

Corneal thinning, keratoconus  
and -globus

Pseudoxanthoma 
elasticum

ABCC6 WS, yellowish papules and 
plaques, mainly in flexural 
areas

Retinal abnormalities, peripheral 
vessel disease

Transaldolase defiency TALDO1 WS Hepatosplenomegaly, cardiac, renal 
and pulmonary features

Cantu syndrome ABCC9 
KCNJ8

CL Osteochondrodysplasia, 
hypertrichosis, cardiomegaly

GAPO syndrome ANTXR1 CL, alopecia, prominent scalp 
veins

Growth retardation, 
pseudoanodontia, ophthalmological 
features

Sotos syndrome NSD1 NFIX CL, mainly on dorsum of 
hands and feet

Overgrowth, advanced bone age, 
brain anomalies

RASopathies
Noonan syndrome PTPN11 Dry WS, hyperpigmentation, 

hypotrichosis, palmar creases
CHD, cardiomyopathy, SS, NMD

Cardiofaciocutaneous 
syndrome

BRAF CHD, cardiomyopathy, ID

Costello syndrome HRAS Prenatal overgrowth, SS, FTT, 
CHD, cardiomyopathy NMD

Juvenile progeroid 
syndromes
Hutchinson Gilford 
progeria

LMNA WS, thin skin, prominent 
veins, hypotrichosis

Aged appearance, SS, lipodystrophy

Wiedemann- 
Rautenstrauch syndrome

POL3RA IUGR, failure to thrive, 
lipodystrophy, NMD

Lenz-Majewski 
hyperostotic dwarfism

PTDS11 WS, thin skin, prominent veins Sclerosing bone dysplasia, dental 
anomalies, severe brachydactyly

SCARF syndrome Unknown CL Craniostenosis,  
ambiguous genitalia, ID

Barber-say syndrome TWIST2 CL, hypertrichosis Macrostomia, ambiguous genitalia, 
hypertrichosis

SS short stature, JH joint hypermobility, NMD neuromotor delay, CHD congenital heart disease, ID intellectual dis-
ability mental retardation, FTT failure to thrive, WS wrinkly skin
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exchange factor for Rab5, a guanosine triphos-
phate involved in membrane and protein traffick-
ing (Syx et al. 2010; Kimura et al. 2006).

13.3.2.2  Congenital Malformation 
Syndromes Associated 
with Cutis Laxa

The Ehlers Danlos syndromes (EDS) are charac-
terized by joint hypermobility, skin hyperextensi-
bility, and tissue fragility. Skin hyperextensibility 
has to be distinguished from cutis laxa, as it 
reduces quickly to normal shape after stretching 
and does not show the typical redundancy. In 
addition, EDS is often associated with abnormal 
wound healing resulting in atrophic scars. The 
2017 revised classification provides 13 subtypes 
and is based on the main clinical symptoms 
(Malfait et  al. 2017). The differential diagnosis 
between EDS and CL is often challenging, as the 
dermatological features are not always discern-
able and overlap exists between the involved 
organ systems in both entities. Classical, vascular 
and hypermobile EDS account for the most fre-
quent subtypes within the group of disorders 
(Ghali et al. 2019).

Classical EDS is caused by monoallelic muta-
tions in the COL5A1 and COL5A2 genes. Patients 
show features of skin hyperextensibility and tis-
sue fragility resulting in widened atrophic scars. 
Easy bruising is commonly seen. Joint hypermo-
bility is pronounced and patients are prone to 
repetitive joint luxations and subluxations. Aortic 
aneurysms and dissections occur in less than 3% 
of the patients (Ghali et al. 2019).

The diagnosis of vascular EDS, caused by 
dominant COL3A1 mutations, is usually sus-
pected based on the clinical history of arterial 
aneurysms, rupture or dissection, gastrointestinal 
perforation, or pregnancy complications such as 
uterine rupture (Byers et al. 2017). In up to 25% 
of cases, complications occur before the age of 
20 (Pepin et al. 2000). Clinical features on exam-
ination may be rather subtle and include a thin, 
translucent skin, easy bruising, typical facial fea-
tures (thin nose, prominent eyes, lobeless ears), 
joint hypermobility, and congenital talipes (Ghali 
et al. 2019).

The hypermobility type of EDS has no identi-
fied underlying genetic etiology and is diagnosed 
in patients with predominant musculoskeletal 
complaints including joint hypermobility, joint 
(sub)luxations, and pain, as well as some skin 
and soft tissue problems (Tinkle et al. 2017).

Other rarer forms include kyphoscoliotic, 
dermatosparaxis, arthrolochalastic, and muscu-
locontractural EDS, and brittle cornea syn-
drome. Kyphoscoliotic EDS is an autosomal 
recessive disorder caused by PLOD1 or FKBP14 
mutations and characterized by progressive 
kyphoscoliosis, hypotonia and gross motor 
delay. Ocular and scleral fragility is specific for 
PLOD1 mutations, whereas hearing loss is an 
additional feature for FKBP14 (Ghali et  al. 
2019; Rohrbach et  al. 2011). Dermatosparaxis 
EDS may resemble cutis laxa since redundant, 
sagging skin can be present, as well as delayed 
closure of the fontanelles, short stature, brachy-
dactyly, and blue sclerae. The underlying 
genetic defect consists of biallelic mutations in 
ADAMTS2, a gene for a disintegrin and metal-
loproteinase with thrombospondin motifs 2 
(ADAMTS2) (Colige et  al. 1999). 
Arthrochalastic EDS is mainly characterized by 
congenital hip dislocation, severe skin features, 
prominent joint hypermobility, and hypotonia. 
Causative genes include COL1A1 and COL1A2 
(Cole et al. 1986; Byers et al. 1997). Adducted 
thumbs, progressive kyphoscoliosis, arachno-
dactyly, and congenital talipes are the key clini-
cal features of musculocontractural EDS, caused 
by CHST14 and DSE mutations. Finally, brittle 
cornea syndrome presents with thinning of the 
cornea and predisposition to corneal rupture, as 
well as early onset keratoconus and keratoglo-
bus (Al-Hussain et al. 2004).

Pseudoxanthoma elasticum is characterized 
by the triad of dermatological, ocular, and cardio-
vascular symptoms. Skin features include skin 
wrinkling and yellowish papules and plaques, 
often in flexural areas. Patients develop ophthal-
mological abnormalities upon slid lap examina-
tion with angioid streaks, peau d’orange, and 
calcium deposits, which may result in neovascu-
larization with a risk of retinal bleeding. 
Furthermore, patients are at risk for peripheral 
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artery disease. This recessive disorder is caused 
by ABCC6 mutations, an ATP transporter 
expressed in the liver and kidneys (Vanakker 
et al. 2015; Le Saux et al. 2001). In addition, a 
related phenotype shows progressive cutis laxa, 
mainly on the belly, with leathery skin folds, in 
addition to vitamin K dependent clotting defi-
ciency. Ocular findings are usually less severe in 
this subtype due to pathogenic variants in GGCX 
(Vanakker et al. 2007).

Transaldolase deficiency is characterized by a 
wide clinical phenotype including fetal hydrops, 
hepatosplenomegaly, thrombocytopenia, anemia, 
renal, pulmonary, and cardiac abnormalities. 
Patients can have cutis laxa and dysmorphic fea-
tures such as a triangular face, prominent, short 
philtrum, and low-set ears (Verhoeven et al. 2001; 
Samland and Sprenger 2009). Transaldolase defi-
ciency is an inborn error of the non-oxidative 
phase of the pentose phosphate pathway and is 
caused by biallelic TALDO1 mutations 
(Verhoeven et al. 2001).

Cantu syndrome is characterized by the triad 
of osteochondrodysplasia, congenital hypertri-
chosis, and cardiomegaly. Distinctive coarse 
facial features (broad nasal bridge, epicanthal 
folds, wide mouth with full lips) are present in 
association with cutis laxa in a number of 
patients. Molecular diagnosis is made based on 
the detection heterozygous pathogenic variant in 
ABCC9 or KCNJ8 (van Bon et al. 2012; Cooper 
et al. 2014).

GAPO syndrome, acronymic for growth retar-
dation, alopecia, pseudoanodontia, and ophthal-
mological abnormalities, is phenotypically 
similar to MACS syndrome as in both disorders 
cutis laxa can be present limited to the face. 
Biallelic ANTXR1 mutations cause GAPO syn-
drome (Stranecky et al. 2013).

The main clinical features of Sotos syndrome 
include overgrowth from the prenatal period 
through childhood, advanced bone age, acrome-
galic features, and brain anomalies resulting in 
impaired intellectual development. A limited 
degree of CL can be present, mainly on the dor-
sum of hands and feet. Sotos is caused by muta-

tions is NSD1 and NFIX (Robertson and Bankier 
1999; Kurotaki et al. 2002; Malan et al. 2010).

Several entities belonging to the group of 
RASopathies or developmental disorders of the 
Ras/MAPK pathway, including Noonan, cardio-
faciocutaneous, and Costello syndrome, have 
been reported to present with dry skin that can be 
wrinkled, mainly in the flexural regions. The 
clinical features of Noonan syndrome include 
congenital cardiac abnormalities, short stature, 
variable neuromotor delay, and typical facial fea-
tures (Tartaglia et al. 2002). In more than 50% of 
patients, a PTPN11 mutation is found (Tartaglia 
et  al. 2001). Likewise, cardiofaciocutaneous 
(CFC) syndrome is characterized by congenital 
heart defects, intellectual disability, and distinct 
facial features, including high forehead with 
bitemporal narrowing, hypoplastic supraorbital 
ridges, a depressed nasal bridge, and posteriorly 
rotated ears. Heterozygous BRAF mutations usu-
ally underlie CFC syndrome (Niihori et al. 2006). 
Costello syndrome shows phenotypic overlap 
with Noonan and CFC syndrome, as it is associ-
ated with characteristic coarse facial features, 
prenatal overgrowth, short stature, failure to 
thrive, cardiac anomalies, and neuromotor delay. 
Additional skin features include hyperpigmenta-
tion, perioral papillomatosis, hypotrichosis, and 
deep palmar creases. Most patients carry de novo 
heterozygous mutations in HRAS (Kerr et  al. 
2006; Aoki et al. 2005).

Juvenile progeroid syndromes, including 
Hutchinson-Gilford progeria syndrome (HGPS, 
caused by LMNA mutations) and Wiedeman- 
Rautenstrauch syndrome (WRS, caused by 
POL3RA mutations), can be difficult to discern 
from neurometabolic cutis laxa syndromes 
(Lessel et al. 2018). In addition to the presence of 
loose, wrinkly skin, they can share several other 
progeroid features such growth retardation, 
sparse hair and lipodystrophy. The onset of HGPS 
is usually within the first year and clinical fea-
tures consist of an aged appearance, short stature, 
thin skin, lipodystrophy, scleroderma, early hair 
loss, and decreased joint mobility (Hennekam 
2006). WRS constitutes a syndrome character-
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ized by IUGR, progeroid facial features with a 
pinched nose, failure to thrive, sparse hair, lipo-
dystrophy and developmental delay (Toriello 
1990).

A similarly progeroid, thin and translucent 
skin can be observed in Lenz-Majewski hyperos-
totic dwarfism. Additional features include scle-
rosing bone dysplasia leading to severe growth 
retardation, distinct craniofacial features, dental 
abnormalities, severe brachydactyly, and sym-
phalangism. Lenz-Majewski syndrome is caused 
by de novo autosomal dominant PTDSS1 muta-
tions (Sousa et  al. 2014). SCARF syndrome 
(skeletal abnormalities, cutis laxa, craniosteno-
sis, ambiguous genitalia, (mental) retardation, 
and facial abnormalities) is a very rare disorder 
with some features suggestive for Lenz-Majewski 
syndrome but without brachydactyly and hitherto 
unknown molecular cause (Koppe et al. 1989).

Finally, Barber-Say syndrome, easily recog-
nizable by the combination of hypertrichosis and 
macrostomia, can further present with a lax and 
redundant skin, ambiguous genitalia, and facial 
dysmorphisms including a low frontal hairline 
telecanthus, eyelid anomalies, and a bulbous 
nasal tip with hypoplastic alae nasi (Roche et al. 
2010). Barber Say syndrome is caused by hetero-
zygous TWIST2 mutations (Marchegiani et  al. 
2015).

13.4  Animal Models for Cutis Laxa 
Syndromes

Historically, animal modeling for CL syndromes 
has focused on mouse models. Different knock-
out (KO) and knockin (KI) mouse models were 
established for genes encoding ECM proteins 
including FBLN4, FBLN5, and LTBP4. However, 
the lack of suitable in vivo models often hampers 
the investigation of the pathogenic mechanisms 
in recently discovered CL syndromes. Therefore, 
we will briefly touch on the benefits of imple-
menting zebrafish models for future CL syn-
drome studies in a second paragraph. In addition, 
we summarized the major phenotypic character-
istics of the CL animal models described in this 
book chapter in Table 13.3.

