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Homozygosity for Frameshift Mutations in XYLT2
Result in a Spondylo-Ocular Syndrome
with Bone Fragility, Cataracts, and Hearing Defects

Craig F. Munns,1,8 Somayyeh Fahiminiya,2,8 Nabin Poudel,3 Maria Cristina Munteanu,3

Jacek Majewski,2 David O. Sillence,4 Jordan P. Metcalf,5 Andrew Biggin,1 Francis Glorieux,6

François Fassier,6 Frank Rauch,6 and Myron E. Hinsdale3,7,*

Heparan and chondroitin/dermatan sulfated proteoglycans have a wide range of roles in cellular and tissue homeostasis including

growth factor function, morphogen gradient formation, and co-receptor activity. Proteoglycan assembly initiates with a xylose mono-

saccharide covalently attached by either xylosyltransferase I or II. Three individuals from two families were found that exhibited similar

phenotypes. The index case subjects were two brothers, individuals 1 and 2, who presented with osteoporosis, cataracts, sensorineural

hearing loss, andmild learning defects. Whole exome sequence analyses showed that both individuals had a homozygous c.692dupmu-

tation (GenBank: NM_022167.3) in the xylosyltransferase II locus (XYLT2) (MIM: 608125), causing reducedXYLT2mRNA and low circu-

lating xylosyltransferase (XylT) activity. In an unrelated boy (individual 3) from the second family, we noted low serum XylT activity.

Sanger sequencing of XYLT2 in this individual revealed a c.520del mutation in exon 2 that resulted in a frameshift and premature

stop codon (p.Ala174Profs*35). Fibroblasts from individuals 1 and 2 showed a range of defects including reduced XylT activity, GAG

incorporation of 35SO4, and heparan sulfate proteoglycan assembly. These studies demonstrate that human XylT2 deficiency results

in vertebral compression fractures, sensorineural hearing loss, eye defects, and heart defects, a phenotype that is similar to the auto-

somal-recessive disorder spondylo-ocular syndrome of unknown cause. This phenotype is different from what has been reported in in-

dividuals with other linker enzyme deficiencies. These studies illustrate that the cells of the lens, retina, heartmuscle, inner ear, and bone

are dependent on XylT2 for proteoglycan assembly in humans.
Proteoglycans (PGs) are a class of surface-associated and

extracellular matrix proteins that play a key role in many

tissues.1–3 They are intimately involved in cellular homeo-

stasis, impacting many fundamental biological processes

including growth factor function, morphogen gradient

formation, and co-receptor activity. The various PGs,

except hyaluronic acid and keratan sulfate, share a com-

mon structure, consisting of a core protein on which

glycosaminoglycan (GAG) disaccharide side chains are

assembled. Twomain groups of sulfated PGs, distinguished

based on differences in GAG disaccharides, are heparan

sulfate proteoglycan (HSPG) and chondroitin sulfate/

dermatan proteoglycan (CS/DSPG).1

HSPGs and CS/DSPGs are very heterogeneous in regards

to the types and number of GAG chains and the core

protein modified; however, they share a common linker

tetrasaccharide chain on which the GAG side chains are

assembled on the core proteins. The first of these linker

sugar residues is xylose, which is attached to a designated

serine residue of the core protein by xylosyltransferases

(XylTs). Two enzymes with XylT activity have been identi-

fied in humans, XYLT1 (MIM: 608124) and XYLT24 (MIM:

608125), and XylT activity is required for HSPG and CS/
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DSPG assembly.5 Three additional sugar residues of the

linker region are then added as galactose-galactose-

glucuronic acid. Defects at each step of these sugar addi-

tions causes various autosomal-recessive disorders (MIM:

604327, 606374),6,7 illustrating the importance of PG in

tissue homeostasis.

XYLT1 and XYLT2 are very similar in function and are

co-expressed in many tissues, but some temporal, spatial,

and tissue-specific differences in expression exist5,8 and

at the cellular level one or the other can be exclusively

expressed.9,10 Predictably, reduced activity could differen-

tially affect some tissues or developmental periods respec-

tive to the isoform affected. For example, in animal models

and humans, impaired XYLT1 function is associated with

cartilage abnormalities due to defects in endochondral

ossification and growth.7,8,11 These observations suggest

that XYLT1 is critically important for growth cartilage

and that its deficiency is not compensated for by XYLT2

in this tissue.

