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B4GALT7 encodes beta-1,4-galactosyltransferase which links glycosaminoglycans to proteoglycans in connective
tissues. Rare, biallelic variants in B4GALT7 have been associated with spondylodysplastic Ehlers-Danlos and
Larsen of Reunion Island syndromes. Thirty patients with B4GALT7-related disorders have been reported to date
with phenotypic variability. Using whole exome sequencing, we identified male and female siblings with bial-
lelic, pathogenic B4GALT7 variants and phenotypic features of spondylodysplastic Ehlers-Danlos syndrome as
well as previously unreported skeletal characteristics. We also provide detailed radiological characterization and

describe the siblings' responses to growth hormone treatment. Our report extends the phenotypic spectrum of
B4GALT7-associated spondylodysplastic Ehlers-Danlos syndrome and reports results of growth hormone treat-
ment for patients with this rare disorder.

1. Introduction

B4GALT7 (MIM# 604327) encodes beta-1,4-galactosyltransferase, a
327-amino acid transmembrane enzyme that catalyzes the addition of
galactose to xylose in the tetrasaccharide linkage region of proteogly-
cans [1]. This enzyme is critical for the O-linked glycosylation-medi-
ated functions of proteoglycans, a major component of the extracellular
matrix. Pathogenic variants in B4GALT7 reduce expression or disrupt
catalytic activity of beta-1,4-galactosyltransferase and result in defec-
tive extracellular matrix [1,2]. Beta-1,4-galactosyltransferase defi-
ciency has been associated in humans with the spondylodysplastic type
of Ehlers-Danlos syndrome (spEDS) (MIM# 130070), a connective
tissue disorder characterized by skeletal abnormalities, most notably
radioulnar synostosis, short stature, joint hypermobility, and dys-
morphic facial features as well as developmental delays [1]. Targeted
genetic disruption of B4GALT7 in mice results in sparse hair and severe
skin lesions consistent with the human phenotypic characteristics of
hyperkeratosis and acanthosis as well as post-natal growth restriction,
enlarged intestinal crypts, smaller litter sizes, abnormal anterior pitui-
tary function, and shortened lifespan [3-5].

Thirty individuals with biallelic, pathogenic variants in B4GALT7
have been reported, 22 of whom reside on Reunion Island in the

southern Indian Ocean. Despite phenotypic variability among these
individuals, common features include radioulnar synostosis, short sta-
ture, joint hypermobility, hyperelastic skin, and hypotonia (Table 1)
[1,6-12].

We describe male and female siblings with rare, biallelic, patho-
genic variants in B4GALT7 and their responses to growth hormone
treatment for short stature, summarize the phenotypes associated with
biallelic, pathogenic B4GALT7 variants, and highlight the unique phe-
notypic characteristics of these 2 siblings.

2. Materials and methods

After approval by the Human Research Protection Office at
Washington University School of Medicine, we obtained informed
written consent for publication including photographs from the siblings'
parents.

Clinical exome sequencing was performed by GeneDx
(Gaithersburg, MD) using Agilent SureSelect XT2 All Exon V4 Kit, an
Ilumina HiSeq 2000 device, and 100bp paired-end reads. Sequence
reads were aligned to the UCSC build hgl9 reference sequence
(genome.ucsc.edu). The mean depth of coverage of known protein-
coding RefSeq genes was 205X with quality threshold of 98.3%.
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XomeAnalyzer was used to evaluate sequence differences between the
siblings, parental samples, and reference sequence error. Variants were
confirmed with Sanger sequencing, and pathogenicity was predicted
with combined annotation dependent depletion scores (CADD) [13].

Growth hormone was assayed using an Electrochemiluminescence
Immunoassay (ECLIA) sandwich principle calibrated to the World
Health Organization National Institute for Biological Standards and
Control, 2nd International Standard, 98/574 (Potters Bar,
Hertfordshire, EN6 3QG).

2.1. Clinical report

2.1.1. Family history

The father is of French descent, and the mother's ancestry is not
known as the maternal grandmother was adopted. The mother's adult
height is 162 cm (25-50th percentile) [14], and the father's adult height
is 188 cm (90-95th percentile) [14]. Family history is negative for
skeletal dysplasia. Father has neither musculoskeletal complaints nor
chronic medical conditions. Mother has suffered from frequent knee
dislocations, and maternal grandmother has spinal stenosis which re-
quired multiple operations including rod placement for spinal support
and age-related osteopenia treated with oral bisphosphonate therapy.

