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Glycosaminoglycans, including chondroitin, dermatan, and heparan sulfate, have various roles in a wide range of biological events
such as cell signaling, cell proliferation, tissue morphogenesis, and interactions with various growth factors. Their polysaccharides
covalently attach to the serine residues on specific core proteins through the common linker region tetrasaccharide, -xylose-
galactose-galactose-glucuronic acid, which is produced through the stepwise addition of respective monosaccharides by four
distinct glycosyltransferases. Mutations in the human genes encoding the glycosyltransferases responsible for the biosynthesis of the
linker region tetrasaccharide cause a number of genetic disorders, called glycosaminoglycan linkeropathies, including Desbuquois
dysplasia type 2, spondyloepimetaphyseal dysplasia, Ehlers-Danlos syndrome, and Larsen syndrome. This review focused on recent

studies on genetic diseases caused by defects in the biosynthesis of the common linker region tetrasaccharide.

1. Introduction

Chondroitin, dermatan, and heparan sulfate (CS, DS, and
HS), classified as glycosaminoglycans (GAGs), are covalently
attached to specific core proteins that form proteoglycans
(PGs), which are ubiquitously distributed in extracellular
matrices and on cell surfaces [1]. The classification of these
polysaccharides has been based on their structural units:
namely, the backbone of CS is composed of repeating
disaccharide units of N-acetyl-D-galactosamine (GalNAc)
and p-glucuronic acid (GlcUA) (Figure 1), while DS consists
of GalNAc and L-iduronic acid (IdoUA) instead of GIcUA
(Figure 1). Both chains frequently exist as CS-DS hybrid
chains in mammalian cells and tissues [2]. The backbone of
HS consists of N-acetyl-D-glucosamine (GIcNAc) and GlcUA
or IdoUA (Figure 1). These polysaccharides are modified by
sulfation at various hydroxy groups and by the epimerization
of GIcUA and IdoUA residues in the growing oligo- and/or
polysaccharides [3-5]. These modifications provide struc-
tural diversity, thereby affecting a wide range of biological

functions including cell proliferation, tissue morphogenesis,
viral infections, tumor metastasis, and interactions with
morphogens, cytokines, and growth factors [6-11].

The major component in cartilage is generally CS-PGs.
Not only CS-PGs but also HS- and DS-PGs are expressed
during bone development and regulate the maturation of
chondrocyte [12]. CS side chains regulate bone morpho-
genetic protein and transforming growth factor-f signaling
in the cartilage growth plate and chondrocyte columns [13].
HS or HS-PGs are known to be essential for Indian hedgehog
signaling on cell surface by presenting to the receptor,
Patched, in the growth plate [14]. DS-PGs, decorin and
biglycan, play specific roles in all phases of bone formation
including cell proliferation, matrix deposition, remodeling,
and mineral deposition [15]. These observations suggest that
defect in the biosynthesis of GAGs and core proteins of PGs
might lead to disturbance of the skeletal development.

Genetic bone and skin disorders that are caused by
mutations in the glycosyltransferases responsible for the
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FIGURE 1: Typical repeating disaccharide units in CS, DS, and HS and their potential sulfation sites. The CS backbone consists of GlcUA
and GalNAc, whereas DS is a stereoisomer of CS including IdoUA instead of GlcUA. The HS backbone consists of uronic acid and GlcNAc

“S.

biosynthesis of CS, DS, and HS have recently been identified
[6, 8]. This review focused on recent advances in the study
of cartilage and connective tissue disorders caused by dis-
turbances in the biosynthesis of the common linker region
tetrasaccharide in CS, DS, and HS chains, which have been
categorized as GAG linkeropathies.

