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Abstract

A rare lysosomal disease resembling a mucopolysaccharidosis with unusual systemic features, including renal disease and
platelet dysfunction, caused by the defect in a conserved region of the VPS33A gene on human chromosome 12q24.31,
occurs in Yakuts—a nomadic Turkic ethnic group of Southern Siberia. VPS33A is a core component of the class C core
vacuole/endosome tethering (CORVET) and the homotypic fusion and protein sorting (HOPS) complexes, which have
essential functions in the endocytic pathway. Here we show that cultured fibroblasts from patients with this disorder have
morphological changes: vacuolation with disordered endosomal/lysosomal compartments and—common to sphingolipid
diseases—abnormal endocytic trafficking of lactosylceramide. Urine glycosaminoglycan studies revealed a pathological
excess of sialylated conjugates as well as dermatan and heparan sulphate. Lipidomic screening showed elevated
p-D-galactosylsphingosine with unimpaired activity of cognate lysosomal hydrolases. The 3D crystal structure of human
VPS33A predicts that replacement of arginine 498 by tryptophan will de-stabilize VPS33A folding. We observed that the
missense mutation reduced the abundance of full-length VPS33A and other components of the HOPS and CORVET
complexes. Treatment of HeLa cells stably expressing the mutant VPS33A with a proteasome inhibitor rescued the mutant
protein from degradation. We propose that the disease is due to diminished intracellular abundance of intact VPS33A.
Exposure of patient-derived fibroblasts to the clinically approved proteasome inhibitor, bortezomib, or inhibition of
glucosylceramide synthesis with eliglustat, partially corrected the impaired lactosylceramide trafficking defect and
immediately suggest therapeutic avenues to explore in this fatal orphan disease.
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Introduction

A rare and fatal condition resembling a mucopolysaccharidosis
(MPS) has been described in infants of Yakutian ethnic origin: the
principal clinical manifestations include coarse facial features,
respiratory obstruction with recurrent pneumonia, skeletal
deformities and joint stiffness. In addition to developmental
delay, there is splenomegaly, hearing loss, pancytopenia,
nephrotic syndrome and renal impairment with a failure to
thrive (1). The patients die from sepsis and cardiopulmonary
failure in the first 3 years of life. Recently, 13 patients from
Yakutia (the Sakha Republic in the Russian Federation) were
reported with this ‘MPS plus’ syndrome (OMIM #610034),
showing the characteristic clinical features. While increased
urinary excretion of glycosaminoglycans (GAGs) compatible with
an MPS was detected, no deficiencies of lysosomal enzymes
were identified. Whole-exome sequencing in one index family
identified a homozygous missense mutation in the VPS33A gene,
NM_022916.5:¢.1492C > T (c.1492C > T);NP_075067.2:p.Arg498Trp
(p-R498W) (1). The mutation was verified in other patients by
Sanger sequencing. In a separate study, two siblings born into a
consanguineous Turkish family had been described with similar
features of a lysosomal disease and also harboured the same
mutation in the VPS33A gene (2).

The finding of this rare variant in Yakut and Turkish patients
is consistent with the Turkic ancestry of the present Yakut
population (see Discussion). It is estimated that one patient with
MPS plus syndrome occurs among the 14-15000 live births in
Yakutia, and the allele frequency of the variant NM_022916.5:
€.1492C > T (NP_075067.2:p.Arg498Trp) (p.R498W) was found to
be 1in 110 in a random sample of healthy Yakuts (1).

VPS33A is an orthologue of Vps33p, a protein of the
Sec1/Munc18 family, originally discovered in yeast and highly
conserved in other eukaryotes (3,4,5). In metazoans, VPS33A is a
component of two intracellular heterohexameric membrane-
tethering complexes, the class C core vacuole/endosome
tethering complex (CORVET), comprising the proteins VPS11,
VPS16, VPS18, VPS33A, VPS8 and TGF-BRAP1/TRAP1, and the
homotypic fusion and vacuole protein sorting complex (HOPS),
comprising the proteins VPS11, VPS16, VPS18, VPS33A, VPS39
and VPS41. While these complexes both participate in the
endocytic pathway, CORVET functions in early endosomes (6,7,8)
and HOPS is required for tethering and fusion of late endosomes
and autophagosomes with lysosomes (9,10,11), as well as the
biogenesis of lysosome-related organelles (12). The finding
that lysosomes were excessively acidified in fibroblasts from
homozygous Yakut VPS33AR*%W patients led to the suggestion
that VPS33A has an additional function in regulating lysosomal
acidification, disruption of which leads to lysosome dysfunction
and accumulation of GAGs (1).

Here we report independent studies in five Yakut patients
with the MPS-like disease in which we also iden-
tified the homozygous mutation NM_022916.5: c.1492C>T
(NP_075067.2:p.Arg498Trp) c.1492C > T, p.R498W in the VPS33A
gene by whole exome sequencing. We have identified further
phenotypic characteristics of these patients in which we have
discovered abnormal endocytic lactosylceramide trafficking
in patient-derived fibroblasts —a common feature of most
sphingolipid storage disorders regardless of the primary
lysosomal enzyme deficiency (13,14).

Based on the known crystal structure of human VPS33A
(15) and immunoblotting of patient-derived fibroblasts and
VPS33AR®W expressed in Hela cells, we propose that the
disease results from increased proteasomal degradation of
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VPS33AR%W Jeading to reduced abundance and instability of the
HOPS and CORVET complexes. Increased degradation of VPS33A
was corrected by proteasome inhibitors and the clinically
approved proteasome inhibitor, bortezomib, partially rescued
lactosylceramide trafficking in patient-derived fibroblasts.
Impaired trafficking was also improved by exposure to eliglustat,
a selective inhibitor of glucosylceramide biosynthesis.

Results
Clinical synopsis

Five children of Turkic origin in the Republic of Sakha (Yakuts)
presented at 4-9 months of age with coarse facial features, short
neck and failure to thrive (Fig. 1A). Their illness was charac-
terized by frequent episodes of bronchopneumonia, restricted
joint movements and multiple bone deformities. Additional
systemic features included nephrotic syndrome with renal
impairment (16), retinopathy, thrombocytopenia, leukopenia
and anaemia (Table 1, Supplementary Material, Fig. S1). Typical
clinical features were claw-shaped hands and broad metacarpal
bones, as observed in several mucopolysaccharide diseases
(Fig. 1B and C). Severe broncho-pulmonary complications
associated with breathlessness occurred in all five patients
and one (P5) had suffered a documented apnoeic attack.
Other clinical manifestations included irritability and delayed
psychomotor and speech development; there were also promi-
nent cerebellar features—hypotonia, poor tendon reflexes and
nystagmus.

Episodes of absolute neutropenia were associated with
fever and proven septicaemia associated with otitis media,
conjunctivitis or pneumonia caused by gram-positive or gram-
negative bacteria. Thrombocytopenia was detected in all four
male patients: patients P4 and P5 had severe thrombocytope-
nia and coagulation defects with episodic intestinal bleed-
ing (Supplementary Material, Fig. S1). In three male patients
(P2, P4 and P5), elevated serum IgM concentrations were
noted, whereas IgG concentrations were decreased. This
hypogammaglobulinaemia may in part account for impaired
humoral immunity and susceptibility to recurrent microbial
infections. The presence of erythroblasts, myelocytes, metamye-
locytes and plasma cells on peripheral blood smears in two
patients (P4 and P5) indicates a typical marrow stress response
(leukaemoid reaction). Four patients had a full-blown nephrotic
syndrome: marked proteinuria causing oedema associated with
hypercholesterolaemia, enlarged kidneys and accompanied by
ascites as well as pericardial effusions (Table 1). In addition,
creatinaemia indicating renal failure, with hypocalcaemia and
transient arterial hypertension, was observed.

