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Abstract

Mucopolysaccharidoses (MPSs) are a group of inherited lysosomal storage disorders associated
with the deficiency of lysosomal enzymes involved in glycosaminoglycan (GAG) degradation. The
resulting cellular accumulation of GAGs is responsible for widespread tissue and organ
dysfunctions. The MPS lll, caused by mutations in the genes responsible for the degradation of
heparan sulfate (HS), includes four subtypes (A, B, C, and D) that present significant neurological
manifestations such as progressive cognitive decline and behavioral disorders. The established
treatments for the MPS IIl do not cure the disease but only ameliorate non-neurological clinical
symptoms. We previously demonstrated that the natural variant of the hepatocyte growth factor
NK1 reduces the lysosomal pathology and reactivates impa.~d growth factor signaling in
fibroblasts from MPS IIIB patients. Here, we show that the recorbin int NK1 is effective in rescuing
the morphological and functional dysfunctions of lysosomes u. a neuronal cellular model of the
MPS 1lIB. More importantly, NK1 treatment is able i swnulate neuronal differentiation of
neuroblastoma SK-NBE cells stable silenced for the NACLU gene causative of the MPS IIIB.
These results provide the basis for the development r.f a .~ovel approach to possibly correct the
neurological phenotypes of the MPS IlIB as \wil as of other MPSs characterized by the

accumulation of HS and progressive neurodez~nc-ation.
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1. Introduction

Mucopolysaccharidoses (MPSs) are lysosomal storage diseases (LSDs) due to inherited
deficiencies of lysosomal enzymes required for the breakdown of glycosaminoglycans (GAGSs)[1].
The lack of GAG degradation leads to tissue damages and organ dysfunctions accounting for MPS
clinical manifestations such as neurological disorders, heart disease, skeletal and joint
abnormalities, respiratory problems, coarse facial features, hearing loss, corneal clouding, and
others. As GAGs are a heterogeneous group of high sulfated linear polysaccharides, which include
chondroitin sulfate (CS), dermatan sulfate (DS), heparan sulfate (HS), and keratan sulfate (KS),
depending on the specific GAG build-up due to the missing or malfunctioning enzyme, MPSs are
categorized into seven types (I, Il, lll, 1V, VI, VIl and IX) which Hiffer in their incidence, clinical
complications, and degree of severity[2]. Some MPS types are firthor classified into subtypes such
as in the case of the MPS lll, also known as Sanfilippo synuro. e, caused by mutations in genes
responsible for the degradation of HS[1].

There are four distinct MPS IlI subtypes, namel A, *, C, and D, which differ in the mutated
gene and the consequent lack of the enzyme. The 'aan. clinical manifestation of the MPS llI,
regardless of the subtype, is a progressive dege rezré tion of the central nervous system (CNS)
leading to mental retardation, hyperactivity, #;re-sive behavior, and sleep disturbances, together
with variable mild somatic symptoms[1,3,-! f(he age of the onset and severity of the clinical
symptoms may differ among the differe.’t MPS IIl subtypes, but most patients usually die in the
second or third decade of their life, and 7, in rare and attenuated cases they can survive to the
fourth decade. Currently, there is no erfective therapy for the treatment of the neurological
symptoms of any MPS Il subtype

Recently, we focused muc, effort on a better characterization of the molecular mechanisms
underlying HS storage defzc.> at the cellular level in MPS IIIB disease with the final goal to
develop and assess a nov.! uwerapeutic approach for the treatment of such devastating disease[5—
10]. The MPS IlIB subtype s an autosomal recessive disorder caused by the deficiency of the a-N-
acetylglucosaminidase (NAGLU) enzyme involved in the HS degradation pathway. Since multiple
evidence showed that, in MPS diseases, GAG storage is not restricted to the lysosomal
compartment, but it is also redistributed to different cellular and extracellular localizations[11-19],
we demonstrated that the extracellular accumulation of HS contributes to the MPS IlIB phenotypes
by interfering with growth factor-induced receptor activation and downstream signaling[7,20]. On
the basis of this pathogenic mechanism, we developed an innovative therapeutic strategy able to
restore signaling pathways disrupted in the disease[7]. The novel therapeutic approach for the
MPS 1lIB is based on the use of a recombinant natural spliced variant of the hepatocyte growth
factor, namely NK1, able to bind with high affinity the extracellular accumulated HS, thus
reestablishing the physiological equilibrium between endogenous ligands, HS, and receptors,

which underlies the normal cellular activities[21].



