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Biallelic variants in SLC35B2 cause a novel
chondrodysplasia with hypomyelinating
leukodystrophy
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Sulphated proteoglycans are essential in skeletal and brain development. Recently, pathogenic variants in genes
encoding proteins involved in the proteoglycan biosynthesis have been identified in a range of chondrodysplasia
associated with intellectual disability. Nevertheless, several patients remain with unidentified molecular basis.
This study aimed to contribute to the deciphering of new molecular bases in patients with chondrodysplasia and neu-
rodevelopmental disease.

Exome sequencing was performed to identify pathogenic variants in patients presenting with chondrodysplasia and
intellectual disability. The pathogenic effects of the potentially causative variants were analysed by functional studies.
Weidentified homozygous variants (c.1218 1220del and c.1224 1225del) in SLC35B2in two patients with pre- and post-
natal growthretardation, scoliosis, severe motor and intellectual disabilities and hypomyelinatingleukodystrophy. By
functional analyses, we showed that the variants affect SLC35B2 mRNA expression and protein subcellularlocalization
leadingto a functional impairment of the protein. Consistent with those results, we detected proteoglycan sulphation
impairment in SLC35B2 patient fibroblasts and serum.

Our data support that SLC35B2 functional impairment causes a novel syndromic chondrodysplasia with hypomyeli-
nating leukodystrophy, most likely through a proteoglycan sulphation defect. This is the first time that SLC35B2 var-
iants are associated with bone and brain development in human.
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Introduction

Proteoglycans (PGs) are organic macromolecules abundantly modi-
fied by sulphation through the addition of sulphate to their covalently
attached glycosaminoglycan (GAG) chains by membrane-bound sul-
photransferases located in the Golgi apparatus. The major source of
the intracellular sulphate pool comes from the extracellular environ-
ment thanks to a specific sulphate/chloride antiporter of the plasma
membrane.” In the cytosol, this sulphate is then activated to the uni-
versal sulphate donor 3'-phosphoadenosine 5'-phosphosulphate
(PAPS) by PAPS synthases. Because most of the sulphation of glyco-
conjugates occurs in the Golgi apparatus, PAPS is translocated by
PAPS transporters (PAPST1 and PAPST2, also named SLC35B2 and
SLC35B3) from the cytoplasm into the Golgi lumen, where it serves
as substrate for the sulphotransferases.”

Sulphated PGs can be present on the cell surface or in
the extracellular matrix (ECM). They play a role in many fundamen-
tal processes, in embryonic development, as co-receptors for
growth factors and in regulation of cell growth and differenti-
ation.>* Thanks to their macromolecular structure and negative
charge, they have significant roles in the maintenance of mechan-
ical properties of cartilage, in the lubrication of joints and in the sta-
bilization of collagen fibres.>” In addition, PGs are essential for
brain development because they participate in proliferation and
differentiation of neural progenitors, maturation and plasticity of
synapses, migration and axon pathfinding, myelination and axon
regeneration.®

Because PGs are major components of connective tissue, defects
in PG biosynthesis lead to skeletal and connective tissue disorders
and may also cause intellectual and psychiatric disorders.

Recently, pathogenic variants in genes encoding proteins in-
volved in PG biosynthesis have been identified in a group of chon-
drodysplasia.” More specifically, the identification of several
pathogenic variants in genes involved in different steps of PG sul-
phation, leading to GAG sulphation defects, have supported the im-
portance of adequate PG sulphation level in bone development.™

Within this group of rare disorders, several patients present a
combination of chondrodysplasia and intellectual disability and a
few of them remain with unknown molecular basis.

In this study, using exome sequencing (ES), we identified homo-
zygous variants in SLC35B2 in two patients presenting with a chon-
drodysplasia, a severe intellectual disability and hypomyelinating
leukodystrophy. SLC35B2 encodes a member of the solute carrier
family located in the Golgi apparatus membrane. It transports the
activated nucleotide sulphate PAPS from cytosol, where it is
synthetized, into the Golgi lumen, where the PG sulphation occurs.
Using in vitro functional studies, we demonstrate that functional
impairment of SLC35B2 disrupts GAG sulphation in patient fibro-
blasts and serum.