2.1.2. Male sibling

The male sibling was born at term: birth weight 2780 g (9th per-
centile) and length 44 cm (< 1st percentile, —2.7 S.D.) [14]. At birth,
he was noted to have cleft palate, brachycephaly, broadened and flat
nasal bridge, retrognathia, overlapping superior helices, axial hypo-
tonia, and spasticity of all four extremities with brisk reflexes, more
pronounced in the upper extremities than the lower extremities.
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Contractures were present at the elbows and ankles. Skeletal survey
performed at 3 weeks of age demonstrated butterfly vertebrae at T7 and
T8, coronal cleft deformities of the thoracic and lumbar spine, bilateral
dislocation of the radial heads with hypoplasia of the distal radii,
bowing of the proximal ulnae, elongated distal phalanges of all fingers,
and elongated fibulae compared to tibiae (Fig. 1, Fig. S1). Subsequent
bone surveys continued to show minimal metacarpal shortening re-
lative to phalanges in addition to deformities of the proximal carpal row
and positive ulnar variance; radiograph of his right foot demonstrated
shortened fourth metatarsal and minimal deformity of the distal pha-
lanx of the great toe (Fig. S2). Subsequent bone surveys also noted
multiple areas of abnormal bone fusion including partial fusion of C2-3
and C4-5 neural arches (Fig. S3) and closure of the sagittal suture with
an asymmetric skull (Fig. S4). Voiding cystourethrography performed
due to renal ultrasound findings of hydronephrosis demonstrated grade
IV vesicoureteral reflux. Chest computed axial tomography scan at age
5years was notable for anterior left chest deformity (Fig. S5). Brain
magnetic resonance imaging (MRI) at age 6 weeks was unremarkable.
Chromosomal microarray (CMA) revealed a ~719 kb duplication on
9p24.3 (46,587 to 765,259 (hgl9)) inherited from his asymptomatic
father that contains the following genes: FOXD4, C9orf66, DOCKS,
KANK1, and CBWD1 [12]. None of these genes has been associated with
skeletal abnormalities or with features of B4GALT7 disorders [15].

He underwent a two-staged palatoplasty (13 months and 2 years)
which was complicated by wound dehiscence and need for additional
surgical revision. Vesicoureteral reflux resolved by 14 months of age.
He continued to exhibit axial hypotonia and difficulty bearing weight
due to knee instability with frequent patellar joint dislocations and
subluxations. He walked at 15 months with the assistance of a walker.
He underwent patellar realignment surgery at 6 years and septoplasty at

H '

Fig. 1. Photograph of male sibling at age 4 years demonstrates broadened, flat nasal bridge (A) retrognathia, low-set, and posteriorly rotated ears (B). Skeletal survey
at 3 weeks of age demonstrates bilateral dislocation of the radial heads, hypoplasia of the distal radii, and bowing of the proximal ulnae (C, D). Anterior/posterior and
lateral radiographs of the chest, abdomen, thoracic and lumbar spine (E, F) demonstrate butterfly vertebrae at T7 and T8 (black arrows), and coronal cleft deformities
of the vertebral bodies of the thoracic and lumbar spine (white arrows). The intrapedicular distance of the vertebral bodies remains constant from cranial to caudal
and do not demonstrate their normal widening. The fibulae are long in length compared to the tibiae (G) with normal femur length. The distal phalanges are
elongated on all digits of both hands (H, I).
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Fig. 2. Center for Disease Control (CDC) growth charts for male sibling (A) birth to 36 months length-for-age and weight-for-age percentiles, and (B) 2-20 years
stature-for-age and weight-for age percentiles. Dotted lines indicate initiation of growth hormone (GH) treatment. Head circumference from birth to 36 months
demonstrates relative macrocephaly (C). CDC growth charts for female sibling (D) birth to 36 months length-for-age and weight-for-age percentiles, and (E)
2-20 years stature-for-age and weight-for age percentiles. Head circumference from birth to 36 months demonstrates relative macrocephaly (F).