Accumulation of GAGs, sialo-glycoconjugates and
glycosphingolipids

The clinical features of the Yakutian patients were strongly
suggestive of a lysosomal defect affecting GAG metabolism, but
no known specific cause could be identified. Semi-quantitative
analysis of urinary GAGs revealed increased heparan sulphate
and dermatan sulphates in three patients (P1, P2 and P3;
Fig. 2B-D); P1 showed a trace of keratan sulphate. This pattern
would typically suggest diagnoses of MPS I, II, MPS VI, MPS VII,
mucolipidosis type II/III (ML II/III, I-Cell disease) or possibly
multiple sulphatase deficiency. However, the activities of
lysosomal acid hydrolases implicated in MPS I, II, VI, VII
and several sulphatase enzymes were within the healthy
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Figure 1. Clinical presentation of the patient P1. (A) Coarse facial features, short height, short neck, restricted joints movements and delayed motor development at
age 2.9 years. (B) Stiff claw-shaped hands. (C) Frontal radiograph of the hands at age 16 months: widening of metacarpal bones with proximal pointing.

Table 1. Disease manifestations in patients homozygous for the VPS33A p.R498W mutant

Signs/symptoms Patients Number affected
Coarse features P1-P5 5
Recurrent respiratory, intestine infections P1-P5 5
Frequent conjunctivitis with purulent exudate P1, P4, P5 3
Splenomegaly P1-P5 5
Neutropenia P1, P2, P4, P5 4
Anaemia P1-P5 5
Thrombocytopenia P1, P2, P4, P5 4
Coagulation defect P4, PS5 2
Sepsis P5 1
Patent ductus arteriosus P4, PS5 2
Recurrent bronchopneumonia and chronic obstructive pulmonary disease P1-P5 5
Motor developmental delay P1-P5 5
Dysostosis multiplex P1-P5 5
Joints contraction P1-P5 5
Nephrotic syndrome P2, P3, P4, P5 4
Hypoalbuminemia? P1-P5 5
Hyperproteinuria® P1-P5 5
Hypopigmentation of retina P3 1
High-serum IgM concentration® P1, P3, P4, P5 4
Low-serum IgG concentrationd P1, P3, P4, P5 4
Hypotonia P1-P5 5
Poor tendon reflexes P1, P2, P3 3
Nystagmus P3 1

2The median of serum albumin concentrations was 26 g/l (range, 19-40 g/l; healthy reference range, 38-54 g/l).
bMedian of serial urinary protein concentration was 2.57 g/l (range, 0.27-3.3 g/l; in healthy control less than 0.1 g/l).

“Range of IgM concentrations was 172-366 mg/dl.
dRange of 1gG concentrations was 547-840 mg/dl.

reference ranges in both blood and fibroblasts of patient P1 patient were slightly raised above the reference range but not
(Supplementary Material, Table ST1). Plasma B-hexosaminidase to the grossly elevated level that would be expected in patients
A/B, B-hexosaminidase A and o«-mannosidase activities in this with ML II/III (Fig. 3A, 17).
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Figure 2. Urinary two-dimensional electrophoresis of GAGs in patients with MPS plus syndrome. (A) Healthy individual with normal pattern of GAG presented with
chondroitin sulphate (CS). (B) Patient P1 urinary GAG pattern showed increased heparan (HS) and dermatan (DS) sulphates with some keratan sulphate (KS). (C) Patient
P2 urinary pattern with increased heparan (HS) and dermatan (DS) sulphates. (D) Patient P3 showed similar pattern of increased heparan (HS) and dermatan (DS)
sulphates.
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Figure 3. Lysosomal enzymes activities and urinary GAG and sialic acids concentrations in patients with MPS plus syndrome. (A) Lysosomal g-hexosaminidase A & B
and «-mannosidase activities in plasma of patient P1 and healthy control. (B) Urinary excretion of sialylated conjugates and free sialic acids in three patients (P1, P2,
P3) and healthy controls presented as sialic acids/creatinine ratio.

The activity of «-glucosamine-N-acetyl-transferase was 0.64-4.2) but normal in fibroblasts (3.2 nmol/h/mg; contem-
slightly reduced in white cells (0.39 nmol/h/mg; normal range, poraneous healthy control, 2.4; affected control, 0.11) isolated
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Table 2. Glycosphingolipid concentrations in fibroblasts cultured from patients and controls determined by mass spectrometry

Fibroblasts Glucosylceramide Glucosylsphingosine Galactosylceramide Galactosylsphingosine
pg/mg Pi pmol/mg Pi pg/mg Pi pmol/mg Pi

Patient P1 195.2 41.2 0.01 106.9

Patient P2 309.7 81.6 3.25 238.8

Neonatal control 234 26.5 0.27 40.6

Adult control 247.2 64.2 0.78 72.3

Table 3. Sphingolipid concentrations in patients with mutated VPS33A and control fibroblasts

Fibroblasts Sphingosine Sphingosine-1-P Total ceramide Glucosylceramide/ceramide
nmol/mg Pi nmol/mg Pi pg/mg Pi ratio

Patient P1 13.0 1.8 59.4 33

Patient P2 9.3 0.4 77.3 4

Neonatal control 10.8 15 64.5 3.6

Adult control 15.2 2.5 58.7 4.2

from patient P1, making a diagnosis of MPS (Sanfilippo disease)
IIIC unlikely. Semi-quantitative sialic acid analysis identified
a marked increase of urinary sialoglycoconjugates in patient
P1 (Fig. 3B); however, the activity of lysosomal neuraminidase
measured in fibroblasts (Supplementary Material, Table ST1)
was within the healthy reference range (20 pmol/g/h; normal
controls, 12 and 21 pmol/g/h) excluding sialidosis and galac-
tosialidosis, respectively, a lysosomal transporter defect and
multienzyme deficiency. Concentrations of free sialic acids in
urine were within the age- and sex-matched reference range in
all three patients (Fig. 3B).

Mass spectrometry analysis of glucosylceramide, galacto-
sylceramide and sphingolipids in cultured fibroblasts iden-
tified an increase of unacylated lyso-glycosphingolipid, p-D-
galactosylsphingosine (psychosine), in fibroblasts of patients
P1 and P2 (Tables 2 and 3). However, galactosylceramide was
lower in patient P1 compared with controls but elevated in
patient P2 (Table 2). The activity of lysosomal B-galactosidase,
the glycosidase that catalyses removal of the terminal B-
galactose from the GM; ganglioside, was in the healthy refer-
ence range in patient P1 (Supplementary Material, Table ST1).
Concentrations of glucosylceramide isoforms were similar
to controls but slightly raised in patient P2 (Table 2). The
glucosylceramide/ceramide ratio in both patients was similar
to that in control individuals, indicating no disturbance of
glucosylceramide metabolism (Table 3). We conclude that these
data show abnormal galactosylceramide recycling in patients
with this disease and suggest that this may be accompanied by
increased de-acylation.