13.4.1  Mouse Models for CL 
Syndromes Caused by Defects 
in Extracellular matrix 
Proteins

Complete abolishment of Fbln4 in mice induces 
perinatal lethality, vascular and lung defects, 
including tortuous arteries, hemorrhages, and 
emphysema (McLaughlin et  al. 2006; Huang 
et al. 2010; Horiguchi et al. 2009). To circumvent 
early lethality, vascular smooth muscle cell -spe-
cific Fbln4 conditional KO mice, hypomorphic 
Fbln4R/R, and Fbln4E57K/E57K KI mice, all harbor-
ing residual expression of the Fbln4 gene, were 
generated (Huang et  al. 2010; Horiguchi et  al. 
2009; Hanada et al. 2007; Igoucheva et al. 2015). 
These mice survive until adulthood and show 
ascending aortic aneurysms, aortic valve insuffi-
ciency and ventricular hypotrophy. Aortic tissue 
obtained from these models shows reduced 
mature hydroxyproline  collagen cross-links, 
irregular and increased collagen fibril diameters, 
and reduced elastin-specific (isodesmosine and 
desmosine) cross-links pointing toward impaired 
LOX function. Indeed, fibulin-4 is relevant for 
maturation of pro-LOX and for copper ion trans-
fer from ATP7A to LOX (Noda et  al. 2020). 
Fbln4 deficiency further leads to abnormal mech-
anosensing upregulating the transcription factor, 
early growth response 1 (EGR1), illustrated by 
the prevention of aneurysm formation in vascular 
smooth muscle cell-specific Fbln4 conditional 
KO mice by EGR1 knock-out. Furthermore, 
mechanical stimuli, matrix metalloproteinase-9 
and thrombin seem to activate protease activating 
factor–1 (PAR1) that acts upstream of EGR1. 
Alterations in mitochondrial protein composition 
leading to changes in in vitro oxygen consump-
tion of Fbln4R/R thoracic aortas and the implica-
tion of metabolic pathways add further 
complexity to the pathogenesis in FBLN4-related 
CL (Papke et al. 2015; Amin et al. 2012; van der 
Pluijm et al. 2018; Bultmann-Mellin et al. 2016).

Fbln5−/− mice survive into adulthood, develop 
progressive elastic fiber defects including lax 
skin, sagging jowls, senescent appearance, and 
excess folds of abdominal skin, but also tortuous 
aorta, emphysematous lungs, and genital pro-
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lapse (Yanagisawa et  al. 2002; Nakamura et  al. 
2002). Subsequent studies performed detailed 
cardiovascular analysis focusing on biomechani-
cal properties of the large arteries (Wan and 
Gleason Jr. 2013; Wan et al. 2010; Le et al. 2014; 
Budatha et al. 2011), but the underlying mecha-
nisms of arterial tortuosity remain unclear.

Mice lacking the short isoform of Ltbp-4, 
Ltbp4S−/−, survive until adulthood and have air- 
sac septation defects that deteriorate into massive 
pulmonary emphysema associated with dilated 
cardiomyopathy. Lack of Ltbp4S impairs the 
incorporation of elastin in the microfibrillar bun-
dles (with the appearance of non-fibrillar elastin 
aggregates). However, this mouse model does not 
recapitulate the severe prognosis of this CL sub-
type (Dabovic et  al. 2015; Sterner-Kock et  al. 
2002; Bultmann-Mellin et  al. 2015). Moreover, 
Ltbp4S−/− mice lack the urological and gastroin-
testinal features reminiscent of LTBP4-related 
CL. All together, this suggests that the long iso-
form of Ltbp4, Ltbp4L, may partly compensate 
for the loss of Ltbp4S (Urban and Davis 2014). 
Complete ablation of both the short and long iso-
form of Ltbp4 in mice, Ltbp4−/−, results in early 
death, approximately 2  weeks after birth 
(Bultmann-Mellin et  al. 2015). Ltbp4−/− mice 
have reduced dermal thickness, postnatal growth 
delay and right ventricular dilatation, probably 
secondary to the lung problems. Overall, these 
studies indicate that Ltbp4L is crucial for postna-
tal survival in mice and that Ltbp4−/− mice better 
recapitulate the clinical presentation of LTBP4- 
related CL (Bultmann-Mellin et  al. 2016; 
Bultmann-Mellin et al. 2015).

Ltbp4S−/−;Fbln5−/− mice have no additional 
phenotypic defects compared to Ltbp4S−/− or 
Fbln5−/− mice. Paradoxically, these mice have 
improved air-sac septation and elastic fiber archi-
tecture compared to Ltbp4S−/− mice and demon-
strate intact elastic fibers in the subepithelial 
region of lung airways. This observation rendered 
the hypothesis that either an alternative elasto-
genesis pathway exists and/or that compensation 
mechanisms are triggered, most likely involving 
Fbln4 and Ltbp4L (Bultmann-Mellin et al. 2016; 
Dabovic et al. 2015). To test the latter hypothesis, 
Ltbp4S−/−;Fbln4R/R mice were created that 

expressed the long isoform of Ltbp4 and had 
reduced Fbln4 expression. Lifespan is signifi-
cantly decreased in Ltbp4S−/−;Fbln4R/R mice 
compared to Ltbp4S−/− mice. The pulmonary and 
cardiovascular abnormalities in 
Ltbp4S−/−;Fbln4R/R mice were more severe, caus-
ing higher postnatal mortality, compared to 
Ltbp4S−/− or Fbln4R/R mice. Based on insights 
from these models, the current model for elastic 
fiber assembly states that both fibulin-4 and fibu-
lin- 5 bind coacervated elastin and require LTBP4 
to subsequently deposit elastin on the fibrillin 
microfibrils. More specifically, fibulin-4 interacts 
with LTBP4L and fibulin-5 with LTBP4S (for a 
review, see (Shin and Yanagisawa 2019) and 
below).

13.4.2  Zebrafish: An Emerging Model 
System for CL Syndromes

In recent years, zebrafish (danio rerio) have 
emerged from pure developmental research pur-
poses to efficient animal modeling for gene vali-
dation for novel clinical entities, evaluation of the 
pathogenic mechanisms, and investigation of 
therapeutic compounds. Zebrafish research ben-
efits from low-cost husbandry, a large progeny, 
transparent ex-utero embryogenesis, and a large 
collection of background reporter lines express-
ing fluorescent proteins in different cell types for 
in vivo visualization (Teame et  al. 2019). 
Approximately 70% of human genes have at least 
one obvious zebrafish orthologue compared to 
the human reference genome, suggesting that 
most human physiology and pathologies can be 
modeled in zebrafish (Zhang and Peterson 2020; 
Howe et al. 2013). Moreover, zebrafish are highly 
suitable for fast and efficient genetic manipula-
tion. Most common methods are gene knock-
down by using morpholinos, viral mutagenesis, 
ENU-induced mutagenesis, and site-directed 
mutagenesis using zinc finger nuclease, tran-
scription activator-like effector nuclease, or clus-
tered regularly interspaced short palindromic 
repeats (CRISPR)/Cas9 techniques (Hosen et al. 
2013; Gagnon et al. 2014; Nasevicius and Ekker 
2000; Hwang et al. 2014; Amsterdam et al. 2011; 
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Rohner et  al. 2011; Sander et  al. 2011; Woods 
and Schier 2008). Several zebrafish models have 
been generated and characterized for heritable 
connective tissue disorders including osteogene-
sis imperfecta, Bruck Syndrome, and EDS 
(Delbaere et al. 2019; Gistelinck et al. 2016a, b). 
At this moment, zebrafish models for CL syn-
dromes are limited to pycr1- and scl2a10-related 
disease.

In recent years, antisense morpholino (MO)-
based approaches to knockdown (KD) genes of 
interest became less popular due to the higher 
risk of off-target effects and wash-out of the mor-
pholino reagents due to cell division. 
Nevertheless, KD of pycr1 in frogs results in epi-
dermal hypoplasia with enlarged cells and nuclei 
in the epithelium of the skin, stunted growth and 
increased apoptosis. In addition, they also show 
no circulating red blood cells. In order to exclude 
the effect of anemia on the skin phenotype, both 
morphant and control frogs were crossed with 
zebrafish, but a shared circulation did not improve 
the phenotype (Reversade et al. 2009). Recently, 
an adult pycr1−/− zebrafish model was described 
in which the larvae showed early aging, as evi-
denced by senescence-associated beta- 
galactosidase (SA-ß-gal) and TUNEL assays. 
Additional behavioral phenotyping showed that 
adult pycr1−/− zebrafish have reduced social 
interactions, with a predator avoidance test stat-
ing altered locomotion trajectories. At the molec-
ular level, pycr1−/− zebrafish show reduced the 
levels of hydroxyproline, dermatan sulfate, chon-
droitin sulfate, keratin sulfate, and heparan sul-
fate (Liang et al. 2019).

Morpholino  KD of slc2a10 results in a 
dosage- sensitive phenotype. KD of slc2a10 in 
zebrafish causes a wavy notochord and cardio-
vascular abnormalities with a reduced heart rate, 
and incomplete and irregular vascular patterning. 
Furthermore, maximal oxygen consumption rate 
was reduced, despite normal mitochondrial mor-
phology. Slc2a10 KD zebrafish phenocopy wild- 
type zebrafish treated with a small molecule 
inhibitor of TGFβ receptor type 1 (tgfbr1/alk5). 
In addition, the dosage-sensitive phenotype is 
partially rescued by co-injection of MOs target-
ing smad7 (a TFGβ inhibitor) (Willaert et  al. 

2012). Microarray analysis of the transcriptome 
of zebrafish treated with tgfbr1 inhibition and 
slc2a10 KD zebrafish both show consistent dys-
regulation of genes important for cardiovascular, 
cartilage and eye development and neurogenesis 
related to TGFβ function. Moreover, alk5−/− 
zebrafish show specific dilation of the outflow 
tract resembling the phenotype of a MO slc2a10 
KD. It was recently established that restoration of 
alk5 expression or increasing fbln5 expression 
compensates for Alk5 deficiency and could be a 
potential therapeutic target (Boezio et al. 2020). 
To investigate the disease mechanisms at later 
stages, KO and KI models for slc2a10 by using 
CRISPR/cas9 mutagenesis could be generated.

13.5  Pathophysiology of Cutis 
Laxa Syndromes: State 
of the Art

Elastic fibers provide resilience and elasticity to 
the connective tissue, but also contribute to tissue 
homeostasis by regulating cytokine signaling and 
cell-matrix interactions. Elastic fiber assembly, 
or elastogenesis, is a complex multistep process 
that is precisely regulated in a spatiotemporal 
manner and depends on proper growth factor sig-
naling and mechanosensing (Vanakker et  al. 
2015; Papke and Yanagisawa 2014). Mature elas-
tic fibers consist of an inner core of amorphous 
elastin surrounded by a mantle of fibrillin micro-
fibrils. These microfibrils consist of fibrillin 
monomers assembling in a head-to-tail configu-
ration and the microfibrillar meshwork serves as 
a scaffold on which elastin is deposited and 
extensively cross-linked during elastic fiber for-
mation (Baldwin et al. 2013; Czirok et al. 2006). 
Elastin is synthesized as a monomer, tropoelas-
tin, and is chaperoned through the secretory path-
way by elastin binding proteins (EBP). During 
secretion, tropoelastin molecules undergo coac-
ervation, a temperature- and pH dependent pro-
cess of self-aggregation into smaller globules, 
prior to cross-linking (Yeo et  al. 2011). 
Coacervated tropoelastin binds to fibulins and 
latent transforming growth factor ß (TGFß) bind-
ing proteins (LTBPs). The latter guide globules to 
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the microfibrillar scaffold, where they coascel-
ence into larger aggregates. Further maturation 
into insoluble elastin occurs through crosslinking 
by transglutaminase and lysyl oxidases (Vanakker 
et al. 2015; Baldwin et al. 2013).

The underlying molecular defects in cutis laxa 
syndromes involve all steps in elastic fiber assem-
bly and provide anchor points to elucidate this 
complex process (Fig. 13.3).

In this section we will give a detailed review 
of the pathophysiological mechanisms in differ-
ent cutis laxa syndromes and their relation to 
ECM homeostasis, intracellular trafficking and 
mitochondrial function.

13.5.1  Mutations in Extracellular 
Matrix Proteins

Autosomal dominant cutis laxa is in most cases 
caused by frameshift mutations within the 5 last 
exons of the ELN gene, extending the reading 
frame at the 3′ terminus to include a part of the 
adjoining 3′ untranslated region (Callewaert et al. 
2011; Hadj-Rabia et al. 2013; Urban et al. 2005). 
This stable mutant mRNA results in the replace-
ment of the C-terminus of tropoelastin with a 
missense and extended peptide sequence. The 
mutant tropoelastin shows increased 
 self- association properties (as evidenced by a 
lower coacervation temperature), resulting in 
enhanced globule formation. As such, maturation 
of tropoelastin into soluble elastin is impaired 
and precludes efficient globule deposition on 
microfibrils in a dominant negative manner 

(Callewaert et al. 2011). Elastic fiber formation 
is  further mitigated by a decreased molecular 
interaction between tropoelastin and the microfi-
brillar components fibulin-5 and fibrillin-1 (Sato 
et al. 2006).

In addition, mutation specific induction of the 
unfolded protein response (UPR) was observed, 
depending on both the length and the primary 
structure of the missense amino acid sequence. 
This leads to increased apoptosis in patient fibro-
blasts and in a transgenic mouse model for ELN- 
related CL  (Callewaert et  al. 2011; Hu et  al. 
2010). In this mouse model, mutant tropoelastin 
impairs the mechanic function of lung elastic 
fibers. However, little to no effect on elastic fibers 
in skin and aorta was observed, pointing towards 
tissue-specific mechanisms (Hu et al. 2010). The 
specific C-terminal frameshift variants in ADCL 
contrast to the ELN variants causing supravalvu-
lar aortic stenosis and Williams-Beuren syn-
drome that induce loss-of-function and/or 
(functional) haploinsufficiency. This points in the 
direction of a variety of specific functions of the 
tropoelastin C-terminus including cell attach-
ment through heparin sulfate proteoglycans and 
αVß3-integrin binding (Urban 2012; Broekelmann 
et al. 2005; Bax et al. 2009).