8 years of age for leftward deviation of his inferior nasal septum. He
requires bilevel positive airway pressure for treatment of obstructive
sleep apnea. Follow-up skeletal survey at 11 years noted resolution of
coronal clefts (Fig. S3).

At age 6 years, his weight and height remained below the 1st per-
centile (weight 12.2kg, —3.5S8.D. and height 90cm, —5.2S.D.)
(Fig. 2A, B). Growth hormone provocative testing with clonidine and
glucagon demonstrated a peak serum growth hormone of 7.7 ug/L
(normal =7-10pg/L) [16-18] and normal cortisol peak (21.9 pg/dL
(normal =15.8 ug/dL in children with intact HPA axis)) [19]. His in-
sulin like growth factor 1 (IGF-1) level was 2 S.D. below normal (83 ng/
mL, normal serum IGF-1 level at Tanner stage 1 is 279 ng/ml * 92ng/
ml) [20]. Growth hormone treatment (0.3 mg/kg/week) from age
6 years through 11 years was associated with an increase in growth
velocity from 5.0 cm/year (1.5 years prior to treatment) to 7.1 cm/year
and 8.6 cm/year in the first 2years of treatment (Fig. 3A) [21]. His
bone age (Greulich and Pyle standards) was 6 years at a chronological
age of 7 4/12 years. His IGF-1 level was 216 ng/mL (normal) [22]. His

17

height velocity dropped in the subsequent 3 years of growth hormone
treatment to 3.0 cm/year, 5.1 cm/year, and 4.9 cm/year during which
time his IGF-1 level ranged from 370 to 499 ng/mL. His bone age ad-
vanced over the 5years of growth hormone treatment from 9 years
(chronological age of 9 3/12 years) to 12 6/12 years (chronological age
of 11 6/12years) (Fig. 3A). His physical examination at 11 years de-
monstrated relative macrocephaly: occipitofrontal circumference (OFC)
52.1 cm (40th percentile), height 116 cm (< 1st percentile, —4S.D.),
weight 27 kg (< 1st percentile, —3S.D.) (Fig. 2B), flattened midface
with broad forehead, pointed chin, low-set and overlapping superior
helices, bluish sclerae, and micrognathia with abnormally shaped and
positioned teeth. His chest was notable for pectus excavatum and right-
sided carinatum deformities. Extremities were notable for hypotonia,
long and hyper-flexible fingers with positive thumb sign (thumb ex-
tends beyond the ulnar border of the hand when overlapped by the
fingers) [23], widely spaced first and second toes bilaterally, fifth digit
clinodactyly of both feet, and digit 2-3 syndactyly of the right foot. He
had no evidence of pubertal initiation (Tanner stage 1) at age 12 8/
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Fig. 3. Growth velocity of male sibling (A) before and after initiation of growth hormone (GH) (red vertical line) with subsequent bone age radiographs demon-
strating advancing bone age. Horizontal lines represent time intervals over which growth velocity was calculated. BA - bone age; CA - chronological age; mo - months;
yr - years. Growth velocity of female sibling (B) before and after initiation of growth hormone (red vertical line) with subsequent bone ages demonstrating advancing
bone age. Horizontal lines represent time intervals over which growth velocity was calculated. Chart adapted from Serono Laboratories, Inc., 100 Longwater Circle,
Norwell, MA 02061. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

12 years. His ophthalmological evaluation was unremarkable.

2.1.3. Female sibling

The female sibling was born at 36 weeks' estimated gestation: birth
weight 2334 g (27th percentile), length 43.5 cm (12th percentile), and
OFC 33 cm (50th percentile) [24]. She shared several facial features
with her brother including flattened midface, broad forehead, abnor-
mally folded auriculae, bluish sclerae, retromicrognathia, and widened
palpebral fissures. Her palate was intact. Her skeletal survey was no-
table for radioulnar synostosis, dislocation of the radial heads, mild
foreshortening of the proximal left radius, mild dysplasia of the prox-
imal right radius, and coronal clefts of L3, L4 and L5 (Fig. 4). Similar to
her brother, the vertebral coronal clefts resolved on subsequent imaging
(Fig. S3). CMA and brain MRI were unremarkable; however, skull
radiograph at age 4 years demonstrated fusion of the saggital suture
(Fig. S4).