Next-generation exome sequencing and Sanger
sequencing

Next-generation targeted sequencing of 89 genes associated
with lysosomal, endocytic or autophagic functions did not iden-
tify any pathological variants.

Whole exome sequencing of one family trio (two parents
and one child P1) and patients P2 and P3 was carried out.
Analysis of these five sequenced exomes identified only one
homozygous missense mutation, NM_022916.5: ¢.1492C>T
(Supplementary Material, Fig. S2A), in all three patients in a
conserved region of the VPS33A gene. The transition predicts
the replacement of an arginine by tryptophan at position

498 (R498W,; NP_075067.2:p.Arg498Trp). Sanger sequencing
confirmed segregation of p.R498W as a Mendelian autoso-
mal recessive trait (Supplementary Material, Fig. S2B) since
the parents, as well as the unaffected brother of P3, were
heterozygous for this mutation. The estimated kinship coef-
ficient predicts that the parents of patient P1 are related to
each other with less than a third degree of consanguinity
(Supplementary Material, Table ST2).

Sequencing analysis of three patients (P1, P2 and P3) did
not identify pathological variants in the GALC gene, encod-
ing galactocerebroside-g-galactosidase, which catalyses degra-
dation of B-galactosylceramide to galactose and ceramide in
lysosomes, but a benign variant was found in patient P1 and
patient P3 (Supplementary Material, Table ST3) (18). In addition,
polymorphisms in the B-galactosidase gene GLB1 were found
(Supplementary Material, Table ST3) (19).

Endosomal/lysosomal phenotype of patient fibroblasts

Electron microscopy of skin fibroblasts showed increased vac-
uolization in those derived from patients compared to wild-type
human fibroblasts (Fig. 4A). Quantitative analysis showed that
the number of enlarged vacuoles was increased in fibroblasts
of both patients analysed (P1 and P2) when compared with
controls, consistent with morphological alteration and dysfunc-
tion of endosomal/lysosomal compartments (Fig. 4B). Moreover,
immunofluorescence confocal microscopy showed that EEA1
fluorescence intensity per cell was increased in the patients’
fibroblasts (Supplementary Material, Fig. S3A-B and E). In con-
trast, when staining with specific antibodies, the fluorescence
intensity of the lysosomal markers LAMP-1 and LAMP-2 was not
significantly altered (Supplementary Material, Fig. S4A and B),
consistent with previous studies (1). Incubation with the pH
indicator, LysoSensor blue dextran DND-167, showed increased
fluorescence intensity in patient cells (Supplementary Material,
Fig. S4C and D), consistent with the more acidic pH of lysosomes
in patient-derived fibroblasts and VPS33A knock-down cells,
previously noted (1).

The effect of the R498W mutation on protein stability

To predict the consequence of the exchange of arginine for
tryptophan at position 498 in VPS33A, we examined the crystal
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Figure 4. Vacuoles in patient-derived fibroblasts. (A) Examples of electron micrographs of thin sections of control and patient-derived (P1, P2) fibroblast pellets. Control
fibroblasts had few or no vacuoles. Some patient-derived fibroblasts had many vacuoles. (B) Quantification of the number of vacuoles >500 nm diameter per cell profile
in thin sections. Number of profiles with no vacuoles indicated in square brackets. Total number of profiles examined in round brackets.

structure of human VPS33A in complex with a fragment of it participates in an extensive network of hydrogen bonds
VPS16 (15). In the crystal structure, arginine 498 is located (Fig. 5A) possibly further stabilizing the folding in this region.
away from the site of interaction with VPS16, but instead Our analysis showed that the residues D484 and R498 are highly
forms a salt bridge with an aspartate at position 484. Moreover, conserved in evolution and are present in representatives of all
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eukaryotic supergroups (Fig. 5B). Mutation of R498, in domain 2
of VPS33A, to a hydrophobic residue such as tryptophan (W) is
predicted to disrupt the salt bridge/hydrogen bond network and
weaken the interaction between domains 2 and 3b of VPS33A.
This will lead to de-stabilization of the folded structure of the
protein and, as a consequence, impaired assembly/stability
of the CORVET complex required for early endosome fusion
and the HOPS complex required for fusion of endosomes with
lysosomes. Consistent with this prediction, immunoblotting
of patient fibroblast lysates revealed a reduced abundance
of full-length VPS33A (~65 kDa) in the fibroblasts of two
patients examined when compared with two different control
fibroblast lines (Fig. 5C). This was not a consequence of reduced
transcription as relative VPS33A mRNA expression in patients’
fibroblasts was close to that in neonatal control fibroblasts
(Supplementary Material, Fig. S5), indicating that the missense
mutation R498W does not affect transcription of VPS33A mRNA.

It is noteworthy that we also detected reduced protein abun-
dance of VPS18, another subunit present in the core complex
of both CORVET and HOPS, as well as of the HOPS-specific
protein VPS41 (Fig. 5C). Expression of GST-tagged VPS33AR%W in
Escherichia coli failed to yield a sufficient quantity of the mutated
protein for biophysical experiments on protein stability (data
not shown), despite it being an effective means of generating
wild-type protein (data not shown and 15). Although we did
not investigate the very low yield of GST-tagged VPS33AR%Wany
further, it is consistent with reduced stability when compared
to the wild-type protein. Despite the reduced abundance of
VPS33A, VPS18 and VPS41 in the patient-derived fibroblasts,
the endocytic uptake and delivery of fluorescent dextran to
the cathepsin-active endolysosomal compartment, measured as
described previously (10), did not differ statistically in repeated
experiments (data not shown). Thus, the reduced concentration
of mutated VPS33AM%W in the patients’ fibroblasts was suf-
ficient to support traffic through the endocytic pathway and
detectable endosome-lysosome fusion.

To investigate further the effect of the R498W mutation on
VPS33A, we stably expressed the HA-tagged R498W mutant
of human VPS33A in HelLaM cells and compared it to HA-
tagged wild-type VPS33A. The abundance of the mutated protein
was less than that of the wild-type protein, when using actin
as a reference (Fig. 5D, upper panel). Quantification of data
from four separate experiments showed that after exposure
to the proteasome inhibitor MG-132 for 6 h, the abundance of
VPS33A increased 2.4+0.7-fold in the cells expressing mutant
VPS33A (Fig. 5D, lower panel). There was no significant change
in the abundance of the protein in wild-type VPS33A-expressing
HeLaM cells in the same experiments. These data are consistent
with the R498W mutation causing VPS33A protein instability and
the mutated protein undergoing post-translational degradation
by proteasomes.

Abnormal lactosylceramide trafficking in the patients’
cells is corrected by the proteasome inhibitor
bortezomib

Several unrelated sphingolipid storage diseases have a common
sphingolipid trafficking defect associated with lysosomal accu-
mulation of sphingolipids caused by different primary abnor-
malities (13,14). To explore whether sphingolipid trafficking may
be affected by the reduction of VPS33A, we carried out BODIPY
Cs-lactosylceramide (BODIPY-LacCer) pulse labelling and chase
experiments in the patients’ and control fibroblasts. In control

fibroblasts, after 1-h pulse labelling with BODIPY-LacCer and 2-h
chase in normal cell culture medium, BODIPY fluorescence was
mainly detected in a perinuclear region consistent with delivery
to the Golgi complex as previously reported (13,14,20). In con-
trast, in the patients’ cells BODIPY fluorescence was observed
in more peripheral punctate structures, consistent with accu-
mulation in endocytic organelles, as reported previously in a
variety of sphingolipid storage diseases (Fig. 6A; 13,14,20). More-
over, fluorescence in the red spectrum could be detected in
the patients’ cells but not in controls (data not shown) con-
sistent with the aggregation-dependent shift from green to red
fluorescence emission caused by increasing concentration of
lactosylceramide in membranes (13).

