() AMERICAN JOURNAL OF PHYSIOLOGY

CELL PHYSIOLOGY.

american I/
physiological
society’

REVIEW

Am J Physiol Cell Physiol 323: C1843—-C1859, 2022.
First published August 22, 2022; doi:10.1152/ajpcell.00127.2022

Deciphering the Role of Proteoglycans and Glycosaminoglycans in Health and Disease

Alterations in glycosaminoglycan biosynthesis associated with the Ehlers-

Danlos syndromes

Delfien Syx,! Sarah Delbaere,! Catherine Bui,?2 Adelbert De Clercq,"® Goran Larson,*5
Fransiska Malfait’

Tomoki Kosho,”-2 Sylvie Fournel-Gigleux,? and

Shuji Mizumoto,®

'Department of Biomolecular Medicine, Center for Medical Genetics, Ghent University, Ghent, Belgium; 2CNRS IMoPA,
Université de Lorraine, Nancy, France; *Flanders Research Institute for Agriculture, Fisheries and Food (ILVO), Ostend,
Belgium; “Department of Laboratory Medicine, Sahlgrenska Academy, University of Gothenburg, Gothenburg, Sweden;
SLaboratory of Clinical Chemistry, Sahlgrenska University Hospital, Gothenburg, Sweden; 8 Department of Pathobiochemistry,
Faculty of Pharmacy, Meijo University, Nagoya, Japan; “Center for Medical Genetics, Shinshu University Hospital, Matsumoto,
Japan; and 8Department of Medical Genetics, Shinshu University School of Medicine, Matsumoto, Japan

Abstract

Proteoglycans consist of a core protein substituted with one or more glycosaminoglycan (GAG) chains and execute versatile functions
during many physiological and pathological processes. The biosynthesis of GAG chains is a complex process that depends on the
concerted action of a variety of enzymes. Central to the biosynthesis of heparan sulfate (HS) and chondroitin sulfate/dermatan sulfate
(CS/DS) GAG chains is the formation of a tetrasaccharide linker region followed by biosynthesis of HS or CS/DS-specific repeating di-
saccharide units, which then undergo modifications and epimerization. The importance of these biosynthetic enzymes is illustrated by
several severe pleiotropic disorders that arise upon their deficiency. The Ehlers-Danlos syndromes (EDS) constitute a special group
among these disorders. Although most EDS types are caused by defects in fibrillar types I, Ill, or V collagen, or their modifying
enzymes, a few rare EDS types have recently been linked to defects in GAG biosynthesis. Spondylodysplastic EDS (spEDS) is caused
by defective formation of the tetrasaccharide linker region, either due to 4GalT7 or f3GalT6 deficiency, whereas musculocontractural
EDS (mcEDS) results from deficiency of D4ST1 or DS-epil, impairing DS formation. This narrative review highlights the consequences
of GAG deficiency in these specific EDS types, summarizes the associated phenotypic features and the molecular spectrum of
reported pathogenic variants, and defines the current knowledge on the underlying pathophysiological mechanisms based on studies

in patient-derived material, in vitro analyses, and animal models.

collagen; decorin; Ehlers-Danlos syndromes; glycosaminoglycan; proteoglycan

INTRODUCTION

Proteoglycans belong to the structurally most complex bio-
macromolecules in nature and are ubiquitously present in the
extracellular matrix (ECM) and on cell surfaces. They consist
of a core protein onto which one or more glycosaminoglycan
(GAG) chains, such as heparan sulfate (HS), chondroitin sul-
fate/dermatan sulfate (CS/DS), or keratan sulfate (KS), are co-
valently attached (1-4). GAGs form long, negatively charged,
linear disaccharide repeats and provide proteoglycans with a
unique ability to bind water, which is critical for imparting
compressive resistance to tissues (3, 5). The backbones of
these polysaccharides are made up of two alternating mono-
saccharides, an amino sugar, either N-acetylglucosamine
(GIcNAc) or N-acetylgalactosamine (GalNAc), and a uronic
acid, either glucuronic acid (GlcA) or iduronic acid (IdoA) for
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HS and CS/DS, or GIcNAc and galactose (Gal) for KS (5-9).
The length of the GAG chains varies, and the sugar resi-
dues are modified via epimerization and sulfation reac-
tions, further increasing their structural and functional
diversity (10-13). Proteoglycans are critically involved in
multiple vital processes during embryonic and postnatal
development including cell-cell and cell-matrix interac-
tions, cell proliferation and migration, and cytokine and
growth factor signaling. In addition, they are also impli-
cated in several pathological processes such as viral infec-
tion, wound repair, tumor growth, and metastasis (2, 14—
16). The GAGs also play important roles in the assembly
and function of the ECM by interacting with other ECM
components, such as collagens, thereby regulating physi-
cal properties of the ECM, and by acting as a reservoir for
various growth factors (17, 18).
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The biosynthesis of proteoglycan GAG chains is a complex
multifaceted process that requires the concerted action of a
broad range of enzymes (15, 19-22). Although initiated in the
endoplasmic reticulum (ER), it occurs mainly in the Golgi ap-
paratus (23). Assembly of the HS and CS/DS (but not KS) GAG
chains is initiated by the biosynthesis of the common tetrasac-
charide linker region, which is attached to specific serine resi-
dues of the core proteins (GlcAp1-3Galp1-3Galpl-4Xylp1-O-
Ser). This is a stepwise process started by the addition of
xylose onto a serine (Ser) residue of the proteoglycan core pro-
tein (Fig. 1). The addition of xylose onto a serine residue is cat-
alyzed by xylosyltransferases-I and -II (XylT1 and XylT2),
encoded by the paralogs XYLTI and XYLT2 (24, 25).
Subsequently, two Gal residues are added by galactosyltrans-
ferase-I and -II [B-1,4-galactosyltransferase 7 (p4GalT7) and
B-1,3-galactosyltransferase 6 (p3GalT6)] encoded by B4GALT7
and B3GALTS6, respectively (26, 27). Further addition of a glu-
curonic acid by glucuronosyltransferase-I [p-1,3-glucuronyl-
transferase 3 (B3GaT3)], encoded by B3GAT3, completes the
formation of the proteoglycan linker region (28). The linker
region can undergo different modifications including sulfa-
tion and sialylation of the Gal residues and phosphorylation
or fucosylation of the xylose residue (29-31). However, the
detailed impact of these modifications on the downstream
GAG biosynthesis and the final GAG structure and function is
largely unknown. One such modification is the transient
phosphorylation of xylose by the kinase FAM20B (32, 33).