In this work, we generated a cellular model of the MPS [IIB neuronal phenotype by silencing
NAGLU gene expression in the human neuroblastoma cell line SK-NBE[22], in order to assess the
ability of the recombinant NK1 to rescue the lysosomal defects in this MPS I11IB disease model. SK-
NBE cultured cells, upon retinoic acid (RA) exposure and serum deprivation, undergo to
differentiation process showing a typical neuronal phenotype demonstrated by neurite extensions,
thus representing a valuable cell model system for studying disease neurophysiopathology[23,24].
These cells, previously silenced for NAGLU, recapitulate the lysosomal phenotype of the MPS I1IB
and are unable to differentiate into neurons, thus providing us a useful tool for testing in vitro the
therapeutic effect of the recombinant NK1.

2. Results and Discussion

2.1. NAGLU-silenced neuroblastoma SK-NBE recapitulatec the MPS 11IB lysosomal defects.

In order to investigate the effects of NK1 treatme.i. >n iysosomal dysfunctions in a neuronal
model of the MPS 11IB disease, we generated two stab'e ones differentially silenced for NAGLU,
the causative gene of the disease. As previously 10’ie by us[6], we used a pool of three different
shRNA directed against the human NAGLU i: RNA in order to silence the expression of the
NAGLU gene in the human neuroblastome SK-NBE cell line. These cells are able to differentiate
into neuron-like cells, thus serving as a qood n.odel to study in vitro the neuronal defects caused
by NAGLU silencing and consequent 'y>osumal impairment. After the screening of the silenced
clones, by measuring NAGLU enzy~at.~ activity, we selected two clones: clone 5 (cl 5) almost
completely deprived of the NAGL U >ctivity, and clone 8 (cl 8) with a residual enzymatic activity
(Figure 1A). Notably, clone 5 si.~wcd almost the same residual NAGLU enzymatic activity of the
MPS IlIB fibroblasts, while 22 =uman dermal fibroblasts (HDFa) from a healthy subject, used as
an internal positive cor.nl, ~huowed a high NAGLU enzymatic activity. Moreover, we selected a
pool of stable clones trans ected with a non-targeting shRNA (CTRL) as a control for further
experiments.

In order to evaluate the correlation between the residual enzymatic activity of the clones
and NAGLU protein levels, we performed a western blotting analysis. The results obtained
demonstrated the absence of the protein in clone 5, and a significant reduction of NAGLU protein
levels in clone 8 compared to that of CTRL clone (Figure 1B). These findings were consistent with
the NAGLU enzymatic activity of the two clones. Indeed, the reduction of NAGLU protein levels
resulted in about 80% and 95% reduction of NAGLU catalytic activity in the SK-NBE shNAGLU

clone 8 and clone 5, respectively, as compared to that of the SK-NBE CTRL clone.
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Figure 1. NAGLU silencing in neuroblastoma SK-NBE cells. (A) NA=I 1, enzymatic activity in the extracts
from SK-NBE CTRL and SK-NBE NAGLU silenced clones. Cell lys ites ‘rom untransfected SK-NBE cells and
transfected clones were assayed for NAGLU enzymatic act'vi, ‘'ormalized for protein content, and
compared to that of HDFa and MPS IIIB fibroblasts, used as .ntrols. Asterisks indicate the statistically
significant differences: (*) p-value<0.05 (B) NAGLU protein eve's in SK-NBE CTRL and SK-NBE NAGLU
silenced clones (cl 5 and cl 8) as measured by western blow.~ analysis. To monitor equal loading of the
proteins in the gel lanes, the blot was re-probed using an ant-B-ac.in antibody.