Materials and methods

The first affected individual (Patient 1 from Family A) was included
in a research project for undiagnosed chondrodysplasia with mul-
tiple dislocations, characterized by severe pre- and postnatal growth
retardation, large joint dislocations and scoliosis. The second pa-
tient (Patient 2 from Family B) was included in a research project
for undiagnosed leukodystrophies at IDIBELL Institute. Venous
blood was obtained for DNA extraction from affected and control in-
dividuals (QlAamp DNA blood Maxi kit, QIAGEN). Fibroblast cultures
were established from skin biopsies obtained from scalp incision.

Informed consent for participation and sample collection were
obtained via protocols approved by the Necker Hospital Ethics
Board Committee and by the Clinical Research Ethics Committees
of IDIBELL Institute (PRO76/14), respectively.

Genomic DNA was extracted from leucocytes. Variants were fil-
tered using the URD-Cat platform (https:/rdcat.cnag.crg.eu/), with
a frequency lower than 0.01 in the ExAC, 1000 Genomes and
gnomAD databases, and deleterious effect was evaluated using
several predictors (PolyPhen-2, SIFT, CADD and MutationTaster).
Further information about this method is included in the
Supplementary material.
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Exon 4 of SLC35B2 was amplified with specific primers
(Supplementary Table 1). Amplification products were purified by
ExoSapIT (Amersham) and directly sequenced with the Big Dye
Terminator Cycle Sequencing Ready Reaction kit v1.1 on an auto-
matic sequencer (3500XL; PE Applied Biosystems). Sequence ana-
lyses were performed with the analysis software, Sequencing 6
(Applied Biosystems) and Gensearch (PhenoSystems SA).

Analysis of SLC35B2, GAPDH and RPLPO gene expression levels was
performed with a ViiA 7 Real-Time PCR system (Applied
Biosystems) using the fast SYBR™ green master mix (Applied
Biosystems) and specific primers (Supplementary Table 1). Each
sample was run in triplicate in 96-well plates in three independent
experiments. The levels of the SLC35B2 transcript were normalized
to those of GAPDH or RPLPO and reported as a fold of change. The
comparative CT method was used in this study.

Control skin primary fibroblasts were cultured in RPMI medium
supplemented with 10% foetal calf serum. Total RNAs from fibro-
blast monolayers were extracted using the Rneasy Mini kit
(Qiagen) according to the manufacturer’s instructions. SLC35B2
cDNA was amplified after reverse transcription of RNA using the
specific primers (Supplementary Table 1). The resulting amplicon
was cloned into pcDNA™3.1/Myc-His A+ (Invitrogen) to generate
proteins with an in-frame Myc-His Tag and then sequenced to ver-
ify the correct insertion. The mutant construct for the first patient
(Patient 1 from Family A) was then generated using a Q5®
Site-Directed Mutagenesis kit (New England Biolabs) and two muta-
genic primers (Supplementary Table 1). The mutant construct for
the second patient (Patient 2 from Family B) was generated by
two sequential reactions using a Q5® Site-Directed Mutagenesis
kit (New England Biolabs) and four mutagenic primers
(Supplementary Table 1). The presence of the variants was verified
by Sanger sequencing.

HEK?293F cells were cultured in DMEM supplemented with 10% foe-
tal bovine serum (FBS). Transfections were performed on cells in
12-well plates or in 8-chamber labtek slides (ThermoFisher
Scientific) using jet-PRIME® transfection reagent (Polyplus
Transfection) according to the manufacturer’s instructions. For
western blotting, cells in 12-well plates were collected 72 h after
transfection and lysed in denaturation buffer. Polyacrylamide gel
electrophoresis (PAGE), transfer and immunoblotting were per-
formed according to standard protocols using monoclonal anti-
myc (9E10; 1/1000; Santa Cruz Biotechnologies) or monoclonal
anti-actin (clone C4; 1/5000; Millipore) primary antibodies and
goat anti-mouse horse radish peroxidase (HRP)-conjugated sec-
ondary antibody (1/1000; Novex, Life Technologies). For immuno-
fluorescence, cells in 8-chamber slides were fixed 48 h after
transfection with 4% paraformaldehyde at room temperature
(RT) for 30 min. The washed cell layer was incubated sequentially
in PBS containing 1% bovine serum albumin for 30 min, mouse
monoclonal anti-GM130 (clone 35, 1/200; BD Biosciences) for
1h, polyclonal anti-myc (9E10, Alexa Fluor 555 conjugate; 1/100;
Millipore) for 1h and Alexa Fluor 594 goat anti-mouse IgG
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(1/200; Life Technologies) for 1h. After mounting in Prolong
gold antifade mountant with DAPI (Molecular Probes, Life
Technologies), cells were observed with an Axioplan2 imaging
microscope (Zeiss).