Transient phosphorylation of xylose residues is essential
for the formation of the linker region, whereas dephospho-
rylation of xylose residues by 2-phosphoxylose phospha-
tase 1 (encoded by PXYLPI) is required for initiating and
efficient elongation of the disaccharide repeat regions of the
GAG chains (32). Once the linker region is complete, formation
of HS continues with the attachment of a GIcNAc residue by N-
acetylglucosaminyltransferase-I (exostosin-like glycosyltrans-
ferase 2), encoded by EXTL2, and the GAG chain is subse-
quently polymerized by the alternating addition of GlcA and
GIcNAc residues by a hetero-oligomeric complex formed by
polymerases encoded by EXTI and EXT2 (34-39). Alternatively,
formation of CS continues with the attachment of a GalNAc res-
idue by N-acetylgalactosaminyltransferase-I (ChGn-1 encoded
by CSGALNACTI), and the GAG chain is further synthesized by
the alternating addition of GlcA and GalNAc residues by bifunc-
tional chondroitin synthases 1-3 (ChSyl1-3, encoded by CHSY1,
CHSY?2, and CHSY3) in association with chondroitin-polymeriz-
ing factor (ChPF), encoded by CHPF (40-45). The CS moieties
are converted to DS moieties by epimerization of the C5 posi-
tion of GIcA to IdoA, catalyzed by DS epimerase 1 (DS-epil) or
DS epimerase 2 (DS-epi2) encoded by DSE or DSEL, respectively
(46, 47). Immediately after this epimerization reaction, derma-
tan 4-O-sulfotransferase 1 (D4ST1), encoded by CHST14,
catalyzes 4-O-sulfation of GalNAc in the IdoA-GalNAc
sequence, which prevents backepimerization of IdoA to
GlcA (48, 49).
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Figure 1. Simplified schematic representation of the proteoglycan linker region and glycosaminoglycan (GAG) biosynthesis. Only a subset of the known

GAG modifications is depicted.
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Defects in enzymes involved in HS and CS/DS biosynthesis,
due to genetic alterations in their respective genes, typically
give rise to a range of heritable disorders, including diverse
osteochondrodysplasias, multiple exostoses, and specific types
of Ehlers-Danlos syndromes (EDS) and have also been associ-
ated with cardiac, kidney, and ophthalmological defects,
immune deficiencies, and neurological abnormalities (50).

This narrative review will focus specifically on the EDS
associated with defects in HS and CS/DS biosynthesis.

THE EHLERS-DANLOS SYNDROMES AND
DEFECTS IN GAG BIOSYNTHESIS

The EDS are a clinically and molecularly heterogeneous
group of heritable connective tissue diseases. The cardinal
features that are common to all EDS types, albeit to differ-
ent degrees of severity, include joint hypermobility, skin
hyperextensibility, and signs of soft connective tissue fri-
ability affecting the skin, ligaments, blood vessels, eyes,
and internal organs (51). The variability in clinical presen-
tation and severity of the different EDS types is mirrored
by the underlying genetic heterogeneity. Based on elec-
tron microscopy studies on skin biopsies of affected indi-
viduals, EDS was originally suspected to be a collagen
disorder (52), and initial biochemical and genetic studies
indeed identified defects in the primary structure of the
fibrillar types I, III, and V collagen or in their modifying
enzymes in individuals with different types of EDS. These
discoveries laid the foundation of the 1998 Villefranche
EDS Nosology, which was used for over two decades and
which included six different EDS types (classical, hyper-
mobility, vascular, Kkyphoscoliosis, arthrochalasia, and
dermatosparaxis) (53). However, advances in molecular
techniques expanded the molecular and clinical heteroge-
neity of this group of syndromes with the identification of
defects affecting other ECM molecules, such as ECM-
bridging molecules (e.g., tenascin-X, type XII collagen),
molecules of the classical complement pathway (Clr and
Cls), and, importantly, enzymes involved in GAG biosyn-
thesis (Table 1) (54). As for most of these molecular defects
an impact on the collagen fibril architecture was observed,
EDS is nowadays considered a “collagen-related disorder,”
for which the underlying genetic defects cause alterations
in the physical and functional properties of the ECM in
essentially all tissues and organs (51).

Upon publication of the 1998 Villefranche classification,
the existence of a variant of EDS that was linked to a bio-
chemical defect in GAG biosynthesis, known as “progeroid
EDS”, was already recognized, but at the time, this EDS
type was not included in the official EDS classification.
Hernandez et al. had reported a few individuals presenting
signs of EDS in conjunction with a somewhat aged appear-
ance, short stature, and bone deformities (55-57). In 1987,
Kresse et al. (58) showed that skin fibroblasts of a child
with similar features converted only half of the core pro-
tein of decorin, a small leucine-rich proteoglycan (SLRP),
to a mature GAG-bearing proteoglycan. This defective
GAG biosynthesis was later shown to result from galacto-
syltransferase-I (B4GalT7) deficiency, and ultimately, bial-
lelic pathogenic variants were identified in the B4GALT7
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gene (26, 59, 60). This was the first hint toward the impli-
cation of defective GAG biosynthesis in the pathophysiol-
ogy of EDS. Further clues toward a role for defective
proteoglycan/GAG biosynthesis in EDS came from the
generation of several mouse models in the late nineties.
Mice deficient for the core protein of decorin (Den™'")
showed skin fragility with a marked reduction in tensile
strength and abnormal collagen fibril morphology in skin
and tendon (61). Signs of connective tissue fragility and ul-
trastructural collagen fibril abnormalities were also observed
in other single and double SLRP-deficient models, summar-
ized in Table 2 (69). As the clinical and ultrastructural obser-
vations in these models were highly reminiscent of human
EDS, the genes coding for these SLRP core proteins were con-
sidered good candidate genes for molecularly unresolved
individuals with this disorder. However, no human counter-
parts were identified upon sequencing of the gene coding for
these core proteins (70).

The interest of the EDS research community in defects of
GAGs was rekindled a decade later, when several researchers
identified, through linkage analysis and homozygosity map-
ping studies, biallelic pathogenic variants in CHST14 in sev-
eral families displaying a phenotype reminiscent of EDS. In
2009, Duindar et al. (71) reported loss-of-function variants in
CHST14 in individuals with adducted thumb-clubfoot syn-
drome (ATCS), a condition characterized by distal arthrogry-
posis in conjunction with joint hypermobility, craniofacial
features, and other anomalies. In 2010, Kosho et al. reported
biallelic mutations in the same gene in a series of Japanese
individuals with a phenotype that showed overlap with the
kyphoscoliotic type of EDS (the latter caused by deficiency
in lysyl hydroxylase 1, a collagen-modifying enzyme), in
conjunction with multiple congenital contractures and
craniofacial features, and coined it “EDS Kosho type” (72,
73). A follow-up study identified additional biallelic patho-
genic variants in the CHST14 gene (72). The association of
CHST14 with EDS was confirmed by Malfait et al. (74), who
also found pathogenic CHSTI14 variants in individuals dis-
playing a similar phenotype. These three conditions were
grouped together as “musculocontractural EDS” (mcEDS),
emphasizing the presence of a musculoskeletal phenotype
(“musculo”) and congenital contractures (“contractural”)
in combination with EDS(-like) features (74). Not much
later, biallelic variants were also found in the DSE gene,
coding for DS-epil, in a few individuals displaying a
mcEDS phenotype (75, 76). A few years later, two groups
independently identified biallelic defects in B3GALT®,
coding for galactosyltransferase-II (B3GalT6) in a series of
individuals with an EDS phenotype strongly overlapping
with kyphoscoliotic, musculocontractural, and progeroid
EDS (77, 78). In view of the strong phenotypic similarities
caused by deficiencies of either p4GalT7 or B3GalT6, both
conditions are now classified as “spondylodysplastic EDS”
(spEDS) to indicate a generalized skeletal dysplasia involv-
ing mainly the spine (“spondylo”) in addition to common
EDS(-like) characteristics (54).

