
 International Journal of 

Molecular Sciences

Article

Modeling Sialidosis with Neural Precursor Cells Derived from
Patient-Derived Induced Pluripotent Stem Cells

Binna Seol 1, Young-Dae Kim 1 and Yee Sook Cho 1,2,*

����������
�������

Citation: Seol, B.; Kim, Y.-D.; Cho,

Y.S. Modeling Sialidosis with Neural

Precursor Cells Derived from

Patient-Derived Induced Pluripotent

Stem Cells. Int. J. Mol. Sci. 2021, 22,

4386. https://doi.org/10.3390/

ijms22094386

Academic Editor: Angel Raya

Received: 26 March 2021

Accepted: 19 April 2021

Published: 22 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Stem Cell Research Laboratory (SCRL), Immunotherapy Research Center (IRC), Korea Research
Institute of Bioscience and Biotechnology (KRIBB), 125 Gwahak-ro, Yuseong-gu, Daejeon 34141, Korea;
nana8610@kribb.re.kr (B.S.); kimyoungdae77@gmail.com (Y.-D.K.)

2 Department of Bioscience, KRIBB School, University of Science & Technology, 113 Gwahak-ro,
Yuseong-gu, Daejeon 34113, Korea

* Correspondence: june@kribb.re.kr; Tel.: +82-42-860-4479; Fax: +82-42-860-4608

Abstract: Sialidosis, caused by a genetic deficiency of the lysosomal sialidase gene (NEU1), is a
systemic disease involving various tissues and organs, including the nervous system. Understanding
the neurological dysfunction and pathology associated with sialidosis remains a challenge, par-
tially due to the lack of a human model system. In this study, we have generated two types of
induced pluripotent stem cells (iPSCs) with sialidosis-specific NEU1G227R and NEU1V275A/R347Q

mutations (sialidosis-iPSCs), and further differentiated them into neural precursor cells (iNPCs).
Characterization of NEU1G227R- and NEU1V275A/R347Q- mutated iNPCs derived from sialidosis-iPSCs
(sialidosis-iNPCs) validated that sialidosis-iNPCs faithfully recapitulate key disease-specific phe-
notypes, including reduced NEU1 activity and impaired lysosomal and autophagic function. In
particular, these cells showed defective differentiation into oligodendrocytes and astrocytes, while
their neuronal differentiation was not notably affected. Importantly, we found that the phenotypic
defects of sialidosis-iNPCs, such as impaired differentiation capacity, could be effectively rescued
by the induction of autophagy with rapamycin. Our results demonstrate the first use of a sialidosis-
iNPC model with NEU1G227R- and NEU1V275A/R347Q- mutation(s) to study the neurological defects
of sialidosis, particularly those related to a defective autophagy–lysosome pathway, and may help
accelerate the development of new drugs and therapeutics to combat sialidosis and other LSDs.

Keywords: induced pluripotent stem cell; sialidosis; lysosomal storage disease; NEU1; neural
cell model

1. Introduction

Sialidosis is a lysosomal storage disease (LSD) characterized by an abnormal accu-
mulation of sialylated oligosaccharides and glycolipids resulting from NEU1 loss of func-
tion [1,2]. Sialidosis-causing mutations in the NEU1 gene, located on chromosome 6p21.3,
eliminate the activity or stability of lysosomal sialidase (also known as neuraminidase 1; EC
3.2.1.18), catalyzing the hydrolysis of terminal sialic acid molecules (N-acetylneuraminic
acid or NANA) linked to the saccharide chains of glycolipids, glycoproteins, and oligo-
and polysaccharides [1–4]. Lysosomal sialidase forms a multienzyme complex with other
lysosomal hydrolases, such as protective protein/cathepsin A (PPCA) and glycosidase
β-galactosidase (β-GAL), to promote their canonical degradative activities [5,6]. NEU1
mutations can cause disruption of the multienzyme complex, ultimately resulting in loss of
enzymatic activity [5,7]. None of the other three sialidases, which are distributed in the
cytosol (NEU2 neuramidase 2), plasma membrane (NEU3 neuramidase 3), or mitochon-
drial/lysosomal/intracellular membranes (NEU4 neuramidase 4), appears to compensate
for the deficiency of lysosomal sialidase in sialidosis patients [8]. Genetic testing of sialido-
sis patients has revealed various pathological variants of the NEU1 gene that are related to
a broad range of neurophysiological abnormalities, including visual defects, myoclonus
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syndrome, cherry-red macular spots, ataxia, hyperreflexia, and/or seizures [9,10]. The
clinical symptoms, severity, and penetrance of sialidosis appear to correlate with the types
of NEU1 mutations, which closely reflect the overall biochemical properties of sialidase,
including the levels of residual sialidase activity.

Animal models harboring disease-causing mutations are a crucial tool for identifying
and determining the common molecular mechanisms and biochemical impact of NEU1 de-
ficiency on sialidosis-related phenotypes and pathogenesis. Preclinical research conducted
in Neu1 mutant mouse models revealed defects in virtually all systemic organs, including
the nervous system and connective tissues that are similar or consistent with the clinical
features of patients with sialidosis [11–15]. A wide range of pathological phenotypes
observed in sialidosis mouse models appear to be shared across multiple LSDs [12,13,15].
Homozygous Neu1−/− knockout mouse models display unique pathological phenotypes
of sialidosis, but also share some clinical and histopathological features with galactosiali-
dosis caused by a primary defect of the PPCA gene (chromosomal locus, 20q13.1) [12]. The
brains of Neu1−/−mouse models were shown to exhibit features of Alzheimer’s disease
(AD)-related pathology and phenotypes, including increased β-amyloid plaque formation
and secretion [13]. Although animal models are very valuable, major disadvantages of
these models, including the inability to explicitly define and delineate sialidosis-specific
pathological traits from those of other LSDs and the inability to fully recapitulate equivalent
human phenotypes, remain. To correctly interpret the possible pathological and clinical
contribution of NEU1 variants observed in sialidosis patients and to develop effective diag-
nostic and therapeutic strategies, large numbers of highly representative human mutant
models are required.