Thegenetic syndromes characterizedbyosteoporosis, eye

involvement with or without hearing impairment, and

intellectual disability include osteoporosis pseudoglioma

(OPPG [MIM: 259770]) syndrome and spondylo-ocular
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Figure 1. Clinical and Radiological Find-
ings in Individuals 1 and 2
(A) Pedigree and results of Sanger se-
quencing in individual 1 (II-1) and individ-
ual 2 (II-2).
(B) Clinical aspect of individual 1 at 14
years of age.
(C) Calvarial bone is thin (18 months). The
dens axis appears normal.
(D) Lateral spine radiograph of individual 1
at the age of 18 months. All thoracic and
lumbar vertebrae are deformed or fractured.
(E) At 7 years of age (after 3 years of pamidr-
onate treatment), some vertebral bodies
have undergone marked reshaping, indi-
cated by arrows.
(F) Lateral spine radiograph of individual 2
at the age of 12 months. Several vertebrae
are deformed or fractured, indicated by
arrows.
(G) After 6 years of pamidronate treatment
(age 7 years), some vertebral bodies have
reshaped (arrows), but new compression
fractures have developed in other vertebra
(asterisks).
(H–J) Femur radiographs of individual 2 at
6 months (H), 8 years (I), and 11 years (J)
of age. Despite pamidronate treatment,
femoral deformities and at least three frac-
tures developed, necessitating hardware
insertion.
(K) Hand radiograph in individual 2 at
6 months of age, showing thin cortices.
syndrome (SOS [MIM: 605822]). The majority of individ-

uals with OPPG have mutations in low-density lipoprotein

receptor-related protein 5 (MIM: 603506). Thefirst report of

SOS described five affected members of a consanguineous

familywhohad retinal detachment, cataract, facial dysmor-

phism, generalized osteoporosis, immobile spine, and pla-

tyspondyly.12 Only one other family with SOS has been

reported.13 The causative mutation for SOS is unknown.

This report describes three individuals from two unre-

lated families with a SOS-like phenotype including bone
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fragility, hearing impairment, heart

septal defects, and learning diffi-

culties. Whole exome sequencing

and Sanger sequence analyses revealed

that all individuals possess homozy-

gous frameshift mutations in XYLT2

that resulted in premature termina-

tion of transcription. Each of the

mutated XYLT2 loci results in

decreased circulating XylT activity

and fibroblasts from the individuals

demonstrate reduced HS and CS

assembly in PGs. These findings illus-

trate the unique role of XylT2-depen-

dent PGs to tissue homeostasis. All

affected family members or their legal

guardians provided written informed

consent and all studies were approved
by the Sydney Children’s Hospital Network Ethics Com-

mittee or Institutional Review Board of McGill University.

The two index cases for this study are brothers from non-

consanguineous healthy parents of European Australian

descent (Figure 1A, II-1 and II-2) evaluated at the Chil-

dren’s Hospital at Westmead in Westmead, Australia.

Although non-consanguineous, there is a high likelihood

of endogamy because of the geographical isolation of the

parents’ region of origin. Individual 1 (II-1 in Figure 1)

was born at 39 weeks gestation by spontaneous vaginal



delivery. Birth weight was 3,990 g (>90th centile), length

52 cm (90th centile), and occipito-frontal circumference

33.5 cm (10th centile). Examination at birth noted

webbed neck and lymphedema of lower extremities. Inves-

tigations showed normal results for karyotype, compara-

tive genomic hybridization micro-array, urine metabolic

screen, TORCH screen, and brain MRI.

At 18 months of age, individual 1 suffered a right

femoral fracture and was found to have multiple vertebral

compression fractures and generalized vertebral flattening

(Figure 1D). Physical examination revealed a low posterior

hairline, short webbed neck, posteriorly rotated and low-

set ears, shield chest, undescended left testis (requiring

orchidopexy), long fingers and toes, and overriding second

and third toes. Sclerae and teeth were normal. Dual-energy

X-ray absorptiometry showed a low total body areal bone

mineral density (BMD) Z score of �1.8 and a low lumbar

spine areal BMD, Z score of �2.5. Treatment with intrave-

nous pamidronate infusions was started at 20 months and

resulted in reshaping of several vertebrae (Figure 1E). How-

ever, new vertebral compression fractures occurred despite

therapy. At 14 years of age, he was fully ambulant but had

an unsteady gait due to muscle weakness and poor vision

(see below), and he had sustained five additional long-

bone fractures.

In addition to musculoskeletal defects, this individual

showed defects in cardiovascular and urinary systems.