In the following sections, the phenotypes and mutation
spectrum associated with spEDS and mcEDS are discussed.
In addition, the pathomechanistic insights gained from in
vitro studies and representative animal models for these
conditions are summarized.
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Table 1. Classification of EDS according to the International EDS Classification, published in 2017 (54)

Nomenclature OMIM
(abbreviation) Number Gene Protein IP Major Criteria
Defects in collagen primary struc-
ture and collagen processing
Classical EDS (cEDS) 130000 COL5AT1 Pro-a1(V) collagen AD Skin hyperextensibility with atrophic scarring
130010  COL5A2 Pro-a2(V) collagen Generalized joint hypermobility
COL1AT-related classical EDS / COL1A1 Pro-a1(l) collagen AD Skin hyperextensibility with atrophic scarring
(COLTAT-cEDS) p. (Arg312Cys) Generalized joint hypermobility
Arterial rupture at young age
Vascular EDS (VEDS) 130050 COL3AT1 Pro-a1(lll) collagen AD Arterial rupture at young age
Spontaneous sigmoid colon perforation in the
absence of known colon disease
Uterine rupture during 3rd trimester of pregnancy
Carotid-cavernous sinus fistula (in the ab-
sence of trauma)
Arthrochalasia EDS (aEDS) 130060 COLT1A7 Pro-a1(l) collagen AD Congenital bilateral hip dislocation
130060 COL1A2 Pro-a.2(l) collagen Severe generalized joint hypermobility with
multiple dislocations
Skin hyperextensibility
Dermatosparaxis EDS (dEDS) 225410 ADAMTS2 A disintegrin and metallo- AR Extreme skin fragility with congenital or post-
proteinase with throm- natal tears
bospondin motifs 2
(ADAMTS2)
Craniofacial features
Progressively redundant, lax skin with exces-
sive skin folds
Increased palmar wrinkling
Severe bruisability
Umbilical hernia
Postnatal growth retardation with short limbs
Perinatal complications related to tissue
fragility
Cardiac-valvular EDS (cvEDS) 225320 COL1A2 Pro-a2(l) collagen AR Severe progressive cardiac-valvular
insufficiency
Skin involvement
Joint hypermobility
Defects in collagen folding and col-
lagen cross-linking
Kyphoscoliotic EDS (KEDS-PLOD1) 225400 PLODT1 Lysyl hydroxylase 1(LH1) AR Congenital muscle hypotonia
Congenital or early onset kyphoscoliosis
Kyphoscoliotic EDS (KEDS-FKBP14) 614557  FKBP14 FK506 binding protein AR Generalized joint hypermobility with (sub)
22 kDa (FKBP22) luxations
Defects in ECM bridging molecules
Classical-like EDS (clEDS) 606408 TNXB Tenascin-X (TNX) AR Skin hyperextensibility with velvety skin tex-
ture and absence of atrophic scarring
Generalized joint hypermobility
Easy bruisable skin/spontaneous ecchymoses
Myopathic EDS (mEDS) 616471 COL12A1 Pro-a1(XIl) collagen AD/AR  Congenital muscle hypotonia and/or muscle
atrophy
Joint contractures
Joint hypermobility
Defects in glycosaminoglycan
biosynthesis
Spondylodysplastic EDS (spEDS- 130070 B4GALT7  Galactosyltransferase-| AR Short stature (progressive in childhood)
B4GALT7) (B4GalT7) Muscle hypotonia (ranging from severe con-
Spondylodysplastic EDS (spEDS- 615349 B3GALT6  Galactosyltransferase-ll AR genital to mild later-onset)
B3GALTE6) (B3GalT6) Bowing of limbs
Skeletal dysplasia
Musculocontractural EDS (mcEDS- 601776  CHST14 Dermatan 4-O-sulfotrans- AR Congenital multiple contractures (typically
CHST14) ferase 1(D4ST1) adduction/flexion contractures and talipes
Musculocontractural EDS (mcEDS- 615539 DSE Dermatan sulfate epimer- AR equinovarus)

DSE)

ase 1(DS-epil)

Craniofacial features

Skin hyperextensibility, easy bruising, skin fra-
gility with atrophic scars

Increased palmar wrinkling
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Table 1.— Continued

Nomenclature OMIM
(abbreviation) Number Gene Protein IP Major Criteria
Defects in classical complement
pathway
Periodontal EDS (pEDS) 130080 CiIR Complement Cir (C1r) AD Severe and intractable early-onset periodonti-
tis
Lack of attached gingiva
Pretibial plaques
617174 Ci1S Complement Cls (C1s)
Defects in intracellular processes
Spondylodysplastic EDS (spEDS- 612350 SLC39A13  Zrt/Irt-like Protein 13 AR Short stature (progressive in childhood)
SLC39A13) (ZIP13)
Muscle hypotonia (ranging from severe con-
genital to mild later-onset)
Bowing of limbs
Skeletal dysplasia
Brittle Cornea Syndrome (BCS) 229200 ZNF469 Zinc finger protein 469 AR Thin cornea with/without rupture
(ZNF469)
614170 PRDM5 PR domain-containing Early-onset progressive keratoconus and/or
protein 5 (PRDM5) keratoglobus
Blue sclerae
Unresolved forms of EDS
Hypermobile EDS (hEDS) 130020 ? ? ? Generalized joint hypermobility
Systemic manifestations of generalized con-
nective tissue disorder
Positive family history
Musculoskeletal complaints and pain
Exclusion of other EDS types and other joint
hypermobility-associated conditions
Novel type of EDS (identified after
the 2017 classification)
Classical-like EDS type 2 (clEDS2) 618000 AEBP1 Adipocyte enhancer- AR Skin hyperextensibility with atrophic scarring
(provisional) binding protein-1 Generalized joint hypermobility

(AEBP1)

Foot deformities
Early-onset osteopenia

AD, autosomal dominant; AR, autosomal recessive; EDS, Ehlers-Danlos syndrome; IP, inheritance pattern.