Induced pluripotent stem cell (iPSC) technology, providing a variety of previously
inaccessible disease-relevant target cells, opens up a new realm of possibilities for the
development of in vitro cell-based disease models. Development of neural lineage cells
from disease-specific iPSCs, particularly those derived from neuropathic LSD patients, has
contributed to a greater understanding of the neuropathophysiology of LSDs, yielding an ef-
fective cellular platform for identifying safer and more effective therapeutic targets [16–20].
Likewise, the development of sialidosis- and tissue-specific cells from iPSCs with sialidosis-
associated mutations also offer emerging opportunities to investigate sialidosis at the
cellular and molecular level, but they are less studied than other LSDs [21–24]. However,
there have been a limited number of modeling studies for sialidosis. A recent study using
sialidosis neurons from two sialidosis-iPSCs with NEU1 mutations either of p.D176G or
of p.P316S revealed functional and molecular abnormalities such as defective presynap-
tic exocytosis and excessive enhancement of α-amino-3-hydroxyl-5-methyl-4-isoxazole-
propionate receptor (AMPAR)-evoked Ca2+ influx in sialidosis patients [24]. Nevertheless,
the neuropathological features characteristic of sialidosis, involving primary defects in the
lysosomal and autophagic machinery, have not been fully elucidated across different NEU1
mutation types. Large numbers of neurological cell models, covering various types of
heterogeneous pathological mutations in NEU1 gene, are highly desirable to clearly define
the neuropathological defects of sialidosis caused by NEU1 mutation and to develop novel
therapeutic strategies.

Previously, we found the novel NEU1 mutation (p.R347Q) in sialidosis patient fibrob-
lasts showing sialidosis-associated phenotypes [25]. In this study, we aim to establish
new sialidosis-specific neural models by producing sialidosis-specific iPSCs and NPCs
with NEU1 mutations (p.V275A/R347Q and p.G227R) to investigate the effects of NEU1
deficiency on autophagy–lysosome pathways and their relevant contribution to neurologi-
cal defects. Here, we show that sialidosis-iNPCs carried NEU1G227R or NEU1V275A/R347Q

mutations that closely recapitulate disease-specific phenotypes, such as reduced sialidase
activity and autophagy and lysosome dysfunction. Of note, we show that rapamycin treat-
ment effectively rescues sialidosis-related phenotypes such as autophagy and lysosome
dysfunction and defective NPC and oligodendrocyte and astrocyte differentiation. We
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believe that our iPSC models for sialidosis would aid in the elucidation of the molecular
pathogenesis as well as in drug discoveries for sialidosis.

2. Results
2.1. Generation and Characterization of Sialidosis-iPSCs

To generate sialidosis-specific iPSC models, fibroblasts from two sialidosis patients
with different mutations [p.G227R and p.V275A/R347Q] in the NEU1 gene were repro-
grammed into iPSCs using Sendai virus (SeV) vectors encoding for OCT4, SOX2, KLF4,
and C-MYC (Figure 1A). Normal-iPSCs generated from human foreskin fibroblasts (ATCC-
CRL2097) were used as the control. Normal- and sialidosis-iPSCs (G227R-iPSCs and
V275A/R347Q-iPSCs) were manually picked based on an undifferentiated ESC-like mor-
phology between day 21 and day 28 after reprogramming and expanded for further
characterization. The disease-causing NEU1G227R- and NEU1V275A/R347Q-mutations deter-
mined in the two different parent fibroblasts used for reprogramming (Figure S1) [25]
were confirmed in the established G227R-iPSCs and V275A/R347Q-iPSCs, respectively
(Figure 1B). All the iPSC lines (normal-iPSCs, G227R-iPSCs, and V275A/R347Q-iPSCs)
exhibited an undifferentiated hESC-like morphology, similar alkaline phosphatase (ALP)
activity, and high expression of pluripotency markers (NANOG, OCT4, SSEA3, SSEA4,
TRA-1-60, and TRA-1-81) (Figure 1C). The pluripotency of normal- and sialidosis-iPSCs
was further confirmed by in vitro (Figure 1D) and in vivo trilineage differentiation into ec-
toderm, endoderm, and mesoderm (Figure 1E). Standard G-banding analysis showed that a
normal karyotype (46, XY) was maintained in the normal- and sialidosis-iPSCs (Figure S2).
Short tandem repeat (STR) analysis confirmed that all the iPSC lines were derived from
their corresponding parental fibroblasts (Table S1). Our results showed that normal- and
sialidosis-iPSCs (G227R-iPSCs and V275A/R347Q-iPSCs) were indistinguishable across
lines by gross pluripotency assays.

2.2. Generation and Characterization of Sialidosis-iNPCs

Subsequently, normal- and sialidosis-iPSCs (G227R-iPSCs and V275A/R347Q-iPSCs)
were differentiated into normal- and sialidosis-iNPCs (G227R-iNPCs and V275A/R347Q-
iNPCs) through an embryoid body (EB) intermediate using neural differentiation medium
(Figure 2A,B). We confirmed that the NEU1G227R and NEU1V275A/R347Q mutations were main-
tained in the established G227R-iNPC and V275A/R347Q-iNPC, respectively (Figure 2C).