Then, we evaluated whether the two \AZLJ silenced clones would recapitulate the
lysosomal defects seen in the cells from '4P:: 1h3 patients. Although to different extents, both
clones 5 and 8 showed an accumulation ot cnlarged lysosomes (Figure 2) as detected by the
Lampl-positive structures revealed by imi,tinostaining (Figure 2, left panels) and confirmed by
the LysoTracker staining (Figure 2, rign panels).
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Figure 2. NAGLU silenced stable clones 5 and 8 showed an accumulation of enlarged lysosomes as
detected by both Lampl immunostaining and LysoTracker staining. SK-NBE CTRL clone and NAGLU
silenced stable clones (cl 5 and cl 8) were seeded on coverslips and processed for indirect
immunofluorescence after 24 hours by using specific antibodies against Calnexin (ER marker), Lampl or
LysoTracker (Lysosomal markers), and DAPI (Nuclear marker). Magnifications are relative to the dashed
white squares. Single focal sections are shown. Scale bar: 50 um.

Since the lysosomal enlargement in MPS diseases leads to the accumulation of HS on the
cell membrane which in turn inactivates a plethora of cell signaling[14,20,25,26], we investigated
whether HS accumulates on the cell membrane of the SK-NBE stable clones. As detected by the
specific HS antibody 10-E4, both clones 5 and 8 showed a positive 10E4 staining on the cell
membrane (Supplementary Figure S1). This is a confirmation of the HS build-up on the cell
membrane of the SK-NBE NAGLU silenced clones consequent 2 the impairment of lysosomal
functions due to the absence of the NAGLU enzyme. The 1)E4 epitope lies in the N-sulfated
regions of the HS chain, therefore the accumulation of HS, ir the SK-NBE NAGLU silenced clones,
is observed at the cell surface and not in the lysosc:nal compartments since this antibody
recognizes membrane-tethered HS[27-30]. Indeed, we ren.rmed an immunofluorescence staining
with the 10E4 antibody on the MPS | and MPS 1lIB f.oro.'asts and HDFa control cells, and we
obtained the same results further confirming the e ~~.urulation of HS on the cell membrane of the

MPS diseased cells (Supplementary Figure <2).

2.2. Fluorescence-conjugated Lectinn orobe reveals GAGs/HS accumulation within the
lysosomes.

In order to study and reveal o nracellular GAGs/HS accumulation in our cellular model,
we tested whether a fluorescer® lec.n from Triticum vulgaris (wheat) FITC conjugate (Lectin-
FITC), able to recognize sugars ~r glycoproteins containing N-acetylglucosamine residues[31],
would allow us to detect the . tracellular accumulation of undegraded or partially degraded HS
within the enlarged lysosumes of the selected NAGLU silenced clones.

The double stainir.; with the lysosomal marker Lampl showed the colocalization of the
Lectin-FITC with Lampl revealing the accumulation at the lysosomal compartment of undegraded
HS, and/or of other sugars or glycoproteins containing N-acetylglucosamine residues
(Supplementary Figure S3). Indeed, we performed a double staining with the LysoTracker probe
and Lectin-FITC on the MPS | and MPS I1lIB fibroblasts and HDFa control cells (Supplementary
Figure S4), and we obtained the same results observed in the SK-NBE stable clones, further
confirming the accumulation of the HS within the lysosomes of the MPS diseased cells. Moreover,
in the MPS IIIB derived fibroblasts, in addition to the lysosomal compartment stained by
LysoTracker, the lectin labeling is also evident at the cell membrane.

Thus, in order to have a picture of the double accumulation of the HS both on the cell
membrane and inside the lysosomes, which is at the base of our therapeutic approach, we

performed a double staining with the 10E4 antibody that recognizes the extracellular HS and with
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the lectin that recognizes the undegraded HS within the lysosome (Figure 3). Clones 5 and 8
showed a marked staining of both cell membrane and intracellular compartment, although the
guantification of the HS positive cells revealed a major number of HS positive cells in clone 5
compared to clone 8, consistent with the different levels of NAGLU silencing in the two clones.

CTRL cl8 100%

——

80% —
60%
40%
20% I
0% -
CTRL 5 cl8

Cells positive for anti-HS staining

Figure 3. Heparan sulfate (HS) accumulation in NAGLU silencc swable clones. SK-NBE CTRL clone
and NAGLU silenced stable clones (cl 5 and cl 8) were seeded nn coverslips and processed for indirect
immunofluorescence after 24 hours by using the fluorescent L ctin (GAG/HS marker), specific antibodies
against HS. Nuclei were decorated by DAPI staining. Quantifi~.w.'an analysis was made by using a sample of
200 cells from three independent experiments. Single focal s. <tio 1s are shown. Scale bar: 50 um. Asterisks
indicate the statistically significant differences: (***) p-value<C.0uL1.