2. Biosynthesis of CS, DS, and HS Chains

The repeating disaccharide regions of CS, DS, and HS
chains are attached to serine residues in core proteins
through the common GAG-protein linker region tetrasac-
charide, -O-xylose-galactose-galactose-GlcUA- (-O-Xyl-Gal-
Gal-GIcUA-) (Figure 2) [1]. B-Xylosyltransferase (XylT) cat-
alyzes the transfer of a Xyl residue from uridine diphosphate-
xylose (UDP-Xyl) to specific serine residues in the newly
synthesized core proteins of PGs in the endoplasmic reticu-
lum and cis-Golgi compartments, which initiates the biosyn-
thesis of CS, DS, and HS chains (Figure 2 and Table 1) [16,
17]. Two Gal residues are added to serine-O-Xyl in the
core proteins from UDP-Gal by p1,4-galactosyltransferase-
I (GalT-I) and f31,3-galactosyltransferase-II (GalT-II), which
are encoded by B4GALT7 and B3GALTS, respectively [18-
20]. 1,3-Glucuronosyltransferase-I (GlcAT-I) is encoded by
B3GAT3 and then transfers a GIcUA residue from UDP-
GlcUA to serine-O-Xyl-Gal-Gal (Figure 2 and Table 1) [21].

residues with varying proportions of IdloUA. These sugar moieties may be esterified by sulfate at various positions as indicated by the circled

The subsequent construction of the backbone of the
repeating disaccharide region in CS chains [-4GlcUAfI-
3GalNAcpl1-],, is archived by six chondroitin synthase family
members (Figure 2) [8, 9]. The formation of the backbone
of the repeating disaccharide region of DS, -4IdoUAal-
3GalNAcpI-, is achieved by DS epimerase, which converts
GlcUA into IdoUA by epimerizing the C5 position of GIcUA
residues during or after the construction of a chondroitin
backbone [4]. On the other hand, exostosin (EXT) family
members, including EXT1 and EXT2 as well as EXTLI,
EXTL2, and EXTL3, have been shown to catalyze the forma-
tion of the HS-backbone, [-4GlcUA f51-4GlcNAcal-], [8, 35]
(Figure 2).

Thereafter, these polymer chains are maturated by sul-
fated modifications with various sulfotransferases, which
transfer the sulfate group from a sulfate donor, 3'-phosphoad-
enosine 5'-phosphosulfate, to the corresponding hydroxyl
groups at each sugar residue of the backbone, and by epi-
merization of the GICUA residue with C5-epimerases [3-
5,8, 9, 35].

3. GAG Linkeropathy

3.1. XYLT1 and XYLT2. Mutations in XYLTI cause an autoso-
mal recessive syndrome that is characterized by skeletal mal-
formations such as a short stature and femoral neck, thick-
ened ribs, plump long bones, characteristic facial features,
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FIGURE 2: Biosynthetic assemblies of GAG-linker and GAG-disaccharide regions by various glycosyltransferases. All glycosyltransferases
require a corresponding UDP-sugar, such as UDP-Xyl, UDP-Gal, UDP-GIcUA, UDP-GalNAc, and UDP-GIcNAG, as a donor substrate. After
specific core proteins are synthesized, the synthesis of the common GAG-protein linker region, GlcUA 1-3Gal $1-3Gal B1-4Xyl 31-, is initiated
by XylT, which transfers a Xyl residue from UDP-Xyl to the specific serine (Ser) residue(s). The linker tetrasaccharide is subsequently produced
by GalT-1, GalT-1I, and GIcAT-I. These four enzymes are common to the biosynthesis of CS, DS, and HS. After the formation of the linker
region, CS- and HS-polymerases assemble the chondroitin and heparan backbones, respectively. Each enzyme, its coding gene, and the
corresponding inheritable disorder are aligned under the respective sugar symbols from the top of each line. CHSY, CHPF, and EXT represent
chondroitin synthase, chondroitin polymerizing factor, and exostosin, respectively.

and intellectual disabilities [22]. A homozygous mutation in
XYLT1 was shown to result in the replacement of the amino
acid, p.Arg481Trp, in the presumed catalytic domain, and
the immature forms of decorin-PG without a DS side chain
from the fibroblasts of the patient [22]. Furthermore, normal
XYLT1 was found to be predominantly distributed in the
Golgi apparatus of fibroblasts in a healthy control, whereas
mutant XYLT1 was diftusely localized in the cytoplasm and
partially in the Golgi in the fibroblasts of the patient [22].
Five distinct XYLTI mutations have been identified
to date, including a missense substitution (p.Arg598Cys),
nonsense mutation (p.Argl47X), truncated form mutation
(p.Pro93AlafsX69), and two splice site mutations, resulting in
Desbuquois dysplasia type 2, which presents severe clinical
manifestations such as a short stature, joint laxity, and
advanced carpal ossification [23]. In addition, the biosynthe-
sis of high-molecular-weight CS-PGs, but not HS-PGs, was
less in affected cells with these mutations in XYLT1I than in
healthy controls [23], suggesting that these manifestations
may be caused by reductions in CS side chains, but not
HS. These findings imply that XYLT1 mainly acts on serine
residues in the core proteins of CS-PG, but not HS-PG,

and that the functions of XYLT1 cannot be compensated by
XYLT2.

