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Abstract

Background: Morquio B disease (MBD) is a distinct GLBI-related dysostosis
multiplex presenting a mild phenocopy of GALNS-related Morquio A disease.
Previously reported cases from European countries carry the W273L variant
on at least one GLBI allele and exhibit a pure skeletal phenotype (pure MBD).
Only a minority of MBD cases have been described with additional neu-
ronopathic findings (MBD plus).

Objectives and Methods: With the aim to further describe patterns of MBD-
related dysostosis multiplex, we analyzed clinical, biochemical, and genetic
features in 17 cases with GLBI-related dysostosis multiplex living and diag-
nosed in Brazil.

Results: About 14 of the 17 individuals had three or more skeletal findings
characteristic of Morquio syndrome. Two had no additional neuronopathic
features (pure MBD) and 12 exhibited additional neuronopathic features (MBD
plus). Three of the 17 cases had mild dysostosis without distinct features of
MBD. Seven of the 12 MBD plus patients had signs of spinal cord compression
(SCC), as a result of progressive spinal vertebral dysostosis. There was an age-
dependent increase in the number of skeletal findings and in the severity of
growth impairment. GLBI mutation analysis was completed in 10 of the
14 MBD patients. T500A occurred in compound heterozygosity in 8 of the
19 alleles.

Conclusion: Our study extends the phenotypic spectrum of GLB1-related con-
ditions by describing a cohort of patients with MBD and GM1-gangliosidosis
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1 | INTRODUCTION

Morquio B disease (MBD), also called muco-
polysaccharidosis IVB (OMIM # 253010), is a rare lyso-
somal storage disorder, which is allelic to
GM1-gangliosidosis (OMIM # 230500). Both MBD and
GM1-gangliosidosis are caused by variants in GLBI, the
structural gene coding for lysosomal acid f3-galactosidase.
f-galactosidase facilitates the degradation of complex car-
bohydrates bound to a variety of structurally unrelated
molecules such as gangliosides, proteoglycans, and N-
and O-linked glycoproteins.

MBD is characterized by a distinct type of
dysostosis multiplex initially described as Morquio
syndrome.>? Typical skeletal features of Morquio syn-
drome include short stature with a disproportionally
short trunk, kyphoscoliosis, pigeon chest (pectus
carinatum), short neck, large appearing head with
midface hypoplasia and mandibular protrusion, large
appearing joints (elbows, wrists, knees, ankles), coxa
and genua valga, flat feet, and joint laxity. Characteris-
tic radiological findings include platyspondyly and ver-
tebral beaking, odontoid hypoplasia, spinal canal
narrowing, hip dysplasia, dysplasia of the carpal and
tarsal bones as well as shortening and epi-and
metaphyseal dysplasia of long bones (eg, shortening of
the ulna and sloping of the distal ends of radius and
ulna). Corneal clouding, cardiac valve disease, and tra-
cheal stenosis are additional findings found in the
Morquio phenotype.

Currently, two genetic conditions are known to cause
Morquio-like dysostosis multiplex: GALNS-related Mor-
quio A disease (OMIM 25300) and GLBI-related MBD.

(MBD plus). Targeting the progressive nature of the skeletal manifestations in
the development of new therapies for GLB1-related conditions is warranted.

dystonia, keratan sulfate, mucopolysaccharidosis type IVB, spondyloepiphyseal dysplasia, type
3 GM1 gangliosidosis, p-galactosidase

Biochemically, both conditions are characterized by an
accumulation of keratan sulfate, which is mainly synthe-
sized in the cartilage."* However, while GALNS-related
Morquio A and GLBI-related MBD share similar patterns
of dysostosis multiplex, skeletal manifestations are usu-
ally milder in MBD when compared to typical Morquio-A
disease. Along with this notion, we previously could
show that the height of adult MBD patients is signifi-
cantly less compromised than that of those with typical
Morquio A disease.’

GM1-gangliosidosis is a neuronopathic disorder with
variable onset and severity of neurodegeneration.
Depending on age of onset and severity of neurologic
manifestations, GM1 gangliosidosis is divided into type
1 (infantile) GM1-gangliosidosis (OMIM 230500) which
begins before age 1 year with hepatosplenomegaly, pro-
gressive loss of neurodevelopmental abilities and vision,
cherry red macula spot, seizures and dystonia/spasticity;
type 2 (late infantile/juvenile) GMI1-gangliosidosis,
which is characterized by a later onset of motor and cog-
nitive regression; and type 3 (adult) GM1-gangliosidosis,
which causes extrapyramidal signs (dystonia, ataxia,
dysarthria), cardiomyopathy, and variable degrees of
intellectual disability.® Variable patterns of visceral
manifestations including organomegaly, cardiac valve
involvement, and corneal clouding can occur in both
MBD and GM1 gangliosidosis. Mild skeletal involve-
ment can be part of GM1 phenotypes, and milder forms
of neuronopathic involvement have been reported in
MBD®” .