Immunofluorescence analysis of the sialidosis-iNPCs with an anti-NEU1 antibody
showed a similar punctate endo-/lysosomal staining pattern as seen in the normal-iNPCs,
while the expression of NEU1 in the sialidosis-iNPCs (G227R-iNPCs and V275A/R347Q-
iNPCs) had a more perinuclear distribution compared with that of the normal-iNPCs
(Figure 3A). Notably, lower protein levels of NEU1 were detected in the sialidosis-iNPCs
(G227R-iNPCs and V275A/R347Q-iNPCs) compared to normal-iNPCs (Figure 3B). Accord-
ingly, we observed decreased sialidase activity in the sialidosis-iNPCs [approximately 10%
(G227R-NPCs) and 16% (V275A/R347Q-NPCs) of normal control] (Figure 3C). The activity
and stability of Neu1 is known to be exclusively influenced by association with other lyso-
somal enzymes such as protective protein/cathepsin A (PPCA) and β-galactosidase [5,6].
Western blot analysis also showed that the protein expression levels of PPCA were not
notably different between the normal- and sialidosis-iNPCs (Figure 3B), suggesting that
NEU1G227R and NEU1V275A/R347Q mutation-mediated loss of NEU1 activity is not correlated
with PPCA expression.
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Figure 1. Derivation and characterization of normal and sialidosis-iPSCs. (A) Schematic representation of iPSC derivation from
fibroblasts. (B) DNA sequences of the NEU1 gene in normal- and sialidosis-iPSCs (G227R- and V275A/R347Q-iPSCs) derived
from normal or sialidosis patient fibroblasts carrying the G227R or V275A/R347Q mutations in NEU1. (C) Representative
phase contrast images of iPSCs with or without alkaline phosphatase (ALP) staining and immunohistochemistry images of
iPSCs stained for the pluripotency markers NANOG, SSEA3, SSEA4, OCT4, TRA1-60, and TRA-1-81. (Scale bar = 200 µm)
(D) Representative immunohistochemistry images of differentiated iPSCs stained for ectoderm (TUJ1 and NESTIN), endo-
derm (FOXA2 and SOX17), and mesoderm (DESMIN and α-SMA) markers. Nuclei were counterstained with DAPI (blue).
(Scale bar = 100 µm) (E) Representative images of hematoxylin and eosin (H&E)-stained teratoma sections showing the three
germ layers: ectoderm (top panel), endoderm (middle panel), and mesoderm (bottom panel). (Scale bar = 50 µm).
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Figure 2. Derivation and characterization of normal and sialidosis-iNPCs. (A) Schematic representation of iNPC derivation
from iPSCs. (B) Representative immunohistochemistry images of normal- and sialidosis-iNPCs (G227R- and V275A/R347Q-
iNPCs) stained for the NPC markers Nestin and Tuj1. Nuclei were counterstained with DAPI (blue). (Scale bar = 50 µm)
(C) DNA sequences of the NEU1 gene in normal- and sialidosis-iNPCs derived from normal or sialidosis-iPSCs carrying the
G227R or V275A/R347Q mutation in NEU1.

Figure 3. Disease-specific phenotypes of sialidosis-iNPCs. (A) Representative immunohistochemistry images of normal- and
sialidosis-iNPCs (G227R- and V275A/R347Q-iNPCs) stained for NEU1 and the NPC marker Nestin. Nuclei were counterstained
with DAPI (blue). (Scale bar = 10 µm) (B) Western blot analysis of NEU1, PPCA, and LAMP1 expression in normal- and
sialidosis-iNPCs. β-actin was used as the loading control. (C) Sialidase activity of normal- and sialidosis-iNPCs. The data are
the means ± SDs of at least 3 independent experiments. *** p < 0.001, compared to control normal-iNPCs (t-test).



Int. J. Mol. Sci. 2021, 22, 4386 6 of 16

2.3. NEU1 Deficiency-Associated Autophagy–Lysosomal Dysfunction in Sialidosis-iNPCs

Sialidase NEU1, a known negative regulator of lysosomal exocytosis, is responsible
for the processing of sialic acids on lysosomal-associated membrane protein-1 (LAMP-1),
a lysosomal exocytosis effector [26]. Similar to other NEU1-deficient models [26,27], the
expression of LAMP1 was markedly increased in the sialidosis-iNPCs (G227R-iNPCs and
V275A/R347Q-iNPCs), compared with the normal-iNPCs (Figure 3B). These results suggest
that NEU1 deficiency due to NEU1 G227R and V275A/R347Q mutations may result in
impaired lysosomal exocytosis in sialidosis-iNPCs and also demonstrate that the features
of neuronal and biochemical defects associated with NEU1G227R and NEU1V275A/R347Q

mutations can be effectively recapitulated in our sialidosis-iNPC models.
A phenotypic LYSO-ID staining assay revealed a comparable number and size of lyso-

somes/cells in the normal- and sialidosis-iNPCs (G227R-iNPCs and V275A/R347Q-iNPCs).
The sialidosis-iNPCs (G227R-iNPCs and V275A/R347Q-iNPCs) showed characteristic en-
larged lysosomes compared to the normal-iNPCs (Figure 4, red). The sialidosis-iNPCs
(G227R-iNPCs and V275A/R347Q-iNPCs) exhibited brightly stained large, perinuclear-
clustered, and scattered lysosomes in the peripheral region, while the normal-iNPCs showed
lightly stained, smaller lysosomal vesicles with less perinuclear clustering (Figure 4A, red).
Increasingly, studies have demonstrated that impaired lysosomal function observed in
various LSDs is associated with autophagy impairment [22,28–30]. Unstimulated basal
levels of autophagic vacuoles were not detectable in either normal- or sialidosis-iNPCs by
the CYTO-ID autophagy detection assay; thus, we evaluated the impact of rapamycin, an
mTOR-dependent autophagy inducer [31], in the sialidosis-iNPCs and compared them to
normal-iNPCs (Figure 4A,B, green). Rapamycin treatment effectively enhanced the appear-
ance of autophagic vacuoles in both the normal- and sialidosis-iNPCs (Figure 4A,B, green).
Notably, rapamycin was less effective in inducing autophagy in the sialidosis-iNPCs than
in the normal-iNPCs, which confirmed the Neu1 deficiency-associated inhibition of the
autophagic flux in sialidosis-iNPCs (Figure 4A,B). Taken together, these results characterize
an impairment of the autophagy–lysosomal pathway in the sialidosis-iNPC model.