For chondroitin sulphate (CS) sulphation dosage, we used fibroblasts
established from 2 patient and 5 control skin biopsies. Controls
have been selected according to patient age and gender. Fibroblasts
were incubated with or without 1 mM of 4-nitrophenyl p-pb-xylopyra-
noside (-xyloside, Sigma-Aldrich) in DMEM without FBS at 37°Cin 5%
CO, for 24 h. Media were then collected and incubated overnight at 65°
Cwith 2.5 U/ml of papain (Sigma) in digestion buffer at a final concen-
tration of 0.1 M sodium acetate, pH 5.6, 5mM EDTA and 5 mM cyst-
eine. Samples were incubated at 100°C for 10 min to inactivate
papain and released GAGs were precipitated overnight at RT with
1% (w/v) cetylpyridinium chloride (final concentration). The samples
were centrifuged at 13000g for 15 min. The pellets were washed three
times with 10% potassium acetate in 96% ethanol, three times with
96% ethanol and then air-dried. The precipitates were solubilized in
0.1 M ammonium acetate pH 7.35 and digested overnight at 37°C
with 20 mU chondroitinase ABC (AMSBIO) and 20 mU chondroitinase
ACII (Sigma-Aldrich) in a final volume of 200 pl. Samples were then
cleared by centrifugation at 13000g for 15 min, and the supernatants
were lyophilized. The lyophilizates were dissolved in 40 pl of 12.5 mM
2-aminoacridone (Life Technologies) in 85:15 (v/v) dimethyl sulphox-
ide:glacial acetic acid and incubated in the dark for 15 min before add-
ing 40 ul of 1.25M NaBH3CN (Sigma-Aldrich). Then samples were
incubated at 37°C overnight in the dark. GAG samples were analysed
by a high-performance liquid chromatography (HPLC) system (1525u
Binary HPLC Pump, Waters). Chromatography was carried out as pre-
viously reported.'® The elution profile was measured with a fluores-
cent detector (2475 Multi A Fluorescence Detector, Waters) set at dex
425 nm and Aern 525 nm.

For analysis of serum bikunin, blood samples were collected in
tubes without any anticoagulant to allow clot formation. Sera
were obtained after centrifugation for 15 min at 2000g. Classical so-
dium dodecyl sulphate-PAGE was carried out as previously de-
scribed™? using 4-12% NuPAGE Bis-Tris gels. Two-dimensional gel
electrophoresis (2-DE) was carried out on serum treated by chon-
droitinase ABC, as previously described using ZOOM Strip pH 4-7
for the first dimension and 4-12% NuPAGE Bis-Tris gels for the se-
cond dimension.'? In both cases, after transfer on nitrocellulose,
enhanced chemiluminescence (ECL) revelation was conducted
after incubation with rabbit anti-bikunin primary antibodies (1/
5000; Merck-Millipore) and secondary HRP-linked anti-rabbit anti-
bodies (1/5000; Cell Signaling Technologies). Images were acquired
using a Chemidoc XRS camera system from Bio-Rad.

Statistical analyses were performed using GraphPad PRISM. All va-
lues are shown as mean = SD. Statistical differences between two
groups were analysed with a two-tailed Student’s t-test, assuming
anormal distribution. A P-value of <0.05 was considered statistical-
ly significant.
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More detailed data are provided in the online Supplementary
material. The data that support the findings of this study are avail-
able on request from the corresponding authors.

Results

The first patient (Patient 1 from Family A) is the third child of
healthy first cousin parents from Moroccan origin. During preg-
nancy, polyhydramnios and short femora (<3rd percentile) were
detected at 22 weeks of gestation. Ultrasound survey revealed short
long bones contrasting with normal head circumference, support-
ing a diagnosis of chondrodysplasia but no specific diagnosis was
made. She was born at 38 weeks of gestation. At birth, her weight
was 3275 g (M), height 42 cm (-4 SD) and head circumference
36 cm. She presented with adducted thumbs, dislocations of el-
bows, knee and ulna deviation. A cleft palate was also detected
with retrognathia and glossoptosis leading to a diagnosis of Pierre
Robin sequence. She had feeding difficulties in the first months of
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life and psychomotor delay. At 5 months of age, she had no head
control and major hyperlaxity. Skeleton X-rays revealed short
long bones, hip and elbow dislocations (Fig. 1A and B), advanced
carpal ossification (Fig. 1B) and hypoplastic cervical vertebrae
(C3-C4). She benefited from physiotherapy and speech therapy.
She had surgery for cleft palate at 18 months of age. At 32 months
of age, her weight was 8450 g, height 66 cm (<—6 SD), and head cir-
cumference 50.5 cm (—0.5 SD). Brain MRIrevealed hypomyelinating
leukodystrophy, i.e. an abnormal development of the white matter
of the brain, corpus callosum hypoplasia and cerebral atrophy
(Fig. 2A-F). At 12 years of age, she had no speech, no walk and no
spontaneous mobility but flessum of elbows and knees, valgus de-
formities of feet, lumbar scoliosis (Fig. 1C), requiring seat brace, and
facial dysmorphism including flat face and retrognathia. She had
surgery for right hip dislocation (Fig. 1D). Her growth parameters
were height 88 cm (<—8 SD) and weight <—5 SD.