Echocardiography had detected an atrial septal defect

that was surgically corrected at 8 years. It also revealed a

mitral valve prolapse and dysplastic aortic valve. At 14

years of age, growth continued on the 25th–50th centile

for height and 20th–50th for weight. He had a noticeable

pectus carinatum with inferior depression and persistence

of disproportionately long and slender fingers and toes, a

low posterior hairline, short webbed neck, and posteriorly

rotated and low-set ears (Figure 1B). Ultrasound showed

mild to moderately dilated bilateral distal ureters of uncer-

tain etiology but a normal appearance of kidneys, liver,

and biliary systems. However, he developed a perforated

duodenal ulcer, which required surgical intervention.

Mild to moderate sensorineural hearing loss was diag-

nosed at 9 years of age and he was fitted with hearing

aids. Ophthalmological examination showed amblyopia

and nystagmus, and at 11 years of age he developed a spon-

taneous left retinal detachment that resulted in loss of

vision in the affected eye. At 13 years, posterior sub-

capsular cataracts were noted. Learning difficulties were

confirmed at 6 years of age but were difficult to assess

formally because of visual and hearing disabilities. Subse-

quent assessments confirmed that he was functioning in

the mild learning difficulty group.

Individual 2 (II-2 in Figure 1) had a clinical course very

similar to that of individual 1, his brother. He had general-

ized vertebral flattening, and compression fractures were

detected at 3 and 12 months of age (Figure 1F). Thin

cortices were discovered in metacarpal and phalanges

and calvarial bones at 6 and 18 months of age (Figures
The Am
1C and 1K). Treatment with intravenous pamidronate

was started at the age of 12 months. By 7 years of age, re-

shaping of some vertebral bodies was noted but new

compression fractures were apparent (Figure 1G). Bilateral

deformities (Figures 1H and 1I) and femoral fractures

were apparent at the last follow up at 11 years of age

(Figure 1J). At this age, he was ambulating independently.

Growth continued along the 25th–50th centile for height

and 25th–75th centile for weight. Cardiac findings, sensori-

neural hearing loss, and urinary tract findings were iden-

tical to that of his brother. He underwent cardiac surgery

and was fitted with hearing aids. Mild learning difficulties

were noted at 6 years of age.

The parents of individuals 1 and 2 were both clinically

normal. Neither the father nor mother had any unex-

plained fractures or musculoskeletal abnormalities at 40

and 39 years of age, respectively. Clinical examination of

both parents, including anthropometry, was normal.

Bone mineral densitometry by dual-energy X-ray absorpti-

ometry and peripheral quantitative computed tomogra-

phy were normal for themother and elevated for the father

(total body areal BMD Z score 3.9).

To identify the gene variant and cause of this phenotype

in this family, we performed whole exome sequencing on

the genomic DNA of the affected individuals (see details

in Supplemental Data). After removing common variants,

327 and 301 variants were identified in individuals 1 and 2,

respectively. The analysis of sequencing data did not reveal

any rare variants within the ten genes (PTPN11 [MIM:

176876], BRAF [MIM: 164757], HRAS [MIM: 190020],

KRAS [MIM: 190070], MAPK1 [MIM: 176948], MAPK2,

SHOC2 [MIM: 602775], RAF1 [MIM:164760], SOS1 [MIM:

182530], and RIT1 [MIM: 691591]) already associated

with Noonan syndrome or the known osteogenesis imper-

fecta genes (CRTAP [MIM: 605497], LEPRE1 [MIM:

610915], PPIB [MIM: 123841], SERPINH1 [MIM: 600943],

FKBP10 [MIM: 607063], SP7 [MIM: 606633], SERPINF1

[MIM: 172860], BMP1 [MIM: 112264], TMEM38B [MIM:

611236], IFITM5 [MIM: 614757], and WNT1 [MIM:

164820]). The presence of the disease in two brothers

with apparently healthy parents suggested an autosomal-

recessive or X-linked recessive inheritance. Therefore, we

prioritized candidate gene variants with homozygous

mutations shared by the two affected siblings, and this

led to the identification of one frameshift duplication in

XYLT2 and one missense variant in each of four different

genes (FTSJ3, SLC38A10, CCDC57, and SH3KBP1 [MIM:

300374]) (Table S3).