Biochemically, patterns and distribution of the accu-
mulating substrates across the various tissues and organs
are determined by the impact of the underlying GLB
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mutation on the molecular pathophysiology of the
p-galactosidase  protein®. While accumulation of
GM1-gangliosides in the brain seems most responsible
for neurologic manifestations in GM1-gangliosidosis,
keratan sulfate accumulation has been shown in MBD
and type 1 (infantile) GM1-gangliosidosis."

In a recent review of 51 MBD cases,” the majority
manifested with progressive growth impairment,
kyphoscoliosis, coxa/genua valga, joint laxity, pla-
tyspondyly and odontoid hypoplasia, all in the absence of
neuronopathic manifestations. Only a minority had addi-
tional neuronopathic manifestations such as develop-
mental/intellectual/speech disability, spasticity, ataxia
and dystonia in addition to their skeletal features. The
term pure MBD and MBD plus (neuronopathic features)
was coined to distinguish both phenotypes.” In this study,
W273L was invariably associated with pure MBD, both in
homo- and heterozygosity, but no GLBI variant could be
identified that was invariably associated with MBD and
neuronopathic manifestations.’

Most patients with pure MBD and the W273L variant
have been diagnosed in Europe, but limited knowledge
about MBD-related phenotypes and genotypes is avail-
able from patients diagnosed in other continents. There
is also limited knowledge about the pattern and extent of
the Morquio-specific dysostosis multiplex in cases with
MBD plus and how it overlaps with mild GLB1-related
dysostosis.

The aim of this study was to describe the clinical and
genetic findings in a cohort of patients living and diag-
nosed in Brazil, South America's largest country pre-
senting with GLBI deficiency and dysostosis multiplex.
We were particularly interested in patterns of MBD-
related dysostosis multiplex and their association with

neurologic and neurocognitive features of GM1
gangliosidosis.
2 | METHODS

We performed a retrospective chart review of patients,
referred by services from different parts of Brazil, and
diagnosed with GLBI deficiency at the Medical Genetics
Service, Hospital de Clinicas, Porto Alegre, Brazil. The
patients presented with dysostosis multiplex with or
without additional neurologic/neurocognitive problems.
The study was approved by the local ethics review boards
of the University of British Columbia as part of a multi-
center study on the natural history of GLB1-reated MBD,
and of Ethics Research Committee of Hospital de
Clinicas de Porto Alegre (HCPA). The study was funded
by the Priest Family Fund for Morquio-B research, a
UBC based steward ship grant.
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For data collection, a REDCap database was created
comprising the following domains: demographic patient
data, disease history, clinical data, biochemical/molecular
genetics test results, laboratory research data, and site
identification. The digital REDCap database has been
hosted by the Women & Children's Health Research Insti-
tute (WCHRI)'s Clinical Informatics Core (CRIC) in
Edmonton, Alberta as part of the NeuroDevNet/Kid's
Brain Health Network research initiatives (Www.
neurodevnet.ca). The study files were encrypted and
study-related electronic data were stored both on the
REDCap database and on a secure password-protected,
limited-accessed computer at BC Children's hospital for
data analysis. Every participant was provided with a study
ID and no personal identifiers were collected, apart from
e-mail addresses. The information of each individual was
collected by clinical geneticists and included in the RED-
Cap database starting from October 2015 to May 2017.

Dysostosis multiplex was classified as MBD if there were
three or more radiological/clinical findings characteristic of
the Morquio type of dysostosis multiplex such as pla-
tyspondyly and vertebral beaking involving all segments of
the spine, odontoid hypoplasia, epi-and metaphyseal dyspla-
sia of long bones, genua/coxa valga, hip dysplasia, joint lax-
ity/hyperextensible joints, barrel chest/pectus carinatum
and short stature (<third centile, <— 2 SD).