Frameshift mutations in XYLT2 cause an autosomal
recessive syndrome that is characterized by osteoporosis,
cataracts, sensorineural hearing loss, atrial septal defect,
and learning difficulties similar to spondyloocular syndrome
[24]. Two distinct mutations in XYLT2 have been identified
to date, including a homozygous frameshift duplication
(p-Val232Glyfs*54) and deletion (p.Alal74Profs*35) [24].
XylT activity in serum was clearly less in affected individuals
than in age-matched controls. Furthermore, fibroblasts from
affected individuals were found to produce lower amount of
CS and HS than those of controls [24]. These findings suggest
that XYLT?2 is also involved in PG assembly and is critical for
normal development.

3.2. B4GALT7 (GalT-I). Mutations in B4GALT7, which
encodes GalT-I, cause Ehlers-Danlos syndrome progeroid
type 1, a disease that is characterized by an aged appearance,
hypermobile joints, loose skin, craniofacial dysmorphism,
a short stature, developmental delays, generalized osteope-
nia, and defective wound healing [25-27]. Ehlers-Danlos
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syndrome is a heterogeneous group of heritable connective
tissue disorders characterized by joint and skin laxity as
well as tissue fragility [36]. Six major categories (classi-
cal, hypermobility, vascular, kyphoscoliosis, arthrochalasia,
and dermatosparaxis types) and several minor categories
(progeroid, musculocontractural, cardiac valvular, periven-
tricular nodular heterotopia, and spondylocheirodysplastic
types) have been identified to date [36]. The mutants GalT-
L, p.Arg270Cys, p.Alal86 Asp, p.Leu206Pro, and p.Arg270Cys,
exhibited lower enzymatic activities than the wild-type [27,
37-40]. Furthermore, shorter CS and HS side chains on PGs
as well as the partial lack of DS side chains on decorin and
biglycan core proteins have been detected in cultured cells
from these patients [27, 37-40].

A recent study reported that a homozygous mutation
in B4GALT7 (p.Arg270Cys) caused a variant of Larsen
syndrome in Reunion Island in the southern Indian Ocean
and is characterized by multiple dislocations, dwarfism, dis-
tinctive facial features, and hyperlaxity [28]. The symptoms
of Larsen syndrome are congenital large-joint dislocations
and characteristic craniofacial abnormalities including dis-
locations of the hip, elbow, and knee and foot deformities
[41]. Therefore, Ehlers-Danlos syndrome (progeroid type 1)
and Larsen syndrome (in Reunion Island) may share clinical
spectra including joint dislocations.

3.3. B3GALT6 (GalT-1I). Compound heterozygous muta-
tions in B3GALT6 encoding GalT-II cause Ehlers-Danlos
syndrome progeroid type 2 [29, 30]. Three frameshift and
two missense mutations have been identified in three patients
[29]. Recombinant GalT-II mutant (p.Ser309Thr) exhibited
significantly lower GalT-II activity than that of the wild-
type enzyme [29]. Moreover, mutations in B3GALT6 have
also been shown to cause an autosomal-recessive disor-
der, spondyloepimetaphyseal dysplasia with joint laxity type
1, which is characterized by kyphoscoliosis, clubfeet, hip
dislocation, elbow contracture, platyspondyly, and cranio-
facial dysmorphisms including a small mandible with a
cleft palate, prominent eyes, and a long upper lip [29-
31]. Skeletal and connective manifestations in Ehlers-Danlos
syndrome progeroid type 2 and spondyloepimetaphyseal
dysplasia with joint laxity type 1 largely overlap; however,
these patients share no common mutations in B3GALT6
[29]. The recombinant enzymes, p.Ser65Gly-, p.Pro67Leu-,
p-Aspl56Asn-, p.Arg232Cys-, and p.Cys300Ser-GalT-II, were
found to exhibit significantly lower galactosyltransferase
activities than that of wild-type GalT-II [29]. Although wild-
type GalT-II is expressed in the Golgi, the mutant enzyme
(p-Met1?), which affects the initiation codon, c.lA>G, is
located in the cytoplasm and nucleus [29], suggesting that
mislocalization of the mutant protein may cause GalT-II
dysfunctions.