We further stained the cells with filipin, a fluorescent
marker that specifically binds to cholesterol. It is noteworthy
that in fibroblasts of patients expressing the VPS33ARSW
variant (patients P1 and P2), filipin fluorescence was increased,
suggesting increased levels of cholesterol, as found, for example,
in fibroblasts from patients with many sphingolipid storage
diseases, as well as Niemann-Pick type C fibroblasts (Fig. 7A and
B; 14,21).

To test if treatment with a proteasome inhibitor could correct
lactosylceramide trafficking, we treated the patients’ cells with
the clinically approved drug bortezomib. We found that after
exposure to 100 puM of bortezomib for 18 h, BODIPY fluorescence
was predominantly found in a perinuclear location and
consistent with Golgi localization as seen in normal fibroblasts
(Fig. 6A). Quantification of the BODIPY-LacCer fluorescence
showed a greatly reduced number of the peripheral puncta in
bortezomib-treated patient cells (Fig. 6B). Similar results were
obtained after treatment with another proteasome inhibitor,
MG-132, although in this case, the number of surviving cells
was significantly reduced (data not shown). These observations
suggest that the R498W mutation causing instability of VPS33A
protein is responsible for disturbed endosomal trafficking
of sphingolipids to the Golgi complex and accumulation of
sphingolipids in endosomal lysosomal compartments.

Inhibition of glucosylceramide synthesis by eliglustat
improves lactosylceramide trafficking in VPS33AR8W
patient-derived cells

Inhibitors of uridine diphosphate (UDP)-glucosylceramide syn-
thase (UDP-glucose: ceramide glucosyltransferase) that cataly-
ses the first step in glycosphingolipid biosynthesis (synthesis of
glucosylceramide) are being administered to patients with sev-
eral sphingolipid lysosomal storage disorders as part of substrate
reduction therapy (22,23). Miglustat, N-butyldeoxynojirimycin,
has been shown to improve abnormal lipid trafficking in blood
lymphocytes in a patient with Niemann-Pick disease type
C (NPC) (24); N-butyldeoxygalactonojirimycin has also been
demonstrated to reverse disrupted lipid trafficking in a NPC
1 mutant cell line (25). Since we observed abnormal LacCer
trafficking in the fibroblasts of patients P1 and P2 (Fig. 6A),
we first tested whether miglustat (Zavesca), which is currently
available for treatment of NPC, could improve the endocytic
trafficking of lactosylceramide in patient-derived fibroblasts.
Incubation with 50 pM miglustat showed an improvement in
BODIPY-LacCer trafficking in fibroblasts from patient P1 but not
in patient P2 (Supplementary Material, Fig. S6A and B).
Previously, we and others have shown that treatment with a
highly potent and specific inhibitor of UDP-glucosylceramide
synthase, eliglustat (Cerdelga) approved for treatment of
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Figure 5. The R498W mutation causes instability of the VPS33A protein. (A) Cartoon representation of the crystal structure of human VPS33A (green) in complex with
VPS16 (residues 642-736, purple; PDB ID 4xb9; 15). Arginine R498 (highlighted red) forms a salt bridge with aspartate D484 and participates in an extensive network of
hydrogen bonds (blow up). (B) Phylogenetic tree and alignment of VPS33A show conservation of D484 (purple asterisk) and R498 (red asterisk) among species across
all eukaryotic supergroups. RASH: Rhizaria, Alveolata, Stramenopila, Haptophyta. (C) Immunoblot analysis showing reduced abundance of VPS33A protein in patient
fibroblasts (P1, P2) compared to neonatal (neon) and adult control fibroblasts. In patient fibroblasts, reduced protein levels were also observed for the HOPS/CORVET
component VPS18 (upper panel) and the HOPS component VPS41 (lower panel). Actin was used as a loading control. (D) HelaM cells stably expressing VPS33AWT-HA
or VPS33AR498W_HA were incubated with 10 uM MG-132 (proteasome inhibitor) for 6 h at 37°C in normal cell culture media (RPMI supplemented with 10% (v/v) FBS,
2 mM glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin) and cell lysates analysed by immunoblotting with anti-HA or anti-actin (loading control) antibodies.
Immunoblots from four separate experiments (representative example in upper panel) were scanned and the densities of VPS33A bands quantified and normalized
relative to actin. Fold changes in VPS33A concentration are shown relative to no incubation with MG-132 (lower panel). Error bars show SEM. NS, not significant; *,
P <0.05.

type 1 Gaucher disease, can reduce glucosylceramide and
glucosylsphingosine concentrations (23,26,27,28,29). To test if
eliglustat can correct the LacCer trafficking defect, we used 25,
50 and 100 nM concentrations of the drug to expose both patient-
derived and control fibroblasts for 24 h before pulse-chase
labelling with BODIPY-LacCer. Data from three independent

experiments consistently showed an improvement in BODIPY-
LacCer traffickingin the cells from the two patients, after incuba-
tion with 50 nM eliglustat, as measured by a reduction in BODIPY-
LacCer-labelled puncta (Fig. 8A and B). Treatment with 25 nM
eliglustat did not improve LacCer trafficking in either patient
(Supplementary Material, Fig. S7A and B), whereas incubation
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Figure 6. Abnormal BODIPY-LacCer trafficking in patient-derived fibroblasts is corrected by proteasome inhibitor Bortezomib. Patient-derived (P1, P2) or control
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Figure 7. Cholesterol accumulation in patients with MPS plus syndrome. (A) Representative confocal images of patients P1, P2, NPC-1 patient and control fibroblasts
stained for unesterified cholesterol using filipin. (B) Quantification of CTCF was performed in n > 10 cells per each cell type. Data presented as mean + SEM. *, P <0.05
in two-tailed unpaired Student’s t-test; NS, not significant.

with 100 nM showed increased labelling of puncta with Discussion
BODIPY-LacCer (Supplementary Material, Fig. S7A and C). These

results suggest a dose-dependent inhibition of the first step Our study adds to the molecular understanding of a unique
of glycosphingolipid synthesis by eliglustat with correction of human disease, the ultra-rare MPS plus syndrome, (OMIM
lactosylceramide trafficking to the Golgi complex in cells from #610034), caused by a homozygous missense mutation p.R498W

VPS33ARM%W patients. in VPS33A, a core component of the HOPS and CORVET
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Figure 8. Treatment with eliglustat tartrate, an inhibitor of glucosylceramide synthase, improved Lactosylceramide trafficking in patient-derived fibroblasts. Patient-
derived (P1, P2) and control fibroblasts were incubated with 50 nM eliglustat tartrate for 24 h. (A) Representative confocal images of patients and control fibroblasts
labelled with BODIPY-LacCer as described in the methods. (B) Quantification of BODIPY-LacCer puncta in patients and control fibroblasts (n > 10 cells per each cell line).
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mean =+ SEM of untreated and eliglustat treated cells from three independent experiments. Scale bars, 75 pum. *, P < 0.05; ***, P < 0.0005; ns, not significant in two-tailed

unpaired Student’s t-test.