THE CLINICAL AND MOLECULAR SPECTRUM
OF EDS CAUSED BY DEFECTS IN GAG
BIOSYNTHESIS

Spondylodysplastic EDS Due to B4GALT7 Mutations
(spEDS-B4GALT?7)

To date, homozygous or compound heterozygous (likely)
pathogenic variants in B4GALT7 have been identified in 16
individuals from 11 families (9 males, 6 females, and 1 not
reported) displaying a phenotype compatible with spEDS (26,
60, 79-91). Recurring craniofacial features in affected individu-
als include a short, round face with midface hypoplasia, prop-
tosis, and a narrow mouth. Of note, none of them displayed
progeroid features, hence the term “progeroid EDS” was aban-
doned. Other prominent features include joint hypermobility,
especially of the hands, and a soft hyperextensible skin, placing
it within the EDS spectrum, and short stature, bowing of the
limbs, and radioulnar synostosis. Learning disabilities and
ophthalmological abnormalities (especially hypermetropia)
were described in about half of the affected individuals. In one
family, the phenotype was particularly severe with prenatal or
perinatal lethality due to a severe skeletal dysplasia in three
consecutive siblings (80). Furthermore, Cartault et al. (86)
described a recurring homozygous missense variant in
B4GALT7 [p.(R270C)], in a cohort of 22 patients (11 male, 11
female) with Larsen of Reunion Island syndrome, a skeletal
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dysplasia characterized by short stature, joint hypermobility,
multiple dislocations, and craniofacial features (Fig. 2A).

The B4GALT7 gene (NM_007255.3) consists of six coding
exons and is located on chromosome 5 (5935.3). The encoding
galactosyltransferase-I protein (p4GalT7, NP_009186.1) con-
sists of 327 amino acids and contains a short cytoplasmic N-
terminal, a transmembrane and a luminal galactosyltransfer-
ase domain. In total, 11 missense variants, one nonsense vari-
ant resulting in aberrant splicing, one frameshift variant, and
one splice site variant with an unknown effect at protein level
(p.?) have been identified. The majority of identified variants
affects the galactosyltransferase domain (Fig. 3A). The p.
(R270C) variant is a recurrent pathogenic variant that has
been found in both homozygous and compound heterozygous
state, and both in patients diagnosed with EDS or with Larsen
of Reunion Island syndrome. The overlap between spEDS-
B4GALT7 and Larsen of Reunion Island syndrome, both in
phenotypic and molecular findings, suggests that both condi-
tions belong to the same clinical spectrum (86).

Spondylodysplastic EDS Due to B3GALT6 Mutations
(spEDS-B3GALT6)

Biallelic (likely) pathogenic variants in B3BGALT6 have been
found in 62 individuals (25 males, 28 females, and 9 not
reported) originating from 48 distinct families (77, 78, 81, 90,
92-105). In addition, in one patient, only one mutation was
found (78). The clinical diagnoses among these patients ranged
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Table 2. Single and double SLRP knock out mouse models

Gene Ultrastructural Collagen Fibril
(protein) Clinical Characteristics Abnormalities Reference
Single SLRP knockout mice
Dcn™'™ - Skin fragility and laxity - Variable fibril size and shape (61)
(Decorin) - Dermal thinning - Irregular fibril contours
- Reduced tensile strength
Bgn~'~ - Dermal thinning - Variable fibril size and shape (62, 63)
(Biglycan) - Osteoporosis - Irregular fibril contours
- Aortic dissection and rupture
Lum ™'~ - Skin laxity and fragility - Irregular fibril contours (64)
(Lumican) - Corneal opacification - Increased fibril thickness
Fmod ™'~ - Reduced tendon stiffness - Irregular fibril contours (65)
(Fibromodulin) - Increase in small diameter fibrils
Double SLRP knockout mice
Dcn~'~/Bgn~'~ - Severe skin fragility - Wide interfibrillar spaces (62)
- Marked osteopenia - Hieroglyphic appearance
Lum™'~/Fmod~"~ - Gait abnormality - Irregular fibril contours (66, 67)
- Joint laxity - Abnormal fibril fusions
- Age-dependent osteoarthritis - Increase in small diameter fibrils
Bgn~'~/Fmod~'~ - Gait impairment - Irregular fibril contours (68)

- Ectopic tendon ossification
- Premature osteoarthritis

- Increase in small diameter fibrils

SLRP, small leucine-rich proteoglycan.

from EDS to spondyloepimetaphyseal dysplasia with joint
hyperlaxity type 1 (SEMD-JL1) and to Al-Gazali syndrome.
Recurring craniofacial features include midfacial hypoplasia
with frontal bossing, prominent eyes, and blue sclerae. Other
features include joint hypermobility, especially of the hands, a
soft hyperextensible skin, kyphoscoliosis (congenital or early
onset and progressive), osteopenia with fractures, muscle hypo-
tonia, joint contractures, and radiological features of a spondy-
loepimetaphyseal dysplasia with metaphyseal widening and
bowing of the limb bones, hypoplasia of the iliac bones, acetab-
ular dysplasia, and vertebral body changes. A delay in cognitive
development was noted in some affected individuals (81). A few
patients suffered from severe vascular problems, including tho-
racic aortic aneurysms and cerebral hemorrhages (Fig. 2B).
Nowadays, it is accepted by clinicians and researchers that bial-
lelic BBGALT6 defects give rise to a single clinical entity with
variable signs of EDS and SEMD-JL1 and the term spEDS-
B3GALTS is used to describe this pleiotropic disorder (54, 95).
The B3GALT6 gene (NM_080605.4) is a single exon gene
located on chromosome 1 (1p36.33) and codes for the galactosyl-
transferase-II protein (B3GalT6, NP_542172.2), a Golgi-resident
type I membrane enzyme that consists of 329 amino acids and
contains a short amino (N)-terminal cytoplasmic, a transmem-
brane and a luminal globular catalytic galactosyltransferase do-
main. So far, 28 missense variants, five in-frame deletions or
duplications, seven frameshift variants that give rise to a pre-
mature termination codon, one variant affecting the translation
initiation codon [p.(M1?)], and one variant disrupting the consti-
tutive stop codon and extending the open reading frame have
been reported (Fig. 3B). The identified missense variants are
spread over the p3GalT6 protein, whereas length-altering var-
iants seem to be located more around the center of the protein.
In one patient, the identified variants were not described (105).