Furthermore, Malfait et al. identified three missense
mutations and one frameshift mutation in B3GALT6 in
patients exhibiting various symptoms similar to those of
Ehlers-Danlos syndrome and spondyloepimetaphyseal dys-
plasia with joint hyperlaxity [30]. Cultured fibroblasts from
the affected individuals synthesized markedly less GAG and

the DS side chain on decorin was absent. These findings
indicated that not only the enzymatic activity, but also cellular
localization of the mutant proteins affects the biosynthesis of
CS, DS, and HS chains, leading to the abnormal development
of skin, bone, and connective tissues.

3.4. B3GAT3 (GIcAT-I). A mutation (p.Arg277Gln) in the
B3GAT3 gene encoding GIcAT-I has been shown to cause
Larsen-like syndrome [32, 33]. These patients predominantly
have elbow dislocations with a bicuspid aortic valve in the
heart as well as the characteristic manifestations of Larsen
syndrome [32]. GlcA-transferase activity was markedly
lower in the recombinant GIcAT-I mutant (p.Arg277Gln)
and fibroblasts of these patients than in wild-type and
healthy controls, respectively [32]. Moreover, fibroblasts from
patients lacked the CS, DS, and HS side chains on PGs found
in control cells.

A mutation in GIcAT-I (p.Prol40Leu) was recently identi-
fied from Nias island, Indonesia, in eight patients with a short
stature as well as bone dysplasia including scoliosis, midface
hypoplasia, dislocation of joints, broad ends of fingers and
toes, and foot deformities [34]. The transferase activity of
the recombinant GIcAT-I mutant (p.Prol40Leu) appeared to
be lower than the wild-type [34]. Furthermore, the amounts
of CS, DS, and HS from the lymphoblastoid cells of these
patients were markedly lower than those of healthy controls
[34]. These findings suggested that this mutation in B3GAT3
(GIcAT-I) affected the biosynthesis of CS, DS, and HS side
chains on PGs, leading to abnormal bone development.

4. Conclusions

Recent advances in genetic and glycobiological studies on
connective tissue disorders have clarified the biological sig-
nificance of GAG side chains and their linker region tetrasac-
charides of PGs [6, 8]; however, the underlying pathogenic
mechanisms remain unclear. Faulty biosynthesis of GAGs
and PGs might affect assembly of matrix proteins and cell
signaling during skeletal formation in GAG linkeropathies.

Various manifestations of GAG linkeropathies are clearly
caused by mutations in the four glycosyltransferases respon-
sible for the biosynthesis of the three kinds of polysaccharide
chains, CS, DS, and HS, which are constructed on the
core proteins of PGs. However, the clinical symptoms of
GAG linkeropathies do not always agree among the different
mutations of a glycosyltransferase nor the four distinct gly-
cosyltransferases, XylT1, GalT-I, GalT-1I, and GIcAT-I. These
varieties of phenotypes may partially be due to distinct
residual enzymatic activities, the cellular mislocalizations
of mutant proteins, or partial compensation of the loss of
function in each glycosyltransferase by other homologues,
which may affect the quality of the GAGs yielded, that is,
different lengths, numbers, and sulfation patterns of GAGs
in the affected individuals.

Further comprehensive studies on the molecular patho-
geneses of GAG linkeropathies are required for the develop-
ment of design of new therapeutics for these diseases.
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B3GALT6: Beta-1,3-galactosyltransferase 6
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GlcUA: D-Glucuronic acid

HS: Heparan sulfate

IdoUA: L-Iduronic acid

PG: Proteoglycan

XYLT: Beta-xylosyltransferase.
Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This work was supported in part by a Grant-in-Aid for
Scientific Research on Innovative Areas 26110719 (to Shuhei
Yamada) from the Ministry of Education, Culture, Sports,
Science and Technology, Japan (MEXT); by a Grant-in Aid
for Scientific Research (C) 15K07951 (to Shuhei Yamada);
by Challenging Exploratory Research 25670018 (to Kazuyuki
Sugahara); by a Grant-in-Aid for Young Scientists (B)
25860037 (to Shuji Mizumoto) from the Japan Society for the
Promotion of Science, Japan; and by the Research Institute of
Meijo University (Innovative Scientific Research Subsidy) (to
Shuji Mizumoto).