2.4. Rapamycin Partly Restores Impaired Function of Sialidosis-iNPCs

As the sialidosis-iPSCs, relative to the normal-iPSCs, were found to be less efficient
in the production of NPCs (Figure 5A,B), we next evaluated whether the differentiation
capability of the sialidosis-iPSCs into NPCs could be restored by activation of autophagy
with rapamycin. Notably, rapamycin treatment effectively increased the production yields
of the sialidosis-iNPCs, as determined by increases in spherical NPC size and numbers
(Figure 5A,B). While the normal- and sialidosis-iNPCs did not differ in their capabilities to
differentiate into neurons, the sialidosis-iNPCs showed reduced differentiation towards
oligodendrocytes and astrocytes (Figure 5C,D). Significantly, the defective differentiation
potential of the sialidosis-iNPCs, especially into oligodendrocytes and astrocytes, was no-
tably rescued by rapamycin treatment (Figure 5C,D). These observations demonstrate that
dysfunction of sialidosis-iPSCs and -iNPCs can be rescued, at least in part, by autophagy
activation. In addition, the reversal of the phenotypic defects of sialidosis-iNPCs with
rapamycin can provide future opportunities for therapeutic strategies.
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Figure 4. Lysosomal and autophagic dysfunctions in sialidosis-iNPCs. (A) Representative images show the LYSO-ID-stained
lysosomal (red) and CYTO-ID-stained autophagosomal (green) compartments in normal- and sialidosis-iNPCs cultured
in the absence (control, left panel) or presence of rapamycin (500 ng/mL, right panel). Nuclei were counterstained with
DAPI (blue). (Scale bar = 10 µm) (B) Quantification of the autophagosomal and lysosomal compartments from Figure 4A
images to measure the relative expression of fluorescence intensity. The data are the means ± SDs of at least 3 independent
experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001, compared to control normal-iNPCs (t-test).



Int. J. Mol. Sci. 2021, 22, 4386 8 of 16

Figure 5. Rescue of disease-associated defects in sialidosis-iNPCs. (A) Representative images showing morphological
differences between normal- and sialidosis-iNPC spheres (G227R and V275A/R347Q) generated in the absence or presence
of 0.1 nM rapamycin treatment. (B) Quantification of the average diameters (µm) of normal- and sialidosis-iNPC spheres
(G227R and V275A/R347Q) shown in A. The data are the means ± SDs of three independent experiments. *** p < 0.001,
compared to untreated control (t-test). (C) Representative immunohistochemistry images of normal- and sialidosis-iNPCs
(G227R and V275A/R347Q) differentiated into neurons, astrocytes, and oligodendrocytes and stained for the indicated
lineage-specific markers. (Scale bar = 50 µm) (D) Quantification of the differentiation potential from Figure 5C images
to measure the relative expression of fluorescence intensity. The data are the means ± SDs of at least 3 independent
experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001, compared to control normal cell line (t-test).
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3. Discussion

Here, we present new sialidosis-iNPC models carrying NEU1G227R or NEU1V275A/R347Q

mutations generated from the fibroblasts of two independent patients with p.G227R
(c.677G > A) and p.V275A (c.824T > C)/p.R347Q (c.1040G > A) mutations [25,32]. All
NEU1G227R- or NEU1V275A/R347Q-mutated iNPC models showed NEU1 deficiency-mediated
autophagy and lysosomal dysfunction and loss of differentiation capacity, which were
closely related to neurological dysfunction that occurred because of sialidosis (Figure 6).

Figure 6. Schematic summary of sialidosis-specific neurological impairments characterized in sialidosis-iNPCs. The
sialidosis-iNPC model reveals molecular defects in sialidosis, such as NEU1 mutation, deficient sialidase activity, and
increased LAMP1 expression. Deficient NEU1 enzyme activity caused by genetic mutations in the NEU1 gene results
in impaired autophagy and lysosomal pathways in sialidosis-iNPCs. Induction of autophagy by rapamycin effectively
rescues sialidosis-related defects in sialidosis-iNPCs, suggesting an important role of the autophagy–lysosome pathway in
neurological abnormalities associated with sialidosis.

Although beneficial effects of various therapeutic approaches, including enzyme
replacement therapy and small molecule drugs, have been demonstrated in various
LSDs, such as mucopolysaccharidosis type II (MPSII) [33], Wolman disease (WD) [34],
Tay-Sachs disease (TSD) [35], and Niemann-Pick type C1 disease (NPC1) [36], there is
still no cure for most LSDs. Analysis of neural cell models derived from iPSCs from
patients with LSDs including Niemann-Pick type C1 disease (NPC1) [36,37], GM1 gan-
gliosidosis [38], TSD [35,39], mucopolysaccharidosis type I (MPSI) [40], MPS type II (MP-
SII) [33,41], MPS VII [42], and WD [34], has yielded important insights into causative genes
and the pathogenesis associated with the neurological abnormalities that are character-
istic of sialidosis. Sialidosis-iPSCs, harboring both sialidosis-associated mutations and
patient-specific genetic background, offer emerging opportunities to investigate sialido-
sis at the cellular and molecular level. However, only four reports have been published
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on sialidosis-iPSC models from patients with different NEU1 mutations [21–24]. Two
reports demonstrated the establishment of sialidosis-iPSC models with NEU1 mutations
c.649G > A/644 T > C, c.1109A > G/c.1109A > G [43], c.1195_1200dup/c.679G > A [23,32],
or c.544 A > G transition and 667–679 deletion from sialidosis patient fibroblasts [21]. A
review of the literature revealed no additional reports of using those models for the produc-
tion of an adequate tissue-specific disease model, but they can be a potential source of it. As
a tissue-specific disease model, retinal pigment epithelial cells (RPEs) were produced from
a salidosis-iPSC model with NEU1 mutations c.239C > T and c.403G > A [44] and thereby re-
vealed the NEU1 deficiency-associated impaired autophagy in sialidosis-specific RPEs [22].
Recently, characterization of sialidosis neurons derived from two sialidosis-iPSCs carrying
NEU1D176G or NEU1P316S has revealed the functional and molecular abnormalities such as
defective presynaptic exocytosis and excessive enhancement of AMPA-evoked Ca2+ influx
in sialidosis [24].