Musculocontractural EDS Due to CHST74 Mutations
(mcEDS-CHST14)

A total of 70 individuals (34 males, 34 females, and 2 not
reported) originating from 50 families have been reported
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with homozygous or compound heterozygous (likely) patho-
genic variants in CHSTI4 (71, 72, 74, 76, 94, 103, 106-117).
Recently, Minatagoa et al. (107) collected and reviewed
extended clinical and molecular data from 66 of these
patients. Recurring craniofacial features include large fonta-
nelle with delayed closure, downslanting and short palpebral
fissures, hypertelorism, blue sclerae, small mouth, microre-
trognathism, and dental abnormalities. Common musculo-
skeletal features include joint hypermobility with multiple
joint dislocations, in combination with multiple congenital
contractures, adducted thumbs and progressive talipes
deformities, characteristic finger morphologies such as
tapering, slender, long, or cylindrical fingers, hypotonia and
motor development delay, spinal deformities, and osteopo-
rosis or osteopenia. The skin is often hyperextensible and
fragile with atrophic scars, easy bruisability, palmar wrin-
kling, and hyperalgesia to pressure. Large subcutaneous he-
matoma is the most common vascular complication, often
occurring at the scalp, buttocks, lower extremities, face, and
chest. Other frequently observed complications include con-
stipation, cryptorchidism, and refractive errors. No signifi-
cant intellectual disability was noted in affected individuals
of school age or older (Fig. 2C).

The single exon CHST14 gene (NM_130468.4) is located
on chromosome 15 (15q15.1) and encodes the Golgi-resi-
dent D4ST1 protein (NP_569735.1), which consists of 376
amino acids and contains a cytoplasmic domain, a trans-
membrane domain, and a luminal sulfotransferase do-
main. A total of 14 missense variants, five nonsense
variants, seven frameshift variants introducing a prema-
ture termination codon, one frameshift variant creating a
longer mutant protein, and one deletion affecting the
translation initiation codon [p.(M1?)] have been reported.
All identified missense variants are located within or
closely adjacent to the catalytic sulfotransferase domain
of the D4ST1 protein, in contrast to the variants that
introduce a premature termination codon, which are
scattered throughout the CHST14 gene (Fig. 3C).
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Figure 2. Schematic representation of the clinical features observed in SpEDS-B4GALT7 (A), SpEDS-B3GALT6 (B), mcEDS-CHST14 (C), and mcEDS-DSE
(D) based on the major (in bold) and minor diagnostic criteria defined by the 2017 International EDS Classification. Image created with Biorender.com.

EDS, Ehlers-Danlos syndrome.

Musculocontractural EDS Due to DSE Mutations
(mcEDS-DSE)

To date, 14 individuals (7 males, 6 females, and 1 not
reported) from 8 distinct families have been reported with
homozygous (likely) pathogenic variants in DSE (75, 76, 90,
118-120). The phenotype associated with mutations in DSE is
highly similar to that associated with mutations in CHST4,
but based on the limited number of reported individuals, it
appears to be at the milder end of the spectrum. A retrospec-
tive study by Minatogawa et al. statistically compared clinical
features of 66 patients with mcEDS-CHSTI14 with those of 8
patients with mcEDS-DSE and found that low-set ears, refrac-
tive errors, joint manifestations such as hypermobility with
dislocations, skin features, such as hyperextensibility, fragil-
ity, bruisability, and atrophic scarring, and constipation were
significantly less frequent in patients with mcEDS-DSE than
with mcEDS-CHST14 (Fig. 2D) (107).

The DSE gene is located on chromosome 6 (6q22.1) and
gives rise to different transcripts. The main transcript contains
five coding exons (NM_001080976.1), which encodes the 958
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amino acid dermatan sulfate epimerase 1 (DS-epil) protein
(NP_001074445.1). The DS-epil enzyme is a multispan mem-
brane glycoprotein with an N-terminal epimerase domain
residing within the lumen of the Golgi apparatus and two C-
terminal transmembrane domains. Currently, eight unique
(likely) pathogenic variants in DSE have been reported, includ-
ing four missense variants, one nonsense variant, and three
variants introducing a frameshift with a premature termina-
tion codon (Fig. 3D) (75, 76, 90, 118-120). All but one of the
identified variants affect the epimerase domain, while one
missense variant locates to a transmembrane domain.

INSIGHTS INTO THE UNDERLYING
PATHOPHYSIOLOGICAL MECHANISMS

Studies addressing the pathophysiological consequences
of defects associated with spEDS and mcEDS included bio-
chemical and ultrastructural investigations on patient-
derived material, mainly primary dermal fibroblast cultures
or skin biopsies, and cellular overexpression assays. In
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p4GalT7
(327 AA)

p3GalT6
(329 AA)

Figure 3. Mutation spectrum associated with spEDS and
mcEDS. Schematic representation of f4GalT7 (A), B3GalT6

(B), D4ST1 (C), and DS-epil (D). Missense variants are
depicted above the protein structure and length-altering
variants are depicted below the protein structure. Protein
domains were predicted using Pfam in combination with in-
formation from literature reports. AA, amino acids; mcEDS, C
musculocontractural EDS; spEDS, spondylodysplastic EDS;

TM, transmembrane domain.

D4ST1
(376 AA)

DS-epil
(958 AA)

addition, animal models have been of great value for under-
standing the mechanisms underlying spEDS and mcEDS
and to pinpoint tissue-specific alterations. To date, animal
models, either mouse or zebrafish, have been generated for
all of the GAG biosynthesis defects associated with EDS (121).

spEDS-B4GALT7

Defects in p4GalT7 affect the biosynthesis of the GAG
linker formation by compromising the addition of the sec-
ond residue, a galactose, to the proteoglycan xylopeptide.
Biochemical analyses on dermal fibroblast cultures from
patients with spEDS-B4GALT7 demonstrated reduced in
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vitro B4GalT7 activity (59, 122). Consequently, decorin and
biglycan core proteins partially substituted by DS GAG
chains (58, 122) and reduced epimerization in the decorin
GAG chain were observed (122), as well as decreased sulfa-
tion of HS chains (123). Western blot analysis for the CS-
proteoglycan bikunin demonstrated severely decreased
amounts of bikunin-CS and increased levels of GAG-free
bikunin core protein in serum from patients with spEDS-
B4GALT7 (Fig. 4A) (124, 125). In addition, overexpression
studies for several of the identified missense variants
revealed variable, variant-dependent findings, including
reduced enzyme activity and/or ability to prime GAG
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Figure 4. Currently known pathomechanisms associated with spEDS and mcEDS. A: B4GalT7 deficiency in patients with spEDS-B4GALT7 results in
severely reduced levels of HS, CS, and DS chains. B: in patients with spEDS-B3GALT6, an unconventional trisaccharide linker region is formed. f3GalT6
deficiency results in severely reduced levels of HS, CS, and DS chains. C: D4ST1 deficiency in mcEDS-CHST74 prevents sulfation of GalNAc residues, as
such IdoA is backepimerized to GIcA by DS-epil/2, which results in absence of DS while increased CS levels are identified. D: deficiency of DS-epil in
mcEDS-DSE results in decreased epimerization of GIcA to IdoA, hence only limited GalNAc residues can be sulfated by D4ST1 and limited DS moieties
are formed. Consequently, higher amounts of CS are detected. E: replacing the flexible DS chain of decorin (normal) by the rigid CS chain in patients
with mcEDS-CHST74 can contribute to the spatial disorganization of collagen fibrils in patients with mcEDS-CHST74. Sulfated residues are not indicated
in this figure. CS, chondroitin sulfate; DS, dermatan sulfate; HS, heparan sulfate; mcEDS, musculocontractural EDS; spEDS, spondylodysplastic EDS.