The second patient (Patient 2 from Family B) is the first child of
healthy unrelated parents from Spanish origin. Oligohydramnios
and intrauterine growth restriction (<10th percentile) was de-
tected at week 37 of gestation. The patient was born at 38 weeks
of gestation after a caesarean delivery. Birth weight was 1634 g (<

Figure 1 Skeletal features of SLC35B2 patients. (A and B) Patient 1 (from Family A) X-rays at 5 months of age showing short long bones and hip disloca-
tions (A, red arrow), advanced carpal ossification (B, red arrow indicating the presence of three ossification centres instead of one), dislocation of elbows
(B, blue arrow) and ulna deviation (B, green arrow). (C and D) Patient 1 (from Family A) X-rays at 12 years of age showing lumbar scoliosis (C, red arrow)
and hip with nailing surgery for right hip dislocation (D, red arrow). (E and H) Patient 2 (from Family B) X-rays at 8 years of age showing mild flattening of
the epiphyses around the knees (E, red arrow), abnormal epiphyseal ulna (F, red arrow), thoracic scoliosis (G, red arrow) and hip anomalies with coxa

valga and insufficient acetabular coverage (H, red arrow).
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-3 SD), length was 41.5 cm (<—4 SD) and head circumference was
30.5 cm (<—3 SD). At 2 months of age, axial hypotonia with scoli-
osis was noticed. Cerebral MRIrevealed an infra- and supratentor-
ial complete absence of myelination (Fig. 2G-I). From 3 months of
age, a horizontal nystagmus was detected. At 6 months of age,
control MRI showed no progression of myelination in supra- and
infratentorial structures. MR spectroscopy did not reveal any
white matter abnormal peaks. At that age, axial hypotonia was se-
vere. At 24 months, her growth parameters were height <-3 SD,
weight <—3 SD and head circumference <-2 SD. At 36 months, ax-
ial hypotonia was moderate to severe and eye-hand coordination
activities were limited. Horizontal nystagmus persisted. At that
age, cerebral MRI still showed no progression of myelination,
with thin corpus callosum (Fig. 2J-L). At 8 years of age, her growth
parameters were height <—4 SD and weight <—2 SD. She was able
to keep standing with mild support and perform a few side steps
with aid. Axial hypotonia was moderate, with no signs of spasti-
city. Mild limb dystonia was noticed. She was able to communi-
cate with single words and hand signs. Remarkably, nerve
conduction studies showed no significant abnormalities.
Skeleton X-rays revealed a thoracic scoliosis, but also hip anomal-
ies with coxa valga and insufficient acetabular coverage, small
epiphyses around the knees and abnormal epiphyseal ulna
(Fig. 1E-H). Brain MRI at 8 years of age showed no progression of
myelination, with thin corpus callosum and mild cerebral and
cerebellar atrophy (Fig. 2M-0).