Considering the function of these four latter variants, we

concluded that they were unlikely to be responsible for the

disease: the complete deletion of SH3KBP1 (encoding

CIN85) has been previously reported in a male individual

with autism who did not show any dysmorphic fea-

tures.14 Furthermore, mice deficient of CIN85 expression

were viable, fertile, and displayed no obvious structural

abnormalities.15 The SLC38A10 variant (MAF: 0.001 in

EVS) was not evolutionally conserved and predicted
erican Journal of Human Genetics 96, 971–978, June 4, 2015 973



inconsequential to protein function by three different bio-

informatics algorithms.16 A recent phenotypic screening

of Ccdc57 knockout mice revealed two significant abnor-

malities (hydrocephaly and abnormal hypodermis fat

layer), which were not observed in our individuals. Finally,

FTSJ3 function is not fully characterized, but it might play

a role in 18S rRNA synthesis17 and no disease-related allele

and phenotype has been yet reported for this gene.

In contrast, several lines of evidence suggested that the

XYLT2 variant was potentially responsible for the observed

phenotypes. The homozygous frameshift duplication in

XYLT2 is the most deleterious of the identified variants

and most likely results in nonsense-mediated degradation

of the mutant transcript and a consequent loss of XylT2.

Notably, the closely related enzyme XYLT1 has previously

been shown to be required for HSPG and CS/DSPG assem-

bly, and a missense homozygous mutation in XYLT1 re-

sulted in an autosomal-recessive short stature syndrome

associated with intellectual disability.7

Both individuals 1 and 2 harbor a homozygous frame-

shift duplication of C in exon 3 of XYLT2 (GenBank:

NM_022167.3; c.692dup) that results in the loss of the

last 634 amino acids of XYLT2 and insertion of 53 novel

amino acids (p.Val232Glyfs*54) before a premature stop

codon. The variant was located within about 23 Mb shared

region of homozygosity (Figure S1) and was not seen in our

exome database (~1,000 individuals) or in the 1000

Genomes, dbSNP132, the EVS, or the ExAC (~63,000

exomes of unrelated individuals) databases. The inserted

sequence was confirmed by Sanger sequencing of genomic

DNA from both boys (Figures 1A and S1). This mutation

was further confirmed by sequence analyses of fibroblast

XYLT2 mRNA (see below, Figure S2). Analyses showed

that the parents were heterozygous for this mutation.

All loci from the index individuals and parents were

confirmed to be in XYLT2 by Sanger sequencing of

XYLT2 exon 3.

Affected individual serum and plasma XylT activity

levels were determined to investigate the biochemical

impact of the XYLT2mutation. Because platelets are a sub-

stantial source of XylT2 activity in serum, comparison of

XylT activity in serum to plasma reflects an important

cell-specific source of XylT2.18 As compared to adult

control serum and plasma, individuals 1 and 2 had an

approximately 75% and 57% drop in serum and plasma

XylT activity, respectively (Figure 2A). Because age and

pamidronate treatment can alter XylT levels, serum from

age-matched pamidronate-treated individuals with osteo-

genesis imperfecta were used as controls (Figure 2B). These

findings show that the study individuals have substantial

reductions in circulating XylT activity.

Dermal fibroblasts were isolated to further evaluate the

genetic and resultant enzyme defect in individuals 1

and 2. Total XylT activity in cell lysates from these cultures

cells showed the fibroblasts had an approximate 60%

decrease for individual 1 and 45% decrease for individual

2 as compared to normal dermal fibroblasts (Figure 2C).
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Based on our previous findings that fibroblasts express

both XYLT1 and XYLT2,9 we suspected that the residual

XylT activity is due to XYLT1 expression. PG assembly

was investigated by immunohistochemistry and 35SO4

incorporation assays. We examined HSPG assembly levels

by using GAG-specific antibody 10E4 performed as previ-

ously described.19 These results showed a qualitative

decrease in HS GAG staining in the affected individuals’

fibroblasts (Figure 2D). 35SO4 incorporation by affected

individuals’ fibroblasts performed as described20 with

25 mCi/ml for 24 hr showed a quantitative decrease of

60%–65% in total 35SO4 incorporation by the cells

(Figure 2E). Chondroitinase ABC and heparitinase III diges-

tion of the labeled PGs from these cells shows that both HS

and CS are affected by the loss of XylT2 (Figure 2F) where

in individual 1 there is 67% in loss of 35SO4 with digestion.

In all, these results confirm a significant defect in PG

assembly due to the XYLT2 mutation.