Similarly to sialidosis-NPCs carrying NEU1D176G or NEU1P316S [21], our sialidosis-
iNPC models carrying NEU1G227R or NEU1V275A/R347Q mutations revealed correlations
of NEU1 mutations with sialidosis-specific molecular defects and disease phenotypes,
which are specifically associated with abnormal lysosomal dynamics. NEU1G227R- and
NEU1V275A/R347Q-iNPCs showed 10% and 29% residual activity respectively, compared to
the normal control cells. These results correspond to those determined in the parental pa-
tient fibroblasts [25] and other pathological mutations identified in the NEU1 gene [4,24,32].
The expression levels of PPCA, a major constituent of the multienzyme lysosomal complex,
were not notably changed in NEU1G227R- and NEU1V275A/R347Q-iNPCs compared to nor-
mal control cells. However, there is the possibility that NEU1G227R and NEU1V275A/R347Q

mutations may affect the NEU1-PPCA interaction essential for the correct trafficking
of NEU1 to lysosomes, where the NEU1 enzyme is processed into its mature, active
form [7,43,45]. As NEU1 acts as a negative regulator of lysosomal exocytosis mediating cel-
lular clearance by processing its substrate LAMP1 sialic acids, NEU1 deficiency-associated
accumulation of over-sialylated LAMP1 at the lysosomal membrane appears to be respon-
sible for excessive lysosomal exocytosis [13,26]. Consistent with previous observations
in sialidosis-NPCs carrying NEU1D176G or NEU1P316S [21], loss of NEU1 enzyme activ-
ity in NEU1G227R- and NEU1V275A/R347Q-iNPCs is coupled with increased expression of
LAMP1, which is potentially suggestive of impaired lysosomal exocytosis in NEU1G227R-
and NEU1V275A/R347Q-iNPCs, but the detailed molecular machinery and regulatory mecha-
nisms require further investigation.

The role of autophagy malfunction has been extended to LSDs [28,29] but has not been
clearly investigated in sialidosis in terms of neurological dysfunction. Our observations
provide the first evidence that NEU1 deficiency alters not only lysosomal dynamics but
also autophagic activity in NEU1G227R- and NEU1V275A/R347Q-iNPCs, whereas we could
not exclude the possibility of retrograde trafficking pathway involvement (Figure 6) [46].
Although NEU1G227R- and NEU1V275A/R347Q-iNPCs were found to be less sensitive to ra-
pamycin than normal-iNPCs, rapamycin treatment effectively recovered autophagic flux
in NEU1G227R- and NEU1V275A/R347Q-iNPCs. Significantly, autophagy activation with ra-
pamycin effectively ameliorated the accumulation of enlarged lysosomes in NEU1G227R-
and NEU1V275A/R347Q-iNPCs, suggesting a connection between impaired autophagic flux
and lysosomal dysfunction. Importantly, the defective differentiation potential of both
NEU1G227R- and NEU1V275A/R347Q-iPSCs into iNPCs and NEU1G227R- and NEU1V275A/R347Q-
iNSCs into oligodendrocytes and astrocytes was effectively rescued by rapamycin treat-
ment, demonstrating the potential of targeting these glial cells for therapeutic intervention.
Consistently, many studies indicate the contribution of impaired astrocytes, triggered
by autophagic/lysosomal dysfunction, to driving neuronal dysfunction in other LSDs,
such Alzheimer’s disease, Parkinson’s disease, and Huntington disease, and highlight
the potential of targeting these cells as a beneficial therapeutic strategy for LSDs [47–50].
However, it still remains unexplored in the context of sialidosis neuropathogenesis. Mov-
ing forward, it would be important to address whether and how glial cells play a role on
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sialidosis progression and pathobiology and to determine their impact on neuronal circuits
and networks.

In pursuit of more accurate and reproducible modeling of sialidosis, multiple iPSC
models, covering various types of heterogeneous pathological mutations in NEU1 gene,
a variety of donors, and differentiation variation, are highly desirable for comparative
studies, but still are not available. Our findings show that sialidosis-iNPCs with G227R or
V275A mutations share some common pathological and biochemical features with other
mutations types of sialidosis, and the utility of our NEU1G227R- and NEU1V275A/R347Q-
iNPCs can be expanded to comparative and interdisciplinary research with other sialidosis
models to better understand phenotype–genotype correlations and common and distinct
pathological mechanisms. Recently, gene editing technology, such as the easily accessible
CRISPR/Cas9 system, has been applied for therapeutic purposes and disease modeling
of LSDs by correcting or inducing disease-causing mutations [51]. Together with patient-
derived sialidosis-iPSC models, with the use of CRISPR gene-edited sialidosis-iPSC models,
will allow us to gain a deeper understanding of the molecular mechanisms underlying the
impact of disease-causing mutations, and new therapeutic approaches.

In conclusion, our new NEU1G227R- and NEU1V275A/R347Q-iNPC models described
here closely mimic the altered autophagy and lysosomal dysfunction associated with neu-
rological dysfunction in sialidosis. The findings of this study also highlight the importance
of understanding the mechanisms that control the autophagy–lysosome pathways for the
development of effective therapies for sialidosis.