2.3. NK1 treatment reduces lysosomal defecis . a neuronal cellular model of the MPS 1lIB
disease.

Since our new fluorescence lectin prue is able to detect the intracellular accumulated
GAGs/HS, we asked whether NK1 treatr.~nt would be able to reduce HS accumulation and
lysosome morphology in NAGLU silencec neuroblastoma SK-NBE clones. However, given that
the different classes of GAG chains re enzymatically polymerized in the Golgi apparatus, we also
tested the selective effect of N1 1> reducing the lysosomal GAG accumulation in comparison to
the Golgi population. As sho.vm in Figure 4, NK1 treatment did not affect the intracellular
distribution of GAGs in the SK-1IBE CTRL clone as revealed by the co-staining of the fluorescent
lectin and GM130 (marker of the Golgi complex). Moreover, NAGLU silenced neuroblastoma
clones showed an increased level of the GAGs/HS at the lysosomal compartment and a reduced
one at the Golgi apparatus as revealed by the colocalization analysis of Lectin/Lampl and
Lectin/GM130, respectively. Strikingly, NK1 treatment rescued the HS levels in both lysosomal
and Golgi compartments indicating that NK1 is able to rescue the physiological GAGS/HS
distribution within the cell together with a reduction of Lampl positivity. Indeed, NK1 treatment

also rescued the HS accumulation on the plasma membrane.
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Figure 4. NK1 treatment rescues GAGs/HS riis.vibction in NAGLU silenced stable clones. SK-NBE
CTRL clone and NAGLU silenced stable clone< ‘cl ", and cl 8) were seeded on coverslips and processed for
indirect immunofluorescence after 48 hours of N.”1 treatment. The intracellular distribution of GAGS/HS
(detected by using the Lectin-FITC probe) we.~ assessed by colocalization analysis with Golgi and lysosomal
markers (GM130 and Lampl, respectively) The ~istograms on the right represent either the quantification of
the colocalization between Lectin-FITC a C.v130 (top), Lectin-FITC and Lampl (middle), or the mean
fluorescence intensity of HS among the .:*fe\ Zat experimental conditions (bottom). 50 randomly chosen cells
from three independent experiments v.>re used for quantifications. Single focal sections are shown. Scale
bar: 50 um. Asterisks indicate t> sSuwdtistically significant differences: (***) p-value<0.0001, (**) p-
value<0.001, (ns) p-value not signiiican..

2.4. NK1 treatment stimu'ate > aifferentiation into neuron-like cells of the NAGLU silenced
SK-NBE clones.

SK-NBE neuroblasiZina cells are able to differentiate into neurons under serum deprivation
and retinoic acid (RA) treatment[23,24]. Thus, we tested whether NAGLU silencing would interfere
with neuronal differentiation. We stained the differentiated clones with the neuronal marker p3-
Tubulin, and, as it is shown in Figure 5, clone 5 was unable to differentiate, while clone 8, which
has a residual NAGLU activity, was still able to differentiate, in accordance with the fact that the

severity of the phenotype in patients is strictly related to the residual enzymatic activity.
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Figure 5. Defect of neuronal differentiation of WA 5LU silenced stable clone 5. SK-NBE CTRL clone and
NAGLU silenced stable clones (cl 5 and cl 8) we = .eeded on coverslips and treated with 10 uM retinoic acid
(RA) and 0,5 % FBS for 3 weeks before being proce ~sed for indirect immunofluorescence by using a specific
antibody against Bz-Tubulin. Nuclei were decc.ated by DAPI staining. Single focal sections are shown. Scale

bar: 50 um.