biosynthesis (80, 126), diminished mutant f4GalT7 protein
levels (80, 127), or intracellular mislocalization of mutant
B4GalT7 proteins (60, 80). Furthermore, SpEDS-B4GALT7
fibroblasts were reported to show morphological altera-
tions with intracellular accumulation of lysosomes and
vacuoles, decreased proliferation rate, and delayed in vitro
wound closure (122, 123). Fibroblasts from patients with
SpEDS-B4GALT7 produced a disorganized ECM and per-
turbed deposition of type I collagen (122, 123).
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To further study the pathogenic mechanisms underlying
SpEDS-B4GALT7, Delbaere et al. (128) generated homozygous
b4galt7 knockout (b4galt7'~) zebrafish. At 4 days postfertili-
zation (dpf), b4galt7 '~ zebrafish totally lacked HS and CS
GAGs, resulting in a severe skeletal phenotype with delayed
or absent ossification of several bone structures and aberrant
cartilage formation. These zebrafish died before the age of 10
dpf, suggesting that complete loss of B4GalT7 activity is in-
compatible with life in zebrafish. As complete loss of f4GalT7
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function is not seen in human patients with SpEDS-B4GALT7,
hypomorphic zebrafish were generated, which display only
partial loss of p4GalT7 function and better mimic the variable
decrease in B4GalT7 activity seen in patients with spEDS-
B4GALT7. Two distinct morpholino-based b4galt7 knock-
down (morphant) and two mosaic b4galt7-deficient (crispant)
models were created (128). In these models, defective p4GalT7
activity led to hampered GAG biosynthesis with severely
diminished HS and CS proteoglycan levels. Compared to the
craniofacial abnormalities and short stature seen in patients
with spEDS-B4GALT7, morphant and crispant b4galt7
embryos showed underdeveloped, misshapen, and partly
absent cartilage structures during early development and
were smaller than wild-type (WT) embryos. In addition,
severely reduced or absent ossified bone structures reminis-
cent of osteopenia were seen in some patients with spEDS-
B4GALT7. Compromised muscle function and structure were
seen in one b4galt7 morphant model, which is in line with
the muscle hypotonia and delayed motor development pres-
ent in patients with spEDS-B4GALT7. Taken together, these
results indicate that juvenile b4galt7 zebrafish models largely
phenocopy the human spEDS-B4GALT7 phenotype (128).

Interestingly, spontaneous B4GALT7 defects have also
been identified as a cause of disproportionate dwarfism with
joint laxity in Frisian horses (129).

These findings highlight a key role for B4GalT7 in early de-
velopment and in cartilage, bone, and possibly muscle for-
mation and illustrate that defective P4GalT7 alters the
biosynthesis of both CS/DS and HS, which underlies the
SpEDS-B4GALT7 phenotype. Moreover, the type and loca-
tion of the variant, its effect on protein structure, and the
influence on enzyme activity and/or intracellular localiza-
tion of the mutant enzyme result in variant-specific out-
comes that can account for the variability in phenotypic
severity seen in patients with SpEDS-B4GALT?.

spEDS-B3GALT6

The B3GalT6 enzyme catalyzes the addition of the third
monosaccharide residue, a Gal, to the linker region. Studies
on dermal fibroblast cultures from patients with biallelic
B3GALT6 defects indicated that at least some of the identified
variants give rise to reduced B3GalTé6 protein levels (95). In
addition, overexpression studies illustrated intracellular mis-
localization of some mutant B3GalT6é proteins in contrast to
the typical localization to the Golgi localization observed in
control fibroblasts (78, 93). SpEDS-B3GALT6 fibroblasts display
severely reduced galactosyltransferase activity using specific
synthetic compounds but are still able to prime GAG biosyn-
thesis when incubated with an exogenous substrate such as 4-
MUX (77, 78, 95). As a consequence, GAG biosynthesis was
strongly diminished in patient fibroblasts with severely
impaired glycosylation of the decorin core protein (77, 93, 95)
as well as decreased HS production (Fig. 4B) (77, 95, 102).
Notably, disaccharide analysis of GAGs produced by patient-
derived lymphoblastoid cells showed decreased HS, but an
increase for CS and DS disaccharides (78). Similar to patients
with spEDS-B4GALT7, Western blot analysis also indicated
the presence of GAG-free bikunin in serum of patients with
SpEDS-B3GALTS6 (124, 125). Transmission electron microscopic
analysis on skin biopsies of patients with spEDS-B3GALT6
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showed dispersed and loosely packed collagen fibrils in the
dermis, with variable collagen fibril diameters and occasional
fibrils with very irregular contours (77, 95). In vitro deposition
of type III and type V collagen and recruitment of the colla-
gen-specific «2p1 integrin by dermal fibroblasts was also dis-
turbed in patients with spEDS-B3GALT6 (102). In addition,
delayed in vitro wound closure was observed (77, 95).
Microarray-based transcriptome profiling performed on der-
mal fibroblast cultures from two affected sisters illustrated
deregulated expression of genes coding for ECM molecules,
enzymes responsible for ECM remodeling and GAG biosynthe-
sis, and TGFf/BMP signaling pathway (102).