We suspected that the low XYLT2mRNA levels were due

to premature translation termination leading to mRNA

decay. To investigate, we cloned and sequenced XYLT2

cDNA in triplicate from individual 2’s fibroblasts. The

sequence confirmed the cytosine duplication (c.692dup)

in exon 3, the frame shift mutation, the addition of 53

non-conserved amino acids, and the fact that the prema-

ture termination would severely truncate and disrupt a

highly conserved portion of the protein, resulting in a

mature mutant protein lacking any of the predicted cata-

lytic domain (see Figure S2). In support of premature

termination and mRNA decay, expression analyses by

quantitative real-time RT-PCR showed that the affected

individuals had a 75% decrease in XYLT2 mRNA. Signifi-

cantly, there was no change in any of the other proteogly-

can linker enzyme mRNA levels (Figure 2G; see Table S2)

including XYLT1, confirming our earlier suspicion that

the affected individuals’ fibroblasts have residual XylT ac-

tivity due to XYLT1. In all, these results demonstrate that

the clinical observations in the affected individuals are

due to a selective loss of XylT2 arising from a premature

translational termination and likely mRNA decay.

After a mutation of XYLT2 had been identified in indi-

viduals 1 and 2, an unrelated boy (individual 3, II-1 in

Figure 3) undergoing treatment with pamidronate and

with phenotypic similarities to individuals 1 and 2 came

to our attention. Individual 3 was born prematurely after

35 weeks of pregnancy. The parents are first cousins.

Both parents and the two older siblings are healthy. Indi-

vidual 3 sustained his first fracture, affecting the right

femur, at the age of 18 months, and two more right femur

fractures in the subsequent 2 years.When first examined at

our institution at 3.9 years of age, he was very short (90 cm,

corresponding to 5 cm below the 5th percentile) and his

weight was low (12.2 kg, corresponding to 1.5 kg below

the 5th percentile). Limbs were straight with normal range

of motion in the hip, but there was mild left hemiplegia

with spasticity in the left lower extremity. Radiographs re-

vealed multiple vertebral compression fractures (Figure 3).
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Figure 2. Reduced XylT Activity in
Affected Individuals
(A) Individual 1 (Ind. 1) and individual 2
(Ind. 2) serum and plasma XylT activity as
compared to adult male control subjects
(n ¼ 4).
(B) Serum XylT activity in individuals 1, 2,
and 3 as compared to age-matched control
subjects (n ¼ 4). XylT levels in wild-type
(Xylt2þ/þ) and in our XylT2-deficient
(Xylt2�/�) mice19 are also illustrated
(n ¼ 3 each) for comparison; error bars
represent SD. Total XylT activity was
assayed via published protocols18 and
for the study individuals’ values, these
represent the mean of triplicate measure-
ments. For age- and sex-matched control
subjects, these were individuals with
osteogenesis imperfecta and being treated
with pamidronate. Affected individuals
and control plasma were isolated from
potassium EDTA-treated blood. In brief,
serum (10 ml) and cell lysates (50 ml) were
incubated in a total reaction volume of
100 ml containing 25 mM 2-(4-morpho-
lino)-ethane sulfonic acid (pH 6.5), 25 ml
KCl, 5 mM of KF, MnCl2 and MgCl2
with 1.13 mm UDP-[14C]-D-Xylose 150–
250 mCi/mol (Perkin Elmer), 7.46 mm
UDP-D-Xylose (Carbosource, University
of Georgia, Atlanta, GA), and 160 mm of
bikunin acceptor peptide (Biosynthesis)
for 1 hr at 37�C. The reaction was stopped
by chilling samples on ice. Labeled pep-
tide was precipitated with 1.5 mg of BSA
carrier, 500 ml of 10% trichloroacetic acid,
and 4% phosphotungstic acid. Pellets
were collected by centrifugation, washed
with 750 ml of 5% trichloroacetic acid,
and dissolved in 400 ml of 1 N NaOH.
Radioactivity in the resuspension was
measured and one unit of enzyme activ-
ity represents incorporation of 1 mmol
xylose/min into the acceptor peptide. For