Overall, these results promp.2d us to explore the in vitro efficacy of NK1 in promoting the
differentiation process in the NS UIB cellular model. Thus, we tested whether NK1 treatment
would stimulate the differentia.ar. of SK-NBE NAGLU silenced clone 5 by adding NK1 to the
differentiation media. A~ it is snown in Figure 6 (upper panels), NK1 was able to induce the
differentiation into neuron-lik 2 cells also of the NAGLU silenced clone 5. Moreover, we stained the
differentiated stable clones with Lampl (Figure 6, lower panels), and found that in the
undifferentiated clone 5 the lysosomes are trapped into the perinuclear region because clone 5
does not grow neurites, while in the differentiated ones the lysosomes populate the axons.
Impaired axonal lysosome delivery was recently demonstrated to contribute to the pathogenesis

also of other lysosomal storage diseases such as reported by Roney and colleagues[32].



Figure 6. NK1 treatment stimulates neuronal differentiation of the NAGLU silenced clones. Neuronal
differentiation of SK-NBE CTRL clone and NAGLU silenced stable clones (cI5 and cl 8) were handled as
described in Figure 5. Neuronal differentiation success was followed by confocal microscopy using a specific
antibody against Bs-Tubulin. Lysosome distribution was analyzed by using a specific antibody against Lampl
(marker of the lysosomal compartment). Nuclei were decorated by DAPI staining. Single focal sections are

shown. Scale bar: 50 um.
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Finally, we tested the effect of NK1 treatment on HS accumulation in the differentiated
NAGLU silenced clones. The results obtained showed that NK1 treatment significantly reduces
HS build-up in both differentiated NAGLU silenced stable clones 5 and 8 (Figure 7). Although
further studies are needed to understand the correct intracellular signaling pathways activated by
NK1, these results strongly suggest that NK1 treatment, with its action to bind and reduce the HS
accumulated in the NAGLU-silenced neuroblastoma cells, is able to reactivate signals necessary

for the neuronal differentiation process and generate undiseased neurons.

CTRL + Retinoic acid + Retinoic acid + Retinoic acid

+ Retinoic acid + NK1 + Retinoic acid cs + NK1 + Retinoic acid cl8 + NK1

merge+

Figure 7. Effect of NK1 treatment or H?X accumulation during neuronal differentiation of NAGLU
silenced clones. SK-NBE CTRL clon» anu NAGLU silenced stable clones (cl5 and cl 8) were differentiated
as described in Figure 5, in the pre<encc or absence of NK1. The GAGs/HS distribution was analyzed by
fluorescence microscopy by using the anti-HS antibody 10E4 and Lectin-FITC probe, respectively. Nuclei
were decorated by DAPI staining Sing .2 focal sections are shown. Scale bar: 50 um.

2.5. NK1 treatment stir., 'la.~< lysosomal exocytosis in the NAGLU silenced SK-NBE clones.

Since lysosomal exo .ytosis is impaired in most lysosomal storage diseases, as we have
also recently shown for MPS diseased fibroblasts[33], we asked whether NK1 treatment would
restore the normal organelle trafficking in our MPS I1lIB cellular model. In MPS IIIB fibroblasts,
pathologically enlarged lysosomes are retained within the endoplasmic reticulum (ER)
membranes, thereby ultimately limiting their motility and secretion. The same effect is detectable
in our SK-NBE NAGLU silenced clones when compared to the CTRL clone by using a B-
hexosaminidase assay. As it is shown in Figure 8 (upper left panel), the secretion of the B-
hexosaminidase enzyme into the medium of the MPS 1lIB clones is reduced in comparison with
the CTRL clone, mirroring the severity of NAGLU silencing in our model. Upon NK1 treatment, in
a time-dependent manner, the lysosomal secretion of the B-hexosaminidase is completely

recovered after 36 hours. These results explain for the first time that the mechanisms of action of



NK1 in reducing the lysosomal defects in the MPS cellular model involve the reactivation of the

physiological lysosomal exocytosis and secretion.
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Figure 8. Effect of NK1 treatment on lysosom~.. sec.vetion in NAGLU silenced stable clones. SK-NBE
CTRL clone and NAGLU silenced stable clonss (r. 5 and cl 8) were treated for 36 hours with NK1, and
lysosomal secretion was measured over time by means of B-hexosaminidase release assay. f-
hexosaminidase released from the SK-NBE -lones was measured over time up to 4 hours in the absence or
presence of NK1. Mean-values were obtaineu hy three independent experiments. Asterisks indicate the
statistically significant differences: (***) p-v ili'e *©.0001, (**) p-value<0.001, (*) p-value<0.005.