To gain more insights into the underlying pathomechan-
isms of spEDS-B3GALT6, homozygous b3galt6 knockout
(b3galt6'~) zebrafish were generated. These b3galt6 /-
zebrafish survived to adulthood, contrasting the early lethal
phenotype of b4galt7 '~ zebrafish (130). Furthermore,
b3galt6~'~ zebrafish showed progressive skeletal malfor-
mations with variable severity, reminiscent of the variable
skeletal dysplasia phenotype observed in patients with
SpEDS-B3GALTS. Ultrastructural analysis in adult b3galt6’
~ zebrafish showed less organized type I collagen fibers in
the intervertebral ligament (the outer type I collagen layers)
and the inner layer of the vertebral bone that is first depos-
ited during development, and a thicker epidermis covering
the scales with loosely packed dermal collagen fibrils with
increased interfibrillar spaces. The latter findings mimic ultra-
structural features of patients with SpEDS-B3GALT6 and could
be attributed to alterations in the GAG chains of SLRPs, which
regulate collagen fibrillogenesis. In addition, structural and
functional muscle abnormalities were detected in b3galt6~/~
zebrafish, consistent with the muscle hypotonia and delayed
motor development observed in human patients. The pheno-
typic findings are in accordance with the strongly reduced
amounts of CS, DS, and HS-disaccharides observed in bone,
skin, and muscle of b3galt6 '~ zebrafish. Surprisingly, low
amounts of GAGs were still produced by b3galt6’/ ~ zebrafish,
and residual proteoglycans were shown to contain a noncanon-
ical trimeric linker region consisting of only three instead of
four sugars (lacking a galactose residue), thereby presenting a
possible rescue mechanism for deficiency of one of the linker
enzymes. The presence of this noncanonical trimeric linker
region was originally found in very low amounts in urine of
healthy individuals (131) but a drastically increased level was
recently detected in urine samples of human patients with
SpEDS-B3GALT6 (132). Overall, b3galt6’/ ~ zebrafish pheno-
copy human spEDS-B3GALT6 and present craniofacial dys-
morphism, generalized skeletal dysplasia, skin involvement,
and indications of muscle hypotonia.

Taken together, the findings in patients with spEDS-
B3GALT6 and b3galt6’/ ~ zebrafish emphasize the impor-
tance of proper GAG biosynthesis for collagen fibrillogenesis,
general ECM assembly, and several physiological functions
necessitating proper connective tissue function, such as
wound healing.

mcEDS-CHST14

Genetic alterations in mcEDS-CHSTI4 compromise the
function of D4ST1, an enzyme that is specifically involved in
the biosynthesis of DS, by catalyzing 4-O-sulfation of GalNAc
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in the IdoA-GalNAc sequence. Defects in D4ST1 result in sig-
nificantly lower sulfotransferase activity in dermal fibroblast
cultures from patients with mcEDS-CHSTI4 and in cell mod-
els overexpressing mutant D4ST1 (72). Analysis of the disac-
charide composition of CS/DS chains isolated from
fibroblasts of patients with mcEDS-CHST14 showed negligi-
ble amounts of DS and an excessive presence of CS (71, 72). In
addition, urinary disaccharide analysis also showed absence
of DS, indicating a systemic depletion of DS in patients with
mcEDS-CHSTI14 (133). 4-O-sulfation in CS and DS is known to
inhibit the function of DS-epil and DS-epi2 (134). Hence,
D4ST1 deficiency impairs 4-O-sulfation and thus allows back-
epimerization of IdoA to GlcA, thereby favoring the forma-
tion of CS (Fig. 4C). Decorin, a major DS-proteoglycan in skin,
plays an important role during collagen fibril formation, pos-
sibly through electrostatic interactions between its GAG
chains and adjacent collagen fibrils (135). The single GAG
chain of decorin was shown to be substituted by CS and ex-
cessive CS GAGs were detected in patient fibroblasts (72, 76,
106, 116). Transmission electron microscopy on skin biopsies
from patients with mcEDS-CHST14 showed dermal collagen
fibrils that were dispersed and less tightly packed throughout
the dermis with increased interfibrillar space (72, 76, 106,
110). In addition, electron microscopy-based visualization of
GAG chains in skin demonstrated the presence of linear GAG
chains that projected from the outer surface of the collagen
fibrils, in contrast to curved GAG chains that maintain close
contact with collagen fibrils in healthy control samples (Fig.
4E) (136). As such, replacing the flexible DS chain of decorin
by the rigid CS chain can contribute to the spatial disorgani-
zation of collagen fibrils in patients with mcEDS-CHSTI4.
Furthermore, in vitro deposition was disturbed for several
ECM components, including types I, III, and V collagen, by
mcEDS-CHST14 fibroblasts (76, 106, 116).

Although diverse studies on different homozygous Chsti14
knockout (Chst14~/~) mouse models have been performed,
investigations on Chstl4~/~ mice are hampered by the high
perinatal lethality of the animals (137). Perinatal lethality is
rarely observed in patients with mcEDS-CHST14 but is often
encountered in rodent models and could be attributed to
genetic background or placental factors. Placental dysplasia
was indeed demonstrated in Chstl4~/~ mice, with reduced
weight of the placenta, alteration in the vascular structure
with ischemic and/or necrotic-like change, an abnormal
structure of the basement membrane of capillaries in the
placental villus, and significantly decreased DS (137). These
findings suggest that DS may be essential for placental vas-
cular development. Mice deficient for Chst14 showed growth
impairment with smaller body mass, reduced fertility,
kinked tail, and increased skin fragility (138, 139). Moreovet,
the skin of Chst14 '~ mice showed decreased amounts of DS
and elevated CS levels. Similar to the findings in patients
with mcEDS-CHSTI4, rod-shaped linear GAG chains that
protruded outside of the collagen fibrils were found in
Chst14~'~ mice, in contrast to those being round and wrap-
ping around the collagen fibrils in wild-type mice (139, 140).
Furthermore, Chstl4 '~ mice showed thoracic kyphosis and
myopathy-related phenotypes such as lower grip strength
and decreased exercise capacity, with decreased DS in mus-
cle and variation in fiber size and spread of the muscle inter-
stitium (139, 141). In addition, Chstl4 '~ mice provided
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evidence for an overall negative impact of DS on peripheral
nerve regeneration (138) but beneficial activity in central
nervous system regeneration, which could result from differ-
ences in DS proteoglycans levels and their interaction part-
ners between the peripheral and central nervous systems
(142). Chst14~'~ mice also showed impaired spatial learning
and memory and demonstrated that DS is indispensable for
synaptic plasticity in the hippocampus, which might be
attributed to impaired Akt/mTOR-signaling (143).

Together, the findings in patients with mcEDS-CHSTI14
and Chstl4~/~ mice point to a role for DS in versatile func-
tions and in different tissues, including skin, muscle, nerv-
ous system, and highlight its importance for proper spacing
of collagen fibrils and ECM integrity.

mcEDS-DSE

Epimerization of GIcA to IdoA, catalyzed by DS-epil or DS-
epi2, is required for sulfation of an adjacent GalNAc residue by
D4ST1 which is necessary to form DS. DS-epil appears to be the
predominant epimerase in most tissues and can produce long
stretches of IdoA containing disaccharide units, whereas DS-
epi2 mainly functions in the brain and forms only short IdoA
blocks (10). Biallelic pathogenic variants in DSE severely com-
promise DS-epil activity both in patient fibroblasts and of
recombinant mutant DS-epil enzyme (75). A markedly reduced
amount of DS disaccharides and an increased amount of CS di-
saccharides were demonstrated in fibroblasts from a patient
with mcEDS-DSE, consistent with increased synthesis or
reduced conversion of CS chains (75). In addition, a minor frac-
tion of DS was detected in the GAG chain of decorin produced
by patient fibroblasts (75, 76). In contrast to the complete loss
of DS in mcEDS-CHSTI4, the preservation of DS moieties in
fibroblasts from patients with mcEDS-DSE is indicative of re-
sidual activity of mutant DS-epil or partial compensation by
DS-epi2 (Fig. 4D). Although CS cannot generally substitute for
DS-specific functions, the residual availability of some DS di-
saccharide units might contribute to the attenuated phenotype
in mcEDS-DSE. The measurement of the disaccharide compo-
sitions of DS and CS chains in a urine sample demonstrated
the lack of DS in the urine sample, suggesting that this test
may also be a useful screening method for mcEDS-DSE (118).