ESinPatient 1 (from Family A) revealed a homozygous missense
variantin CUL7 gene (c.3184C>T, p.Argl062Trp), responsible for
3 M syndrome (OMIM 273750) characterized by facial features,
pre- and postnatal growth retardation (<—3 SD) and slender
long bones. However, the severity of the short stature (<-8
SD), the presence of major skeletal features (scoliosis, disloca-
tions of large joints, advanced carpal ossification, Pierre Robin
sequence) and intellectual disability, never observed in 3M
syndrome, prompted us to study further the ES data. This study
led to the identification of an in frame deletion in the exon 4
(c.1218_1220del, p.Leu407del) of SLC35B2 (NM_178148.3,
Fig. 3A). The SLC35B2 deletion affected a leucine residue at co-
don 407, a highly conserved amino acid in the predicted protein
transporter domain (Fig. 3B). The SLC35B2 variant has never
been reported in dbSNP, EXAC, GnomAD and public databases.
This variant was confirmed by Sanger sequencing, present at
the homozygous state in the patient and at the heterozygous
state in her unaffected parents and sisters (Fig. 3C). Sharing
this variant through GeneMatcher,® we identified a similarly
affected patient with a biallelic variantin the same gene. ES per-
formed in patient 2 (from Family B) identified a homozygous de-
letion in the exon 4 of the SLC35B2 gene (c.1224_1225delAG,
p-Arg408SerfsTer18; Fig. 3A). This frameshift deletion causes
the loss of an arginine at codon 408, giving rise to a premature
stop codon after 17 amino acids and a truncated protein lacking
thelast eight amino acids (Fig. 3B). This variant, which is absent
from dbSNP, EXAC, GnomAD and other public databases, was
present at the homozygous state in the patient and was hetero-
zygous in her unaffected mother, while absent from father.
Thorough analysis of ES data revealed a chromosome 6 unipar-
ental isodisomy in the patient, spanning the complete
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chromosome 6 (Fig. 3C). No other variants of interest were de-
tected in the case.

The SLC35B2 gene contains four exons and is mapped on chromo-
some 6p21.1. This gene encodes a member of the solute carrier family
SLC35. The deduced 432-amino acid protein has a calculated molecu-
lar mass of 47.5kDa and eight transmembrane domains. SLC35B2
mediates the transport of PAPS from the cytosol into the Golgi lumen.
Thus, due to its transporter function, SLC35B2 is involved in the sul-
phation of PG GAG chains. SLC35B2 high mRNA expression has been
reported in placenta, pancreas, skeletal muscle, cerebellum, mam-
mary glands, as well as in endocrine tissues, proximal digestive tract
and gastrointestinal tract, and in foetal and adult mouse brain includ-
ing neural/oligodendroglial progenitor niches in hippocampus and
dentate gyrus'*' (https:/www.proteinatlas.org/ENSG00000157593-
SLC35B2/tissue; Supplementary Fig. 1A). We thus investigated
mRNA expression in human brain samples by qPCR analysis and
found good expression of SLC35B2 across the brain, most prominent
in frontal lobe grey matter, subcortical frontal white matter and cere-
bellum (Supplementary Fig. 1B). Moreover, mouse brain single-cell
RNA data available at the EMBL-EBI Single Cell Expression Atlas
show a high expression of Slc35b2 mRNA in oligodendrocytes and
microglial cells (Supplementary Fig. 1C).

By RT-PCR analysis performed on mRNA extracted from skin fi-
broblasts, we measured a significant decrease of SLC35B2 mRNA
level in both patient fibroblasts compared to controls (Fig. 4A).
Because of the absence of commercially available specific anti-
bodies against the SLC35B2 protein, we decided to further ana-
lyse the functional consequences of SLC35B2 variants using
C-terminal c-myc tagged wild-type and mutant SLC35B2 proteins
in parallel transfections of HEK293F cells. C-myc tagged protein
expression was analysed 72 h after transfection. By western blot-
ting on cell lysates, we did not detect any significant difference in
the expression levels of the SLC35B2 mutant protein compared to
the wild-type one (Fig. 4B). We then studied the subcellular ex-
pression of mutant and wild-type SLC35B2 proteins. By c-myc
immunolabelling, we showed that wild-type SLC35B2 colocalized
with GM130, a specific marker for the Golgi apparatus, demon-
strating that the wild-type protein is specifically expressed in
the Golgi apparatus, as previously described.'® However, for the
mutant SLC35B2 constructs, a diffuse c-myc staining with only
partial colocalization with GM130 was seen, suggesting a loss of
localization specificity (Fig. 4C). Together, these results demon-
strate a similar deleterious impact of the two identified variants
on SLC35B2 gene expression and SLC35B2 protein subcellular
localization.