At age 2years, she exhibited poor weight gain (9 kg, < 1st percen-
tile, —3.2S.D.) and linear growth (71.5cm, < 1st percentile,

—4.18.D.) (Fig. 2D, E) which persisted at age 3 7/12years: weight
11.1 kg (< 1st percentile, —2.9 S.D.), height 78.8 cm (< 1st percentile,
Growth hormone

—5.0S.D.), and growth velocity 4.9cm/year.

provocative testing with clonidine and glucagon at age 3 6/12 years
demonstrated peak serum growth hormone of 6.0 ng/mL, consistent
with growth hormone deficiency based on the guidelines of the Pe-
diatric Endocrine Society and the Growth Hormone Research Society
and normal peak cortisol level (25.5 pg/dL) following glucagon sti-
mulation [16-18]. Growth hormone treatment (0.3 mg/kg/week) for
3 years was associated with increases in her height from —4.6S.D. at
age 4years to —3.7S.D. and —3.5S.D. at ages 5 and 6 years, respec-
tively and in her growth velocity (Fig. 3B). Her bone age was 4 2/
12 years (chronological age of 4 4/12) and advanced to between 5 9/12
and 6 10/12years (chronological age 5 5/12years) (Fig. 3B) during
growth hormone treatment.

At age 5 years, she was noted to have relative macrocephaly (OFC
49.9cm, 35th percentile; weight 15.5kg, 5th percentile; height
95 cm, < 1st percentile, —3.5S.D.) [14] (Fig. 2E) with mild frontal
bossing, deep-set eyes, mild micrognathia, smooth philtrum, hyper-
extensible knees with radioulnar synostosis, long fingers with clin-
odactyly, long toes, and mildly decreased muscle tone. Ophthalmologic
examination revealed severe hyperopia corrected with eyeglasses.

Both siblings exhibited motor and speech delays (speaking in single
words until age 3 years and full sentences at 5 years). The male sibling

Fig. 4. Photograph of female sibling at age 23 months demonstrates broadened, flat nasal bridge (A) retrognathia, low-set and posteriorly rotated ears (B). Skeletal
survey at 1 month of age demonstrates mild levo-curvature of the thoracolumbar spine and coronal clefts in L3, L4, and L5 vertebral bodies (white arrow). Multiple
ribs are dysmorphic (C, D). There is mild proximal right radial dysplasia (E). The left arm is notable for negative ulnar variance, mild foreshortening of the proximal
radius, proximal radioulnar synostosis, and ulnar dislocation of the radial head; there is mild proximal radial dysplasia and fibrous radioulnar fusion (F). There is

bilateral valgus deformity of the great toe interphalangeal joint (G, H).
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sat unassisted at 12months, crawled at 2years, and walked in-
dependently at 3years. The female sibling walked unassisted at
3.5years and toilet trained at 5years. Both siblings required tympa-
nostomy tube placement for frequent ear infections, but neither has
hearing loss. The male sibling has difficulties with reading compre-
hension and thought organization and was diagnosed with attention
deficit hyperactivity disorder at age 6 years. He has difficulty with
handwriting due to his underlying skeletal abnormalities. Both siblings
have received speech/language, occupational, physical, and develop-
mental therapies since infancy.

2.1.4. Bone evaluation

Both siblings report recurrent bone and joint pain without evidence
of overt or healing fractures on radiographs. Dual-energy X-ray ab-
sorptiometry (DEXA) of the male sibling at age 12 years demonstrated
clinically significant osteopenia with reduced bone mineral density of
the left total hip (0.586 g/cm? (Z-score —2.3), femoral neck (0.487 g/
cm? (Z-score —3.0), and spine (0.572 g/cmz, (Z score —1.2). Metabolic
bone evaluation at age 11 7/12years demonstrated increased bone
turnover with elevated levels of urine N-terminal telopeptide (NTX) and
serum osteocalcin; however, serum and urine calcium homeostasis
markers were normal (Table 2) [25-32]. DEXA scan of the female
sibling at age 4 9/12years did not demonstrate significant osteopenia
(bone mineral density of total hip 0.477 g/cm2 (Z score —1.4), femoral
neck 0.497 g/cm? (Z-score —0.8), and spine 0.512g/cm? (Z-score
+0.1)). Metabolic bone evaluation at age 5 5/12 years demonstrated
normal serum and urine calcium homeostasis and normal NTX, but
increased serum osteocalcin.