4. Materials and Methods
4.1. Human Fibroblasts

Sialidosis patient fibroblasts with NEU1G227R (GM02685) or NEU1R347Q/V275A (GM02921)
mutations [25] were obtained from the Coriell Cell Repositories (Camden, NJ, USA:
http://ccr.coriell.org, last access date 19th of April 2021). Human newborn foreskin
fibroblasts (CRL2097) obtained from ATCC (Manassas, VA, USA) were used as a normal
control. Cells were cultured in α-modified Eagle’s minimum essential medium (α-MEM,
Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 15% fetal bovine serum
(FBS, Invitrogen, Carlsbad, CA, USA), 1× nonessential amino acids (NEAA, Thermo Fisher
Scientific), 1% sodium pyruvate (Thermo Fisher Scientific), and 1% penicillin/streptomycin
(P/S) (Sigma, St. Louis, MO, USA).

4.2. cDNA Sequencing

Total RNA was extracted from fibroblasts, iPSCs, and iNPCs using RNiso Plus reagent
(Takara, Shiga, Japan) and was reverse transcribed using the Superscript III first-strand
synthesis system (Invitrogen) according to the manufacturers’ instructions. Full-length
NEU1 cDNAs were amplified by PCR and sequenced as previously described [25].

4.3. Normal- and Sialidosis-iPSCs

Integration-free normal- and sialidosis-iPSCs (NEU1G227R- and NEU1V275A/R347Q-iPSCs)
were reprogrammed from normal (CRL2097) and sialidosis patient fibroblasts (GM02685
and GM02921), using the CytoTune™-iPS 2.0 Sendai reprogramming kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions. The established iPSCs were rou-
tinely cultured on Matrigel (BD Biosciences, San Diego, CA, USA)-coated plates in mTeSR1
medium (STEMCELL Technologies, Vancouver, Canada) at 37 ◦C in 5% CO2 and passaged
within 4–5 days of culture at a 1:3 ratio using 1 mg/mL dispase (STEMCELL Technologies).

4.4. Alkaline Phosphatase (ALP) Analysis

Normal- and sialidosis-iPSC colonies were fixed in a citrate-acetone-formaldehyde
solution and stained for ALP activity using an ALP detection kit (Sigma). Cell images were
captured using an Olympus microscope (IX51, Olympus, Shinjuku-ku, Tokyo, Japan).

http://ccr.coriell.org
http://ccr.coriell.org
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4.5. In Vitro EB Formation and Trilineage Differentiation

The iPSC colonies cultured in feeder-free conditions were dissociated with 1 mg/mL
collagenase IV. Embryoid body (EB) formation was carried out in suspension culture by
culturing of iPSC aggregates with EB medium consisting of knockout Dulbecco’s modified
Eagle’s medium (DMEM, Thermo Fisher Scientific), 10% KnockOut serum replacement
(KSR), 1× NEAA, 0.1 mM β-mercaptoethanol, and 1 mM L-glutamine in ultralow at-
tachment plates (Corning, Corning, NY, USA) for 5 days. For spontaneous trilineage
differentiation, the EB aggregates were transferred to gelatin-coated plates, cultured for an
additional 10 days, and analyzed for trilineage marker expression by immunocytochem-
istry. The medium was changed every other day. The antibodies utilized are summarized
in Supplementary Table S2.

4.6. G-Banding Karyotyping and Short Tandem Repeat (STR) Profiling

To monitor genomic stability, after more than 20 passages in feeder-free medium, iPSCs
were processed for standard chromosomal G-band analysis by GenDix, Inc. (Seoul, Korea).
A representative image was obtained by ChIPS-Karyo (Chromosome Image Processing
System, GenDix, Inc.). STR profiling of the original sialidosis patient cells (6 passages)
and iPSCs (15 passages) was performed by HumanPass, Inc. (Seoul, Korea) to confirm
that all the iPSCs had the same origin as patient fibroblasts. The absence of mycoplasma
contamination was regularly checked by a polymerase chain reaction (PCR)-based method
using an EZ-PCRTM Mycoplasma detection kit (Biological Industries, Beit-Haemek, Israel).

4.7. Teratoma Analysis

iPSCs (1 × 106) mixed with 50% v/v Matrigel were injected subcutaneously into
the dorsolateral area of 4-week-old CAnN.Cg-Foxn1 nu/CrljOri mice (Orient Bio Inc.,
Seoul, Korea). Ten weeks after injection, the tumor tissues were dissected and fixed in 4%
paraformaldehyde. Paraffin-embedded tissue sections were then stained with hematoxylin
and eosin (H&E) solution (Sigma) to analyze teratoma composition.

4.8. Immunocytochemistry

Cells were fixed with 4% formaldehyde (Sigma) for 10 min, permeabilized with
0.1% Triton X-100 for 30 min, and blocked with 3% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS) for 2 h. The cells were then incubated overnight at 4 ◦C
with primary antibodies diluted in blocking solution. After washing three times with 0.1%
Tween-20-containing PBS at room temperature (RT), the cells were further incubated with
fluorescence-conjugated secondary antibodies for 2 h and then counterstained with 300 nM
4′, 6-diamidino-2-phenylindole (DAPI, Invitrogen) at RT for 15–30 min. The images were
obtained by using an Axio VertA.1 microscope (Carl Zeiss, Oberkochen, Germany) or
an Olympus microscope (Olympus, Japan). The antibodies utilized are summarized in
Supplementary Table S2.