Neurologic manifestations were divided into primary
and secondary. Primary neurologic manifestations were
considered when they were most likely caused by
GM1-related CNS pathophysiology such as extrapyramidal
symptoms (ataxia, dystonia, dysarthria, dysphagia, chorea,
athetosis), abnormal signal intensity in the basal ganglia
and/or white matter, cortical/cerebellar atrophy, and
ventriculomegaly. Epilepsy, developmental delay, intellec-
tual disability, progressive loss of cognitive abilities/
dementia were also considered as primarily caused by
GM1-related manifestations. Secondary neurologic mani-
festations where considered when there was clinical
and/or radiologic evidence of spinal cord compression
(SCC) caused by spinal vertebral stenosis and deformities.

In line with previous recommendations for sub-
classification of MBD,’ patients were categorized as pure
MBD (MBD-like dysostosis in the absence of neu-
ronopathic manifestations) and MBD plus (MBD plus
neuronopathic manifestations). Patients who had less
than three skeletal manifestations were categorized as
mild dysostosis without distinct features of MBD.

3 | RESULTS

We describe 17 individuals diagnosed with GLBI defi-
ciency presenting with various degrees and combinations
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of dysostosis multiplex and neurologic/neurocognitive
dysfunction. Ten of the 17 patients (P1, 2,7,8,9,10,12,
15,16,17) were described previously in the context of clin-
ical findings in adult GM1 gangliosidosis.’

There was a preponderance of male patients (13/17).
The vast majority of patients had a Portuguese/Iberian
ethnic background (11/13). Most of them had attended a
special aid school and were relying on caregivers (40%,
73.3%, respectively).

About 14 of the 17 patients had three or more radio-
logical/clinical findings characteristic of the Morquio
type of dysostosis multiplex and thus met the criteria for
GLBI1-related MBD (P 2-14, P16). About 12 of these
14 patients had additional neuronopathic features (P2,
P3, P4, P5, P6, P7, P8, P9, P10, P12, P14, P16) (MBD plus),
while two had no additional neuronopathic features
(P11, P13) (pure MBD). Three of the 17 patients (P1, P15,
P17) had mild dysostosis without distinct features of
MBD. The age of onset was 1 to 7 years of age (median
3.5) for the 12 patients with MBD plus, 9 and 10 years for
the two patients with pure MBD and 0.5, 2, and 4 years
for the three patients with mild dysostosis without dis-
tinct features of MBD.

Skeletal and neurologic/neurocognitive features for
all 17 patients are shown in Figure 1.

Skeetal findings

11 12 13 2 10 14 16 6 7

Neurological and Neurocognitive findings

3.1 | Skeletal features

Among the 14 patients with GLBI-related MBD, the
most frequently observed skeletal manifestations were
located in the hips and in the spine, with spinal verte-
bral dysplasia in 12 of the 14, hip dysplasia in 11 of the
14 patients, and scoliosis/ kyphosis/ gibbous in 7 of the
14 patients. Barrel chest/pectus carinatum, hyp-
erextensible joints, and genua valga/vara were found in
four (P2, P5, P6, P8), five (P5, P7, P11, P16), and four
(P4, P10, P14, P16) MBD patients, respectively. Odontoid
hypoplasia was reported in only one patient (P8).
Patients were from 3 to 34 years (median 19) at the time
of the most recent assessment. The number of skeletal
manifestations ranged from 3 to 7. Older patients (adults
and adolescents) tended to have more skeletal manifes-
tations compared to children.

3.2 | Growth

Data on age-related body height were available in nine of
the 14 MBD patients with seven of them having signifi-
cant growth restriction (body height < 3%ile/<—2 SD)
(Table 1).

Odontoid Hypopl asia

Paddle ribs shaped

Barrel Chest/ Pectus Carinatum
Genua Valga/Vara

B Joint Contractures/Stiffness

Short Trunk, Neck/Coarse
face/Large Head

[ Hyper Extensive Joint/lasity
[ Short Stature

Bl Scoliosis’Kyphosis Gibbous
[ Hip Dysplasia

W Gpinal Vertebral Dysplasia

Dysphagial Dysarthria
Extra-pyramidal
MNeurocognitive Phenotype
Spasticity

Epilepsy

Esa00N

Brain Neuro-Imaging

FIGURE 1 Numbersand
types of skeletal and
neurological findings in

17 patients with GLB1-related
Morquio-like dysostosis

multiplex
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TABLE 1
multiplex
Age at Age at