Before genetic defects in DSE were identified in patients
with mcEDS, homozygous Dse knockout (Dse ') mice were
already generated (144). Dse~/~ mice were smaller, presented
with a kinked tail that resolved before 4 wk of age and had
reduced fertility. The skin of Dse ™/~ mice had reduced tensile
strength and sparser loose hypodermal connective tissue de-
spite normal collagen content. TEM analysis revealed dermal
collagen fibrils with larger diameters but normal fibril density,
whereas Dse~/~ tail tendons showed only a minor shift toward
thicker fibrils with mostly fibrils with normal diameter and
no differences in diameter in Achilles tendon (144). This con-
trasts the normal ultrastructure of dermal collagen fibrils in
patients with mcEDS-DSE, although morphometric analysis
was not performed (76). Furthermore, impairment of direc-
tional migration of aortic smooth muscle cells and defects
in the fetal abdominal wall, exencephaly, and spina bifida
were seen in Dse”/~ mice (144, 145). DS-epi2-deficient mice
(Dsel~’~) had no anatomical, histological, or morphological
abnormalities despite reduced epimerase activity (10). As
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such, DS-epil might compensate for the function of DS-epi2.
Double knockout mice of Dse and Dsel exhibited perinatal
lethality with umbilical hernia, exencephaly, a kinked tail, and
complete loss of DS, suggesting that DS plays an important
role in embryonic development and perinatal survival (146).

Although patients with mcEDS-DSE presumably show a
milder phenotype, the limited number of patients precludes
firm statements. Nevertheless, findings in both patients and
mouse models indicate the importance of DS-epil function,
which cannot be fully substituted by DS-epi2.

CONCLUSIONS AND PERSPECTIVES

To date, the role of abnormal GAG biosynthesis in EDS
pathogenesis has been firmly established by the identifica-
tion of defects in four biosynthetic enzymes, which are ei-
ther involved in the biosynthesis of the tetrasaccharide
linker region or the modification of GAG chains. Whereas de-
fective linker formation in spEDS, due to deficiency of either
B4GalT7 or B3GalTe, affects the biosynthesis of both HS and
CS/DS GAG chains, the defects in D4ST1 and DS-epil associ-
ated with mcEDS, specifically compromise DS biosynthesis.
The key role of proper GAG biosynthesis and the crucial bio-
logical functions of proteoglycans are reflected in the pleio-
tropic phenotypes of both spEDS and mcEDS, with the
perturbation of many physiological functions that are criti-
cal for the correct architecture and homeostasis of various
connective tissues. The identification of additional patients
and follow-up of identified patients will likely expand the
phenotypic spectrum and will allow to determine the natural
history of these rare EDS types.

Molecular diagnosis of both spEDS and mcEDS relies on
the identification of a genetic defect in the corresponding
disease genes. Targeted gene panel analysis or whole exome
sequencing are the molecular methods of choice when
spEDS or mcEDS is suspected, given the phenotypic overlap
between the conditions as well as with other EDS types or
other disorders, such as skeletal dysplasia. Interestingly, spe-
cific urine and serum analyses might provide a reliable
method for diagnosing spEDS and mcEDS, although these
analyses are not (yet) routinely implemented in a diagnostic
setting. Urinary disaccharide compositional analysis of CS/
DS chains provides a noninvasive screening method for
mcEDS (118, 133). In addition, the detection of increased
amounts of GAG-free bikunin core protein in serum by
Western blot analysis could function as a biomarker for
SpEDS (124, 125, 147).

Important gaps remain in our understanding of how these
GAG defects give rise to the corresponding phenotype. It is
still unclear to what extent different aspects of GAG chain
biosynthesis are affected in spEDS and mcEDS, including 1)
the length and modification of GAG chains, 2) modification
and composition of the linker region, 3) if preferential pro-
duction of certain proteoglycans occurs when GAG biosyn-
thesis is restricted, and 4) whether these alterations occur in
a tissue-specific manner. Furthermore, the consequences on
other interacting molecules, such as, for example, collagens
and other ECM components and how these changes affect
physiological processes, such as wound healing, bone forma-
tion etc., need more investigation.
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Especially for these rare EDS types, the use of animal mod-
els can be of great help to start addressing these gaps and
allow spatiotemporal investigations. Chstl4~/~ and Dse /'~
murine models have been shown to phenocopy aspects of
their human mcEDS counterparts. Studies on b4galt7 and
b3galt6 zebrafish models provided proof-of-concept that
zebrafish are a powerful tool to study the phenotypic and bio-
molecular consequences of impaired GAG linker region syn-
thesis and further underscore their usefulness as animal
models for EDS research, as illustrated by the identification of
an unconventional trilinker region in b3galt6~/~ zebrafish.
The presence of this potential rescue mechanism in zebrafish
and patients with spEDS-B3GALT6 could possibly explain
why these animals and patients can survive. In contrast,
b4galt7 '~ zebrafish do not survive past 10 dpf and increased
early lethality can possibly explain why less patients with
B4GALT7 variants have been reported. Nevertheless, in depth
analyses of the linker region in b4galt7 '~ zebrafish and
patients with spEDS-B4GALT7 is yet to be done. Moreover,
the generation of stable knock-in models harboring (reported)
missense variants could overcome the reported phenotypic
variability of b4galt7 crispants and lethality of the b4galt7 /-
knockout zebrafish and would allow to study the adult pheno-
type in more depth (128). In addition, a combination of tran-
scriptomic and proteomic approaches, both in animal models
and human samples, could unravel spatiotemporal changes
and consequences. As such, the identification of distinct and/
or common pathways that are affected in spEDS and mcEDS
could provide an explanation, at least in part, for the pheno-
typic differences and overlap seen between these conditions.

The current treatment and management options for patients
with EDS are limited and no targeted therapy is available for
SspEDS or mcEDS. Therefore, the elucidation of the underlying
pathogenic mechanisms and deregulated pathways will likely
expose novel druggable targets. The introduction of zebrafish
into the EDS research field therefore also holds promising
potential for therapeutic discovery, given the highly amenabil-
ity of this model for drug/compound screening.
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