complexes. This mutation was found in the five patients
investigated, all of whom were homozygous for the mutation.
The patients belong to the principal nomadic Turkic ethnic
group in Yakutia, and their clinical features closely resemble
those previously described in Yakutian and Turkish patients
(1,2). It should be noted that the Yakuts, who are the largest
‘indigenous’ population in a region of Eastern Siberia, have
specific anthropological, demographic, linguistic and historical
characteristics fully compatible with their historical origin
among nomadic Turkic ethnic groups of Central Asia and
Southern Siberia (30,31). Genetic studies suggest a bottleneck
in the Yakut population: the Yakuts migrated during the 13th-
14th centuries CE at the time of the Mongol invasion—ultimately,
this population arrived and expanded in North Eastern Siberia.
These historical events gave rise to a relatively homogenous
Yakut population representing a genetic and geographic
isolate with distant relationships to neighbouring native North
Siberian ethnic groups (30). The geographic remoteness of the
districts, accompanied by extreme arctic weather and seasonal
interruptions caused by freezing and thawing of the river Lena
and its environs, repeatedly disrupted Yakutian migration.
Extreme environmental conditions and isolation are likely to
have contributed to inevitable inbreeding and high endogamy
accompanied by a high prevalence of autosomal recessive
diseases in this population (32). Of note, an increased frequency
of several other very rare autosomal recessive diseases has been
identified in Yakuts (33,34,35,36).

Patients with MPS plus syndrome have numerous features
not shared by the mucopolysaccharidoses and reflect the
central role of the HOPS complex in cell physiology: the
transient neutropenia associated with susceptibility to bacterial
infections, thrombocytopenia and coagulation defects partly
resemble a disorder affecting lysosome-related organelles,
Chediak-Higashi syndrome. (37,38,39). Peripheral blood lym-
phocytes with increased granules were reported in Turkish
patients (2). These previous observations, together with our
data showing vacuolation and increased staining intensity
of the early endosomal marker EEA1 in patients’ fibroblasts,
provide evidence of enlargement of endosomal/lysosomal

organelles in many cell types as well as involvement in secretory
granule biogenesis with lysosomal dysfunction in leucocytes
and neutrophils. Marked proteinuria and hypoalbuminemia,
indicating the nephrotic syndrome, occur in patients with MPS
plus syndrome, and proteinuria and vacuolated podocytes with
focal segmental glomerulosclerosis have been described in
Turkish patients (2). At present, it is not possible to explain how
exactly these morphological changes in glomerular epithelial
cells cause nephrotic syndrome in patients with MPS plus
syndrome, although there are several publications that implicate
endocytic pathways in the glomerular filtration barrier function
of the kidney (40,41). These studies include an account of
conditional inactivation of the murine vacuolar protein sorting
34 (VPS34) gene in renal podocytes: this induces proteinuria,
by disrupting the glomerular filtration barrier, and leads to
early death (42,43,39,41). VPS34 is a class III phosphoinositide
3-kinase protein, which regulates endocytic trafficking and
autophagy and co-localizes with VPS33A (44). Analysis of the
VPS34-deficient podocytes showed significant vacuolization,
impaired endocytic function and cellular degeneration, thus
demonstrating the fundamental role of vesicle trafficking and
the endocytic pathway in the pathophysiology of kidney disease
(42,43).

We identified a specific urinary GAGs excretion pattern in
the patients with mutated VPS33A: abundance of dermatan and
heparan sulphates and, in two cases, a unique and unexplained
accumulation of sialoglycoconjugates despite unimpaired activ-
ities of lysosomal neuraminidase. A similar pattern of urinary
GAGs was described in Turkish patients (2), and an elevated total
GAGs concentration with greatly increased heparan sulphate
were reported by Kondo et al. (1) in Yakutian patients’ plasma and
fibroblasts as well as in VPS33A siRNA-treated HeLa cells. The
pathological urinary GAGs were also present in urine samples
from other Turkish patients who had normal lysosomal enzymes
activities with a poorly defined MPS but who did not have the
€.1492C > T;p.R498W mutation in the VPS33A gene (data not
shown). Therefore, we are clear that the urinary excretion of
GAGs will not constitute a specific diagnostic screening test for
MPS plus syndrome. However, patients with suspected MPS who
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have been identified with the specific urinary GAG and oligosac-
charide pattern—increased heparan/dermatan sulphates and
sialoglycoconjugates (Figs 2B-D and 3B) but normal activities of
related lysosomal enzymes—should be considered for diagnosis
of MPS plus syndrome and screened for genetic defects in the
VPS33A gene.

Here we describe sphingolipid abnormalities in patients
homozygous for mutated VPS33AR%W. They had an increased
concentration of B-D-galactosylsphingosine (psychosine), the
de-acylated form of galactosylceramide (Table 2), which is
greatly increased in patients with globoid cell leukodystrophy
also known as Krabbe disease, or globoid-cell leukodystrophy
(45). Psychosine is implicated in loss of oligodendrocytes and
defective myelin formation with subsequent and devastating
consequences in brain white matter and peripheral nerve
roots. Delayed myelination and calcification of basal ganglia, as
seen in patients with Krabbe disease and GM; gangliosidosis,
had been previously noted in Yakut patients with mutated
VPS33A (1). Moreover, a decreased activity of acid p-galactosidase
was noted in one Turkish patient with the same mutation
in the VPS33A gene (2). Sequencing did not find pathological
variants in coding parts of the acid p-galactosidase gene
(GALC), or in the ganglioside p-galactosidase (GLB1) gene in
three patients (P1, P2, P3) but benign variants were found
(Supplementary Material, Table ST3). Activity of the latter was
within normal range (Supplementary Material, Table ST1) in
patient P1. We consider that the polymorphic variants in GALC
and GLB1 genes in Yakutian patients with mutated VPS33A
would be unlikely to contribute to the disease, but further
studies to understand the relationship, if any, of the VPS33A with
lysosomal p-galactosidases would resolve this point definitively.