Fibulin-4 and -5 are critical molecules in the 
assembly of elastic fibers, as both interact with 
various molecules in each step of elastogenesis 
and knockdown of either fibulin-4 or -5 abolishes 
elastin fiber formation in dermal fibroblasts 
(Horiguchi et al. 2009; Liu et al. 2004; Yamauchi 
et al. 2010). Both molecules have distinct binding 
affinities for a set of shared ligands, but different 

Fig. 13.3  (continued) with various molecules in each 
step of elastogenesis. Fibulin-4 strongly binds LOX and 
tropoelastin, facilitating deposition on the microfibrillar 
scaffold and elastin cross-linking. Fibulin-5 inhibits matu-
ration of coacervation and interacts with LTBP4, tropo-
elastin and LOXL1. LTBP4 has dual functions in 
elastogenesis: sequestration of TGFß and facilitation of 
elastic fiber assembly through guiding the deposition of 
the FBLN5-elastin-LOXL1 complex to the microfibrils. 
B. Mutations affecting intracellular trafficking. Defects in 
ATP6V0A2, ATP6V1E1 and ATP6V1A interfere with 
intracellular trafficking as they encode for different sub-
units of the V-type H+-ATPase, that creates the acidic 
environment in the secretory vesicular compartments and 
in membrane trafficking processes. Increased pH and 

slower trafficking of the secretory vesicles are supposed 
to result in increased elastin coarvation and aberrant depo-
sition on the microfibrillar scaffold. ATP7A encodes a 
P-type ATPase involved in copper transport in the Golgi 
network. ATP7A loss-of-function results in decreased 
LOX activity as it uses copper as a co-factor C. Mutations 
affecting metabolism and mitochondrial functioning. 
ALDH18A1 encodes the mitochondrial enzyme P5CS that 
catalyses the conversion of L-glutamate to Δ1-pyrroline-
5-carboxylate. This is further converted to proline by 
PYCR1, which catalyses the final and obligatory step in 
de novo proline synthesis, or is converted to ornithine by 
ornithine aminotransferase and entered into the urea 
cycle. Figure reproduced from Beyens et al. (2021) using 
the Biorender software.
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Fig. 13.3 The underlying molecular defects in CL impair 
different steps of elastogenesis. Elastin is synthesized as a 
monomer, tropoelastin, and undergoes coacervation prior 
to cross-linking. Coacervated tropoelastin binds to fibu-
lins and LTBPs, which guide the globules to the microfi-
brillar scaffold. Further maturation to insoluble elastin is 

established through crosslinking by lysyl oxidases. 
A. Mutations in extracellular matrix proteins. C-terminal 
mutations in ELN result into a stable mutant protein with 
increased self-association properties, resulting in 
enhanced globule formation and disturbed deposition on 
the microfibrillar scaffold. Fibulin-4 and -5 both interact 
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spatiotemporal expression and additional unique 
binding agents, justifying the observed pheno-
typic differences with mainly a cardiovascular 
phenotype in FBLN4-related CL and severe CL 
with pulmonary emphysema in FBLN5-related 
CL. Fibulin-5 is expressed at much higher levels 
than fibulin-4 in major elastogenic organs, includ-
ing the skin, aorta and lungs, and exhibits higher 
binding affinity to tropoelastin compared to fibu-
lin- 4 (Kobayashi et  al. 2007; Choudhury et  al. 
2009), while  fibulin-4 binds tropoelastin in a 
Ca2+-dependent manner. Fibulin-5 is known to 
bind full-length tropoelastin, potentiates coacer-
vation and lowers the coacervation temperature 
in a dose-dependent manner (Hirai et  al. 2007; 
Wachi et al. 2008). Fibulin-5, and to lesser extend 
fibulin-4, were shown to inhibit maturation of 
the  elastin coacervate (Cirulis et  al. 2008). 
Fibulin-4 and -5 bind N-terminal fibrillin-1 
(Freeman et  al. 2005; Zheng et  al. 2007). 
Consequent studies show that fibulin-5 binds tro-
poelastin to navigate onto a fibrillin-1 dominant 
microfibrillar scaffold while concomitantly 
mediating proper coacervation (Choudhury et al. 
2009; El-Hallous et al. 2007). In contrast, fibulin-
 4 seems to play a relatively minor role in this pro-
cess (Papke and Yanagisawa 2014). Oxidative 
modification of tropoelastin decreases fibulin-
 4/-5 binding and results in decreased  cross- linking 
with the formation of large elastin positive aggre-
gates instead of intact elastic fibers in vitro 
(Akhtar et  al. 2010). These findings correlate 
with the ultrastructural abnormalities found in 
skin of patients with  FBLN5-related cutis 
laxa and Fbln5−/− mice.

The next step in elastic fiber formation, which 
consists of elastin cross-linking, is mediated by 
the lysyl oxidase enzymes (LOX and LOXL-1) 
(Vallet and Ricard-Blum 2019). Both in vitro 
binding analysis and co-immunoprecipitation 
studies show that LOX strongly binds fibulin-4, 
which is mediated through the N-terminal region 
of fibulin-4 and the LOX propeptide (Choudhury 
et al. 2009). Moreover, fibulin-4 increases tropo-
elastin binding to LOX (Hirai et  al. 2007). 
Counter to fibulin-4, fibulin-5 is involved in 
LOXL-1 binding, activation of preproLOXL-1 
into active LOXL-1, and relocation to the elastic 

fibers (Liu et al. 2004; Choi et al. 2009). As such, 
interaction between LOX and fibulin-4 and 
LOXL-1 and fibulin-5, respectively, is important 
for elastic fiber crosslinking (Papke and 
Yanagisawa 2014).

Latent transforming growth factor ß binding 
protein-4 (LTBP4) belongs to the LTBP family, 
consisting of four members (LTBP1, −2, −3 and 
− 4). Three out of four isoforms (LTBP1, −3 and 
− 4) form latent complexes with TGFß by form-
ing disulfide bonds with the TGFß propeptide 
(latency-associated protein or LAP) in the endo-
plasmic reticulum (Zilberberg et al. 2012). LAP 
is cleaved from the mature TGFß precursor in the 
trans-Golgi network, but stays strongly associ-
ated with TGFß through non-covalent interac-
tions. Together, LAP, TGFß and LTBP form the 
large latent complex (Robertson et  al. 2015). 
LTBP4 utilizes 3 alternative transcripts produc-
ing one small (LTBP4S) and 2 large (LTBP4L) 
isoforms. LTBP4 has a dual function: the afore-
mentioned TGFß sequestration (with LTBP4 dis-
ruption resulting in increased TGFß signaling) 
and facilitation of elastic fiber assembly. As men-
tioned above, the Ltbp4S−/− mouse model reca-
pitulates some of the elastic fiber abnormalities 
in humans with the observation of both emphy-
sema and abnormal morphology of elastic fibers 
with large globular elastin deposits (Urban et al. 
2009; Sterner-Kock et  al. 2002). However, it 
lacks the urological and gastrointestinal features 
reminiscent of LTBP4-related cutis laxa, suggest-
ing a role for LTBP4L in the development of 
these organ systems (Urban and Davis 2014). As 
LTPB4 binds both fibrillin-1 and fibulin-5, it 
guides fibulin-5 coated elastin globules to the 
microfibrilin scaffold (Vanakker et  al. 2015; 
Dabovic et al. 2015). This mechanism sheds light 
on the extensive phenotypic overlap between 
FBLN5- and LTBP4-related CL.

Dysregulation of TGFß signaling is not lim-
ited to cutis laxa disorders caused by genes 
involved in TGFß sequestration, since increased 
TGFß signaling has been reported in ELN-, 
FBLN4-, and ATP6V0A2-related cutis laxa 
(Callewaert et  al. 2011; Renard et  al. 2010; 
Callewaert et  al. 2013; Fischer et  al. 2010). 
Elevated TGFß signaling in cutis laxa can point 
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to the loss of a negative feedback signal due to 
impaired ECM assembly (Urban and Davis 
2014). In support of this, TGFß signaling is 
upregulated in many other elastic fiber diseases, 
including MFS (caused by mutations in the FBN1 
gene encoding fibrillin-1) and Loeys-Dietz syn-
drome (caused by mutations in the transforming 
growth factor receptors 1 and 2 or their down-
stream transducers SMAD2 and SMAD3). 
However, the exact spatiotemporal regulation 
remains a matter of debate. The pathogenesis of 
the arterial tortuosity syndrome (ATS), closely 
related to FBLN4-related cutis laxa, could shed 
more light on TGFß signaling as a common final 
pathway in vascular disorders. ATS is caused by 
biallelic mutations in SLC2A10, encoding the 
facilitative glucose transporter GLUT10 with 
hitherto unknown cellular substrate (Coucke 
et al. 2006). While initial studies show strongly 
increased TGFß signaling in arterial tissues as 
evidenced by immunostaining experiments for 
connective tissue growth factor and pSMAD, this 
could not be confirmed in later studies, possibly 
indicating variability in spatiotemporal TGFß 
signaling (Beyens et al. 2018a; Boel et al. 2019b). 
This could be further investigated in genome- 
edited animal models of ATS. Unfortunately, cur-
rently reported models lack a distinct phenotype 
(Callewaert et  al. 2008b; Boel et  al. 2020). 
However, morpholino-mediated slc2a10 knock-
down in a zebrafish model resulted in severe car-
diovascular abnormalities and decreased TGFß 
signaling in early stages (Willaert et  al. 2012), 
which underlines the variable spatiotemporal 
regulation of TGFß. Additional hypotheses in 
ATS depict GLUT10 as a transporter of dehy-
droxyascorbic acid present both over the mito-
chondrial membranes and in the endoplasmic 
reticulum (ER). In mitochondria, reduced dehy-
droxyascorbic (ascorbic acid or AA) acts a reac-
tive oxygen species scavenger, which protects 
cells against oxidative stress. In the ER, AA func-
tions as a hydroxylation cofactor for both prolyl 
and lysyl residues, which in its turn is a crucial 
reaction for both elastin maturation (Lee et  al. 
2010). Therefore, TGFß signaling could reside a 
delicate balance between oxidative stress and 
defective ECM, especially since it is not clear if 

perturbed TGFß signaling precedes ECM remod-
eling or is the consequence of altered ECM 
homeostasis (Boel et al. 2019b).

13.5.2  Mutations Affecting 
Intracellular Trafficking

A second group of causative genes in CL 
(ATP6V0A2, ATP6V1E1, ATP6V1A, ATP7A), 
involved in intracellular trafficking, reflect the 
importance of the secretory pathway in elastic 
fiber homeostasis. The V-type proton (H+) ATPase 
is an ATP-dependent H+-pump involved in the 
maintenance of the acidic environment of intra-
cellular organelles, including secretory granules, 
endosomes and lysosomes, as well as extracellu-
lar compartments (Beyenbach and Wieczorek 
2006). Within intracellular membranes, ATPases 
function in membrane trafficking processes such 
as receptor-mediated endocytosis and intracellu-
lar trafficking of lysosomal enzymes (Forgac 
2007). Other functions include protein degrada-
tion, pH-dependent (e.g. Wnt and Notch) or –
independent (e.g. mTORC1 and APMK) 
regulation of intracellular signaling, and different 
pathological processes such as drug resistance, 
virus and toxin entry and cancer cell survival, 
migration and invasion (Cotter et al. 2015). The 
V-type H+-ATPase consists of two multi-subunit 
domains: the catalytic cytosolic V1 domain and a 
H+-pumping, membrane-embedded V0 domain. 
Both domains comprise different smaller sub-
units and are connected by the a-subunit, com-
posed of 8–9 transmembrane helices and a long 
cytoplasmic N-terminal domain. Four closely 
related paralogs exist for the a-subunit, that are 
ubiquitously expressed (except for a4) (Jefferies 
et  al. 2008). Loss-of-function mutations in 
ATP6V0A2 (encoding the a2-subunit of the V0 
complex) cause reduced acidification of traffick-
ing vesicles in patient fibroblasts. Increased pH 
induces elastin coacervation and which further 
impairs elastin cross-linking and maturation. 
This is supported by the presence of swelling and 
fragmentation of the Golgi-apparatus, the accu-
mulation of abnormal, tropoelastin-positive 
Golgi vesicles and decreased deposition of abnor-
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mal globular tropoelastin aggregates. Retrograde 
Golgi transport and membrane fusion of vesicles 
can be affected, illustrated by the delayed Golgi 
collapse following Brefeldin A treatment of 
ATP6V0A2 mutant fibroblasts. In addition, 
N-glycosylation anomalies are present in all 
patients and probably due to pH-dependent 
defective functioning of glycosylation enzymes 
(Hucthagowder et al. 2009). In the more recently 
identified ATP6V1E1- and ATP6V1A-related CL, 
homozygous mutations affect highly conserved 
amino acids in the E1 and A subunits, resulting in 
overall assembly and structure of the entire 
V-ATPase complex in addition to reduced ATP- 
hydrolysis- coupled H+-transport (Van Damme 
et  al. 2017). Comparable to mutations in 
ATP6V0A2, mutations in ATP6V1E1 and 
ATP6V1A affect protein glycosylation and affect 
retrograde Golgi trafficking. Some of the features 
in the ATP6V1E1 and ATP6V1A entities, includ-
ing marfanoid habitus, pneumothorax, and aortic 
root dilatation are reminiscent of MFS, caused by 
fibrillin-1 mutations. Fibrillin-1 is, unlike elastin 
and collagen, a highly glycosylated protein that 
co-assembles with elastin and other ECM glyco-
proteins to form elastic fibers. Therefore, dis-
turbed glycosylation of proteins such as fibrillin-1 
might explain the overlap with MFS and the 
observed elastic fiber abnormalities (Van Damme 
et al. 2017).

