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ABSTRACT

Musculocontractural Ehlers-Danlos syndrome (MC-EDS) is a rare recessive 
disorder that is characterized by connective tissue fragility, distinct craniofacial 
features and congenital malformations. MC-EDS patients have defects in the 
enzymes dermatan sulfate epimerase-1 and dermatan 4-O-sulfotransferase-1, 
which are involved in the biosynthesis of iduronic acid in the chondroitin 
sulfate/dermatan sulfate (CS/DS) chains of proteoglycans (PGs). While the 
connective tissue defect is a result of disturbed collagen fibril assembly based 
on a decreased iduronic acid content of interacting CS/DS-PGs, the cause of the 
developmental malformations in MC-EDS is not well understood. This review 
focuses on a new role of CS/DS-PGs in the development of multipotent and 
highly migratory neural crest (NC) cells in the Xenopus embryo model of MC-
EDS. Single iduronic acid residues in CS/DS-PGs are involved in the formation 
of NC-derived craniofacial structures by facilitating the migration and adhesion 
of NC cells to fibronectin. Our results suggest a defect in NC development as 
cause of the craniofacial and other congenital anomalies in MC-EDS patients, 
which might contribute to an improved diagnosis and etiology-based therapy.

Text
The Ehlers-Danlos syndrome (EDS) is a heterogeneous group of 

rare monogenetic diseases that is characterized by connective tissue 
fragility and defects in skin, ligaments, joints, blood vessels, and 
internal organs1. General muscle weakness and joint contractures 
are eponymous to the newly described musculocontractural (MC) 
subtype of EDS2,3 . Commonly encountered in MC-EDS are also 
developmental anomalies and a set of craniofacial dysmorphic 
features, such as hypoplasia of the jaw, high and/or cleft palate, 
midface skeletal anomaly, downslanting palpedral fissures and 
malformed ears. MC-EDS is a recessive disorder and caused by 
homozygous loss-of-function mutations in two genes, which are 
cooperating in the biosynthesis of chondroitin/dermatan sulfate, 
i.e. CHST14 encoding dermatan 4-O-sulfotransferase-1 (D4ST1; 31
patients reported) and DSE encoding dermatan sulfate epimerase-1
(DS-epi1; 3 patients reported)3,4,5.

Chondroitin sulfate/dermatan sulfate proteoglycans (CS/
DS-PGs) are abundant components on the cell surface and in the 
extracellular matrix (ECM) of connective tissues. They are involved 
in a wide spectrum of biological and pathological processes, 
including ECM organization, growth factor signaling, proliferation, 
survival, adhesion, migration, coagulation, bacteria attachment, 
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and atherosclerotic plaque formation6,7,8. Usually both the 
core protein and the attached glycosaminoglycan (GAGs) 
chains determine the biological function of a PG. GAGs are 
long chains of repeating disaccharide subunits that are 
covalently bound to a variety of PGs. A tetrasaccharide 
linker (glucuronic acid-galactose-galactose-xylose-core 
protein) is common to CS/DS and heparan sulfate. The 
addition of N-acetylgalactosamine to this linker sequence 
distinguishes CS/DS from heparan sulfate. DS is formed 
from CS in two enzymatic steps. DS-epi1 first epimerizes 
a C5 carboxyl group, which transforms glucuronic acid, 
present in CS, to iduronic acid (IdoA), present in DS. 
This conversion is not quantitative, and therefore the 
final hybrid chain is called CS/DS. D4ST1 then catalyzes 
4-O-sulfation of N-acetylgalactosamine, which prevents
back-epimerization of the adjacent IdoA.

Several variants of EDS are caused by mutations in 
enzymes that affect the biosynthesis of PGs1. In patients 
with the very rare progeroid form of EDS9 and a pleiotropic 
EDS-like disorder10,11, hypomorphic homozygous mutations 
in galactosyltransferase 1 and galactosyltransferase 
2, respectively, reduce the ability to synthesize the 
tetrasaccharide linker sequences and therefore the whole 
GAGs. MC-EDS is the first human disorder that specifically 
affects the CS/DS biosynthesis2. The reported missense 
mutations R267G and S268L decrease the activity of DS-epi1 
and consequently lead to a reduced IdoA fraction in CS/DS-
PGs, such as decorin4,5. Studies of the skin in Dse knockout 
mice13 and cultured fibroblasts from D4ST1-deficient 
human patients5 revealed that the dermal connective tissue 
fragility results from impaired assembly of collagen fibrils 
due to an altered composition in the decorin CS/DS chain.  
Some Dse knockout mice in pure genetic background have 
abdominal wall and neural tube closure defects during fetal 
development14. In addition, keratinocyte differentiation 
is altered. No craniofacial dysmorphic features have been 
reported in the mouse model but are present in patients. 
Etiological and molecular explanations for these MC-EDS 
defects have not been put forward yet. 

We noted that several craniofacial abnormalities in 
MC-EDS are also observed in Treacher Collins syndrome,
Nager syndrome, and Miller syndrome15. These congenital
disorders are associated with defects in an embryonic
multipotent cell population, designated the neural crest
(NC). The NC arises at the border between the neural and
epidermal ectoderm in the vertebrate embryo16,17. NC cells
undergo epithelial-to-mesenchymal transition (EMT),
migrate along restricted pathways, and contribute to nearly 
every organ system in the body, including the craniofacial
skeleton, melanocytes, and the peripheral nervous system.
Abnormal NC development leads to a diverse group of
pathologies known as neurocristopathies18.