Unexpectedly, for a disease considered to resemble an
MPS, we observed impaired trafficking of sphingolipids after
endocytosis. In healthy fibroblasts, BODIPY-LacCer is inter-
nalized from the plasma membrane and transported to the
Golgi complex via the endosomes but in various sphingolipid
storage disorders including, GM,, GM; gangliosidosis, prosaposin
deficiency, metachromatic leucodystrophy, mucolipidosis type
IV, Niemann-Pick types A and C, Krabbe disease and Fabry
disease, the BODIPY-LacCer accumulates in endosomes and
lysosomes (13,14). Indeed, the trafficking of BODIPY-LacCer was
proposed as a screening test for sphingolipid storage diseases
(13,14), although the mechanism of defective BODIPY-LacCer
trafficking in these otherwise unrelated sphingolipid storage
disorders is not understood. In many of these disorders, there
was increased filipin staining of the fibroblasts, consistent
with increased cholesterol accumulation, but this was not
observed in GM, gangliosidosis (Tay-Sachs variant) and was
not previously reported in fibroblasts from a VPS33AR4%8W
patient (1). It is important to note that BODIPY-LacCer does
not accumulate in fibroblasts of patients with a range of
other lysosomal storage diseases in which lipid storage is
not characteristic, including MPSII (Hunter disease), Pompe
disease, Chediak-Higashi syndrome and alpha-mannosidosis
(13). Our observation of defective BODIPY-LacCer trafficking in
fibroblasts from VPS33ARM%W patients demonstrates that the
MPS plus syndrome (OMIM #610034) has the characteristics of a
sphingolipid disease as well as an MPS. Importantly, we showed
that substrate reduction therapy with 50 nM eliglustat improves
LacCer trafficking in VPS33ARM%W patients. A dose-response
dependent inhibition of the first step of glycosphingolipid
synthesis by eliglustat partially corrected LacCer trafficking
in VPS33A deficient patient cells. Treatment with 50 pM of
miglustat did not revert delayed LacCer trafficking in patient

P2, but there was an improvement in patient P1 possibly
showing insufficient activity in patient P2 fibroblasts with
greater accumulation of cholesterol and glycosphingolipids.
Thus, we suggest that a clinical inhibitor of the final step
of galactosylceramide synthesis, targeting UDP-galactose
ceramide galactosyltransferase might in future be employed
for therapeutic substrate reduction of the increased accu-
mulation of galactosylsphingosine in patients with mutated
VPS33A.

In fibroblasts from the two VPS33AR®W patient fibroblast
lines examined, we observed that while there was no change in
the abundance of VPS33A mRNA, the amount of the cognate pro-
tein was reduced, when compared to controls. The abundance
of VPS18 and VPS41, components of the HOPS complex, was
also reduced. Moreover, the reduced abundance of HA-tagged
VPS33ARM%W compared to wild-type protein, when expressed
in HeLaM cells, was rescued by incubation with a proteasome
inhibitor. These data are consistent with the reduced stability of
the folded R498W mutant protein as predicted from the human
VP33A crystal structure (15) and a consequent reduction in the
steady-state abundance of the HOPS complex (and probably
also the CORVET complex although we did not study this
further), which we hypothesize causes the MPS plus syndrome.
In mammalian cells, the HOPS complex is required for fusion of
lysosomes with endosomes and autophagosomes—as revealed
by experiments with HeLaM cells in which endogenous HOPS
proteins, including VPS33A, were individually depleted with
siRNAs (10,46). It should be noted that at least 80% depletion
of the proteins was achieved in those experiments. Our present
data showing that endocytic uptake and delivery of fluorescent
dextran to the cathepsin-active endolysosomal compartment
is not significantly affected in the VPS33AM%W fibroblasts
accords with the previous finding that epidermal growth factor
receptor endocytosis and degradation is normal in such cells
(1). Although impairment of autophagosome-lysosome fusion
has also been observed in embryonic fibroblasts from buff (bf)
mutant mice, which carry the spontaneous point mutation
D251E in VPS33A (46), no change in autophagosome-lysosome
fusion was reported previously in VPS33ARM%W patient-derived
fibroblasts (1).

VPS33A and the mammalian HOPS complex are clearly
implicated in membrane tethering and fusion in the late
endocytic pathway, a molecular mechanism by which they
function is inferred from the more extensive studies of the
yeast orthologues in vacuole fusion. Thus, in yeast vacuole
fusion, Vps33p/HOPS not only acts as a tether but also as a
template for the assembly of the soluble N-ethylmaleimide-
sensitive factor attachment protein receptors (SNAREs) required
for membrane fusion; it also plays a role in SNARE zippering
and the terminal stages of fusion (47,48,49,50). From our
knowledge of VPS33A/HOPS function in membrane tethering
and fusion, the particular challenge is to understand how a
single missense mutation R498W and the resultant reduction
in abundance of VPS33A and other HOPS proteins induces
lysosomal dysfunction—and the accumulation of GAGs in
the MPS plus syndrome. We discount the possibility that the
mutation prevents VPS33A association with VPS16 as previously
suggested (2). We do this not only because of the molecular
location of the mutated residue in the crystal structure but
also because of experimental evidence that tagged VPS33AR8W
co-immunoprecipitates with tagged VPS16 (1). In addition,
tagged VPS33AR*%8W also co-immunoprecipitates with syntaxin
17, suggesting that HOPS interaction with SNAREs is unlikely to
be compromised (1).
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Preservation of endocytic function and delivery of cargo to
endolysosomes of cells with the VPS33A™%W mutation, as well
as normal autophagic flux (1), can probably be ascribed to the
presence of residual functional HOPS complexes. One previ-
ous explanation put forward for the pathological consequences
of the VPS33AM%W mutation has been that the decrease in
observed mean lysosomal pH, from 4.92 in control fibroblasts
to 4.32 in those from homozygous Yakut VPS33AM%W patients,
disrupts lysosomal function thus leading to the accumulation of
undegraded GAGs and an accompanying MPS phenotype (1). It
was proposed that the mutation in VPS33A in effect revealed a
previously unknown role for the protein in the direct regulation
of lysosomal acidification (1). However, we contend that an
alternative explanation for the alteration in pH should be consid-
ered, based on the knowledge that the delivery of endocytosed
macromolecules to lysosomal hydrolases in mammalian cells
requires kiss-and-run and/or complete fusion events between
late endosomes (also known as multi-vesicular bodies) and lyso-
somes to form acidic endolysosomes, in which hydrolytic diges-
tion occurs and from which neutral, re-usable lysosomes are
re-formed (51,52,53). The balance of fusion and fission events,
which constitute the lysosome fusion and regeneration cycle,
regulates the size and acidity of the endolysosomal/lysosomal
compartments (53,54). Thus, the reduction in VPS33A/HOPS con-
centration in cells from VPS33AR%W patients may have a sub-
tle effect on the regulation and/or efficiency of fusion (and a
possible knock-on effect on fission) that is not readily observed
in short-term experiments on endocytosis. Nevertheless, this
can lead to swollen vacuolar compartments and an increase
in the proportion of acidic, swollen endolysosomes, causing
an overall reduction of mean lysosomal pH and an alteration
of the pH profile of endolysosomes/lysosomes in individual
cells.

Our hypothesis to explain the effects of the VPS33ARM%W
mutation takes account of the observation that mean lysosomal
pH in a cell or population of cells is the summation of countless
different pH values of individual lysosomes, which can be
affected by many factors, including intracellular position
and state of maturation (53,55). It has the added advantage
of providing an explanation for the marked vacuolation in
endolysosomal compartments that we observed in patient-
derived fibroblasts and was previously noted in patient-
derived endothelial cells obtained from conjunctival biopsies
(2), since it is well established that altering the balance of
fusion and fission events can result in swollen endolyso-
somes (53,54). One of our most striking observations on the
VPS33ARW  patient-derived fibroblasts was the rescue of
BODIPY-LacCer trafficking by treatment with the proteasome
inhibitor bortezomib. This clearly demonstrates that VPS33A and
the HOPS and/or CORVET complexes contribute to the correct
delivery of endocytosed glycosphingolipids to the Golgi complex
and that the reduction of the VPS33A concentration in the
VPS33AM%Wpatients’ cells is sufficient to cause the LacCer traf-
ficking defect without any obvious effect on endocytic delivery to
lysosomes.