3. Results
3.1. Whole exome sequencing (WES) results
Clinical WES of the affected siblings and their parents revealed

Table 2
Results from laboratory evaluation of bone markers in siblings with biallelic,
pathogenic B4AGALT7 variants.

Male Female Reference range
sibling sibling

Serum

Calcium (mg/dL) 10.1 9.8 M: 9.4-10.3 [25]
F: 9.4-10.8 [25]

Calcium, ionized (mg/dL) 5.08 5.03 M: 4.6-5.3 [25]
F: 4.9-5.3 [25]

Phosphorus (mg/dL) 5.2 5.1 M: 3.6-5.8 [25]
F: 4.5-6.5 [25]

%CK-BB (brain-type creatine 2 2 5-25 [26]

kinase) (IU/L)

Alkaline phosphatase (U/L) 289 390 M: 60-450 [25]
F: 100-350 [25]

Bone alkaline phoshatase (mcg/L) 95 142 M: 51-164 [27]
F: 147-359 [27]

Parathyroid hormone (PTH) (pg/ 26 32 9-52 [28]

mL)

25-OH vitamin D (ng/mL) 47 41 21-100 [29]

Creatine kinase (U/L) 160 276 M: 55-215 [30]
F: 75-230 [30]

Urine (spot)

Calcium/creatinine ratio 0.12 0.23 M: 0.04-0.7 [25]
F: 0.05-1.1 [25]

Phosphorus/creatinine ratio 0.24 0.33 M: 0.8-3.2 [25]
F: 1.2-18 [25]

Bone turnover markers

Serum osteocalcin (ng/mL) 122 136 M: 56-80 [31]
F: 66-88 [31]

Urine NTX-telopeptide (nmol/ 598 628 M: 386-681 [32]

mmol creatinine) F: 646-923 [32]
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biallelic, pathogenic variants in B4GALT7 in both siblings: a maternally
inherited missense variant, ¢.421C > T: p.Argl41Trp, and a paternally
inherited missense variant, c.808C > T: p.Arg270Cys. The maternally
inherited variant, p.Argl41Trp (NM_00.7255.2; rs187063864), has an
allele frequency of 6.5E—05 among European descent individuals in
gnomAD (http://gnomad.broadinstitute.org, Accessed March 2019)
[33] and is predicted deleterious (CADD score 33). The paternally in-
herited variant, p.Arg270Cys (rs28937869), is also extremely rare
(minor allele frequency 9.7E — 05 among European descent individuals)
and is predicted deleterious (CADD score 34). Of note, Salter et al. re-
ported a 13 year old unrelated female with the same genotype as these
siblings whose phenotype included short stature, hypermobility,
radioulnar synostosis, hypotonia, hyperelastic skin, motor delay, pes
planus, bowing of limbs, abnormal and delayed healing, without re-
ported cognitive delay, cleft palate, coronal clefts, or osteopenia [1].

4. Discussion

Pathogenic variants in B4GALT7 disrupt proteoglycan synthesis.
The clinical features of these siblings (radioulnar synostosis, short sta-
ture, delayed motor and cognitive development) are consistent with the
phenotypes of previously described individuals [1]. However, the fea-
tures observed in these siblings (osteopenia, coronal clefts, cognitive
delay, cleft palate) that differ from an unrelated affected individual
with the same genotype [1] emphasize the phenotypic variability
among individuals with biallelic, pathogenic B4GALT7 variants. Os-
teopenia has been reported in 5/9 individuals with B4GALT7-related
disorders who underwent evaluation of bone density, and cleft palate
has been reported in 3/32 individuals (Table 1). The vertebral coronal
clefts identified in these siblings resolved during childhood. While
coronal clefts likely represent variants of delayed normal endochondral
ossification [34], they are often identified among infants and children
with skeletal dysplasias and chromosomal abnormalities [34,35]. The
intrafamilial phenotypic differences between the siblings (cleft palate
and hyperopia) as well as interfamilial phenotypic differences between
an unrelated affected individual and these siblings (osteopenia, coronal
clefts, cognitive delay, cleft palate) may result from genetic background
differences (including the chromosome 9p duplication in the male
sibling) or hormonal and environmental modifiers.