Occipital horn syndrome, or X-linked CL  is 
caused by hemizygous mutations in ATP7A, 
which encodes a P-type ATPase, involved in cop-
per transport into the Golgi network. OHS is 
associated with decreased LOX activity as cop-
per acts a cofactor for LOX, essential for colla-
gen fibril stabilization and the integrity and 
elasticity of mature elastin, and thus explaining 
the variable connective tissue manifestations 
(Vallet and Ricard-Blum 2019). Additional fea-
tures including aberrant pigmentation and central 
and peripheral nerve system abnormalities can be 
explained by the malfunctioning of other cupro- 
enzymes, including tyrosinase, dopamine 
ß-hydroxylase, and cytochrome C oxidase 
(Royce et  al. 1980; Byers et  al. 1980b; Petris 
et al. 1998; Kodama et al. 2005).

13.5.3  Mutations Affecting 
Metabolism 
and Mitochondrial 
Functioning

ALDH18A1-, dominant ALDH18A1- and PYCR1- 
related CL belong to the De Barsy spectrum and 
are caused by mutations involved in cellular 
metabolism, including mitochondrial function-
ing, Krebs cycle and proline synthesis (Reversade 
et al. 2009; Bicknell et al. 2008; Skidmore et al. 
2011; Fischer-Zirnsak et al. 2015; Guernsey et al. 
2009). ALDH18A1 encodes the mitochondrial 
enzyme P5CS that catalyses the conversion of 
L-glutamate to Δ1-pyrroline-5-carboxylate. This 
is further converted to proline by pyrroline-5- 
carboxylate reductase 1 (PYCR1), which cataly-
ses the final and obligatory step in de novo proline 
synthesis, or is converted to ornithine by orni-
thine aminotransferase and entered into the urea 
cycle. Recessive phenotypes likely result from 
loss-of-function mechanisms and the dominant 
type results from a mutation with dominant nega-
tive effect and reduced enzymatic function of the 
P5CS multimer (Fischer-Zirnsak et  al. 2015). 
P5CS uses glutamate, the main excitatory neu-
rotransmitter in the brain, as a substrate to initiate 
proline synthesis. Proline, apart from its estab-
lished role in protein synthesis, is hypothesized 
to play a role in neurotransmission, as a proline 
transporter is present in the synaptic vesicles and 
axon terminals of glutamergic neurons (Mohamed 
et  al. 2011; Shafqat et  al. 1995). In addition, 
P5CS uses glutamate, the main excitatory neu-
rotransmitter in the brain, as a substrate to initiate 
proline synthesis. Alternatively, glutamate is also 
the substrate for glutamate decarboxylase to syn-
thetize gamma-aminobutyric acid (GABA), the 
main inhibitory neurotransmitter in the brain. 
Disequilibrium of these neurotransmitters may 
add to the neurological phenotype, which consti-
tutes the main clinical feature in this entity. 
However, only a minority of patients with 
ALDH18A1 mutations manifest abnormal levels 
of glutamate, proline, and intermediary products 
of the urea cycle, suggesting that other mecha-
nisms also contribute to the pathogenesis 
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(Fischer-Zirnsak et al. 2015; Baumgartner et al. 
2000). Similarly, PYCR1 patient fibroblasts did 
not show evidence of low proline, but showed a 
decreased mitochondrial membrane potential and 
increase in cell death upon short exposure to 
H2O2. These findings suggest the involvement of 
PYCR1 in the cell’s protective response to oxida-
tive stress, and might explain the observed 
progeroid changes in connective tissues. 
Likewise, knockdown of the orthologous genes 
in Xenopus and zebrafish led epidermal hypopla-
sia and blistering, accompanied by massive apop-
tosis (Reversade et al. 2009). Finally, a hypothesis 
can be made that reduced levels of proline would 
impair collagen and elastin synthesis due to their 
proline content, as reduced P5CS activity has 
been shown to reduce protein synthesis and slow 
down the cell cycle (Kardos et al. 2015).

13.6  Avenues in Cutis Laxa 
Research

Mendelian cutis laxa syndromes provide relevant 
models to study elastic fiber biology. The recent 
advances in the understanding of the different 
subtypes have thaught us that elastic fiber biol-
ogy extends well beyond ECM assembly and 
relies on many cellular processes including 
growth factor signaling, metabolic pathways, 
intracellular transport, organelle acidification, 
and mitochondrial functioning. Nevertheless, in 
many cases of congenital cutis laxa, the underly-
ing gene defect remains unknown (Callewaert, 
unpublished). However, the rarity of the cases 
related to novel genes represent a major burden in 
gene discovery. Therefore, international collabo-
ration through databases (as proposed by the 
European Reference Networks (ERN-Skin, 
www.ern- skin.eu) and initiatives as GeneMatcher 
are pivotal to identify individuals with these rare 
entities.

It is tempting to speculate that many of these 
mechanisms may be relevant for common age- 
related diseases of the elastic fibers such as 
emphysema, aortic aneurysm, skin ageing, and 
pelvic organ prolapse (Saito et al. 2018; Cloonan 

et  al. 2016; Ryter et  al. 2018; Li et  al. 2020; 
Cooper et  al. 2020; Goumans and ten Dijke 
2018). Animal models will provide opportunities 
to unravel all players in ECM biology. The surge 
of compound screening in zebrafish research will 
evidently become important for identification of 
compounds to identify novel targets for therapy 
(Farr 3rd et  al. 2020; Bergen et  al. 2019). 
Moreover, unbiased compound screens may even 
identify novel players  and targets in ECM 
homeostasis.
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Abstract

Mutations in the genes encoding the major 
collagen VI isoform, COL6A1, COL6A2 and 
COL6A3, are responsible for the muscle disor-
ders Bethlem myopathy and Ullrich congeni-
tal muscular dystrophy. These disorders form 
a disease spectrum from mild to severe. 
Dominant and recessive mutations are found 
along the entire spectrum and the clinical phe-
notype is strongly influenced by the  way 
mutations impede collagen VI protein assem-
bly. Most mutations are in the triple helical 
domain, towards the N-terminus and they 
compromise microfibril assembly. Some 
mutations are found outside the helix in the 
C- and N-terminal globular domains, but 
because these regions are highly polymorphic 
it is difficult to discriminate mutations from 
rare benign changes without detailed struc-
tural and functional studies. Collagen VI defi-
ciency leads to mitochondrial dysfunction, 
deficient autophagy and increased apoptosis. 
Therapies that target these consequences have 
been tested in mouse models and some have 
shown modest efficacy in small human trials. 
Antisense therapies for a common mutation 

that introduces a pseudoexon show promise in 
cell culture but haven’t yet been tested in an 
animal model. Future therapeutic approaches 
await new research into how collagen VI defi-
ciency signals downstream consequences.

Keywords

Collagen VI · Bethlem myopathy · Ullrich 
congenital muscular dystrophy · Muscle

Abbreviations

LoF Loss of function
UCMD Ullrich congenital muscular 

dystrophy

14.1  Introduction

The extracellular matrix protein collagen VI 
forms beaded microfibrils that are found in 
almost all tissues (Timpl and Chu 1994). Its loca-
tion, close to basement membranes and in the 
pericellular matrix, and interactions with many 
other extracellular matrix proteins, cell surface 
integrin and anthrax receptors, suggests that col-
lagen VI has tissue anchoring functions and con-
tributes to cell-matrix interactions. In addition to 
these structural roles, collagen VI can signal to 
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promote cell growth and survival, reduce oxida-
tive damage and alter metabolism.

There are five functional collagen VI genes in 
humans, COL6A1, COL6A2, COL6A3, COL6A5, 
and COL6A6 (Fitzgerald et al. 2008; Gara et al. 
2008; Cescon et al. 2015). The COL6A4 gene is 
present in mice, but in humans, chimpanzees and 
gorillas it has been interrupted by a pericentric 
inversion and is non-functional (Fitzgerald et al. 
2008; Gara et al. 2008). COL6A1, COL6A2, and 
COL6A3 encode the most abundant collagen VI 
isoform and mutations in these genes cause mus-
cular dystrophy. A clear role for COL6A5 and 
COL6A6 mutations in inherited disorders is yet 
to emerge.

This review will briefly summarise the clinical 
phenotypes, Bethlem myopathy and Ullrich con-
genital muscular dystrophy (UCMD), and the 
kinds of mutations in the COL6A1, COL6A2 and 
COL6A3 genes that underlie these disorders. The 
focus will be on updating the information in our 
2018 review (Lamandé and Bateman 2018) and 
highlighting new data about collagen VI assem-
bly and structure, pathogenic mechanisms, and 
targeted therapies. Our knowledge about endo-
trophin, a bioactive fragment cleaved from the 
C-terminus of the α3(VI) chain, and its role in 
cancer, obesity and diabetes has expanded rap-
idly in the last few years and will be covered in 
the final section.

14.2  Collagen VI Structure 
and Assembly

Understanding collagen VI structure and its com-
plex hierarchical assembly pathway is crucial 
when interpreting sequence changes in the colla-
gen VI genes, anticipating how they could affect 
function and interpreting pathogenicity, and so 
this section will provide a summary of its key 
features. Further information, about how colla-
gen VI was discovered and the early biochemical 
and electron microscopy studies, can be found in 
two detailed reviews (Timpl and Engel 1987; 
Timpl and Chu 1994).

The major collagen VI isoform contains 
α1(VI), α2(VI), and α3(VI) protein chains, 

encoded by COL6A1, COL6A2 and COL6A3 
respectively, in a 1:1:1 ratio. Each chain has a 
triple helical region – Gly-X-Y amino acid triplet 
repeats  – of 335–336 amino acids. The triple 
helix is relatively small compared to other colla-
gen types and it has some flexibility because each 
chain has interruptions to the Gly-X-Y repeats. 
N- and C-terminal globular regions flank the tri-
ple helix and make up the majority of the protein. 
These globular regions are mostly tandem arrays 
of ~200 amino acid domains that have homology 
to the von Willebrand factor A domains 
(Fig.  14.1a; Whittaker and Hynes 2002). Three 
different domains are found at the C-terminus of 
the α3(VI) chain; C3- a unique domain, C4 – a 
fibronectin type III repeat, and C5 – a Kunitz pro-
tease inhibitor motif.

14.2.1  Clinical Features

Collagen VI intracellular assembly begins when 
the three chains, α1(VI), α2(VI), and α3(VI), 
associate at the C-terminus (Lamandé et al. 2006) 
and the central triple helical regions wind together 
to form the collagen VI monomer. The α4(VI), 
α5(VI) and α6(VI) chains are similar to the 
α3(VI) chain and can replace the α3(VI) chain in 
some low abundance and tissue restricted iso-
forms (Fitzgerald et al. 2008; Gara et al. 2008). 
Next, staggered antiparallel dimers with a super-
coiled overlap region form and are stabilised by 
disulphide bonds (Furthmayr et  al. 1983) 
(Fig.  14.1b). This assembly step is initiated by 
interactions between the α2(VI) C2 domain of 
one monomer and the triple helix of a second 
monomer (Ball et  al. 2003). Finally, tetramers, 
the secreted form of collagen VI, are formed 
when two dimers come together in register, their 
outer N-terminal regions cross over, and the 
structure is stabilised by disulphide bonds formed 
between the α3(VI) cysteine residues (Furthmayr 
et al. 1983; Timpl and Chu 1994) (Fig. 14.1b).

Following secretion, tetramers associate 
end- to- end to form the characteristic beaded 
microfibrils. The N-terminal regions overlap in 
the microfibrils so that the N-terminal triple 
helical regions of adjacent tetramers are in 
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close contact with each other and also contact 
the N- and C-terminal globular regions of adja-
cent tetramers forming the bead (Chu et  al. 
1989). This arrangement is beautifully illus-
trated in 3D reconstructions of the collagen VI 
microfibril bead region from cryo-TEM images 

(Godwin et al. 2017). The large N-terminal end 
of the α3(VI) chain is flexible (Solomon-Degefa 
et  al. 2020) and extends outwards from the 
beads making it available to interact with other 
extracellular matrix proteins (Beecher et  al. 
2011).

Fig. 14.1 Collagen VI protein subunits and assembly 
(a) Schematic showing the three chains that assemble 
together into the canonical and most abundant collagen VI 
isoform, α1(VI), α2(VI) and α3(VI), and below, the minor 
chains, α4(VI), α5(VI) and α6(VI), that can take the place 

of α3(VI). (b) Collagen VI assembles inside the cell into a 
triple helical monomer, then disulphide bonded dimers, 
and finally tetramers that are also stabilised by disulphide 
bonds. Secreted tetramers interact end-to-end and overlap 
to form beaded microfibrils in the extracellular matrix

14 Collagen VI Muscle Disorders: Mutation Types, Pathogenic Mechanisms and Approaches to Therapy
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14.3  Bethlem Myopathy 
and Ullrich Congenital 
Muscular Dystrophy

The collagen VI muscular dystrophies, Bethlem 
myopathy and Ullrich congenital muscular dys-
trophy (UCMD), are caused by mutations in 
COL6A1, COL6A2 and COL6A3. These disor-
ders illustrate the important role that collagen VI 
has in skeletal muscle. In addition to progressive 
muscle weakness and wasting, patients have skin 
and tendon abnormalities that reflect a more gen-
eralised connective tissue disorder. Recent stud-
ies in mouse models document bone, lung and 
nervous system phenotypes (see later) that sug-
gest changes in these tissues could also contrib-
ute to Bethlem myopathy and UCMD.  This 
section will highlight the main features of the 
collagen VI muscle disorders. Detailed clinical 
descriptions and patient photographs can be 
found in (Bönnemann 2011a, b).