Genetic defects in known lysosomal sialidases were excluded
by sequencing analysis and the concentration of free sialic
acids in urine was not increased; this is consistent with
normal sialic acid transporter and UDP-N-acetylglucosamine-
2-epimerase function. Previous studies have shown that not
all lysosomal enzymes have optimum activity at acidic pH.
Indeed, lysosomal glycosidases that degrade oligosaccharides
occupying the terminal positions of glycoproteins or glycolipids
have optimal activity at neutral pH (56) and similarly, a sialic
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acid-specific O-acetylesterase also has optimal activity in the
neutral range (57). It has moreover been shown that dynamic pH
changes in endosomal/lysosomal compartments are essential
to provide optimal conditions for acidic and neutral lysosomal
enzymes and support the sequential denaturation of complex
molecules (58,59). We further note that the activity of the
lysosomal enzyme B-glucosamine N-acetyl-transferase, which
has a wide pH optimum between 5.5 and 7.5 (60,61) and
catalyses the breakdown of heparan sulphates, was decreased
in leukocytes. We do not know whether impaired trafficking of
glycoconjugates occurs in the VPS33AR%W cells, but others have
reported that reduced trafficking is associated with an increase
in the abundance of glycoconjugates in urine (62).

Taken together with the two recent accounts of this MPS
plus syndrome (1,2), our data show that the VPS33AR%W muta-
tion has a profound effect on the morphology and function of
endosomal/lysosomal compartments and defective membrane
traffic. As well as causing an MPS, it also induces a clinical
simulacrum of the discrete family of lysosomal sphingolipid
storage diseases due to a novel pathological mechanism that
is regulated by the HOPS and/or CORVET complexes. We show
that the responsible missense mutation in the VPS33A pro-
tein partially destabilizes the HOPS complex, and it is likely
to have a similar effect on the CORVET complex. Partial cor-
rection of the functional HOPS complex induced by stabilizing
VPS33AM%W with a proteasome inhibitor also suggests a thera-
peutic stratagem based on repurposed clinical agents approved
for treating myeloma, such as bortezomib, which target pro-
teasome activity. The salutary effects of eliglustat, a powerful
inhibitor of glucosylceramide synthesis on the outer (cytoso-
lic) leaflet of the Golgi that is active in the salvage pathway
for re-synthesis of 3-glucosylceramide, offer another indepen-
dent therapeutic opportunity to explore in this disease. Addi-
tional studies will also be needed to fully understand mech-
anistically how VPS33AR%W leads to vacuolation and swelling
of endolysosomal compartments, how it may affect acidifica-
tion cycling and the consequential diverse clinical syndrome of
MPS plus.

Materials and Methods
Patients

Five patients, four boys (P1, P2, P4 and P5) and one girl (P3) aged
9-15 months from five (P1-5), not known to be consanguineous,
Yakutian families affected by a hitherto unidentified disease
were referred internationally for diagnostic advice to the Lyso-
somal Clinic, Addenbrooke’s Hospital by the Deputy Minister of
Republic of Sakha (Yakutia), Ministry of Health and Director of
Paediatric National Hospital of Republic Sakha (Yakutia). Four of
these patients (P1-4) were recently reported in studies conducted
by Kondo et al. (1) (respectively, as their patients P12, P13, P9,
P1). Retrospective non-identifiable clinical data were analysed
according to local and national ethical regulations. Informed
consent for genetic studies was obtained from the parents of
these patients.

Ethylenediaminetetraacetic acid blood and urine samples
were collected for diagnostic investigations, and fibroblasts were
established by primary culture of skin biopsies obtained from
two patients, P1 and P2. DNA samples were purified from blood
or cultured fibroblasts using Qi Amp DNA Blood Maxi kit (Qiagen,
Netherlands). DNA quality and concentration were determined
by Qubit fluorimeter (Life technologies).
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Lysosomal enzyme activities, urine
mucopolysaccharide and oligosaccharide analysis

Urinary GAG concentration was determined using a colorimetric
protocol as previously described (63). Briefly, GAGs form complex
molecules in the presence of the dye 1,9-dimethylmethylene
blue (Sigma UK) in acid solution. This produces a colour change
from blue to pink, which can be quantified at 520 nm against
a standard of known concentration. Extracted GAGs were anal-
ysed by two-dimensional electrophoresis on cellulose acetate
membranes and then visualized by staining with 0.05% alcian
blue stain (Sigma UK) to differentiate sulphated GAG patterns as
previously described (64).

Fluorimetric biochemical assays for a range of lysosomal
enzyme activities were carried out by clinical diagnostic services
at UKAS certified laboratories using commercially available 4-
methylumbelliferyl substrates (Glycosynth UK, Carbosynth UK,
Moscerdam), including assays for MPS I, MPS II, MPS VI, MPS VII
and MPS IIC (65,66,67).

Oligosaccharide and sialic acid analysis of urine was
performed by thin layer chromatography using a previously
published protocol (68). Urine oligosaccharides were separated
on thin layer silica gel plates using a mobile phase of n-
butanol/acetic acid/water (ratio 2:1:1) and then visualized by
0.2% orcinol and heat 100°C. Urine sialic acids were separated
on thin layer silica gel plates using an initial mobile phase of
n-butanol/acetic acid/water (ratio 2:1:1) followed by propan-1-
ol/nitromethane/water (ratio5:4:3) and then visualized by 0.2%
orcinol and heat 100°C.

Free sialic acids and sialylated glycoconjugate concentrations
were quantified using a previously published colorimetric proto-
col (69). Free sialic acid (N-acetyl-neuraminic acid) is chemically
modified under assay conditions, forming a red pigment in
the presence of thiobarbituric acid. This colour change is then
extracted in cyclohexanone and quantified by spectroscopy at
549 nm.

Whole exome sequencing and bioinformatics analysis

Next generation sequencing targeted to 89 lysosomal-endocytic-
autophagic disease genes was conducted in the proband P1 and
both parents, by means of the LysoPlex_v2 platform (70,71).
Subsequently, whole exome sequencing analysis was carried
out in a single nuclear family (two parents and one child P1) and
patients P2 and P3 without family members. DNA libraries for
exome enrichment analysis were prepared with the Ampliseq
Exome kit (Thermo Fisher Scientific) and sequenced on the Ion
Proton sequencing system with 200 bp single end reads Hi-Q
Chemistry. Alignment of short sequence reads to the published
human genome build UCSC hg19 reference sequence was done
using the Torrent Suite 4.4.3 at Genetracer Biotech, Spain.
Variant calling was done using the algorithm implemented
in the samtools 1.3.1 program (72). Generated VCF files were
merged in a single dataset by the bcftoos merge command and
normalized. Duplicates were excluded by the vt program (73).
Only single nucleotide variants that had a ‘PASS’ tag in the
QUAL field of the VCF file with allele frequencies less than
1/1000 and minimum Phred sequencing quality score more than
30 were included in the analysis. To exclude genotyping errors
from super-duplicated regions of the genome, the superdup-filter
option was applied. To filter variants from the quality controlled
dataset, we applied the ‘autosomal-recessive full penetrance’
model as implemented in KGGSeq 1.0 (74). Filtered variants were
annotated with the RefGene database compiled by UCSC, the

GENCODE gene sets, the NHLBI GO Exome Sequencing Project,
the Exome\ignorespacesAggregation\ignorespacesConsortium,
the Genome\ignorespacesAggregation\ignorespacesDatabase
and dbSNP\ignorespacesrsID databases.