serum, the enzyme activity was calculated as mU/l and for cell lysates, the enzyme activity was calculated as mU/mg of protein in
the lysate.
(C) XylT activity in dermal fibroblast lysate. Dermal fibroblasts from the affected individuals and parents were grown in Fibroblast
Growth Kit-Low Serum (ATCC-PCS-221-041) supplementedwith 1% penicillin/streptomycin at 37�C and 5%CO2. Primary dermal adult
fibroblasts (ATCC, PCS-201-012) were used as the control and grown in same culture conditions. Confluent cells were trypsinized and
passaged 1:10. No cells were grown more than passage 10. Values are means of triplicate measurements and error bars are the SD.
(D) Immunohistochemistry for HS shows that affected individuals’ fibroblasts have reduced levels of HS illustrated by reduced red stain-
ing that is subsequently removed with heparitinase III digestion. Scale bars represent 100 mm. –Hep is undigested cells, þHep is
heparitinase III-digested cells.
(E) Sulfate incorporation assays by study individuals’ fibroblasts shows a reduction in 35S incorporation where individual 1 is 60% and
individual 2 is 66% reduced as compared to control fibroblasts.
(F) Digestion of eluted 35S labeled GAGs from control fibroblasts of 54% and individual 1 of 67% with chondroitinase ABC and hepar-
itinase III in hashed bars. Undigested labeled GAGs are set at 100% in black bars.
(G) Real-time quantitative reverse transcription PCR of fibroblast mRNA for proteoglycan linker enzymes done in triplicate. RNA was
isolated fromnear to confluent cells from vented T75 flasks with TRIzol reagent (Cat # 15596-018, Life Technologies), treated with DNase
I (Cat # M0303S, NEB), and then cleaned up with TRIzol reagent. 5 mg of RNA was used to generate cDNA with Superscript III cDNA
synthesis kit (Cat #18080-051, Invitrogen) or MMLV reverse transcriptase via random hexamers primers. Quantitative real-time PCR
was performed on cellular cDNA using gene-specific primers as listed in Table S2. GAPDH expression was used for normalization on
each plate. Each sample was analyzed in triplicate and three independent experiments were conducted for each target and the mean
and standard deviation were calculated by 2� DD Ct. Individual 1 fibroblasts had a 77% decrease and individual 2 fibroblasts had a
72% decrease in XYLT2 mRNA. Values are means of triplicate measurements, normalized to GAPDH, and error bars are the standard
deviation. Control mRNA is from normal dermal fibroblasts (ATCC).
There was no dentinogenesis imperfecta and sclerae were

white. Areal bone mineral density Z score at the lumbar

spine was �5.8. Treatment with intravenous pamidronate
The Am
was started, which was associated with an increase in lum-

bar spine areal bonemineral density Z score to�3.6 within

12 months. Bisphosphonate treatment was continued
erican Journal of Human Genetics 96, 971–978, June 4, 2015 975



Figure 3. Clinical and Radiological Find-
ings in Individual 3
(A) Results of Sanger sequencing. Individ-
ual 3 (II-1 in the pedigree) is homozygous
for a c.520del mutation in XYLT2, and
the parents are heterozygous for this
deletion.
(B) Antero-posterior radiograph of the
spine. Most vertebrae appear decreased in
height.
(C) Lateral spine radiograph showing se-
vere vertebral compression fractures.
(D) Mild deformities of the lower extrem-
ities. The right femur has been rodded after
fracture. The metaphyseal lines that are
prominent in distal femurs and proximal
tibias are due to treatment with intrave-
nous pamidronate infusions.
(E) Radiograph of the left hand and wrist,
showing somewhat thin cortices.
with varying protocols until 18 years of age, when lumbar

spine areal bone mineral density Z score was �1.4. Despite

this treatment, he sustained a total of ten lower extremity

fractures and he was never able to walk independently. At

the time of the last follow-up (at 19 years of age), he was

using a wheelchair for all mobility; height was 145 cm

and weight 48 kg.

Apart from musculoskeletal issues, a hearing deficit was

noted at 10 years of age in individual 3 and hearing aids

were fitted. Bilateral cataract was diagnosed at 12 years of

age and treated with removal of the lenses. At 15 years of

age, retinal detachment occurred in the right eye. No heart

or lung abnormalities had been noted. He attended regular

school, with normal academic performance.

Given the noted phenotypic similarities to individuals 1

and 2, we measured serum XylT activity in individual 3.

XylT activity was similar to that of 1 and 2 (Figure 2B), so

we performed Sanger sequencing ofXYLT2 in individual 3.

This revealed that individual 3 was homozygous for a

c.520del mutation in exon 2 that resulted in a frameshift

and premature stop codon p.Ala174Profs*35 (Figure 3A).