Studies in amphibian, avian and mouse embryos 
revealed that the CS-PGs aggrecan and versicans V0 and V1 
act in the ECM as guidance cues for NC cell migration19,20,21. 
Aggrecan is an inhibitory cue, and the versicans have 
been presented as both positive and negative regulators 
of NC cell migration. In Xenopus, versicans are expressed 
in tissues surrounding the migratory cranial neural crest 
(CNC) and enhance directional migration by confining 
the pathway of NC cells22,23. However, CS/DS-PGs that are 
expressed by the migratory CNC cells and the functions of 
IdoA in NC cell migration have not been investigated yet.

Due to their high number, large size and external 
development, embryos of the African claw frog Xenopus 
laevis constitute a favorable experimental model. The 
high degree of gene conservation makes this model 
amenable for the study of human diseases. We identified 
a defect in NC development as a possible underlying 
cause for craniofacial abnormalities and other congenital 
manifestations in MC-EDS24. In the Xenopus embryo, the 
Dse gene was expressed in the epidermal ectoderm, pre-
migratory NC and migrating CNC cells. The inhibition of 
DS-epi1 activity by microinjection of antisense morpholino 
oligonucleotides did not affect the allocation of neural and 
epidermal fates nor the formation of early NC progenitors. 
However, impaired EMT and reduced extent of NC cell 
migration was observed, leading to a decrease in NC-
derived melanocytes, dorsal fin and craniofacial skeleton 
structures. This effect was specific, because injection of a 
human DS-epi1 expression plasmid restored normal NC 
migration in morphant embryos, whereas a catalytically 
inactive mutant DS-epi1 (H205A) construct25 did not have 
any effect24. Using transplantation of green fluorescent 
protein-labelled CNC explants, we demonstrate that DS-
epi1 deficiency in the CNC but not in adjacent tissue 
impaired CNC cell migration. The culture of CNC explants 
revealed that DS-epi1 is important for cell spreading and 
the formation of lamellipodia and filopodia on fibronectin. 
Single cell cultures further uncovered a role of IdoA in the 
adhesion of CNC cells to this matrix protein. In Xenopus, 
fibronectin flanks the NC cell migration pathways in the 
embryo26 and is the only ECM substrate tested so far that 
supports CNC migration in vitro27. Purified CS/DS binds 
to fibronectin28. Abrogation of DS-epi1 by short hairpin 
RNA-mediated gene silencing in a human esophagus 
squamous cell carcinoma cell line29 and in cultured aortic 
smooth muscle cells from null-mutant mice30 causes 
reduced plasma membrane protrusions and abnormal 
actin cytoskeleton as observed by us in morphant Xenopus 
CNC cells24, supporting a more general function of CS/DS 
in polarized cell migration. Interestingly, deficient CS/
DS synthesis in MC-EDS patients resulted in a reduced 
and less organized fibronectin assembly in the ECM of 
cultured dermal fibroblasts5, underscoring that a disturbed 
interaction of CS/DS-PGs and this matrix protein might 
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contribute to the pathophysiology of this disorder. The 
integrin α5β1 heterodimer27,31 and Syndecan432,33 bind to 
distinct domains of fibronectin and participate in NC cell-
matrix adhesion and cell migration. Yet, we did not find 
CS/DS chains in integrin α5β1 and Syndecan4, and DS-
epi1 deficiency did not change their expression24. Thus, 
the identity of the CS/DS-PG and the mechanism of how 
IdoA promotes CNC cell adhesion and migration are not yet 
understood.

In whole embryos and CNC cells, DS-epi1 gave rise to 
CS/DS chains that consisted of isolated IdoA residues 
surrounded by unmodified glucuronic acid moieties24. This 
result in Xenopus is remarkable since previous studies in 
the connective tissue of Dse knockout mice12and a human 
patient with Dse dysfunction4 rather suggested a role of 
DS-epi1 in the formation of IdoA blocks, i.e. stretches of 
consecutive IdoA. The protein core, tissue type and signaling 
status are known to influence the number and distribution 
of IdoA moieties in CS/DS chains6,34. The binding to growth 
factors and ECM components can be critically dependent 
on even a single IdoA. This was previously demonstrated 
in vitro for example by the high affinity of the growth 
factor pleiotrophin to CS/DS oligosaccharide sequences 
that were extracted from the embryonic pig brain35.To our 
knowledge, the study in the Xenopus embryo is the first to 
show that isolated IdoA in CS/DS has a function in vivo24.

The DS-epi1 knockdown in Xenopus embryos24 mimics 
the craniofacial defect in MC-EDS. Our experimental study 
suggests that impaired EMT, failure of NC cells to attach to 
fibronectin and/or cell death as a consequence of anchorage 
loss might explain the inadequate number of NC cells that 
migrate to their correct destination. We therefore propose 
to add MC-EDS to the list of neurocristopathies. Impaired 
NC development might not only contribute to craniofacial 
anomalies but explain other congenital malformations of 
this syndrome. For example, hearing impairment, heart 
defects (valve abnormalities) and gastrointestinal features 
(constipation) are frequently encountered in MC-EDS 
patients3 and could be linked to NC defects. Considering 
the diverse cell types and tissues that NC cells generate36, 
further NC-related anomalies might be uncovered that 
improve the diagnosis and allow a tailored therapy of this 
at present intractable disorder. 
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