Based on the known function of SLC35B2 in PG biosynthesis, we fur-
ther studied the GAG sulphation pattern in fibroblast cultures from
the patients and appropriate controls. Because CS chains are more
abundant than the heparan sulphate (HS), we focused on the CS di-
saccharide sulphation profile. In addition, because PGs are not
abundantly produced in fibroblasts in basal conditions, we in-
creased GAG synthesis by addition to the culture medium of
p-nitrophenyl-p-p-xylopyranoside (3-p-xyloside), a compound act-
ing as a chain initiator. CS was extracted from the culture medium
of cells incubated in basal condition and in presence of B-p-xyloside
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Figure 2 Brain MRIstudies of SLC35B2 patients. (A-C) Patient 1 (from Family A) at 9 months of age: axial T,-weighted (A and B) and T;-weighted (C) images
revealing a supra- and infratentorial myelin defect (white arrows). (D-F) Patient 1 (from Family A) at4 years of age: axial T,-weighted (D and E) and sagittal
T,-weighted (F) indicating severe hypomyelination with progressive white matter loss (arrowheads) and thin corpus callosum (asterisk). (G-I) Patient 2
(from Family B) at 2.5 months of age: axial T,-weighted (G and H) showing absence of myelination (black arrowheads) on posterior limb internal capsules
(G) and cerebellar peduncles (H) and spine MRIrevealing early scoliosis as main sign at onset (I). (J-L) Patient 2 (from Family B) at 36 months of age showing
no progression of central myelination and thin corpus callosum (L). (M-O) Patient 2 (from Family B) at 8 years of age showing severe hypomyelination
with mild white matter volume loss.
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Figure 3 Identified SLC35B2 variants and patient family trees. (A) Localization of the SLC35B2 variants relative to the SLC35B2 gene organization [striped
rectangles indicate the 5'- and 3'-untranslated regions (UTRs)]. (B) Localization of the SLC35B2 variants relative to the SLC35B2 protein organization and
their consequences on protein structure and sequence (striped rectangle indicates the C-terminal generated from the frameshift variant). (C) Patient

family trees showing the segregation of the variants with the disease.

and, after digestion with chondroitinases ABC and ACII, released
disaccharides were derivatized with 2-aminoacridone (AMAC)
and analysed by reverse-phase HPLC. In basal conditions, we de-
tected a slight increase of the non-sulphated disaccharides of CS
(ADi-0S) associated with a decrease of the monosulphated

disaccharides of CS (ADi-4S and ADi-6S) in the patients compared
to controls. These differences were significant when the fibroblasts
were treated with p-p-xyloside: the percentage of ADi-0S was 11.3%
and 6.5% in Patients 1 and 2, respectively, versus 1.4%+0.3 in con-
trols (n=5; P-value <0.01; Fig. 5A).
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Figure 4 SLC35B2 variant consequences on mRNA level and protein expression. (A) SLC35B2 mRNA expression in both control and patient fibroblasts
analysed by RT-PCR. The levels of SLC35B2 transcript were normalized to those of GAPDH and reported as a fold of change in patient cells compared to
control cells. Experiments were performed in triplicate. (B and C) Characterization of wild-type (Wt) and mutant SLC35B2 proteins. HEK293F cells were
transfected with plasmids encoding c-Myc tagged wild-type SLC35B2 protein or c-Myc tagged mutant SLC35B2 proteins. (B) HEK293F lysates were ana-
lysed by western blotting using c-Myc antibody and anti-actin as a loading control (left). Scanning density of the bands obtained was used to calculate
c-Myc tagged SLC35B2 protein expression levels normalized to those of actin (right; AU = arbitrary units). (C) HEK293F cells were stained with anti-Myc
antibody (red), anti-GM130 antibody (green) and nuclei were counterstained with DAPI (blue). Scale bar = 10 pm. The images are representative of three
independent experiments. Data are expressed as mean + SD and significance was determined by two-tailed t-test. n.s. = non-significant, *P-value <0.05;
*P-value <0.01.
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Figure 5 CS sulphation pattern in patient and control fibroblasts and Bkn profile in patient and control sera. (A) Sulphation analysis of CS extracted
from patient (n=2) and control (n=5) fibroblast culture medium, cultured in basal conditions or with the addition of p-b-xyloside and analysed by
reverse-phase HPLC after digestion with chondroitinase ABC and ACII. ADi-0S =non-sulphated disaccharide, ADi-4S + ADi-6S = monosulphated disac-
charide. Data are expressed as mean + SD and significance was determined by two-tailed t-test. **P-value <0.01. (B) Classical western blot applied to
controls (C1 to C4) and patient (Pt) sera, differentiated the core bikunin (Bkn) protein (~24 kDa) and the heterogeneous Bkn-CS form (30-37 kDa).
(C) Schematic representation of hexasaccharide-linked Bkn form (Bkn-Hex) generated after chondroitinase ABC digestion. (D) 2-DE patterns of control
and patients’ Bkn-Hex (left). The black arrow indicates the loss of negative charges consistent with hyposulphation. Quantification of Bkn sulphation

