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Abstract

As a major component of the extracellular matrix, proteoglycans influence the mechanical
properties of connective tissue and play an important role in cell-cell and cell-matrix interactions.
Genetic defects of proteoglycan biosynthesis lead to multi-system disorders, often most
prominently affecting the skeletal system and skin. Specific deficiencies in the enzymes involved
in the biosynthesis of the linkage region between the core of the proteoglycan protein and its
glycosaminoglycan side chains are known as linkeropathies. We report on a patient from a second
family with a homozygous ¢.830 G>A (p.Arg277GIn) mutation in the B3GAT3 gene. The clinical
features expand the previously reported phenotype of B3GAT3 mutations and of linkeropathies in
general. This patient has short stature, facial dysmorphisms, skeletal findings, joint laxity, and
cardiac manifestations similar to those previously associated with B3GAT3 mutations. However,
he also has developmental delay, a visual refractory defect, dental defects, pectus carinatum, and
skin abnormalities that have only been associated with linkeropathies caused by mutations in
B4GALTG6 and BAGALTY. He has bilateral inguinal hernias and atlanto-axial as well as atlanto-
occipital instability that have not been previously associated with B3GAT3 mutations. We provide
a detailed clinical report and a comparative overview of the phenotypic features of the
linkeropathies caused by mutations in B3GAT3, BAGALT6 and BAGALT?7.
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INTRODUCTION

Proteoglycans are cell surface molecules and major components of the extracellular matrix.
They are major factors in determining the mechanical properties of connective tissue, and
they play an important role in the regulation of cell-cell and cell-matrix interaction. They
interact with major signaling pathways, influencing developmental processes and regulating
cell adhesion, motility, proliferation, differentiation and morphogenesis [Perrimon and
Bernfield, 2000; Hacker et al., 2005; Bernfield et al., 1999; Bishop et al., 2007; Sugahara,
2003; Haltiwanger and Lowe, 2004]. Defects in proteoglycan biosynthesis lead to multi-
systemic disorders, often most prominently affecting the skeletal system and skin [Bishop et
al., 2007; Mizumoto et al., 2013; Sugahara and Mikami, 2007].

The basic structure of each proteoglycan consists of a core protein and specific
glycosaminoglycan (GAG) side chains that attach to a serine residue via a tetrasaccharide
linkage region. This linkage region is common to all GAGs and usually consists of one
xylose, two galactose and one glucuronic acid (GIcUA-Gal-Gal-Xyl-). The remainder GAG
polysaccharide chain contains variable numbers of disaccharide repeats: Uronic acid
(GIcUA) is paired with N-acetylgalatcosamine (GalNac) or with N-acetylglucosamine
(GlcNac) to form Chondroitin/Dermatan or Heparan, respectively. Sulfatation and
epimerization of uronic acid residues further modify and diversify the properties of the
GAGs (Hacker et al., 2005).

The specific enzymes that catalyze each of the steps in GAG biosynthesis have been well
characterized, including the enzymes synthesizing the linkage region and their respective
genes: xylosyltransferases 1 and 2 (XYLT1, XYLT2), galactosyltransferase | (B4AGALT7) and
I1 (B3GALTS®), and glucuronosyltransferase | (B3GAT3). Defects in these linkage enzyme
genes, also known as linkeropathies [Nakajima et al., 2013], have so far been described for
all but XYLT1 and XYLT2. Four patients from three families have been confirmed to have a
mutation in BAGALT7 (OMIM# 130070) [Kresse et al., 1987; Quentin et al., 1990; Faiyaz-
Ul-Haque et al., 2004; Guo et al., 2013]. Only recently, ten new pathogenic mutations in the
B3GALT6 (OMIM# 615291) were described in 16 patients from multiple families [Malfait
et al., 2013; Nakajima et al., 2013]. Thus far, there has only been a single case series of
B3GAT3 deficiency in 5 siblings from a consanguineous family in the United Arab Emirates
with a Larsen-like syndrome (OMIM# 245600) [Baasanjav et al., 2011].

We report on a patient from a second consanguineous family from Sharjah, United Arab
Emirates, with the same homozygous mutation in the B3GAT3 gene that was previously
reported. Our clinical report broadens the phenotype associated with this gene defect. We
also provide an overview of the overlapping and distinctive features of each of the
linkeropathies that has been described, outlining similarities and differences.