14.3.1  Clinical Features

The collagen VI disorders form a continuous dis-
ease spectrum; Bethlem myopathy is at the mild 
end, UCMD is at the severe end and in between 
are a range of phenotypes that do not fit easily 
into either Bethlem myopathy or UCMD. UCMD 
is usually obvious at birth. Patients have muscle 
weakness, hypotonia and conspicuous joint lax-
ity, particularly involving the distal joints. Joint 
contractures are sometimes also present at birth. 
The most severe patients are never able to walk 
independently, however, most start to walk in 
early childhood then lose ambulation around 
their teenage years. The muscle weakness pro-
gresses slowly but severe and worsening large 
joint contractures are a major contributor to los-
ing ambulation. Respiratory insufficiency is com-
mon after patients lose the ability to walk and 
respiratory support, often only at night, is part of 
standard care allowing patients with UCMD to 
routinely reach adulthood.

Bethlem myopathy patients have many of the 
same clinical features as UCMD but the symp-
toms are significantly milder. Children may have 

mild muscle weakness and distal joint laxity. 
Achilles tendon contractures develop around ten 
years of age and in the teenage years contractures 
progress to affect fingers, shoulders and some-
times the spine. Progressive muscle weakness 
and contractures combine to limit mobility and 
around two thirds of patients over 50 years old 
need walking aids.

Changes in the skin are common in both 
Bethlem myopathy and UCMD reflecting colla-
gen VI expression in dermal fibroblasts. Soft vel-
vety skin on the palms, keratosis pilaris – a rough 
textured skin caused by abnormal keratinisa-
tion – on the arms and legs, and abnormal scar-
ring  – keloid or atrophic scars  – can all be 
present.

14.3.2  Mouse Models Suggest 
Broader Tissue Involvement

While muscle weakness and joint contractures 
have the most profound impact on quality of life 
for Bethlem myopathy and UCMD patients and 
have been the most thoroughly studied, collagen 
VI is found in many other tissues and these are 
becoming the focus of attention. Detailed studies 
are difficult in patients because the tissues are not 
readily accessible and so much of the data comes 
from studying mouse models.

Collagen VI is closely associated with the 
basement membrane surrounding peripheral 
nerves (Marvulli et al. 1996) where it is needed 
for proper myelination (Chen et  al. 2014). The 
Col6a1−/− mouse has hypermyelination, impaired 
nerve conduction, impaired motor coordination, 
and delayed response to acute pain (Chen et al. 
2014). Collagen VI is found in the neuromuscular 
junction and the Col6a1−/− mouse illustrates that 
it is needed to stabilise acetylcholine receptor 
clusters and for efficient neuromuscular synaptic 
transmission (Cescon et al. 2018). Nerve regen-
eration following injury is impaired in the 
Col6a1−/− mouse and this appears to be because 
fewer macrophages are recruited to the injury site 
than in wild type mice (Chen et al. 2015). In addi-
tion, the macrophage population recruited to the 
injured nerve in the knock out tends to be skewed 
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towards pro-inflammatory (M1) macrophages 
and contains fewer anti-inflammatory (M2) mac-
rophages than seen in wild type mice with similar 
injuries (Chen et al. 2015). For more information 
about collagen VI in the central and peripheral 
nervous system see (Gregorio et al. 2018).

Collagen VI is found throughout the lung, par-
ticularly around basement membranes, and 
Col6a1−/− mice have significant lung abnormali-
ties that include airway space changes  – larger 
and fewer alveoli, increased branching, and 
increased mucosal thickness – and reduced lung 
function (Mereness et al. 2020). Collagen VI is 
also expressed by osteoblasts (Izu et  al. 2016). 
Although trabecular bone formation is normal, 
Col6a2−/− mice have reduced trabecular bone 
volume and trabecular number (Pham et  al. 
2020). It turns out that the knockout mice have 
more osteoclasts than wild type mice suggesting 
that the bone deficiency is caused by increased 
breakdown as a consequence of enhanced osteo-
clastogenesis (Pham et al. 2020). These two stud-
ies highlight some of the diverse pathological 
tissue changes that could also be part of the 
human collagen VI disease phenotypes and con-
tribute to decreased quality of life.

14.4  Collagen VI Mutations: 
An Overview and Update

Dominant and recessive mutations in COL6A1, 
COL6A2 and COL6A3 are found in patients 
across the clinical disease spectrum from Bethlem 
myopathy to UCMD. The mutations have taught 
us a lot about collagen VI assembly and the pro-
tein domains that are key for normal assembly, 
and conversely, an understanding of collagen VI 
assembly is helpful when predicting if a sequence 
change is likely to be pathogenic. Also feeding 
into the way we interpret sequence changes iden-
tified in patients with genetic disorders is the 
information generated in large scale exome and 
genome sequencing projects and available in the 
gnomAD database (gnomad.broadinstitute.org) 
(Karczewski et al. 2020). Individuals with severe 
paediatric disorders and their first degree rela-
tives are not included in gnomAD and so disease 

causing mutations are greatly underrepresented 
allowing the data to be used to help infer patho-
genicity. An earlier review described the muta-
tion types in detail (Lamandé and Bateman 2018) 
and so the focus here is to provide an overview 
for the general reader.

14.4.1  Premature Stop Codons 
and Haploinsufficiency

Mutations that introduce premature stop codons, 
either point mutations that directly introduce a 
stop codon or frameshift mutations, are a com-
mon cause of genetic disorders (Frischmeyer and 
Dietz 1999) and in most cases the mutant mRNA 
is degraded by nonsense-mediated mRNA decay 
(see reviews (Fang et al. 2013; Nasif et al. 2018)). 
The end result is protein haploinsufficiency. 
Homozygous or compound heterozygous prema-
ture stop codon mutations, therefore, most com-
monly result in complete loss of function (LoF). 
GnomAD consortium researchers have devel-
oped a continuous measure of intolerance to LoF 
variation in which each gene is placed on a spec-
trum of LoF tolerance (Karczewski et al. 2020). 
A pLI score reflects the probability of being 
intolerant to loss of function, the closer to 1, the 
more intolerant. A pLI >0.9 is considered 
extremely intolerant and means that loss of a sin-
gle copy of the gene (haploinsufficiency) is not 
tolerated. COL6A2 and COL6A3 have a pLI 
score = 0 suggesting that premature stop codon 
mutations that result in haploinsufficiency are 
tolerated. In agreement with this, patient and 
family analyses show that heterozygous carriers 
of COL6A2 and COL6A3 premature stop muta-
tions have no obvious phenotype but patients 
with homozygous or compound heterozygous 
premature stop mutations completely lack colla-
gen VI and tend to have severe disease (Camacho 
Vanegas et al. 2001; Higuchi et al. 2001; Demir 
et al. 2002). By contrast, COL6A1 has a pLI score 
of 1 indicating that loss of a single copy of the 
gene is not tolerated. This is consistent with sev-
eral reports showing that COL6A1 haploinsuffi-
ciency can cause pathology, either Bethlem 
myopathy or mild Bethlem myopathy-like fea-
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tures (Lamandé et  al. 1998; Baker et  al. 2007; 
Peat et al. 2007). In the absence of a clear expla-
nation for why COL6A2 and COL6A3 haploin-
sufficiency is tolerated while COL6A1 
haploinsufficiency can cause disease these stud-
ies are routinely overlooked but it would be pru-
dent to take these data into account when 
providing genetic counselling for families with 
COL6A1 premature stop codon mutations. 
Similar to COL6A2 and COL6A3, homozygous 
and compound heterozygous COL6A1 loss of 
function mutations tend to cause severe disease 
(Giusti et al. 2005; Peat et al. 2007)(Fig. 14.2a).

14.4.2  Triple Helical Glycine 
Substitutions

The triple helical Gly-X-Y repeat is crucial for 
collagen folding and structure. Heterozygous 
glycine substitution mutations that interrupt the 
triplet repeat are common in collagenopathies, 
and collagen VI disorders are no exception. The 
dominant glycine mutations cluster in Gly-X-Y 
triplets 3–20 at the N-terminal end of the helix 
(Fig. 14.2b). The mutations can be in any of the 
three chains and they produce a spectrum of clin-
ical severity (Lampe et al. 2005; Pace et al. 2008; 
Butterfield et  al. 2013; Lamandé and Bateman 
2018). Most of the N-terminal glycine mutations 
that have been studied functionally do not pre-
vent monomer or dimer formation but instead 
compromise tetramer and microfibril assembly 
(Pace et  al. 2008) confirming that collagen VI 
assembly relies on the correct triple helical struc-
ture in this region. These mutations have a severe 
dominant negative effect because almost all the 
secreted collagen VI tetramers contain at least 
one mutant chain and are structurally abnormal. 
For a more nuanced evaluation of how N-terminal 
glycine mutations affect collagen VI assembly 
see (Pace et  al. 2008; Butterfield et  al. 2013; 
Lamandé and Bateman 2018).

Recessive glycine substitution mutations are a 
relatively rare cause of UCMD but have been 
reported in COL6A1, COL6A2 and COL6A3 
(Lampe et al. 2005; Briñas et al. 2010; Butterfield 
et  al. 2013)(Fig. 14.2b). The mutations are 
C-terminal to the dominant glycine mutations 

and are likely to act by severely impairing triple 
helix folding and limiting the number of mono-
mers available for dimer formation (Lamandé 
et al. 2002). Thus patients with homozygous or 
compound heterozygous recessive glycine sub-
stitutions have a severe collagen VI deficiency 
and heterozygous carriers lack a clinical 
phenotype.

14.4.3  In-Frame Deletions 
in the Triple Helix

All the COL6A1, COL6A2 and COL6A3 exons 
that code for the triple helix begin and end with 
complete codons and this means that exon skip-
ping mutations within the triple helix lead to syn-
thesis of chains with in-frame deletions. Exon 
skipping mutations in the triple helix are common 
in Bethlem myopathy and UCMD.  Most of the 
reported exon skip mutations are dominant and, 
like the dominant glycine substitutions, they are 
found towards the N-terminal end of the helix. 
They generally compromise tetramer and microfi-
bril formation and cause severe disease (Baker 
et  al. 2005). There are two exceptions to this. 
Mutations that cause COL6A1 exon 14 or 
COL6A2 exon 11 (equivalent exons) skipping 
cause Bethlem myopathy. The milder phenotype 
is because these mutations delete the cysteine 
residues that stabilise collagen VI dimers. The 
mutant monomers are almost completely excluded 
from further assembly into dimers, and so about 
half the normal amount of collagen VI is secreted 
(Lamandé et al. 1999; Baker et al. 2007). In-frame 
deletions in the C-terminal two thirds of the triple 
helix are recessive mutations that prevent the 
mutant chains being incorporated into triple heli-
cal monomers (Fig.  14.2b) (Camacho Vanegas 
et al. 2001).

14.4.4  Mutations in the N- 
and C-terminal Globular 
Regions

Proving that a sequence variation outside of the 
triple helix is pathogenic or otherwise remains an 
enormous diagnostic challenge. The N- and 
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C-terminal globular regions are highly polymor-
phic – the gnomAD data base contains hundreds 
of sequence variants that cause amino acid sub-
stitutions in these non-collagenous regions. Some 
of these are likely to be recessive pathogenic 
variants but without detailed functional studies it 

is not possible to determine which ones are 
benign and which are deleterious. Adding to the 
complexity, some patients have multiple rare 
sequence variations in one or more of the colla-
gen VI genes (Lampe and Bushby 2005).

triple helix

N
C

CC

triple helix

N
C

CC
c

b

a loss of function mutations

glycine substitution mutations

exon skipping mutations

loss of both alleles of either of the three genes not tolerated

a3(VI) - loss of one allele tolerated, pLI = 0

a2(VI) - loss of one allele tolerated, pLI = 0

a1(VI) - loss of one allele not tolerated, pLI =1

dominant

dominant recessive

recessive and/or benign

Fig. 14.2 Overview of the main collagen VI mutations 
types (a) loss of function mutations, most commonly 
mutations that introduce a premature stop codon and lead 
to nonsense mediated mRNA decay cause disease in 
patients with homozygous or compound heterozygous 
mutations. The gnomAD algorithm, pLI, predicts the 
probability of being loss of function intolerant with a 
score > 0.9 indicating that loss of a single copy of the gene 
is not tolerated. The algorithm predicts loss of one α1(VI) 
allele is not tolerated, but loss of one α2(VI) or α3(VI) is 

tolerated. This fits with patient data showing that α1(VI) 
haploinsufficiency causes Bethlem myopathy (see text). 
(b) Glycine substitutions towards the N-terminal end of 
the triple helix are dominant mutations while more 
C-terminal glycine substitutions are recessive. Some 
C-terminal glycine substitutions could be benign. (c) 
Exon skipping mutations in the N-terminal third of the 
triple helix cause dominant disease while exon skipping 
mutations in the C-terminal half of the helix are recessive
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There is strong data supporting the pathoge-
nicity of some recessive mutations in the α2(VI) 
C1 and C2 domains (reviewed in (Lamandé and 
Bateman 2018)). There is also strong evidence 
that supports the pathogenicity of two dominant 
mutations in the α3(VI) N2 domain reported to 
cause Bethlem myopathy (Pan et al. 1998; Baker 
et al. 2007). When α3(VI) N2 domains contain-
ing p.G1679E or p.L1726R mutations are 
expressed recombinantly they are retained 
entirely within the cell in contrast to the wild type 
N2 domain which is efficiently secreted (Sasaki 
et  al. 2000; Solomon-Degefa et  al. 2020). The 
structural model of the N2 domain shows that 
both mutations are located in the core of the 
domain and so they are likely to have a detrimen-
tal effect on domain folding (Solomon-Degefa 
et al. 2020).