The skeletal phenotype of these boys resembles those

of a sibship described as SOS (Table S1).12 The only

other recognized disorder to be associated with vertebral

compression fractures and eye disease is osteoporosis-pseu-

doglioma syndrome (OPPG) (MIM: 259770) due to muta-

tions in LRP5 (MIM: 603506). However, OPPG involves

ocular defects due to hyperplasia of the vitreous, corneal

opacity, secondary glaucoma,21 and growth plate abnor-

malities causing dwarfism in some individuals.22,23 Our

subjects also showed variable stature, with the first two

individuals having normal stature and the third showing

significant short stature, suggesting variable impact on

growth cartilage. However, the chest wall deformity seen

in case subjects 1 and 2 might reflect dysplastic growth

of costal cartilages. It should be noted that short bones
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are found in both zebrafish and mice harboring hypomor-

phic Xylt1 alleles,8,11 and in such mice, no Xylt2 expres-

sion was detected in articular cartilage tissue, suggesting

that articular cartilage GAG assembly is highly XylT1

dependent. These findings suggest that XylT1 and XylT2

can impact cartilage but that the effect might be variable

depending on the location of the cartilage and the type

of cartilage. This indicates that we would not expect

XylT2 deficiency to affect articular cartilage, but growth

plate cartilage might require both XylT1 and XylT2 activ-

ity. Therefore, defects in XYLT1 or those in the remaining

enzymatic steps of linker assembly would be expected to

affect growth cartilage, and this is supported by observa-

tions made in individuals with hypomorphic mutations

in XYLT1 and mutations in B4GALT7 (beta1,4-galacosyl-

transferase 7), B3GALT6 (beta1,3-galactosyltransferase 6)

(MIM: 604327), and B3GAT3 (beta1,3-glucuronyltransfer-

ase 3) (glucuronyltransferase I) (MIM: 606374) who have

significant short stature6,24,25 (MIM: 606374, 604327).

Given the variable growth seen in our three subjects,

further assessment of XYLT1 and XYLT2 expression in

the growth plate is required.

In summary, we have discovered two frameshift muta-

tionsofXYLT2 that lead to truncationofXylT2 andelimina-

tion of the catalytic domain resulting in severe XylT

deficiency as demonstrated in reduced serum and plasma

XylT activity and giving rise to defects in musculoskeletal,

myocardial, ocular, inner ear, and central nervous system

tissueswhereXYLT1 expression fails to compensate. This in-

dicates that XylT2 is critical for PG assembly in these tissues.
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found with this article online at http://dx.doi.org/10.1016/j.ajhg.

2015.04.017.
015

http://dx.doi.org/10.1016/j.ajhg.2015.04.017
http://dx.doi.org/10.1016/j.ajhg.2015.04.017


Acknowledgments

We are grateful for the involvement of the study individuals and

their families. We acknowledge the contribution of the general

pediatrician, Dr. David McDonald of Port Macquarie, NSW, who

referred and coordinated the care of the extraskeletal features

including their learning disabilities and hearing impairment and

supervised their interval Pamidronate therapy. We are indebted

to PattyMason for technical assistance, toMark Lepik for preparing

the figures, and to Michaela Durigova for providing clinical infor-

mation. The authors wish to acknowledge the McGill University
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Supplemental Data and Methods 
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Supplemental Table S2.  Many primer sets are available from Origene. Comparative gene expression 
was determined using 2- ΔΔ Ct method 2.  

Table S1 
Comparison between patients Ind. 1, Ind. 2 and   

Spondylo-Ocular syndrome (Schmidt et al., 2001)1 
 Ind. 1 Ind. 2 Ind. 3 SOS 
Normal height + + + + 
Vertebral compression fractures + + + + 
Long-bone fractures + + + - 
Flat feet + + + + 
Cataract + + + + 
Retinal detachment + - + + 
Heart defect + + n.r. +/- 
Hearing loss + + + - 
Ureter dilatation + + n.r. n.r. 