Variants with the most significant impact were vali-
dated by sequencing on an ABI Genetic Analyzer 3730lx
(Thermo Fisher Scientific) with Dye Terminator 3.1 reagents
(Applied Biosystems). To capture regions of interest, we
designed primers (5-AAAGGCCACAGTCAGGTAGC-3' and 5'-
AAAGAGGTGTATTTAATTCTGACTCC-3') in the primer3 program
using the hg19 build database as a reference sequence (75).

Kinship coefficient estimation in the nuclear family

We used the KING 2.1.2 program to estimate pairwise kinship
coefficients in the index affected family assuming that all mem-
bers of this family belong to a general population (76). The PLINK
1.9 program (77) was employed to generate binary files suitable
for kinship analysis.

Cell culture

Patients’ dermal fibroblasts were cultured in Minimum Essential
Medium Eagle (MEM) (Sigma) supplemented with 10% foetal
bovine serum (FBS) (Sigma), 1-mM sodium pyruvate (Sigma),
2 mM Glutamax-1 (Gibco), 100 IU/ml penicillin and 100 png/ml
streptomycin (Invitrogen) at 37°C in a humidified atmosphere of
5% CO,. Healthy adult and neonatal fibroblasts were obtained
from Sigma (catalogue numbers 106-05A; 106-05N). Fibroblasts
from a 1-year old patient with Niemann-Pick type C (GM23162)
were from Coriell Institute For Medical Research (New Jersey,
USA).

HeLaM cells stably expressing HA-tagged VPS33AWT were
generated and cultured as previously described (10) and cells
stably expressing HA-tagged VPS33AR%W were generated in the
same way, using the pLXIN retroviral system (Clontech).

Cells were incubated with proteasome inhibitors (MG-132
from Sigma or bortezomib from Stratech), or the substrate
reduction agents eliglustat tartrate (kindly donated by Professor
James Shayman, University of Michigan) or miglustat (Zavesca)
donated by patients (incubation times and concentrations as
indicated in figure legends).

Immunoblotting

Lysates of the patients P1 and P2 and control fibroblasts as
well as HeLaM cells were used for immunoblot analysis with
anti-human VPS11 (WH0055823M1; Sigma-Aldrich), anti-human
VPS41 (sc-377 118; Santa Cruz) or antibodies to VPS33A, VPS 18,
HA and actin as described previously (10). In addition, lysates
from the transfected HeLaM cells were subjected to immunoblot
analysis with anti-HA (HA.11, MMS-101R; Covance) and anti-
actin (A2066; Sigma-Aldrich) antibodies. In experiments to
examine the effects of the proteasome inhibitor MG-132 on
HeLaM cells stably expressing VPS33AWT-HA or VPS33ARMBW_HA,
immunoblotted VPS33A bands were quantified by densitometry
using Image] software, normalized to actin bands and fold
changes in VPS33A concentration calculated relative to no
incubation with MG-132. In each separate experiment, the effect
of MG-132 on both VPS33AWT-HA and VPS33AM%W.HA was
measured. A paired student t-test was used to calculate P-values.
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Quantitative real-time polymerase chain reaction

Total RNA was purified from 1 x 10° patient-derived and neona-
tal control fibroblasts using the RNeasy Mini kit (Qiagen). The
RNA was used for quantitative polymerase chain reaction (PCR)
with Tagman gene expression assays for WT VPS33A and Hprtl
(Life Technologies, ThermoFisher Scientific). An RNA-to-CT 1
step kit (Life Technologies ThermoFisher Scientific) was used
on an Applied Biosystems 7500 Fast Real Time PCR system
accordingly to the manufacturer’s protocol. Three independent
TagMan assays were performed in triplicate and the results were
analysed using the comparative AACt method (78).

Transmission electron microscopy

Fibroblast pellets were washed, fixed, stained and analysed by
routine transmission electron microscopy as described previ-
ously (79), using a FEI Tecnai G2 Spirit BioTWIN transmission
electron microscope. The number of vacuoles >500 nm diameter
per cell profile in thin (~60 nm) sections was determined.

Confocal microscopy

Cells were grown on four-well glass slide (Millipore) in normal
growth medium for 24 h. Then the cells were fixed, permeabi-
lized using the fixation/permeabilization kit (BD Biosciences
catalogue 554714) and incubated with primary mouse anti-
human LAMP1 (BD Biosciences), LAMP2 (Abcam) or EEA-1 (BD
Biosciences) monoclonal antibodies and an Alexa Fluor 488
conjugated goat anti-mouse IgG (H+L) antibody. The slides
were mounted using ProLong Gold antifade Mountant with
DAPI nuclear stain (ThermoFisher Scientific). The slides were
observed on a Leica Sp5 confocal microscope, and >10 images
each containing >3 cells were acquired. Images from three
independent experiments were analysed using Image] software.
The fluorescence intensity per cell was quantified in images
of maximum intensity Z-projections. The cellular area, the
integrated density and the mean grey values were analysed.
Measurements of regions without fluorescence were used for
background subtraction. The net average fluorescence intensity
per pixel, expressed as corrected total cell fluorescence (CTCF),
was calculated for each cell. In addition, the cells were stained
with LysoSensor Blue DND-167 1 puM or LysoTracker Red DND-
99100 nM (Molecular Probes, ThermoFisher Scientific) for 1 h
and observed on a Leica SPE confocal microscope.

Lactosyl ceramide trafficking

Cells were incubated with 5 pM BSA-BODIPY-Cslactosylceramide
(BODIPY-LacCer) as previously described (20) in serum-free MEM
for 1 h at 37°C then washed twice with PBS and incubated with
MEM/10% FBS for 2 h at 37°C. Cells were then first washed
with PBS and followed by three separate 15 min incubation
steps in cold MEM containing 2% fatty acid-free BSA to back-
extract plasma membrane lactosyl ceramide. Subsequently, the
cells were washed with phenol red-, L-glutamine- and sodium
bicarbonate-free MEM containing 1% FCS and 10 mM HEPES,
pH 7.4 atroom temperature. The cells were imaged on a Leica SPE
confocal microscope using solid state lasers at 488 and 532 nm
and dichroic filters 488/635 and 405/532 as well as 503-693 nm
and 566-726 nm emission filters. For trafficking analysis, 5-10
single live cell images from three separate experiments were
acquired and n>10 cells of each cell line were analysed by
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Image] software. For each image, an 8-bit grey scale image was
generated using thresholds removing background signals. Pixels
clearly corresponding to Golgi fluorescence were selected and
removed from the images and puncta containing the remaining
pixels were counted.

Glycosphingolipid analysis

Glycosphingolipids concentrations were quantified in patient
and control fibroblast lysates by mass spectrometry. Glycosph-
ingolipids were extracted by the previously described method
(80) in the Lipidomics Shared Resource, Hollings Cancer Center,
Medical University of South Carolina. Glucosylceramide, galacto-
sylceramide species and sphingolipid concentrations were mea-
sured by high-performance liquid chromatography mass spec-
trometry methodology as previously described (80). Concentra-
tions of glycosphingolipids were normalized to inorganic phos-
phate (Pi).

Supplementary Material

Supplementary Material is available at HMG online.
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