A number of amino acid changes in the colla-
gen VI globular regions that were reported to 
cause Bethlem myopathy and UCMD do not 
meet the more stringent requirements for deter-
mining pathogenicity that currently apply (for 
examples see (Lamandé and Bateman 2018)). In 
the absence of functional data, a cautious 
approach should be taken when reporting and 
assessing amino acid changes, particularly if pos-
sible recessive mutations are described that 
expand the phenotypes associated with collagen 
VI mutations.

14.4.5  A Common Deep Intronic 
Mutation Causes UCMD

Using muscle RNAseq, an in-frame non- 
collagenous insertion towards the N-terminal end 
of the α1(VI) triple helix was discovered in four 
unrelated UCMD patients who were previously 
negative for directed collagen VI mutation 
screening (Cummings et al. 2017). Parallel whole 
genome sequencing identified the same de novo 
heterozygous deep intronic variant in all four 
patients (COL6A1 c.930 + 189C > T). The muta-
tion creates a donor splice site that leads to the 72 
nucleotide pseudoexon insertion. This mutation 
has since been found in 31 additional patients and 
was de novo in all the cases where parents were 

available (Cummings et  al. 2017; Bolduc et  al. 
2019). Two factors contributed to these mutations 
being missed previously. Firstly, whole exome 
sequencing does not usually capture fragments 
that are located far from exon boundaries. 
Secondly, many directed collagen VI mutation 
screens PCR-amplify and sequence patient fibro-
blast mRNA and the pseudoexon is only rarely 
incorporated into mRNA in fibroblasts (~10–18% 
of total α1(VI) mRNA) meaning that it could eas-
ily be overlooked in Sanger sequencing profiles 
(Bolduc et al. 2019). By contrast, the pseudoexon 
was present in ~40–48% of total α1(VI) mRNA 
in muscle (Bolduc et al. 2019). It is likely that the 
mutant chains are incorporated into monomers, 
dimers and tetramers, but that the tetramers are 
abnormal, because end-to-end association into 
microfibrils is reduced. All patients with this 
mutation had mild disease in their early years but 
rapidly progressed in severity and lost ambula-
tion on average by 9 years of age. This mutation 
appears to be the most common UCMD mutation 
and should be included in all patient mutation 
detection and screening protocols.

14.5  Pathogenic Mechanisms 
and Potential Targeted 
Therapies

14.5.1  Genetic Approaches

In theory, gene replacement strategies could be 
therapeutically useful in patients with homozy-
gous or compound heterozygous premature stop 
codon mutations, potentially turning severe 
UCMD into the milder Bethlem myopathy. 
Dominant negative mutations, however, are much 
more common and pose a greater challenge 
because the mutant mRNA would need to be very 
efficiently targeted for breakdown to have thera-
peutic benefit. In addition, single base changes 
are very hard to target with current technologies. 
Antisense oligonucleotide splice modulation is 
the leading therapeutic strategy for Duchenne 
muscular dystrophy, and three oligonucleotides 
have been approved by the FDA for testing in 
Duchenne patients (Hanson et al. 2021). They are 
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designed to induce skipping of one or more exons 
to restore the dystrophin reading frame and pro-
duce internally deleted but partially functional 
dystrophin. The COL6A1 deep intronic mutation 
described above provides an exciting opportunity 
to develop similar exon skipping approaches 
using antisense oligonucleotides to prevent incor-
poration of the pseudoexon into the α1(VI) 
mRNA.  The mutation is common, and if the 
pseudoexon is efficiently excluded, collagen VI 
production could be restored to almost normal 
levels. The utility of this approach was recently 
demonstrated using human fibroblast cultures 
and two antisense oligonucleotides were identi-
fied that reduced the mutant mRNA by more than 
90% (Aguti et  al. 2020). A second proof-of- 
principle antisense oligonucleotide therapy selec-
tively targeted an 18 nucleotide heterozygous 
genomic deletion in COL6A3 (Marrosu et  al. 
2017). The mutant mRNA was selectively 
degraded and more collagen VI was deposited 
into the extracellular matrix of patient fibroblasts. 
Unfortunately, mouse models with the COL6A1 
c.930  +  189C  >  T or its equivalent mouse ver-
sion, or the COL6A3 genomic deletion are not 
available for testing in vivo efficacy and safety, so 
translating this approach to clinical trials is some 
way off.

14.5.2  Targeting Mitochondrial 
Abnormalities, Apoptosis 
and Autophagy

Abnormal mitochondria – swollen, disorganised 
cristae and paracrystalline inclusions – are a fea-
ture of Bethlem myopathy and UCMD (Tagliavini 
et al. 2013; Zamurs et al. 2015). The Col6a1−/− 
mouse has similar mitochondrial abnormalities 
as well as dilated sarcoplasmic reticulum and an 
increase in apoptotic nuclei (Irwin et  al. 2003). 
The discovery that dysregulation of the mito-
chondrial permeability transition pore, a mito-
chondrial inner membrane high-conductance 
channel, leads to mitochondrial dysfunction, and 
that the defective organelles are not adequately 
removed by autophagy has been the subject of a 
detailed review (Bernardi and Bonaldo 2013). 

The mitochondrial abnormality in the Col6a1−/− 
mouse can be rescued with cyclosporin A (Irwin 
et  al. 2003), and two similar drugs that, unlike 
cyclosporin A, do not induce immunosuppres-
sion  – Debio 025 (Tiepolo et  al. 2009) and 
NIM811 (Zulian et al. 2014). A small trial treat-
ing UCMD patients with cyclosporine A for 
1–3  years showed significant improvement in 
limb muscle strength in 5 out of 6 patients but 
respiratory function declined (Merlini et  al. 
2011). Cyclosporin A treatment corrected the 
mitochondrial abnormalities, increased muscle 
regeneration and decreased apoptosis in the trial 
patients (Merlini et al. 2011). These results raise 
hope that cyclosporin A or similar drugs could be 
useful but the improvements were relatively 
small and unlikely to significantly change the 
course of the disease.

Autophagy is an essential mechanism that 
degrades unneeded and damaged organelles and 
proteins and recycles essential nutrients 
(Mizushima and Komatsu 2011; Ohsumi 2014). 
Autophagy is defective in the Col6a1−/− mouse, 
and Bethlem and UCMD patients, and is unable 
to efficiently remove the damaged mitochondria 
(Grumati et  al. 2010)(for a detailed review of 
autophagy and collagen VI disorders see 
(Castagnaro et  al. 2020). Possible therapeutic 
approaches emerged with the finding that reacti-
vating autophagy in the Col6a1−/− mouse with 
fasting, a low protein diet, rapamycin or cyclo-
sporin A, was able to eliminate the abnormal 
mitochondria, and rescue the structural and func-
tional muscle abnormalities (Grumati et  al. 
2010). Seven adults with collagen VI disorders 
were treated for one year with a low protein, nor-
mal calorie diet to see if autophagy could be reac-
tivated (Castagnaro et al. 2016). Encouragingly, 
autophagy was reactivated, apoptosis reduced, 
the expected worsening of muscle function was 
counteracted, and some motor and respiratory 
parameters improved (Castagnaro et  al. 2016). 
This clinical study supports the hypothesis that 
reactivating autophagy could be an effective ther-
apeutic approach although a long term dietary 
approach is challenging and patient compliance 
difficult to maintain. Rapamycin also stimulates 
autophagy, and is an effective treatment for the 
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Col6a1−/− mouse (Grumati et al. 2010) but unfor-
tunately it is not suitable for long term treatment 
in patients because it has potent immunosuppres-
sive side effects (Madeo et  al. 2014). Other 
potential therapies that stimulate autophagy in 
the Col6a1−/− mouse and are safe for human use 
include spermidine (Chrisam et  al. 2015) and 
pterostilbene, a chemical similar to resveratrol 
but with higher bioavailability and stability 
(Metti et al. 2020).

14.6  Endotrophin: A Bioactive 
Collagen VI Peptide

Matrikines, protein fragments cleaved from 
extracellular matrix proteins and with biological 
activities unrelated to their parental protein, are 
being increasingly recognised as key regulators 
of important biological functions (Gaggar and 
Weathington 2016; Sivaraman and Shanthi 2018; 
Papadas et al. 2020). One such matrikine is endo-
trophin, a fragment cleaved from the C-terminus 
of the α3(VI) chain. While not a direct cause of 
the inherited collagen VI disorders, endotrophin 
has a profound influence on obesity, metabolic 
disease and cancer and patients with severely 
reduced or absent collagen VI will also have 
reduced endotrophin and the biological activities 
endotrophin possesses.

The α3(VI) C5 domain is required for colla-
gen VI microfibril assembly (Lamandé et  al. 
2006) but is later cleaved off (Aigner et al. 2002; 
Heumüller et al. 2019). Until recently, the cleav-
age sites and the responsible proteases had not 
been identified. Fragments from 8–100 kDa that 
contain the C5 domain are present in human 
serum and tissue, and we now know that BMP-1 
can cleave off just the C5 endotrophin domain, 
and a furin-like proprotein convertase releases a 
large C2-C5 fragment (Heumüller et  al. 2019). 
This larger fragment is significantly more abun-
dant than free endotrophin. Other enzymes, for 
example MMPs, could also be responsible for 
releasing fragments containing endotrophin (Li 
et al. 2020).

Collagen VI is highly expressed in a range of 
cancers and the role of endotrophin in promoting 

cancer has been recently reviewed (Lamandé and 
Bateman 2018; Wang and Pan 2020). Endotrophin 
promotes tumour growth, inflammation, angio-
genesis and resistance to the chemotherapy drug 
cisplatin (Iyengar et al. 2005; Park et al. 2013). 
Col6a1−/− mice show dramatically reduced pri-
mary mammary tumour growth (Iyengar et  al. 
2005), and significantly, when wild type mice are 
treated with an endotrophin neutralising antibody 
as well as cisplatin-thiazolidinedione therapy 
mammary tumour growth is completely inhibited 
(Park et  al. 2013). This suggests that targeting 
endotrophin could improve chemotherapy out-
comes in patients (Bu et  al. 2019). It also sug-
gests that UCMD patients with homozygous or 
compound heterozygous premature stop codon 
mutations, effectively collagen VI knockouts, 
could be less susceptible to malignant tumour 
growth.

There is strong evidence from mouse studies 
that endotrophin also influences insulin sensitiv-
ity and diabetes. Transgenic mice that express 
endotrophin just in adipose tissue have increased 
inflammation and fibrosis and become insulin 
resistant (Sun et  al. 2014). Treating wild type 
mice with an endotrophin neutralising antibody 
reverses the metabolic consequences of a high fat 
diet and improves insulin sensitivity (Sun et  al. 
2014).

14.7  Conclusions

Dominant negative mutations in the collagen VI 
triple helical regions, glycine substitution and 
exon skip mutations, are the most common cause 
of Bethlem myopathy and UCMD. These muta-
tions have highlighted the protein features that 
are important for collagen VI assembly, and 
understanding the way mutations affect assembly 
has provided some insights into genotype pheno-
type relationships and the likely disease course 
for patients. A major deficiency in our under-
standing is how to judge whether sequence 
changes outside of the triple helix are deleterious 
or benign. Detailed structural and biochemical 
studies of these domains are shedding light but 
there is still a long way to go.