3. Conclusions

The major burden ot MPS diseases is represented by the early-onset of severe
progressive neurodegener.tion[3,34—-36]. Despite clinical trials with enzyme replacement therapy
(ERT), substrate reduction therapy (SRT), and gene therapy are currently been conducted, no
effective therapeutic option for MPS Il patients is available today[37,38]. In the present work, we
demonstrate the efficacy of a novel strategy for the treatment of the MPS Ill lysosomal defects
using a neuronal cellular model of the MPS IIIB. This approach is based on the use of the
recombinant NK1 protein, a natural spliced variant of HGF, which binds with high affinity the HS
that accumulates on the cell surface and extracellular matrix of affected cells.

Extensive research over the past years has established that, in addition to the primary
lysosomal accumulation of HS, dysregulation of multiple cellular processes such as cell signaling
defects, impaired autophagy, neuroinflammation, and oxidative stress are involved in the MPS III
neuropathological mechanisms[4,11,14,20,36,39,40]. Noticeably, the abnormal cellular pathways
correlate not only with the accumulation of undigested HS in the lysosomes but also with an

increase of HS oligosaccharides on the cell membrane and extracellular matrix[11-20]. In

12



particular, in the central nervous system (CNS) of MPS I, IlI, lll, and VIl patients, secondary
accumulation of HS and variable composition of HS proteoglycans (HSPGs) at non-lysosomal
sites have been detected by post-mortem neuroimaging analyses[19]. Neurodevelopmental
changes in excitatory synaptic structures and function resulted to be associated with enhanced
expression levels of extracellular HS and the HSPG glypican 4 in the cerebral cortex of MPS IIIA
mice[18]. In the MPS I1IB mouse brain, a differential distribution of HS glycoforms, with increased
levels of extracellular HS and enhanced expression of HS biosynthetic enzymes and fibroblast
growth factors (FGFs) has been reported[13].

The abnormal levels of extracellular HS and cell surface-tethered HS proteoglycans in the
CNS of MPS patients have a detrimental role in growth factor/receptor binding and downstream
signaling[20]. In human-induced pluripotent stem cells (iPSc) derinvod from the skin fibroblasts of
children affected by MPS I1lIB, the excess of HS interferes \ith =GF signaling leading to the
impairment of iPSC differentiation[41]. In the mouse mod2l o, the MPS IlIB, extracellular HS
accumulation is associated with reduced levels of FGr receptor (FGFR) and FGF2 mRNA
resulting in the inhibition of neurogenesis and attenuc..*2d plasticity of astrocytes[42]. Moreover,
HS build-up affects integrin-mediated focal adhesinn asseinbly/disassembly in MPS 1lIB mouse
astrocytes and human neuronal progenitor celle, Irading to defects of cell polarization and
migration[14]. In line with these data, we re en.y found that the excess of extracellular HS
sequesters FGF2, thus impairing the activa."n of FGFR/FGF2 signaling in cultured fibroblasts
from MPS | and IIIB patients[7]. Interestin2ly, we demonstrated that the recombinant NK1 protein
can reverse deregulated cell signaling s.c : as FGF-dependent ERK1/2 phosphorylation in MPS |
and MPS I1lIB fibroblasts. We alsc showed that NK1 reduces lysosomal HS storage in these
cellular models of the disease[7]. 'n this study, we demonstrate that NK1 reduces the lysosomal
pathology in a model of neurcnal .ells lacking NAGLU that reproduces the MPS IlIB phenotype,
showing an impressive accun ulation of HS in both the lysosomes and the cell membrane.
Furthermore, we show tha. NK1 treatment stimulates the differentiation of the NAGLU silenced
SK-NBE cells into neuron-like cells, thus suggesting that NK1 can reactivate cell signaling
involved in the neuronal differentiation process. Although further investigations on the molecular
mechanisms of action of NK1 are needed, here we demonstrate that NK1 treatment reduces
GAG/HS accumulation in our MPS 1lIB cellular model by restoring the physiological lysosome
exocytosis.

Overall, our findings might be relevant for the development of new therapeutic strategies
for the cure of MPS IIIB as well as of other MPS types and lysosomal storage diseases

characterized by severe neurological phenotypes.