Originally thought to be a progeroid form of Ehlers-Danlos
Syndrome, B4GALT7-related disorders are now classified as spondylo-
dysplastic Ehlers Danlos Syndrome (spEDS) [6,36]. Biallelic, patho-
genic variants in B3GALT6 and SLC39A13 are also grouped with
B4GALT7-related disorders in the spEDS phenotype due to considerable
phenotypic overlap [37] which includes major criteria of short stature,
hypotonia, and limb bowing and minor criteria of skin hyperextensi-
bility, pes planus, delayed motor and cognitive development, and os-
teopenia [6,36]. Phenotypic variability of spEDS may be attributable to
allelic and locus heterogeneity [37].

Growth hormone treatment has been infrequently reported among
patients with biallelic B4GALT7 variants and evidence of functional
growth hormone deficiency. Guo et al. described a male child with
forearm bowing, marked joint flexibility, poor somatic and linear
growth, and biallelic B4GALT7 variants (c.122T > C; p.Leu41Pro and
¢.808C > T; p.Arg270Cys) who failed to respond to growth hormone
treatment after demonstrating a moderate response to growth hormone
stimulation and normal thyroid hormone, IGF-1, and IGFBP-3 levels
[8]. Growth hormone treatment has not been reported for patients with
biallelic B4GALT7 variants with short stature and normal levels of
growth hormone [6,10]. Growth hormone treatment for both siblings
was initiated prior to discovery of biallelic, pathogenic B4GALT7 var-
iants [21]. The long term impact of growth hormone treatment in our
patients will require assessment of their adult heights as well as interval
changes in bone age. More rapid than expected advancement in bone
ages of both siblings during the years after initiation of growth hormone
treatment (increase in height Z score) may be mitigated by early
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epiphyseal closure. Prediction of adult height from bone age, inter-
pretation of growth hormone stimulation results, and interpretation of
effectiveness of growth hormone treatment based on comparisons with
standards derived from typical children are confounded by the few
other patients with this rare disorder. However, the growth hormone
molecule has been shown to have O-glycoslylation with carbohydrate
moieties including galactose, so it is possible that the B4GALT7 variant
could affect growth hormone biosynthesis or biological action [38].
Discordance of abnormal bone density assessed by DEXA scan in the
male and female siblings suggests possible sex-associated or age-de-
pendent mechanisms of bone density regulation, effect of genetic
modifiers, or unidentified environmental differences.

Although our siblings and the majority of reported cases (Table 1)
have delayed motor and cognitive development as well as difficulties
with learning and behavior, the contributions of pathogenic B4GALT7
variants to cognition and learning have not been defined. Whether the
unusual, maternal knee dislocations represent skeletal or ligamentous
abnormalities associated with B4GALT7 haploinsufficiency is unclear
and will require careful phenotypic assessment of a large cohort of
heterozygous carriers.

5. Conclusions

Biallelic, pathogenic variants in B#GALT7 have been associated with
spondylodysplastic type of Ehlers-Danlos syndrome. Allelic and locus
heterogeneity have been noted among the 30 patients reported in the
literature, and the siblings presented here provide additional support to
the phenotype variability among patients with B4AGALT7-related dis-
orders. We emphasize the radiological phenotype in our patient and
note vertebral coronal clefts which have not been previously reported.
In addition to the common features of short stature, joint hypermobi-
lity, and hypotonia, the male sibling suffers from abnormal wound
healing, osteopenia, and cleft palate which are less frequently observed
in B4GALT7 associated spondysplastic Ehlers-Danlos syndrome. The
siblings underwent treatment with growth hormone; the long term ef-
fects of growth hormone therapy on adult height and bone density
among individuals with B4GALT7 spondylodysplastic are unknown and
will require longitudinal studies of these siblings and other affected
patients.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2019.03.029.
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