S. R. Lamandé



321

Dominant negative mutations are challenging 
to target therapeutically with the genetic strate-
gies that are being developed for other muscular 
dystrophies; however, one common mutation that 
introduces a novel pseudoexon is an exception 
and an exon skipping oligonucleotide is able to 
dramatically reduce use of the pseudoexon in 
vitro. How effective this strategy will turn out to 
be in patients is still unclear because patient mus-
cle will contain a background of mutant collagen. 
Therapeutically targeting the cellular conse-
quences of collagen VI mutations is a major 
focus. Dysfunctional mitochondria and ineffec-
tive removal of the damaged organelles by 
autophagy can be targeted with cyclosporin A 
and autophagy stimulating drugs, respectively, 
and are promising approaches. There are still 
major gaps in our understanding about how 
mutant collagen VI signals to produce the down-
stream cellular consequences and this reinforces 
the importance of research that focuses on the 
basic biochemistry and cell biology of collagen 
VI.
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Abstract

Though soft tissue disorders have been recog-
nized and described to some detail in several 
types of domestic animals and small mammals 
for some years, they remain uncommon. 
Because of their low prevalence, not much 
progress has been made not only in improved 
diagnosis but also in our understanding of the 
biochemical basis and pathogenesis of these 
diseases in animals. Ehlers-Danlos syndrome 
(EDS) described in dogs already in 1943 and 
later in cats has only minor impact on the 
well-being of the dog as its effects on skin of 
these animals are rather limited. The involved 
skin is thin and hyperextensible with easily 
inflicted injuries resulting in hemorrhagic 
wounds and atrophic scars. Joint laxity and 
dislocation common in people are less fre-
quently found in dogs. No systemic complica-
tions, such as organ rupture or cardiovascular 
problems which have devastating conse-

quences in people have been described in cats 
and dogs. The diagnosis is based on clinical 
presentation and on light or electron micro-
scopic features of disorganized and frag-
mented collagen fibrils. Several case of bovine 
and ovine dermatosparaxis analogous to 
human Ehlers-Danlos syndrome type VIIC 
were found to be caused by mutations in the 
procollagen I N-proteinase (pnPI) or 
ADAMTS2 gene, though mutations in other 
sites are likely responsible for other types of 
dermatosparaxis. Cattle suffering from a form 
of Marfan syndrome (MFS) were described to 
have aortic dilatation and aneurysm together 
with ocular abnormalities and skeletal involve-
ment. As in people, mutations at different sites 
of bovine FBN1 may be responsible for 
Marfan phenotype. Hereditary equine regional 
dermal asthenia (HERDA), or hyperelastosis 
cutis, has been recognized in several horse 
breeds as affecting primarily skin, and, occa-
sionally, tendons. A mutation in cyclophilin B, 
a chaperon involved in proper folding of col-
lagens, has been identified in some cases. 
Warmblood fragile foal syndrome (WFFS) is 
another Ehlers-Danlos-like disorder in horses, 
affecting primarily Warmbloods who present 
with skin fragility and joint hyperextensibility. 
Degenerative suspensory ligament desmitis 
(DSLD) affects primarily tendons and liga-
ments of certain horse breeds. Data from our 
laboratory showed excessive accumulation of 
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proteoglycans in organs with high content of 
connective tissues. We have identified 
increased presence of bone morphogenetic 
protein 2 (BMP2) in active foci of DSLD and 
an abnormal form of decorin in proteoglycan 
deposits. Our most recent data obtained from 
next generation sequencing showed distur-
bances in expression of genes for numerous 
proteoglycans and collagens.

Keywords

Ehlers-Danlos syndrome · Dogs · Cats · 
Dermatosparaxis · Cattle · Sheep · HERDA · 
Hyperelastosis cutis · WFFS · PLOD1 · 
DSLD · Horses

Abbreviations

ADAMTS a -Dis in t eg r in -and-  me ta l lo - 
proteinase-with- thrombospondin-
like-motifs

BMP Bone morphogenetic protein
cbEGF-like Calcium-binding epidermal 

growth factor-like
CypB Cyclophilin B
DSLD Degenerative suspensory ligament 

desmitis
EDS Ehlers-Danlos syndrome
ESPA Equine systemic proteoglycan 

accumulation
HERDA Hereditary equine regional dermal 

asthenia
MFS Marfan syndrome
PLOD1 Procollagen-lysine-2-oxogluta-

rate-5-dioxygenase 1
TGFβ Transforming growth factor β
WFFS Warmblood fragile foal syndrome

Soft tissue disorders have been recognized and 
described to some extent in several types of 
domestic animals and small mammals such as 
rabbit and cat (Minor 1980; Sinke et  al. 1997; 

Weingart et al. 2014). Whether the relative pau-
city of cases in the literature is due to naturally 
low incidence of this group of diseases in domes-
tic animals, or whether there is little incentive for 
studies in these animals is not clear. Though 
Ehlers-Danlos syndrome (EDS) was first 
described in dogs as cutaneous asthenia already 
in 1947 (Arlein 1947), and though it is recognized 
that dogs are very suitable to serve as models for 
numerous human hereditary diseases and cancer 
(Tsai et al. 2007; Switonski 2014) not many com-
prehensive studies have been done on connective 
tissue diseases in this species. Ehlers- Danlos syn-
drome affects preferentially certain breeds such 
as dachshunds, boxers, German shepherds and St. 
Bernards (Bellini et  al. 2009; Scott et  al. 2001) 
with a dominant pattern of inheritance (Hegreberg 
et al. 1969). More recently it has been reported in 
Doberman pinschers as well (Jaffey et al. 2019). 
Unlike in people, skin carries the brunt of the dis-
ease in dogs. It is thin and hyperextensible with 
easily inflicted injuries resulting in hemorrhagic 
wounds and atrophic scars (Bellini et  al. 2009; 
Paciello et  al. 2003; Barrera et  al. 2004). Skin 
folds in the extremities, downy “chicken-like” 
skin, and “cigarette paper” scars are features 
found in dogs as well as in people suffering from 
Ehlers-Danlos syndrome, whereas joint laxity 
and dislocation common in people are less fre-
quently found in dogs (Bellini et al. 2009; Paciello 
et  al. 2003; Malfait et  al. 2010). Organ rupture 
and/or dissecting aneurysm, two dramatic and 
catastrophic events in people, have not been iden-
tified in dogs and other species (Paciello et  al. 
2003; Malfait et al. 2010). However, a 2015 case 
study found spontaneous vascular rupture in a 
dog diagnosed with Ehlers-Danlos syndrome (Uri 
et  al. 2015). Microscopic examination of the 
affected canine dermis usually shows fragmented 
and disorganized collagen fibers and fibrils and 
low number of poorly organized elastic fibers 
(Bellini et al. 2009; Paciello et al. 2003).

Cats are occasionally affected by cutaneous 
asthenia or Ehlers-Danlos as well (Patterson and 
Minor 1977; Sequeira et  al. 1999). As in dogs 
their skin is hyperextensible and fragile because 
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of decreased tensile strength. Dominant pattern 
of inheritance has been documented in some, 
but not all afflicted cats (Patterson and Minor 
1977; Fitchie 1972; Butler 1975; Scott 1974). 
Electron microscopic examination reveals dis-
organized packing of collagen fibrils into fibers 
in the dermis, and the presence of fibrils with 
abnormally large or small diameters (Patterson 
and Minor 1977). The diagnosis of cutaneous 
asthenia or Ehlers-Danlos in dogs and cats is 
based on clinical presentation and electron 
microscopic features of collagen fibrils rather 
than on the detection of a specific, as of yet to be 
identified in most cases, underlying biochemical 
or genetic defect. It is likely that the diagnosis 
and prevalence of this disorder is underreported 
as EM examination would not be done on a rou-
tine basis.

The limited extent of the disease in cats makes 
it more similar to so called dermatosparaxis 
described in cattle (Hanset and Ansay 1967) and 
sheep though the mode of inheritance of the latter 
has been determined to be autosomal recessive 
(Fjølstad and Helle 1974; Van Halderen and 
Green 1988). Dermatosparaxis has been charac-
terized to more detail in White Dorper and Dorper 
sheep where it has been recognized to be analo-
gous to type VIIC Ehlers-Danlos syndrome in 
people, including defect in ADAMTS2 (Vaatstra 
et al. 2011; Zhou et al. 2012; Malfait et al. 2017). 
The disorder is limited to skin which is quite 
fragile due to subcutaneous accumulation of 
gelatinous fluid (Vaatstra et  al. 2011). Most 
recent data identified a premature stop codon in 
the ADAMTS2 gene in these sheep (Zhou et  al. 
2012). The a-Disintegrin-and-metalloproteinase-
with- thrombospondin-like-motifs 2 (ADAMTS2) 
is an extracellular metalloproteinase involved in 
removal of propeptides of type I-III procollagens 
which is necessary for proper assembly of colla-
gen fibrils in the extracellular matrix (Wang et al. 
2006; Tang 2001).

A case of bovine dermatosparaxis analogous 
to human EDS type VIIC and ovine dermatosp-
araxis was found to be caused also by mutations 
in the procollagen I N-proteinase (pnPI) or 
ADAMTS2 gene (Colige et al. 1999; Holm et al. 

2008). As a consequence, severe skin fragility is 
a prominent feature of both EDS type VIIC and 
bovine dermatosparaxis (Tang 2001; Colige et al. 
1999). Dermatosparaxis affecting a herd of 
Drakensberger cattle in South Africa was charac-
terized by only mild skin pathology suggesting 
that this cattle carried a mutation in a site differ-
ent from the one involved described by Colige 
et  al. (1999; Holm et  al. 2008). A recent case 
study involving two siblings with dermatosp-
araxis had determined that there was a 17  bp 
deletion in the coding region of the ADAMTS2 
gene in two sibling Limousine calves. The clini-
cal presentation of both calves was severe and 
resembled similar cases in other cattle species 
(Carty et al. 2016).

A form of Marfan syndrome was also recog-
nized in cattle (Singleton et  al. 2005; Hirano 
et al. 2012; Besser et al. 1990). The first report of 
a known case described aortic dilatation and 
aneurysm together with ocular abnormalities 
(microspherophakia, ectopia lentis, and lens 
opacities) and skeletal involvement characterized 
by long thin limbs, joint and tendon laxity, and 
postural kyphosis in several related calves 
(Besser et al. 1990). Disruption of aortic elastic 
fibers and decreased incorporation of fibrillin in 
the extracellular matrix were identified by light 
microscopy (Potter et al. 1993; Potter and Besser 
1994). Similarly, Gigante et  al. have found 
decrease in elastic fibers in all of the examined 
tissues (ligaments, periosteum, joint capsule and 
peripheral arteries) (Gigante et  al. 1999). As in 
humans, mutations at different sites of bovine 
FBN1 may be responsible for Marfan phenotype. 
For example, a mutation in one of the calcium- 
binding epidermal growth factor-like (cbEGF- 
like) domains of fibrillin-1 was responsible for 
the Marfan phenotype in cattle described by 
Singleton et  al. (2005). Calcium binding by 
cbEGF-like domains contributes to proper con-
formation and stability of fibrillin-1 (Gigante 
et al. 1999; Downing et al. 1996; Reinhardt et al. 
1997). The mutations in FBN1 lead to decrease in 
levels of functional fibrillin-1, and thus to 
increased levels of active TGFβ (Gigante et  al. 
1999). Hirano et  al. detected a mutation on the 
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post-furin cleavage site sequence of the 
C-terminal domain of fibrillin-1 (Hirano et  al. 
2012).

Though standing somewhat apart from Ehlers- 
Danlos and Marfan syndromes, two other heredi-
tary canine disorders are worth mentioning 
because of known underlying biochemical 
defects. Cutaneous mucinosis was described only 
recently in shar-pei dogs (Lopez et al. 1999) and 
is characterized by hyaluronic acid accumulation 
limited to the dermis (Zanna et  al. 2008). This 
gives shar-pei dogs their characteristic creased 
appearance consisting of thick skin folds on their 
heads. Increased hyaluronan synthase-2 expres-
sion is considered the culprit of this disorder 
(Zanna et  al. 2009; Docampo et  al. 2011). The 
second disorder is primary lens luxation or iso-
lated ectopia lentis afflicting mainly terrier breeds 
(Farias et al. 2010). A mutation in a splice donor 
recognition site in regional candidate gene 
ADAMTS17 has been recognized as the cause by 
Farias et al. (2010) and Gould et al. (2011). This 
has been confirmed in later papers which 
observed this phenomenon in several different 
canine breeds, the majority of which were terriers 
(Gharahkhani et al. 2015). Ectopia lentis is a rec-
ognized component of Marfan and Weill- 
Marchesani syndromes. Interestingly, Morales 
et  al. have described truncating mutations in 
human ADAMTS17 gene in a form of Weill- 
Marchesani syndrome in people with ocular 
abnormalities and short stature (Morales et  al. 
2009) which appears to be very similar to asso-
ciation of glaucoma and short stature in several 
canine breeds carrying mutation in ADAMTS17 
gene (Jeanes et  al. 2019). Mutations in one or 
more other ADAMTS genes causes Ehlers-Danlos 
syndrome VIIC in people and dermatosparaxis in 
cattle and sheep (see above) (Zhou et  al. 2012; 
Colige et  al. 1999), and possibly a form of 
 Ehlers- Danlos in horses as well (see below) 
(Plaas et al. 2011).