Patient/gender Phenotype aassessment (y) onset (y)
P5 (m) MBD plus 23 NA
P8 (m) MBD plus 34 NA
P3 (m) MBD plus 18 7
P9 (m) MBD plus 33 3
P4 (f) MBD plus 19 5
P12 (m) MBD plus 12 5
P16 (m) MBD plus 3 3
P2 (m) MBD plus 27 7
P10 (f) MBD plus 19 2
P14 (m) MBD plus 12 6
P7 (m) MBD plus 10 4
P6 () MBD plus 32 3
P11 (m) Pure MBD 16 10
P13 (m) Pure MBD 21 9
P15 (m) GM1+D 4 2
P1 (m) GM1 + D 9 4
P17 (f) GM1 + D 1 0.5

"MDREPORfs Gl WILEY 27

Skeletal manifestations, growth impairment and neuronopathic manifestations in 17 patients with GLB1-related dysostosis

Skeletal Neuronopathic

features features Body height SD Body height cm
7 1 -3.4 152
7 5 —4.25 146
6 2 —4.55 141
5 4 -3.0 155°
5 2 -2.8 145
5 3 NA NA
4 4 NA NA
4 3 -1.8 127°
4 3 -14 150
4 1 NA NA
3 3 -2.6 122
3 5 “very short stature”

5 0 NA NA
5 0 NA NA
2 5 NA NA
2 4 +0.56 137
2 3 NA NA

Note: Height: https://simulconsult.com/resources/measurement.html?type=weight.
Abbreviations: D, GLB1-related mild dysostosis without distinct features of MBD; f, female; m, male; NA = not available; SD, standard deviation;

3At 19 years of age.
At 9 years of age.

3.3 | Neurologic features

All 12 patients with MBD plus had some kind of extrapy-
ramidal movement disorder with the majority having
dystonia (n = 9: P 2-4, 6, 8-10, 12, 16), and dysarthria/
dysphagia (n = 10). Isolated gait ataxia was reported in
two patients (P7, P14). Pyramidal movement disorder
(spasticity) was found only in combination with dystonia
(n = 3: P 8,9,6). Six of the 12 patients with MBD plus had
cognitive delay and two had epilepsy.

3.4 | Brain imaging (MRI/CT)

Information was available from seven patients (P1, 6, 8,
9, 12, 15, 17) and showed abnormal results in all of
them. Findings included various types and locations of
brain atrophy (general, cerebral, cerebellar, brainstem,
ventriculomegaly); enlarged Virchow spaces; central, and
abnormal signal intensity and/or atrophy of basal ganglia.
Central, subcortical periventricular, or cerebellar dys-
myelination/hypomyelination was exclusively observed in
these three patients with mild GLBI1-related dysostosis.

Spinal cord compression (SCC) is a secondary neurologic
manifestation due to spinal vertebral dysostosis and was
reported in six patients with MBD plus (P3, P4, P6, P7, P8,
P9) and one patient with pure MBD (P11). Patients (P6, P8,
P9) presented with hyperreflexia, spasticity (ankle clonus),
and upper and/or lower limb weakness. Additional bladder
incontinence, another characteristic finding in spinal cord
compression, was observed in one individual (P11). The clini-
cal diagnosis was backed up by radiological (X-ray, CT, MRI)
evidence of spinal canal narrowing and diffuse reduction of
the vertebral bodies in four patients (P8, P11, P13, P14).

341 | Other manifestations

Patients with GLBI-related MBD exhibited the following
visceral manifestations: Corneal clouding (P4, P5, P16),
cardiac valve pathology (P12, P16), cardiomyopathy
(P16), and hepatosplenomegaly (P11). Patients with
GLBI-related mild dysostosis had corneal clouding (P17)
and hepatosplenomegaly (P15, P17). Cherry red spot,
another characteristic finding in GM1 gangliosidosis,
was not reported at all.
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TABLE 2 Clinical classification, genotype and biochemical findings in 17 patients with GLBI-related dysostosis multiplex
Genetic Biochemical
p-Gal Activity
Clinical nmol/h/mg

Patient (gender) Classification Genotype Nucleotide change (% normal) Total GAG* Keratansulfate
5 (m)® MBD plus T500A/NI C.1498A > G/ 10°  (12.8%) NL —