4.9. Normal and Sialidosis-iNPCs

For NPC differentiation, floating EBs from normal- and sialidosis-iPSCs (NEU1G227R-
and NEU1V275A/R347Q-iPSCs) were attached to Matrigel-coated plates and cultured in neu-
ral differentiation medium (NDM) consisting of DMEM/F12 (Thermo Fisher Scientific),
1× N2/B27 (Invitrogen), 20 ng/mL basic fibroblast growth factor, 20 ng/mL epidermal
growth factor (Invitrogen, USA), and 10 ng/mL leukemia inhibitory factor (Sigma) for
14 days. Differentiated NPCs were subcultured every week using a McllwainTM tissue
chopper with a diameter of 200 µm (Mickle Engineering, Gomshall, Surrey, UK), and the
medium was refreshed every other day. For proliferation assays, 6 NPC aggregates x per
condition were seeded into 96-well plates and cultured in NDM for 14 days. The established
NPC spheres were visualized under an Olympus microscope and photographed. The av-
erage diameter (µm) of 14–24 NPC spheres was measured using ImageJ software (NIH,
Bethesda, MA, USA). For terminal differentiation, NPCs (1× 106 cells/mL) dissociated with
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1× Accutase solution (Invitrogen) were seeded onto Matrigel-coated plates and cultured in
neuron [a 1:1 mixture of NeurobasalTM medium (Thermo Fisher Scientific) and DMEM/F12
supplemented with 1× B27 (Thermo Fisher Scientific), 1× GlutaMax (Thermo Fisher Scien-
tific), 1×N2/B27 (Invitrogen), 1 µM retinoic acid (RA, Sigma), 20 µg/mL ascorbic acid (AA)
(Sigma), 10 ng/mL brain-derived neurotrophic factor (BDNF, PeproTech, Rocky Hill, NJ,
USA), 10 ng/mL glial-cell-line-derived neurotrophic factor (GDNF; PeproTech), and 5 µM
forskolin (Sigma)] or astrocyte [a high glucose DMEM supplemented with 1× N2 (Thermo
Fisher Scientific), 1× GlutaMax, and 1% FBS] differentiation medium for 3–4 weeks. For
oligodendrocyte differentiation, NPCs seeded on Matrigel-coated plates were cultured in
differentiation medium I [DMEM/F12 supplemented with 1× N2/B27 (without vitamin
A), 1× NEAA, 2 mg/mL heparin (Sigma), 1 µM RA, and 1 µM sonic hedgehog (Pepro-
tech) for 2 weeks] and then in differentiation medium II [DMEM/F12 supplemented with
1× N2/B27 (without vitamin A), 1× NEAA, 601 ng/mL triiodothyronine (T3), 1 µM cyclic
AMP (Sigma), 20 ng/mL platelet-derived growth factor (Peprotech), 10 ng/mL insulin-like
growth factor (R&D Systems, Minneapolis, MN, USA), and 10 ng/mL neurotrophin-3 (Pe-
protech)] for 1–2 weeks. The differentiation of iPSCs and iNPCs into target differentiated
cells was further performed in the presence of 0.1 nM rapamycin to test whether autophagy
affects the differentiation potential and function of the cells.

4.10. Sialidase Assay

Cells harvested in assay buffer (20 mM citrate pH 4.5, 60 mM NaCl, and 1 mM
MgCl2) were lysed by sonication. The cell lysate (2 µg) was added to 100 µL assay buffer
containing 0.1 mM 2′-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid (4-MUNANA,
Sigma) substrate and incubated at 37 ◦C for 4 h. The reactions were terminated by adding
50 µL of 0.1 M Glycine-NaOH (pH 10.5) buffer. The fluorescence signal of the resulting
4-lumbelliferone (4-MU) was determined with excitation and emission at 365 nm and
450 nm, respectively, by using a SpectraMax® M3 Multi-Mode Microplate Reader (Molecu-
lar Devices, Sunnyvale, CA, USA).

4.11. Western Blot

Cell lysates (20 µg protein) prepared in RIPA buffer containing 50 mM Tris–HCl,
pH 8.0, 150 mM sodium chloride, 1% Triton X-100, 0.5% deoxycholic acid, and 0.1% SDS
were separated by 4–20% SDS-PAGE and blotted onto PVDF membranes. After blocking
in blocking buffer containing 5% skim milk and 0.1% Tween-20 in Tri-buffered saline
(TBST) for 2 h at RT, the blots were washed three times for 5 min with TBST and incubated
with primary antibodies diluted in 3% skim milk in TBST. After washing the membrane
three times with TBST for 5 min, the horseradish peroxidase (HRP)-conjugated secondary
antibodies against each primary antibody species was diluted in 3% skim milk in TBST and
incubated for 2 h at RT. The bands were detected using an ECL substrate kit (Thermo Fisher
Scientific) and normalized to the density of the loading control, β-actin. The antibodies
utilized are summarized in Supplementary Table S2.

4.12. Autophagy and Lysosome Staining

The iNPCs were seeded on 18-mm cover-glass bottom dishes and untreated or treated
with 500 ng/mL rapamycin for overnight. After the treatments, the cells were stained with
a CYTO-ID® autophagy detection kit (Enzo, Farmingdale, NY, USA) and LYSO-ID® Red
detection kit (ENZ-51005-0100, Enzo) according to the manufacturer’s instructions. Images
were acquired by an Axio VertA.1 microscope (Carl Zeiss).

4.13. Statistical Analysis

The results are presented as the mean ± SE. Student’s unpaired t-test was used for
statistical evaluation, and * p < 0.05, ** p < 0.01, and *** p < 0.001 were considered significant.
Image results were quantified by ImageJ software (NIH, Bethesda, MD, USA).



Int. J. Mol. Sci. 2021, 22, 4386 14 of 16

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22094386/s1.

Author Contributions: B.S., Y.-D.K.: Conception and design, collection, and/or assembly of data,
data analysis and interpretation, manuscript writing, final approval of the manuscript. Y.S.C.:
Conception and design, financial support, data analysis and interpretation, manuscript writing, and
final approval of the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF; 2020R1A2B-
5B02002252 and 2019M3A9H1103797) and by the KRIBB research initiative program (NTIS1711134084/
KGM5502113).