expressed as the % of sulphated and non-sulphated Bkn forms.
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To further confirm the PG sulphation impairment, we looked at Bkn
in patient and control sera. Bkn is a PG of liver origin that circulates
in the blood under various forms including the free core Bkn protein
and the form bearing a single CS chain (Bkn-CS). As shown in
Fig. 5B, western blot applied to controls (C1 to C4) and Patient 1
(Pt) sera differentiated the core Bkn protein (~24 kDa) and the het-
erogeneous Bkn-CS form (34-37 kDa), without significant qualita-
tive or quantitative abnormalities for the patient.

Because the Bkn-CS form is heavily sulphated and thus highly
acidic, it cannot be separated using 2-DE. Thus, as schematized in
Fig. 5C, sera were treated by chondroitinase ABC in order to gener-
ate high amounts of a hexasaccharide-linked Bkn form (Bkn-Hex)
carrying a reduced number of sulphation sites. Under these condi-
tions, 2-DE patterns of controls either showed one (C1) or two spots
(C2), with the more acidic one (‘left spot’) being highly predominant.
For patients, two spots were distinguishable with a marked in-
creased staining of the ‘right spot’ (arrow) compared to controls,
demonstrating a loss of negative charges consistent with CS hypo-
sulphation (Fig. 5D).

Discussion

We report here the identification of homozygous variants in the
SLC35B2 gene in two patients with chondrodysplasia and severe hy-
pomyelinating leukodystrophy. The skeletal phenotype is charac-
terized by pre- and postnatal growth retardation and early
scoliosis in both patients, dislocations of large joints and Pierre
Robin sequence in one of them. Of particular importance, the
patients present a severe psychomotor delay, predominantly in
motor and expressive language development, and a hypomyelinat-
ing leukodystrophy with thin corpus callosum. Such severe neuro-
logical features have not been previously reported in the group of
chondrodysplasias caused by PG biosynthesis defect and expand
their phenotypic spectrum, constituting a novel, recognizable syn-
dromic entity, also widening the growing landscape of metabolic
genes associated with myelin formation and development.’®-*8

As the identified variants were both localized in the last trans-
membrane domain (TMD) of SLC35B2 protein, we expected to
have a similar impact on the protein structure and function.

Our results showed decreased expression level of SLC35B2 mRNA
in both patient fibroblasts and, although protein expression levels de-
tected by western blot in transfected HEK293F cells were normal, our
functional studies further support that the variants are responsible
for a functional impairment of SLC35B2. Indeed, by immunofluores-
cence assay, we confirm the Golgi membrane localization of the wild-
type protein contrasting with the partial mislocalization of the mu-
tated proteins with diffuse signal in the cell. Several studies show
that TMDs are determinant for the membrane protein subcellular lo-
calization to the Golgi apparatus.'®?° Moreover, bioinformatics ana-
lysis of membrane proteins showed a strong correlation between
the intracellular localization of the proteins and the exact amino
acid composition of their TMDs and that a single amino acid substitu-
tion can cause the loss of protein localization specificity.?>*? These
studies may explain why the two identified variants located in the
last SLC35B2 TMD are responsible for the loss of the protein Golgi
membrane localization. Our findings of decreased CS sulphation,
both by HPLC disaccharide analysis and Bkn 2-DE western blot, fur-
ther supported the functional impairment consequences of SLC35B2
variants, suggesting that the protein mislocalization from the Golgi

A. Guasto et al.

results in decreased PAPS transport into the Golgi and consequently
decreased GAG sulphation.

In the past years, several genetic defects have been linked to
variants affecting different steps of PG sulphation and leading to
a huge number of diseases that primarily affect cartilage and
bone.™

So far, no human genetic disorders have been linked to variants in
the SLC35B2 gene, but cartilage defects have been reported in slc35b2
null zebrafish mutant (pinscher, pic/slc35b2). A decreased level of to-
tal sulphated GAGs has been observed in pic zebrafish characterized
by severe cartilage and bone defects.”® It is intriguing that the
SLC35B2 patients reported in this study also showed a severe intellec-
tual disability and brain structural anomalies, with hypomyelinating
leukodystrophy, thin corpus callosum, cerebral and cerebellar atro-
phy. Several variants in genes implicated in PG biosynthesis are re-
sponsible not only for skeletal and connective tissue disorders but
also for intellectual and psychiatric disorders. These include, for ex-
ample, pathogenic variants in the xylosyltransferase-1 (XYLT1)** and
the galactosyltransferase II (B3GALT6)* in the common linker region
synthesis, causing connective tissue disease and intellectual disabil-
ity; pathogenic variant in the chondroitin synthase 1 (CHSY1) causing
skeletal anomalies and delayed motor and neural development®;
and finally pathogenic variants in dermatan 4-O-sulphotransferase
1 (CHST14) causing Ehlers-Danlos syndrome with cranial ventricular
enlargement and psychomotor retardation.?’