References

[1] L. Kjellén and U. Lindahl, “Proteoglycans: Structures and
interactions,” Annual Review of Biochemistry, vol. 60, pp. 443-
475,1991.

[2] K. Sugahara and T. Mikami, “Chondroitin/dermatan sulfate
in the central nervous system,” Current Opinion in Structural
Biology, vol. 17, no. 5, pp. 536-545, 2007.

[3] M. Kusche-Gullberg and L. Kjellén, “Sulfotransferases in gly-
cosaminoglycan biosynthesis,” Current Opinion in Structural
Biology, vol. 13, no. 5, pp. 605-611, 2003.

[4] M. A. Thelin, B. Bartolini, J. Axelsson et al., “Biological func-
tions of iduronic acid in chondroitin/dermatan sulfate,” FEBS
Journal, vol. 280, no. 10, pp. 2431-2446, 2013.

[5] J.-P. Li, “Glucuronyl C5-epimerase: an enzyme converting
glucuronic acid to iduronic acid in heparan sulfate/heparin
biosynthesis,” Progress in Molecular Biology and Translational
Science, vol. 93, pp. 59-78, 2010.

[6] S. Mizumoto, S. Ikegawa, and K. Sugahara, “Human genetic
disorders caused by mutations in genes encoding biosynthetic
enzymes for sulfated glycosaminoglycans,” Journal of Biological
Chemistry, vol. 288, no. 16, pp. 10953-10961, 2013.

[7] S. Mizumoto and K. Sugahara, “Glycosaminoglycans are func-

tional ligands for receptor for advanced glycation end-products
in tumors,” FEBS Journal, vol. 280, no. 10, pp. 2462-2470, 2013.

BioMed Research International

[8] S. Mizumoto, S. Yamada, and K. Sugahara, “Human genetic
disorders and knockout mice deficient in glycosaminoglycan,”
BioMed Research International, vol. 2014, Article ID 495764, 24
pages, 2014.

[9] T. Mikami and H. Kitagawa, “Biosynthesis and function of
chondroitin sulfate,” Biochimica et Biophysica Acta, vol. 1830, no.
10, pp. 4719-4733, 2013.

[10] J. C. F. Kwok, P. Warren, and J. W. Fawcett, “Chondroitin sulfate:
a key molecule in the brain matrix;,” International Journal of
Biochemistry and Cell Biology, vol. 44, no. 4, pp. 582-586, 2012.

[11] D. Xu and J. D. Esko, “Demystifying heparan sulfate-protein
interactions,” Annual Review of Biochemistry, vol. 83, pp. 129-
157, 2014.

[12] N. B. Schwartz and M. Domowicz, “Chondrodysplasias due to
proteoglycan defects;” Glycobiology, vol. 12, no. 4, pp. 57R-68R,
2002.

[13] M. Klippel, T. N. Wight, C. Chan, A. Hinek, and J. L. Wrana,
“Maintenance of chondroitin sulfation balance by chondroitin-
4-sulfotransferase 1 is required for chondrocyte development
and growth factor signaling during cartilage morphogenesis,”
Development, vol. 132, no. 17, pp. 3989-4003, 2005.

[14] K. Jochmann, V. Bachvarova, and A. Vortkamp, “Heparan
sulfate as a regulator of endochondral ossification and osteo-
chondroma development,” Matrix Biology, vol. 34, pp. 55-63,
2014.

[15] D. Nikitovic, J. Aggelidakis, M. F. Young, R. V. Tozzo, N. K. Kara-
manos, and G. N. Tzanakakis, “The biology of small leucine-
rich proteoglycans in bone pathophysiology,” The Journal of
Biological Chemistry, vol. 287, no. 41, pp. 33926-33933, 2012.