4. Materials and Methods
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4.1. Chemicals

Dulbecco Modified Eagle’s Medium (DMEM), RPMI-1640, fetal bovine serum (FBS), penicillin,
streptomycin, and phosphate-buffered saline (PBS) from Gibco, Thermo Fisher Scientific
(Carlsbad, CA, USA); ECL System from Amersham Pharmacia (Buckinghamshire, UK); Bradford
assay reagents from Bio-Rad (Munchen, Germany); bovine serum albumin (BSA) (10711454001)
and protease inhibitor cocktail tablets (04693132001) from Roche Diagnostics (Grenoble, France);
formaldehyde solution 37% (F15587), methanol (34860), trizma base (1503), glycine (G8898),
acrylamide/bis-acrylamide 30% solution (A3699), Lectin from Triticum vulgaris (wheat) FITC
conjugate (L4895), 4-methylumbelliferyl-N-acetyl-a-D-glucosaminide (474500) from Sigma-Aldrich
(St. Louis, MI, USA); ProLong™ Gold Antifade Mountant with DAPI (P36935) and LysoTracker
(L7528) from Thermo Fisher Scientific (Carlsbad, CA, USA), IBAIoat reagent (7-2005-050) from

IBA Lifesciences (Goettingen, Germany).

4.2. Antibodies

The following antibodies were used: for immunofluore cer ce analyses, mouse monoclonal anti-
CD107a (anti-Lampl) (SAB4700416 clone H4A3) fran: Sigina-Aldrich (St. Louis, MI, USA), rabbit
polyclonal anti-Calnexin (SPC-108) from Stress™. ‘o Biosciences Inc. (Victoria, Canada), rabbit
polyclonal ant-GM130 (#12480) from Cell S'gniling Technology (Danvers, MA, USA), mouse and
rabbit Alexa-Fluor (488 and 546) secondary antibodies A11029, A11030, A11034, and A11035,
were from Thermo Fisher Scientific-Inviticaen, (Carlsbad, CA, USA). For Western blot analyses,
rabbit anti-NAGLU monoclonal antibocy (¢v214671) from Abcam (Cambridge, MA, USA), mouse
anti-B-actin monoclonal antibody (¢5042) from Abm (Richmond, Canada), secondary antibodies
were goat anti-mouse IgG polycicnal antibody conjugated to horseradish peroxidase (HRP) (sc-
2031) and goat anti-rabbit IgC HR - polyclonal antibody (sc-3837) from Santa Cruz Biotechnology
(Heidelberg, Germany).

4.3. Cell culture and transfection

SK-NBE human neuroblastoma cell line (CRL-2271 ATCC, Wesel, Germany) was cultured in
RPMI-1640, 2 mM L-glutamine, 1 mM sodium pyruvate, supplemented with 10% FBS, 100 units/ml
penicillin, and 100 pg/ml streptomycin, at 37 °C in a humidified 5% CO2 atmosphere. For stable
transfections, SK-NBE were plated at a density of 5x10° cells/100-mm tissue culture dish in
antibiotic-free RPMI-1640 containing 10% FBS and incubated for 24 hours at 37 °C with 5% CO2.
In total, 60-70% confluent cells were transfected using IBAfect reagent, according to the
manufacturer’s instructions, with a pool of plasmids codifying for three shRNAs (188A12, 566F3,
and 526A3) targeting NAGLU or with a control plasmid codifying for a non-targeting shRNA (Open
Biosystems, Lafayette, CO, USA). Forty-eight hours later, transfected SK-NBE were selected in the

presence of 0.7 ug/ml of puromycin and subjected to enzymatic activity assay to identify the stable
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NAGLU-silenced clones. Stable clones were grown in the same culture medium of the SK-NBE
supplemented with 0.7 pug/ml of puromycin for all the experimentation.

Fibroblasts from MPS-affected patients were kindly provided by the Cell Line and DNA Biobank
from Patients Affected by Genetic Diseases (Istituto G. Gaslini, Genoa, Italy)[43]. Primary Human
Dermal Fibroblasts, adult (HDFa, from Thermo Fisher Scientific), and MPS fibroblasts were
cultured in DMEM, supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100
mg/mL streptomycin, at 37 °C in a humidified 5% CO2 atmosphere.