The link between PG synthesis impairment and intellectual dis-
orders mightbe due to the role of sulphated PGs in several processes
duringbrain development. Sulphate conjugation is an essential step
during foetal brain development. Sulphation of HSPGs is important
inneurogenesis and CSPGs modulate neural cell guidance and neur-
onal outgrowth in the developing foetal brain.?® Moreover, the high-
er expression of SLC35B2 in foetal brain compared to adult brain
confirms the importance of sulphation in the first steps of develop-
ment."® Previous studies have supported a role of SLC35B2 in neur-
onal development. Indeed, the Caenorhabditis elegans model lacking
pst-1, the nematode orthologue of human SLC35B2, showed that this
proteinisrequired for specific defects in the migration, axonal guid-
ance, fasciculation and presynaptic development in a restricted
subset of neurons. Moreover, this report showed that neuronal de-
fects correlate with reduced complexity of HS modification pat-
terns, suggesting that pst-1 is important to establish the complex
HS modification patterns that are required for neuronal connectiv-
ity.?® Another study performed in Xenopus oocytes expressing dsm-1
(p-serine-modulator-1), the rat orthologue of SLC35B2, confirms a
pivotal role in the brain.?* Dsm-1 mRNA is predominantly expressed
in the rat brain and in particular in the b-serine and
N-methyl-p-aspartate (NMDA) receptor-rich brain regions, suggest-
ing a role of dsm-1 in the regulation of p-serine metabolism. In
Xenopus oocytes, the expression of dsm-1 accelerates the efflux of
p-serine, the endogenous co-agonist for the NMDA receptor.
Indeed, dysfunctions in the interactions of p-serine-NMDA recep-
tors are involved in the pathophysiology of neuropsychiatric disor-
ders and of spinocerebellar degeneration.*"*> Of note, p-serine
inhibits the first step and rate-limiting enzyme of the de novo
sphingolipid synthesis, the serine palmytoyltransferase SPTLC1.>
Loss of SPTLC1 activity leads to sensory neuropathy>* and two steps
further in the pathway, loss of the sphingolipid desaturase DEGS1
causes a severe hypomyelinating leukodystrophy with similar MRI
presentation to the patients described here.* Indeed, PAPS are
also sulphate donors for sulphation of glycolipids, such as galacto-
sylceramide. In the Golgi, galactosylceramide reacts with PAPS to
make sulphatide.® Sulphatide is a pivotal component of the myelin
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sheath. Its deficiency leads to myelin malfunction,®” while accumu-
lation of sulphatides causes metachromatic leukodystrophy.*®

Interestingly, pathogenic variants in other members of the SLC
superfamily have already been associated with brain-bone pheno-
type. For example, SLC17AS is involved in sialic acid storage dis-
eases characterized by short stature, long bone metaphysis and
hip dysplasia, clubbed feet, mental retardation and hypomyelina-
tion of the basal ganglia®®; SLC35A3 is involved in congenital disor-
ders of N-linked glycosylation (CDG) characterized by limb
deformities, knee and hip dislocations, arthrogryposis, epilepsy
and mild mental retardation®®; SLC29A3 is involved in dysosteo-
sclerosis characterized by sclerosis and increased bone fragility,
short stature and epilepsy. Finally, variants in SLC35A2, have
been associated with a rare X-linked form of CDG characterized
by abnormal facial and skeletal features as shortened extremities,
scoliosis and hip dislocations, epilepsy, psychomotor developmen-
tal delay, intellectual disability, spasticity and with a mild malfor-
mation of cortical development with oligodendroglial hyperplasia
in epilepsy.*®**

We conclude that loss-of-function biallelic variants in SLC35B2
are responsible for a severe autosomal recessive form of chondro-
dysplasia with hypomyelinating leukodystrophy. Our study de-
monstrates, for the first time, a link between SLC35B2 and the
development and function of bone and brain in humans.
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