Table S2 

RT-PCR primers and accession numbers for gene targets 

Gene Forward Primer Reverse primer NCBI 
Accession 
number 

XYLT1 ACCGAGATATGAATTTCTTGAAGTCA AGGCCCTGCTTCCGAATG NM_022166 

XYLT2 GGGTGAGACCCGCTTCCT GCATCATCTTTCCTGAGAGGTAG
TT 

NM_022167 

GALT7 TGACAAGACCGCCACACC GTCCTGAGCCTGAGCAATATG NM_007255 

GALT6 CCTAGGTCAGGCCGTTGAGTT GCGGTCAGTCCTGGATTCA NM_080605 

GAT3A GCCAACTGCACTCGGGTACT CCTGCTTCATCTTGGGCTTCT NM_012200 
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Figure S1: A) The gray bars show the location of the region of homozygosity on chromosome 17 for 
individuals 1 (II-1) and 2 (II-2). The ~23Mb shared region of homozygosity surrounding XYLT2 is 
indicated with the green bar. XYLT2 is located on chromosome 17 and in both individuals harbour a 
homozygous mutation at genomic position 4,843,186 (highlighted by a red asterisk). B) The IGV 
snapshot shows the position of the homozygous single-nucleotide duplication in XYLT2 (NM_022167: 
c.692dup)(red arrow) that is shared by the two patients. The gray bars are 100 bp paired-end reads that 
mapped to the human reference genome (hg19) using BWA aligner. The insertion introduces a stop 
codon 54 residues downstream (p.Val232Glyfs*54) as shown in  supplemental figure S2 below. In the 
lower part of figure, the reference DNA sequence, the reference protein sequence (two shades of blue) 
and protein predicted from variant coding sequence are illustrated where the variant sequence is in red. 
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Figure S2. A) Alternating black and white boxes with indicated numbers indicate exons within the cDNA 
with exon 1 being black. Translational initiation codon ATG is indicated. First black arrowhead indicates 
site of individual 3 mutation. Second arrowhead is shared mutation in individuals I and 2. Black horizontal 
arrows are real-time PCR primers using for expression analyses B) Normal cDNA sequence with 
translation. Translational initiation codon ATG indicated by the black arrow. First black arrowhead 
indicates guanidine deletion with bolded base in individual 3. Top amino acid sequence is wildtype. 
Dotted line underlines amino acid sequence of individual 3 with new amino acids due to the frame shift 
and asterisk/bracket is premature translational termination. Second arrowhead is cytosine duplication in 
individuals 1 and 2. Black bar indicates start of aberrant protein sequence ending in two stop codons 
indicated by asterisk/brackets. C) Diagram shows known domain structure of XylT2. Transmembrane 
domain, TM, is shown in N-terminal region. Arrowhead shows location of insertion and frame shift and 
dotted domain, pfam 12529, shows predicted catalytic domain. Underlined amino acids are novel non-
conserved 53 residues due to frame shift mutation and asterisk is premature translational termination in 
individuals 1 and 2.  
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Table S3. Frameshift and missense variants of candidate loci. Whole exome sequencing was performed 
on 3 µg of genomic DNA of each individual at Genome Quebec Innovation Center, Montreal, Canada. 
Briefly, exonic sequences were captured using the SureSelect Human Exome Kit V.4 (Agilent 
Technologies, Inc., Santa Clara, CA). Enriched libraries were then sequenced on Illumina Hiseq 2000 
sequencer, generating 100 base pair paired-end reads for each sample. The bioinformatic analysis of 
exome sequencing data was carried out as previously described 3; 4. In brief, mapping reads against the 
human reference genome (hg19), local realignment around small insertions or deletions (indels), depth of 
coverage calculation and the reads duplication removal were performed using the BWA (v. 0.5.9) 5, 
Genome Analysis Toolkit 6 and Picard tools (http://picard.sourceforge.net), respectively. The mean read 
depth for the consensus-coding sequence was 99X (II-1) and 122X (II-2), and 95% of bases were 
covered by ≥10 reads. The genetic variations (SNVs and indels) were detected using Samtools (v. 
0.1.17) 7 and mpileup and were annotated with an in-house annotation pipeline that uses ANNOVAR and 
custom scripts. The potential damaging effect of variants was predicted using SIFT [18], PolyPhen-2 [19], 
MutationTaster [20]. To differentiate novel variants from common polymorphisms and sequencing 
artifacts, exonic (frameshift indels, nonsense, missense) and canonical splice site variants with minor 
allele frequency of more than 1% in public databases (1000Genomes or in the Exome Variant Server 
[EVS]) or seen in >10 individuals in our in-house exome database were filtered out. Candidate genes 
having shared homozygous mutations between the patients were selected and were manually examined 
using the Integrative Genomics Viewer (IGV) 8. All loci from index patients and parents were confirmed to 
be in the XYLT2 gene by Sanger sequencing of XYLT2 exon 3 amplification by polymerase chain 
reaction followed by direct sequencing using an Applied Biosystems 3730xl sequencer (Applied 
Biosystems, Foster City, CA, USA). Sequence traces were aligned with GenBank reference sequence 
NM_022167.2.  
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