CLINICAL REPORT

The patient was a 5-year-old boy who was born at full term to consanguineous parents from
Sharjah, United Arab Emirates. The pregnancy was uncomplicated, and he was delivered by
cesarean secondary to fetal distress. Birth weight was 2.7 kg (71" centile); birth length was
unknown, but parents recalled that he was ‘short’. Shortly after birth, dysmorphic physical
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features were noted, along with bilateral hip and elbow dislocations which were treated
conservatively. A right inguinal hernia was surgically corrected. During early childhood,
failure to thrive and short stature were observed. Development was mildly delayed. He sat
independently at age 9 months, walked at 2—3 years, spoke his first words between ages 2-3
years and was speaking in 3—4 word sentences at age 4 years. Visual correction was
provided for hyperopia, esotropia, and right sided amblyopia. An echocardiogram obtained
at age 9 months was reported as normal. A brain MRI obtained at age 22 months showed
generalized cortical atrophy with a partially empty sella, but the infundibulum was present.

Family history was notable for the parents being first cousins through their mothers and
second cousins through their fathers. The patient’s mother had had a previous male stillbirth
at 6 months’ gestation due to preeclampsia and a spontaneous miscarriage of a male fetus at
17 weeks’ gestation. She also had a question of a thyroid disorder. The patient’s father and
14-month-old brother were healthy.

On physical examination, height was 92.5 cm (-3.43 SDS), weight was 13.3 kg, (-2.91
SDS), body mass index was 15.5 kg/m2 (0.06 SDS), and head circumference was 49.5 cm
(approximately 10™ centile [Rollins et al., 2010]). His lower segment was 40 cm with an
upper to lower segment ratio of 1:1.3. We could not measure the arm span given a limited
range of motion of the elbows. Father’s height was 177 cm, Mother’s height was 160cm,
and mid-parental height was 175 cm (25-50t" centile). He was brachycephalic with a flat
occiput. He had a broad and relatively tall forehead, a flat face, mild bilateral proptosis, and
a short nose with a depressed nasal bridge and a broad nasal tip (Fig 1A and B). His mouth
was slightly small. His ears were low-set and the crus helix and inferior crus of the antihelix
of his left ear were underdeveloped (Fig 1A and B, and Supplementary Figures 1H and | —
see supporting information online). He had a short neck and low posterior hairline
(Supplementary Figure 1G — see supporting information online). There were extensive
cavities on his small-appearing primary teeth. Chest examination revealed significant pectus
carinatum with asymmetry and protrusion of the sternum toward the right (Fig 1F). No
scoliosis or kyphosis was observed on clinical examination. The cardiovascular, respiratory
and abdominal examinations were normal. The genitourinary exam revealed prepubertal,
circumcised genitalia with normal phallus and descended testicles. A visible bulge in the left
inguinal canal was consistent with an easily reducible left inguinal hernia. The elasticity of
the skin was normal, and there were no bruises or scars. However, there was excessive skin
wrinkling on both palms and both soles. There was bilateral dislocation of the elbows, and
the forearms appeared slightly shortened (Fig 1E). He had genu valgum, pes planus, and
varus deformity of the feet bilaterally (Fig 1F). The tips of his fingers and toes were broad
and the nails were short (Fig 1C and D). There was a sandal gap bilaterally (Fig 1C). His
metacarpophalangeal and interphalangeal joints were markedly hyperextensible, as were his
knees.

Imaging studies obtained at age 3 years 10 months showed flared metaphyses and epiphyses.
Upper extremity X-rays confirmed dislocated elbows bilaterally with dysplastic radial heads,
bowing of radius and ulna bilaterally, and proximal radio-ulnar dysplasia with functionally
fused radio-ulnar joint (Fig 2A). The distal humerus was dysplastic, and shoulder imaging
showed proximal humeral flattening, overgrowth of the acromion process and subluxation of
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the left humeral head, with a small and dysplastic ossification center, and a dysplastic left
glenoid (Fig 2A). Feet X-rays showed broad toes. Detailed imaging of the hip at age 5 years
1 month showed flat acetabular angles, broad and somewhat flattened iliac wings which had
a lacy trabecular pattern (Fig 2E and Supplementary Figures G-I — see supporting
information online). Both femoral heads were flat with mild lateral subluxation. The femoral
necks were wide. CT scan of the hips confirmed bilateral hip dysplasia with dislocation and
dysmorphic appearance of the femoral heads. Spine imaging at ages 3 years 10 months and
5 years 1 month showed no segmentation abnormality and no platyspondylia in the thoracic
spine. There was a gibbus deformity at the L1 level, and the ribs seemed gracile (Fig 2D).
Cervical spine imaging showed significant atlantoaxial and atlantooccipital instability with
flexion and extension (Fig 2B and C). Osteopenia was not observed on any of the imaging
studies. An echocardiogram at age 5 years revealed mild dilation of the aortic root and main
pulmonary artery (Fig 2F).