Hereditary equine regional dermal asthenia 
(HERDA), also known under the name of hyper-
elastosis cutis, was first described in Quarter 
Horses (and later in other breeds) as a disease not 
dissimilar to cutaneous asthenia of dogs and 
Ehlers-Danlos in people: it affects primarily skin 

which is hyperelastic, fragile and thin with atro-
phic scars (Hardy et al. 1988; Gunson et al. 1984; 
White et  al. 2004; Borges et  al. 2005; Brounts 
et al. 2001). Though the lesions occur mostly on 
the dorsum, legs are often involved as well (White 
et al. 2004). Manifestations of the disease usually 
appear around 2 years of age when horses begin 
training, and saddling leads to skin trauma (Grady 
et  al. 2009). Gunson et  al. noted fragmentation 
and disorganization of collagen fibers both by 
light and electron microscopy, and suggested that 
a non-inflammatory degradation and phagocyto-
sis of collagen are relevant in the pathogenesis of 
HERDA (Gunson et al. 1984). Subsequent inves-
tigators have noted changes in the skin of horses 
with HERDA which confirmed the findings of 
Gunson: thin dermis with sparse, fragmented col-
lagen in affected horses by light microscopy and 
variation in diameter of collagen fibrils by elec-
tron microscopy, fragile skin associated with 
poor wound healing (Hardy et  al. 1988; White 
et al. 2004; Borges et al. 2005). Moreover, bio-
mechanical analysis revealed lower tensile 
strength and modulus of elasticity of affected 
skin (Grady et  al. 2009). Ishikawa et  al. have 
described the presence of varying diameters of 
collagen fibrils in HERDA tendons with high 
proportions of very small fibrils (Ishikawa et al. 
2012). Similarly, faulty arrangement of collagen 
fibers leads to thinning and ulceration of the cor-
neas of affected horses (Mochal et  al. 2010). It 
has also been proposed that UV exposure can 
increase collagenase degradation of faulty colla-
gen in affected horses. One study found that areas 
of skin exposed to sunlight were more suscepti-
ble to enzymatic degradation (Rashmir-Raven 
et  al. 2015). Whether HERDA is an autosomal 
dominant (Hardy et al. 1988) or, more likely, an 
autosomal recessive disorder (White et al. 2004; 
Borges et al. 2005; Grady et al. 2009) is not quite 
clear. A homozygous missense mutation in the 
sixth residue of mature cyclophilin B protein was 
found in HERDA horses (Ishikawa et  al. 2012; 
Tryon et  al. 2007). Cyclophilin B (CypB or 
PPIB), a member of the peptidyl-propyl isomer-
ase, acts as a chaperon involved in proper folding 
of collagens and in several other functions 
directed at modulating extracellular matrix.  
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The CypB mutation leads to substitution of  
glycine to arginine. The consequence is delayed 
folding of type I procollagen in the endoplasmic 
reticulum of HERDA horses, and a decrease in 
hydroxylysine and glucosyl-galactosyl hydroxy-
lysine content of nascent collagen (Ishikawa 
et al. 2012). The ratio of pyridinoline to deoxypyr-
idinoline is increased in HERDA horses and may 
serve as a marker for HERDA (Swiderski et al. 
2006). However, it is clear from the literature that 
not all HERDA horses have a mutation in the 
cyclophilin B gene (Rüfenacht et al. 2010).

Warmblood fragile foal syndrome (WFFS) is 
another equine disorder bearing similarity to 
Ehlers-Danlos syndrome. It is an autosomal 
recessive disorder caused usually by a nucleotide 
variant in position 678 in the procollagen-lysine- 
2-oxoglutarate-5-dioxygenase 1 (PLOD1) gene 
where Gly is replaced by Arg (Dias et al. 2019). 
So far only Warmblood horses were found to be 
homozygous, though the WFFS allele has been 
identified in Thoroughbreds as well (Reiter et al. 
2020). Several Warmblood breeds have fairly 
high carrier frequency of 17%. Vast majority of 
homozygous equines die in utero, the few docu-
mented foals born alive died not long after birth 
due to severe skin abnormalities, such as fragility 
and hyperextensibility leading to large open 
wounds, and hyperextensibility of digital joints 
(Reiter et al. 2020).

Degenerative suspensory ligament desmitis 
(DSLD) is a chronic, debilitating disease affect-
ing primarily Peruvian Pasos and Peruvian Paso 
crosses (Mero and Pool 2002a; Mero and Scarlett 
2005a). However, many other breeds, including 
Quarter horses are afflicted as well (Halper et al. 
2006, 2011). It tends to run in families though no 
clear pattern of heritability has been established. 
Likewise, the pathogenesis and biochemical 
defects are not well understood. DSLD is 
 characterized by an insidious onset of bilateral or 
quadrilateral lameness without a history of 
trauma or performance related injury. Typically, 
horses present with one or more dropped fetlocks 
(fetlock is a metacarpophalangeal joint between 
the cannon bone and the pastern (Fig.  15.1b). 
Fetlock effusion, static and dynamic hyperexten-
sion and degenerative joint disease are hallmarks 

on physical examination. Ultrasonography of 
affected suspensory ligaments reveals diffuse 
loss of echogenicity, and an irregular fiber pattern 
(Mero and Scarlett 2005b; Dyson et  al. 1995; 
Dyson 2007; Gibson and Steel 2002). Treatment 
for DSLD-affected horses is empirical and 
directed at minimizing musculoskeletal pain and 
providing support exercise for the suspensory 
apparatus (Xie et  al. 2011). Though originally 
DSLD was considered a collagen disorder strictly 
limited to suspensory ligaments (Mero and Pool 
2002b), our data show that it is a systemic disease 
involving tissues and organs with high content of 
connective tissue components. Abnormal accu-
mulations of proteoglycans were identified not 
only in the suspensory ligaments, but also in the 
superficial and deep digital flexor tendons, patel-
lar and nuchal ligaments, aorta, coronary arteries 
and sclerae of DSLD-affected horses, and to 
minor extent in the skin (Halper et  al. 2006; 
Haythorn et al. 2020). In mild or incipient cases 
proteoglycans are present only intracellularly, 
surrounding nuclei of tenocytes (Fig.  15.2b). 
However, with the progression of the disease this 
material is deposited extracellularly (Fig. 15.2c), 
and, with time, it displaces collagen fibers (in 
tendons) and elastic fibers (ligaments), and in 
many cases it is interspaced with newly formed 
cartilage foci (Fig. 15.2d). In light of these obser-
vations, a more appropriate term for this disease 
process may be equine systemic proteoglycan 
accumulation (ESPA) (Halper et al. 2006).

The occasional presence of whirls of active 
exuberant fibroblasts which contain very little 
collagen in tendons from DSLD-affected horses 
represents most likely an early stage of the dis-
ease. With time these foci eventually progress to 
a less cellular (and finally acellular) phase char-
acterized by increasing proteoglycan content. 
Typically, no inflammatory or fibrotic changes 
accompany deposits of proteoglycans or prolif-
erative lesions at any stage, early or late (Halper 
et al. 2006). We hypothesize that the proliferating 
fibroblasts (tenoblasts) secrete proteoglycans 
which, as the disease progresses, then accumu-
late in tissues. The stimulus for the proliferation 
of fibroblasts and the subsequent production of 
proteoglycans is unknown. Miller and Juzwiak 
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have described a case of a 3-month-old foal suf-
fering from acute rupture of suspensory liga-
ments in the hindlimbs. On necropsy they found 
multifocal fibrovascular proliferation with only 
minimal inflammation and proteoglycan accu-
mulation (Miller and Juzwiak 2010). This would 
be similar to the proliferative lesions described 
above. More recently we have identified the pres-
ence of bone morphogenetic protein 2 (BMP2) in 
the cytoplasm of these proliferating fibroblasts, 
but not in normal tissue or in areas with accumu-
lating proteoglycans or cartilage metaplasia 
(Fig. 15.3) (Young et al. 2018).

Other investigators have also observed an 
increased accumulation of proteoglycans in sus-
pensory ligaments and superficial and deep digital 
flexor tendons in DSLD, but not in other organs 
(Plaas et al. 2011; Schenkman et al. 2009), or they 
found lesions similar to those seen in DSLD but 
present only in few tissues or organs. For exam-
ple, arterial medial calcification with elastin fiber 
disorganization in multiple arteries was described 
in a horse as an isolated phenomenon limited to 
the blood vessels (Fales-Williams et  al. 2008). 

However, it is not clear whether any tendons or 
ligaments were examined as well. In our experi-
ence calcifications within the blood vessel walls 
were rare in DSLD, though whether affected 
horses have propensity for sudden death due to 
coronary artery involvement or rupture of the 
aorta is a matter of some controversy (Halper et al. 
2006). Whether there is a relationship between 
DSLD and isolated aortic rupture syndrome 
occurring with higher frequency in Friesian horses 
remains to be seen (Holmes et al. 1973; van der 
Linde-Sipman et al. 1985; Ploeg et al. 2013), as 
these horses do not exhibit other problems. The 
presence of periaortic hemorrhages, media necro-
sis and fibrosis of the media and fibrosis of the 
adventitia of the aorta and pulmonary trunk at 
least in some horses suggests the possibility of a 
soft tissue disorder akin to Marfan or Ehlers-
Danlos (van der Linde-Sipman et al. 1985).

Hui et al. have described a horse with calcify-
ing ligament desmopathy resembling DSLD (Hui 
et al. 2018), including the presence of cartilagi-
nous metaplasia. However, extensive calcifica-
tions described in their cases are considered to be 

Fig. 15.1 Fetlock of healthy and DSLD-affected horses. 
(a) The photo shows a fetlock (metacarpophalangeal joint, 
↑) of a back leg of a healthy Peruvian Paso horse. (b) This 
is in sharp contrast with a fetlock of a back leg of a DSLD- 

affected horse, note that the joint has dropped almost to 
the ground (↑). This is due to the weakness of the suspen-
sory ligaments
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an unusual, if any, feature of DSLD (Halper and 
Mueller 2018).

Several aspects make the presence of carti-
laginous metaplasia in the sclera of sheep as 
described by Smith et  al. different from scleral 
involvement in horses with DSLD: no involve-
ment of other tissues and organs, and high inci-
dence of scrapies in these sheep (Smith et  al. 
2011). In addition, we have not seen real carti-
laginous metaplasia in any of the examined sclera 
in our cases so far.

The pathogenesis and underlying biochemi-
cal/genetic defect of DSLD are under investiga-
tion. Our data point to the presence of an 

abnormal form of decorin with altered biological 
activity in these proteoglycan deposits. The 
abnormal form of decorin is the result of increased 
sulfation of at 6-position of N-acetylgalactosamine, 
and an increased ratio of glucuronic to iduronic 
acid in DSLD-affected tissues. As a consequence, 
chondroitin sulfate replaces dermatan sulfate at 
least partially during synthesis of the modified 
decorin (Kim et al. 2010).

Plaas et al. found abundant aggrecan content 
in proteoglycan accumulations of suspensory 
ligaments of DSLD-affected horses. This aggre-
can appears to be of two types: one is a high 
molecular weight aggrecan identical to the form 

Fig. 15.2 Proteoglycan presence in DSLD tendons. (a) 
Control, healthy tendon stained with hematoxylin and 
eosin, original magnification × 200. (b) DSLD tissue, 
lightly infiltrated with proteoglycans (→), stained with 
hematoxylin and eosin, original magnification × 200. (c) 

DSLD tissue with heavy accumulation of proteoglycans 
(*) stained with hematoxylin and eosin. (d) Incipient car-
tilage formation in tendon heavily infiltrated with proteo-
glycans (*). Original magnification × 100. (Portions of 
this figure originally appeared in Kim et al. 2010)
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produced by equine mesenchymal cells and simi-
lar to the form synthesized by articular cartilage. 
This high molecular species of aggrecan might 
be a substrate for ADAMTS5. ADAMTS5 would 
then generate aggrecan fragments constituting 
the second type of aggrecan found in DSLD. The 
authors found elevated levels of ADAMTS5 and 
ADAMTS4  in these ligaments. Their findings 
bear similarity to findings in ADAMTS5 knock-
out TS5−/− mice (Plaas et al. 2011). TS5−/− mice 
have problems in skin wound healing (Velasco 
et  al. 2011) and develop biomechanically com-
promised tendons due to aggrecan accumulation 
in the pericellular matrix of fibroblasts. In turn, as 
Wang et al. point out, the aggrecan accumulation 
may lead to tendon dysfunction through impair-
ment of TGFβ signaling ALK5/SMAD3 pathway 
(Wang et  al. 2012). ADAMTS5 cleavage of 
aggrecan occurs as one of numerous responses to 
TGFβ1stimulation of formation of connective 
tissue and fibrosis during physiological and path-
ological reparative processes, including perhaps 
even DSLD (Plaas et  al. 2011; Velasco et  al. 
2011). The absence of ADAMTS5 (for example 
in TS5−/− mice) leads to assembly of pericellular 
CD-44 bound hyaluronan-aggrecan complexes 
into larger cell aggregates which disrupt repair of 
healing tissues such as dermis and tendons 
(Velasco et  al. 2011; Wang et  al. 2012). This 
assembly is mediated by increased SMAD1/5/8 

signaling as the absence of ADAMTS5 also dis-
rupts TGFβ1 signaling pathways (Velasco et al. 
2011). Our most recent data suggest a profound 
disturbance of proteoglycan and collagen metab-
olism (Haythorn et al. 2020). Unexpectedly, next 
generation sequencing of skin RNA from DSLD 
(and control) horses revealed decreased gene 
expression for protein cores of many proteogly-
cans (including aggrecan), most collagens and 
some growth factors. Whether the increased 
expression genes for hyaluronan synthase 2 and 
cell-migration inducing  hyaluronidase indicate 
that it is hyaluronan constituting the bulk of the 
proteoglycan or rather glycosaminoglycan accu-
mulation in DSLD tissues (Haythorn et al. 2020). 
The increased expression of BMP2 gene confirms 
our previous finding of elevated BMP2 presence 
in active DSLD foci (Young et  al. 2018). The 
overexpression of keratin genes was somewhat 
surprising but it would explain the skin changes 
reported by owners of affected horses (Haythorn 
et al. 2020).

Naturally occurring diseases in domestic ani-
mals have a potential to serve as good models for 
analogous human diseases, and at times they 
might be better suited for this task than the com-
monly used rodent models. However, unless the 
pathogenesis and biochemistry of the syndromes 
and disorders are better defined and described for 
each species the usefulness of serving of these 

Fig. 15.3 Immunohistochemistry for BMP2. (a) This 
microphotograph shows hematoxylin & eosin stained cel-
lular foci arranged in whorls (*) in DSLD-affected ten-

dons. (b) The cells in these whorls immunostained 
strongly for BMP2. (This figure originally appeared in 
Young et al. 2018)
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naturally occurring disorders as models for 
human disease will be limited. This is the case 
particularly relevant to dogs as a half out of the 
450 naturally occurring hereditary canine dis-
eases has the potential to serve as a model for 
human disease (Gunson et al. 1984).
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