8 (m)° MBD plus T500A/R59H c.1498A > G/c.176G > A 6° (7.7%) NL —

3 (m) MBD plus T500A/1354S c.1498A > G/c1061 T>G 11° (141%) — Abnormal®
9 (m) MBD plus T500A/Trp527Leufs*5 c.1498A > G/c.1622-27 insG 14° (17.9%) — —

4(D) MBD plus T500A/1354S c.1061 T > G/c.1498A > G 18' (4.6%) — —

12 (m) MBD plus — — 7° (8.9%) —

16 (m) MBD plus — — — — —

2 (m) MBD plus R59H/R201H c.176G > A/c.602G > A 4° (5.1%) NL Abnormal®
10 (f) MBD plus Thr283GInfs*21/Y64C C.846delC/C.191A > G — — — —

14 (m) MBD plus T500A/Trp527Leufs*5 c.1498A > G/c.1622-27 insG 6.9° (8.8%) 126 —

7 (m) MBD plus — — 11° (141%) — —

6 (f)? MBD plus T500A/T384S c.1498A > G/c1150A >T 150 (3.8%) — Abnormal
11 (f) Pure MBD T500A/Trp527Leufs*5 ¢.1498A > G/c.1622-27 insG 9° (11.5%) 98 —

13 (m) Pure MBD = = 9  (11.5%) NL =

15 (m) GM1 + D — — 43° (55%) NL —

1m GM1 + D = = 3*  (3.8%) NL =

17 (m) GM1 + D — — 3 (08%) — —

Abbreviations: GM1 + D, GLB1-related mild dysostosis without distinct features of MBD; NI, not identified; NL, normal; UD, unspecific dysostosis; —, not

available.
“Normal age-related range: 26-97 pg GAG/mg creatinine.
bAlready published by Kannebley et al. (11)
Already published by Kannebley et al. (11)
dAlready published by Kannebley et al. (11)

°B-Galactosidase reference range in fibroblasts: 394 to 1440 nmol/h/mg protein.

f8-Galactosidase reference range in leukocytes: 78-280 nmol/h/mg protein.

EPercentage (%) of f-Galactosidase activity compared to lower limit of the reference range.

hKeratan sulfate.
IChondroitin sulfate/keratan sulfate.

3.4.2 | Biochemical and molecular
genetic findings

Values of -galactosidase activity (measured in leukocytes or
fibroblasts using artificial 4-methylumbeliferyl p-galactosi-
dase) were available in 15 of the 17 patients. Residual activi-
ties ranged between 0.8% and 17.9% of lower limit of normal
reference range (Table 2). There was no recognizable pattern
allowing an association between type and severity of clinical
manifestations and residual p-galactosidase activity.

Results of total glycosaminoglycan (GAG) urinary
excretion were available in eight patients. Two patients
(P11 with pure MBD and P14 with MBD plus) had an
increased GAG excretion. Three MBD plus patients (P2,
P3, P6) had an abnormal excretion of keratan sulfate
upon fractional analysis of urinary GAGs. Abnormal

patterns on urinary oligosaccharides were not reported in
any patient.

GLBI1 mutation analysis was completed in 10 of the
17 patients including one pure MBD (P11) and nine MBD
plus patients. Ninteen alleles were reported. T500A
(c.1498A > G) was the most prevalent variant occurring
in 8 of the 19 alleles (42%), followed by Trp527Leufs*5
(c.1622-27insG) (3/19 alleles), 1354S (2/19 alleles), and
R59H (2/19 alleles). All variants occurred in compound
heterozygosity.

4 | DISCUSSION

We investigated 17 patients with GLB1-related dysostosis
multiplex, 14 of whom were categorized as GLBI-related
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MBD, and 3 as GLBI-related mild dysostosis without dis-
tinct features of MBD.

The main finding in the patients exhibiting the MBD
phenotype was a high frequency of neuronopathic mani-
festations. About 12 of the 14 MBD patients had neu-
ronopathic manifestations (MBD plus) in addition to
their skeletal findings, while only two of these 14 patients
had pure MBD. The progressive nature of the skeletal dis-
ease has been shown in previous cases’ and is further
supported by the cases reported here who exhibited an
increasing number of skeletal findings and an age-
dependent increasing severity of growth impairment. The
high rate of SCC found in our MBD cases deserves partic-
ular attention: seven patients (41%) showed -clinical
and/or radiological signs of SCC. This finding is in con-
trast with the 51 MBD patients reported previously,” out
of whom only four had spinal canal narrowing without
and with myelo-compression. SCC occurs as a conse-
quence of progressive vertebro-spinal deformity and spi-
nal canal narrowing, causing progressive limb weakness
and spasticity as well as bladder and sphincter inconti-
nence. Regular monitoring for this complication is
important to provide surgical intervention prior to irre-
versible damage of the spinal cord.