Laboratory investigations showed mild vitamin D deficiency (19.7 ng/ml, normal range 30—
80), but normal levels for electrolytes including calcium, phosphorus and magnesium,
normal urine calcium to creatinine ratio, and normal alkaline phosphatase levels. A
comprehensive endocrine and metabolic workup was unrevealing.

MOLECULAR GENETIC ANALYSES

After careful clinical evaluation, our patient’s features were suggestive of Larsen-Like
Syndrome caused by B3GAT3 mutations. A clinical whole genome customized combined
SNP and oligonucleotide chromosomal microarray was performed. Over 18% of the
patient’s genome had regions of homozygosity, consistent with the high degree of
consanguinity. There were no clinically relevant copy number variants identified. There was
a 46.5 Mb block of homozygosity spanning chromosome 11 (coordinates: 32455853~
78947645 (GRCh37)) which included the B3GAT3 gene, suggesting a possible recessive
mutation in this gene. As the patient was from the Unites Arab Emirates, which is where the
initially reported 5 siblings with a B3GAT3 mutation were identified [Baasanjav et al.,
2011], we hypothesized that the patient may share the same rare pathogenic variant. We
therefore performed Sanger sequencing of the exon containing the previously identified
pathogenic variant, using the primer sequences published by Baasanjav et al.[Baasanjav et
al., 2011], and we found that our patient was homozygous for the same variant c.830G>A
(p.Arg277GIn) (Supplementary Figure 3 — see supporting information online).

We also performed whole exome sequencing (WES) through a clinical diagnostic laboratory
to determine whether he might have another co-morbid genetic disorder since the high
degree of parental consanguinity puts him at risk for having another autosomal recessive
condition. The only pathogenic finding on WES was the same homozygous mutation that
had been identified through Sanger sequencing as indicated above.

DISCUSSION

In this report, we describe the second family with a confirmed case of B3GAT3 mutation.
Our patient carries the same ¢.830 G>A mutation that has previously been reported
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[Baasanjav et al., 2011], and similarly to the first family, our patient’s parents are from the
United Arab Emirates and have a high degree of consanguinity.

While our patient presents many of the previously described characteristics of a defect in
glucuronosyltransferase | [Baasanjav et al., 2011], he displays additional clinical features
that expand the phenotype of B3GAT3 mutation. His developmental delay, pectus carinatum,
dental abnormalities, refractive error and skin wrinkling were not reported in the five
affected siblings from the previous family, but are features that have been reported in
linkeropathies due to B3GALT6 [Malfait et al., 2013; Nakajima et al., 2013] and BAGALT7
[Kresse et al., 1987; Faiyaz-Ul-Haque et al., 2004; Guo et al., 2013] mutations (Table I). His
atlanto-axial and atlanto-occipital instability, as well as his bilateral inguinal hernias could
be incidental findings. However, the fact that both stem from connective tissue defects
suggests that they are part of his proteoglycan synthesis disorder. To our knowledge, neither
has previously been associated with any of the described linkeropathies.