[16] C. Gotting, J. Kuhn, R. Zahn, T. Brinkmann, and K. Kleesiek,
“Molecular cloning and expression of human UDP-D-xylose:
proteoglycan core protein f3-D-xylosyltransferase and its first
isoform XT-I1,” Journal of Molecular Biology, vol. 304, no. 4, pp.
517-528, 2000.

(17] C. Ponighaus, M. Ambrosius, J. C. Casanova et al., “Human
xylosyltransferase II is involved in the biosynthesis of the
uniform tetrasaccharide linkage region in chondroitin sulfate
and heparan sulfate proteoglycans,” The Journal of Biological
Chemistry, vol. 282, no. 8, pp. 5201-5206, 2007.

[18] R. Almeida, S. B. Levery, U. Mandel et al, “Cloning and
expression of a proteoglycan UDP-galactose:f-xylose f1,4-
galactosyltransferase I. A seventh member of the human f4-
galactosyltransferase gene family;” Journal of Biological Chem-
istry, vol. 274, no. 37, Pp. 26165-26171, 1999.

[19] T. Okajima, K. Yoshida, T. Kondo, and K. Furukawa,
“Human homolog of Caenorhabditis elegans sqv-3 gene is
galactosyltransferase I involved in the biosynthesis of the
glycosaminoglycan-protein linkage region of proteoglycans,”
The Journal of Biological Chemistry, vol. 274, no. 33, pp.
22915-22918, 1999.

[20] X. Bai, D. Zhou, J. R. Brown, B. E. Crawford, T. Hennet, and J.
D. Esko, “Biosynthesis of the linkage region of glycosaminogly-
cans: cloning and activity of galactosyltransferase II, the sixth
member of the f1,3-galactosyltransferase family (B3GalT6),”
The Journal of Biological Chemistry, vol. 276, no. 51, pp. 48189-
48195, 2001.

[21] H. Kitagawa, Y. Tone, J.-I. Tamura et al., “Molecular cloning
and expression of glucuronyltransferase I involved in the
biosynthesis of the glycosaminoglycan-protein linkage region
of proteoglycans,” The Journal of Biological Chemistry, vol. 273,
no. 12, pp. 6615-6618, 1998.



BioMed Research International

(22]

(25]

(26

(27

[28

[30

(31]

(34]

J. Schreml, B. Durmaz, O. Cogulu et al., “The missing ‘link’:
an autosomal recessive short stature syndrome caused by a
hypofunctional XYLT1 mutation,” Human Genetics, vol. 133, no.
L, pp. 29-39, 2014.

C. Bui, C. Huber, B. Tuysuz et al., “XYLTI mutations in des-
buquois dysplasia type 2, American Journal of Human Genetics,
vol. 94, no. 3, pp. 405-414, 2014.

C. E Munns, S. Fahiminiya, N. Poudel et al., “Homozygosity
for frameshift mutations in XYLT2 result in a spondylo-ocular
syndrome with bone fragility, cataracts, and hearing defects,
The American Journal of Human Genetics, vol. 96, no. 6, pp. 971-
978, 2015.

T. Okajima, S. Fukumoto, K. Furukawat, T. Urano, and K.
Furukawa, “Molecular basis for the progeroid variant of Ehlers-
Danlos syndrome: identification and characterization of two
mutations in galactosyltransferase I gene,” The Journal of Bio-
logical Chemistry, vol. 274, no. 41, pp. 28841-28844, 1999.

M. Faiyaz-Ul-Haque, S. H. E. Zaidi, M. Al-Ali et al., “A novel
missense mutation in the galactosyltransferase-I (B4GALT7)
gene in a family exhibiting facioskeletal anomalies and Ehlers-
Danlos syndrome resembling the progeroid type,” American
Journal of Medical Genetics, vol. 128, no. 1, pp. 39-45, 2004.

D. G. Seidler, M. Faiyaz-Ul-Haque, U. Hansen et al., “Defective
glycosylation of decorin and biglycan, altered collagen struc-
ture, and abnormal phenotype of the skin fibroblasts of an
Ehlers-Danlos syndrome patient carrying the novel Arg270Cys
substitution in galactosyltransferase I (84GalT-7),” Journal of
Molecular Medicine, vol. 84, no. 7, pp. 583-594, 2006.