The preponderance of MBD plus in the Latin Ameri-
can patient population studied here is in contrast to the
MBD cases published recently in which the majority
(41/51) had pure MBD, while only a minority was found
to have MBD plus.” One explanation for the discrepancy
between both studies resides in the different ethnic and
genetic backgrounds of the populations examined:
Among the previously reported patients roughly 70% of
patients were of Central, South and South Eastern
European origin, with W273L being the most prevalent
GLBI1 variant. T500A was almost exclusively present in a
smaller proportion (25%) of South Western (Iberian, Por-
tuguese) origin, which is ethnically closer to the popula-
tion studied here.” T500A is a missense mutation located
in the p-domain of the GLBI gene. The impact of this var-
iant on p-galactosidase function (premature degradation,
catalytic) has not been fully clarified. Overall data from
this and previous studies suggest that among the MBD
variants, W273L is the most prevalent variant in Central
and Southern Europe, whereas T500A is prevalent in the
Iberian/Portuguese and Latin American descendent
population.

In the patients analysed here, T500A occurred in
compound heterozygosity along with a variety of vari-
ants, which have been observed in the neuronopathic
forms (type 1, 2, and 3) of GM1 gangliosidosis
(Trp527Leufs*5, 13548, T384S, and R59H),'*" explaining
the neuronopathic element of their clinical phenotypes.
Of note, R59H homozygosity has been associated with

type 1 GMI1 gangliosidosis.'® T500A has not yet been
reported in homozygosity making a definite genotype-
phenotype correlation possible.

Among the two MBD plus cases who do not present
T500A in their genotype (P2 [R59H/R201H] and P10
[Y64C/ Thr283GInfs*21]), R210H and Y64C are most
likely driving the MBD phenotype. Both variants have
previously been observed in late onset (type 3) GM1
gangliosidosis, whereas the respective second alleles
(R59H and Thr283GInfs*21) are known to be associated
with infantile (type 1) GM1 gangliosidosis.

While the W273L variant has been shown to affect
mainly the degradation of keratan sulfate® due to defec-
tive ligand recognition,'” no such data are known for
T500A. Among the patients reported here, keratan sulfate
was determined and found to be elevated in only three
individuals with two of them carrying the T550A variant
on one allele.

Analytical challenges imposed by the use of tradi-
tional methods may explain why in our cases keratan sul-
fate was either not determined or information was mostly
restricted to its presence or absence. Quantitative mea-
surements of keratan sulfate using LC-MS/MS-based
technologies have only recently become available and
applied in patients with Morquio-specific dysostosis mul-
tiplex.'"®° Further studies in MBD patients carrying the
T500A variant are needed to determine whether and to
what extent this variant is specifically associated with
keratan sulfate accumulation.

Several limitations need to be considered in the inter-
pretation of our results. Due to the retrospective data col-
lection, incomplete and missing data are inherent. This is
particularly true for genotypic data, which were available
only in 10 of the 17 patients. Our registry-based data did
not contain data on growth for all patients. Likewise, the
uncertainty about completeness of other clinical and bio-
chemical data limits information about long-term skeletal
and neurologic manifestations as well as about correla-
tions between genotypes and biochemical features.

Significant progress is being made in the development
of treatments for GLBIl-related conditions, including
chaperone and substrate reduction therapies* and gene
therapy.”> Knowledge of the natural history and the
genotype-phenotype correlation of GLBI-related condi-
tions associated with the various types of dysostosis mul-
tiplex will be essential to inform the design and choice of
outcomes in future clinical trials. For this purpose, a
patient reported registry, focusing on MBD has been
developed by our team” and a database for longitudinal
clinical monitoring of patients with GLBI1-related
dysostosis and biobanking of biological samples is cur-
rently being implemented. Standardized methodologies
for the description of the biochemical phenotype such as
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f-galactosidase activity and keratan sulfate accumulation,
the measurement of thus far poorly described clinical fea-
tures such as joint laxity and pain, as well as exploratory
outcomes such as pro-inflammatory and collagen-related
factors® should be developed in support of future natural
history and therapeutic outcome studies. Extensive stud-
ies performed for MPS4A* will serve as valuable
templates.
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