A comparison of the clinical features that have been observed in patients with a documented
linkeropathy reveals remarkable similarities as well as some distinguishing differences
between the three different enzyme defects (Table I). Short stature is ubiquitous, but
possibly more pronounced in the B3GALT6 and B4GALT7 mutations. Shared skeletal
abnormalities of variable severity and expression include foot deformities, hip dysplasia, and
other joint and bony abnormalities, whereas elbow joint abnormalities, finger joint laxity
and broad fingertips and toes are almost universal to all patients. Large joint laxity is
described in patients with B3GALT6 and BAGALT7 mutations but not in any of the six
patients with B3GAT3 mutation. Kyphoscoliosis is very prominent in patients with
B3GALT6 mutation, but not in those with mutations in BAGALT7 or B3GAT3. Common
craniofacial features are a prominent forehead, prominent eyes, ear deformities and
refractory errors, whereas webbed neck and low hairline has only been reported in patients
with a B3GAT3 mutation. On the other hand, blue sclera, skin hyperextensibility, easy
bruising or thin skin is characteristically absent in patients with a mutation in B3GAT3.
Hypotonia seems ubiquitous, whereas developmental delay is only present in some patients.
Thus far, only patients with B3GAT3 mutations have been reported to have cardiovascular
abnormalities, although not all authors reported echocardiograms on their patients.

Nakajima et al. showed that the three linkage genes are expressed at slightly different levels
in body tissues and show highest expression in cartilage, skeletal muscle, tendon and bone
[Nakajima et al., 2013]. The authors suggested that qualitative differences between the three
linkeropathies may be due to the varying levels of gene expression in affected tissues,
whereas quantitative differences may be more likely influenced by the amount of enzyme
deficiency caused by each mutation [Nakajima et al., 2013]. For example, B3GAT3 seems to
have higher levels of expression in the heart compared to B3GALT6 and BAGALT7, possibly
explaining the higher incidence of cardiovascular abnormalities in these patients. Another
possible explanation for the overlapping clinical features is the idea that the enzymes of
proteoglycan biosynthesis may be part of a larger enzyme complex rather than functioning
completely independently. This idea was first introduced by Schwartz et al. in 1974
[Schwartz and Roden, 1974], and recently expanded to suggest the presence of a so-called
GAGosome where the enzymes of proteoglycan biosynthesis may be gathered [Esko and
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Selleck, 2002; Presto et al., 2008]. Further collaborative research between clinicians and
basic scientists is needed to elucidate the interplay of the linkage enzymes and their clinical
correlates, and to confirm a relationship between gene expression in peripheral tissues and
phenotype.

In summary, our report expands the phenotype of the B3GAT3 mutation and of the
linkeropathies in general. Features in our patient that have not previously been associated
with B3GAT3 mutation include developmental delay, dental anomalies, bilateral inguinal
herniae, refractive error, pectus carinatum, and atlanto-axial as well as atlanto-occipital
instability. Although there is a possibility that given the high degree of consanguinity in his
parents, our patient may have an additional autosomal recessive disorder, his clinical
features are highly suggestive of a proteoglycan disorder and the majority can be readily
explained by the mutation in B3GATS3. It is interesting to note that there is some variability
in the clinical presentation of B3GAT3 deficiency even in subjects with the same pathogenic
variant. Additional clinical case descriptions will help refine the phenotype of linkeropathies
and other proteoglycan disorders. Nevertheless, the clinician should have a high index of
suspicion for a linkeropathy in a child presenting with short stature and specific skeletal
findings, namely joint hypermobility particularly of the fingers, wrists and knees, foot
deformity, elbow dislocation or contracture, and broad based distal phalanges.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A. Face: Broad and tall forehead, flat face, mild bilateral proptosis, short nose with

depressed nasal bridge and broad nasal tip, small mouth.

B. Head Profile: Brachycephaly, flat occiput and low-set ears.

C. Right foot: Pes planus and varus deformity, sandal gap, broad distal phalanges.
D. Left hand: Excessive wrinkling of the palm, broad finger tips.

E. Left elbow and hand: Elbow dislocation and shortened forearm, broad finger tips.

F. Full body: Protrusion of the sternum towards the right, genu valgum.
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Figure2.
A. Left shoulder and elbow: Proximal humeral flattening, subluxation of the humeral head,

dysplastic glenoid, dysplastic distal humerus with dislocated elbow, dysplastic radial head,
bowing of radius and ulna, and functionally fused radio-ulnar joint.

B., C. C-spine upright flexion (B) and extension (C): Atlantoaxial and atlantooccipital
instability.

D. Spine Xray lateral: Gibbus deformity at the L1 level, and gracile ribs.

E. Hip: Flat acetabular angles, broad and flattened iliac wings, and a lacy trabecular pattern.
F. Echocardiogram: Mild dilation of the aortic root and main pulmonary artery.
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