E Cartault, P. Munier, M.-L. Jacquemont et al., “Expanding
the clinical spectrum of B4GALT7 deficiency: homozygous
p-R270C mutation with founder effect causes Larsen of Reunion
Island syndrome,” European Journal of Human Genetics, vol. 23,
no. 1, pp. 49-53, 2014.

M. Nakajima, S. Mizumoto, N. Miyake et al., “Mutations in
B3GALT6, which encodes a glycosaminoglycan linker region
enzyme, cause a spectrum of skeletal and connective tissue
disorders,” The American Journal of Human Genetics, vol. 92, no.
6, pp. 927-934, 2013.

E Malfait, A. Kariminejad, T. Van Damme et al., “Defective
initiation of glycosaminoglycan synthesis due to B3GALT6
mutations causes a pleiotropic Ehlers-Danlos-syndrome-like
connective tissue disorder,” American Journal of Human Genet-
ics, vol. 92, no. 6, pp- 935-945, 2013.

A. Vorster, P. Beighton, and R. Ramesar, “Spondyloepimeta-
physeal dysplasia with joint laxity (Beighton type); mutation
analysis in eight affected South African families,” Clinical
Genetics, vol. 87, no. 5, pp. 492-495, 2015.

S. Baasanjav, L. Al-Gazali, T. Hashiguchi et al., “Faulty initiation
of proteoglycan synthesis causes cardiac and joint defects;
American Journal ofHuman Genetics, vol. 89, no. 1, pp. 15-27,
2011.

J. E. von Oettingen, W.-H. Tan, and A. Dauber, “Skeletal
dysplasia, global developmental delay, and multiple congenital
anomalies in a 5-year-old boy—report of the second family with
B3GAT3 mutation and expansion of the phenotype,” American
Journal of Medical Genetics Part A, vol. 164, no. 6, pp. 1580-1586,
2014.

B. S. Budde, S. Mizumoto, R. Kogawa et al., “Skeletal dysplasia
in a consanguineous clan from the island of Nias/Indonesia is
caused by a novel mutation in B3GAT3,” Human Genetics, vol.
134, no. 7, pp. 691-704, 2015.

(35]

(36]

(37]

(38]

(40]

[41]

J. R. Bishop, M. Schuksz, and J. D. Esko, “Heparan sulphate
proteoglycans fine-tune mammalian physiology;,” Nature, vol.
446, no. 7139, pp. 1030-1037, 2007.

A. De Paepe and F. Malfait, “The Ehlers-Danlos syndrome, a
disorder with many faces,” Clinical Genetics, vol. 82, no. 1, pp.
1-11, 2012.

M. Gotte and H. Kresse, “Defective glycosaminoglycan substi-
tution of decorin in a patient with progeroid syndrome is a
direct consequence of two point mutations in the galactosyl-
transferase I ($4GalT-7) gene,” Biochemical Genetics, vol. 43, no.
1-2, pp. 65-77, 2005.

M. Gétte, D. Spillmann, G. W. Yip et al., “Changes in heparan
sulfate are associated with delayed wound repair, altered cell
migration, adhesion and contractility in the galactosyltrans-
ferase I (4GalT-7) deficient form of Ehlers-Danlos syndrome,”
Human Molecular Genetics, vol. 17, no. 7, pp. 996-1009, 2008.
C. Bui, I. Talhaoui, M. Chabel et al., “Molecular characterization
of fBl,4-galactosyltransferase 7 genetic mutations linked to
the progeroid form of Ehlers-Danlos syndrome (EDS),” FEBS
Letters, vol. 584, no. 18, pp- 3962-3968, 2010.

S. Rahuel-Clermont, E Daligault, M.-H. Piet et al., “Biochem-
ical and thermodynamic characterization of mutated f1,4-
galactosyltransferase 7 involved in the progeroid form of the
Ehlers-Danlos syndrome,” Biochemical Journal, vol. 432, no. 2,
pp. 303-311, 2010.

L. J. Larsen, E. R. Schottstaedt, and F. C. Bost, “Multiple
congenital dislocations associated with characteristics facial
abnormality,” The Journal of Pediatrics, vol. 37, no. 4, pp. 574-
581, 1950.