4.4. Enzyme activity assay

To determine NAGLU enzymatic activity in stable clones, pellets from 5 x 10° cells of each clone
were collected, submitted to 10 freeze-thaw cycles, and clarm.~d by centrifugation. Protein
concentration of the samples was determined by the Lowry me*hoc. NAGLU enzymatic activity of
each clone was measured as described by Marsh and Fensom using 4-methylumbelliferyl-N-
acetyl-a-D-glucosaminide as fluorogenic substrate[6,44]. “nzymatic activity was normalized for
total protein concentration, and hydrolysis of 1 nmol o1 =ub:.trate per hour per milligram of protein

was defined as one catalytic unit.

4.5. Fluorescence microscopy

Immunofluorescence staining was performea .'s previously reported[45-47]. Briefly, cells grown on
glass coverslips were washed with PBS c.d fixed in 3.7% formaldehyde at room temperature for
30 min. After fixation, cells were was.ied with PBS and permeabilized by incubation in blocking
buffer (PBS containing 1% BSA, M 01v{ sodium azide, and 0.02% Saponin) for 10 min at room
temperature. Cells were then incuhated with the indicated primary antibodies diluted in the same
blocking buffer for 1 hour at oor. temperature. Cells were washed three times with PBS and
incubated with the correspnding secondary antibodies for 30 min at room temperature. Finally,
coverslips were washed in distilled water and mounted onto glass slides with the Prolong Gold
anti-fade reagent with DAFI. Images were collected using a laser-scanning microscope (LSM 700,
Carl Zeiss Microimaging, Inc., Jena, Germany) equipped with a planapo 63X oil immersion (NA

1.4) objective lens.

4.6. Western blotting

Cells, grown to sub-confluence in standard medium, were harvested in lysis buffer (50 mM Tris pH
7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 1 mM -
glycerophosphate, 1 mM phenylmethylsulfonyl fluoride, protease inhibitor cocktail tablet, 1 mM
sodium orthovanadate, and 2.5 mM sodium pyrophosphate)[48]. The lysates were incubated for 30
min on ice, and supernatants were collected and centrifuged for 30 min at 14,000 x g. Protein

concentration was estimated by Bradford assay, and 25 or 50 pg/lane of total proteins were
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separated on SDS gels and transferred to nitrocellulose membranes. Membranes were treated
with a blocking buffer (25 mM Tris, pH 7.4, 200 mM NaCl, 0.5% Triton X-100) containing 5% non-
fat powdered milk for 1 hour at room temperature. Incubation with the primary antibody was carried
out overnight at 4 °C. After washings, membranes were incubated with the HRP-conjugated
secondary antibody for 1 hour at room temperature. Following further washings of the membranes,
chemiluminescence was generated by enhanced chemiluminescence (ECL) kit.

4.7. B-hexosaminidase release assay

Confluent monolayers of cells were grown in 6-well plates for 24 hours before being subjected to
enzymatic activity measurement in the extracellular vs the intracellular extracts. On the day of the
assay, the media were replaced by Optimem and left to incuoc*e for 4 hours. 50 ml of the
extracellular media were picked up every hour and transferred i.» a I lack 96-well plate on ice. After
4 hours, cells were lysed in 500 ul of lysis buffer (50 mM H=PE3, 150 mM NaCl, 1 mM EDTA, 1
mM EGTA, 10% glycerol, and 1% Triton-X-100) supplen.>nted with protease and phosphatase
inhibitors. For each experimental point, 50 ul of every ~ample was incubated for 30 min at 37 C
with 10 yl of 6 mM 4-methyl-umbellyferyl-N-acetyl-? -G-glucosaminide in sodium citrate-phosphate
buffer, pH 4.5. The reaction was stopped by adciin: 4J pl of 2M Na2CO3 and 1.1 M glycine, and
the fluorescence was measured at excitation 365 nm/emission 450 nm. The B-hexosaminidase
release was measured and shown as a peicentage of the extracellular versus the intracellular

enzymatic activity.

4.8. Statistical analysis
Data reported are expressed as t1,.> mean + SD of at least three separate experiments. Statistical
significance was determined b, Sti dent’s t-test and ONE-WAY ANOVA test.
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lysosomal phenotype
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