Institutional Review Board Statement: All the animal experiments were performed in accordance
with the guidelines of the KRIBB Institutional Animal Care and Use Committee (Animal Welfare
Assurance Number: KRIBB-AEC-19153). Every effort was made to minimize animal suffering.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sphranger, J.; Gehler, J.; Cantz, M. Mucolipidosis I—A sialidosis. Am. J. Med. Genet. 1977, 1, 21–29. [CrossRef]
2. Lowden, J.A.; O’Brien, J.S. Sialidosis: A review of human neuraminidase deficiency. Am. J. Hum. Genet. 1979, 31, 1–18. [PubMed]
3. Bonten, E.; van der Spoel, A.; Fornerod, M.; Grosveld, G.; d’Azzo, A. Characterization of human lysosomal neuraminidase defines

the molecular basis of the metabolic storage disorder sialidosis. Genes Dev. 1996, 10, 3156–3169. [CrossRef] [PubMed]
4. Pattison, S.; Pankarican, M.; Rupar, C.A.; Graham, F.L.; Igdoura, S.A. Five novel mutations in the lysosomal sialidase gene

(NEU1) in type II sialidosis patients and assessment of their impact on enzyme activity and intracellular targeting using
adenovirus-mediated expression. Hum. Mutat. 2004, 23, 32–39. [CrossRef] [PubMed]

5. Bonten, E.J.; Annunziata, I.; d’Azzo, A. Lysosomal multienzyme complex: Pros and cons of working together. Cell Mol. Life Sci.
2014, 71, 2017–2032. [CrossRef]

6. Bonten, E.J.; Campos, Y.; Zaitsev, V.; Nourse, A.; Waddell, B.; Lewis, W.; Taylor, G.; d’Azzo, A. Heterodimerization of the sialidase
NEU1 with the chaperone protective protein/cathepsin A prevents its premature oligomerization. J. Biol. Chem. 2009, 284,
28430–28441. [CrossRef] [PubMed]

7. Lukong, K.E.; Landry, K.; Elsliger, M.A.; Chang, Y.; Lefrancois, S.; Morales, C.R.; Pshezhetsky, A.V. Mutations in sialidosis impair
sialidase binding to the lysosomal multienzyme complex. J. Biol. Chem. 2001, 276, 17286–17290. [CrossRef]

8. Monti, E.; Bonten, E.; D’Azzo, A.; Bresciani, R.; Venerando, B.; Borsani, G.; Schauer, R.; Tettamanti, G. Sialidases in vertebrates: A
family of enzymes tailored for several cell functions. Adv. Carbohydr. Chem. Biochem. 2010, 64, 403–479. [PubMed]

9. Mohammad, A.N.; Bruno, K.A.; Hines, S.; Atwal, P.S. Type 1 sialidosis presenting with ataxia, seizures and myoclonus with no
visual involvement. Mol. Genet. Metab. Rep. 2018, 15, 11–14. [CrossRef]

10. Seyrantepe, V.; Poupetova, H.; Froissart, R.; Zabot, M.T.; Maire, I.; Pshezhetsky, A.V. Molecular pathology of NEU1 gene in
sialidosis. Hum. Mutat. 2003, 22, 343–352. [CrossRef]

11. Zanoteli, E.; van de Vlekkert, D.; Bonten, E.J.; Hu, H.; Mann, L.; Gomero, E.M.; Harris, A.J.; Ghersi, G.; d’Azzo, A. Muscle
degeneration in neuraminidase 1-deficient mice results from infiltration of the muscle fibers by expanded connective tissue.
Biochim. Biophys. Acta 2010, 1802, 659–672. [CrossRef] [PubMed]

12. De Geest, N.; Bonten, E.; Mann, L.; de Sousa-Hitzler, J.; Hahn, C.; d’Azzo, A. Systemic and neurologic abnormalities distinguish
the lysosomal disorders sialidosis and galactosialidosis in mice. Hum. Mol. Genet. 2002, 11, 1455–1464. [CrossRef]

13. Annunziata, I.; Patterson, A.; Helton, D.; Hu, H.; Moshiach, S.; Gomero, E.; Nixon, R.; d’Azzo, A. Lysosomal NEU1 deficiency
affects amyloid precursor protein levels and amyloid-beta secretion via deregulated lysosomal exocytosis. Nat. Commun. 2013, 4,
2734. [CrossRef] [PubMed]

14. Bonten, E.J.; Yogalingam, G.; Hu, H.; Gomero, E.; van de Vlekkert, D.; d’Azzo, A. Chaperone-mediated gene therapy with recom-
binant AAV-PPCA in a new mouse model of type I sialidosis. Biochim. Biophys. Acta 2013, 1832, 1784–1792. [CrossRef] [PubMed]

15. Bonten, E.J.; Wang, D.; Toy, J.N.; Mann, L.; Mignardot, A.; Yogalingam, G.; D’Azzo, A. Targeting macrophages with baculovirus-
produced lysosomal enzymes: Implications for enzyme replacement therapy of the glycoprotein storage disorder galactosialidosis.
FASEB J. 2004, 18, 971–973. [CrossRef] [PubMed]

16. Zunke, F.; Mazzulli, J.R. Modeling neuronopathic storage diseases with patient-derived culture systems. Neurobiol. Dis. 2019, 127,
147–162. [CrossRef]

17. Huang, H.P.; Chuang, C.Y.; Kuo, H.C. Induced pluripotent stem cell technology for disease modeling and drug screening with
emphasis on lysosomal storage diseases. Stem. Cell Res. Ther. 2012, 3, 34. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms22094386/s1
https://www.mdpi.com/article/10.3390/ijms22094386/s1
http://doi.org/10.1002/ajmg.1320010104
http://www.ncbi.nlm.nih.gov/pubmed/107795
http://doi.org/10.1101/gad.10.24.3156
http://www.ncbi.nlm.nih.gov/pubmed/8985184
http://doi.org/10.1002/humu.10278
http://www.ncbi.nlm.nih.gov/pubmed/14695530
http://doi.org/10.1007/s00018-013-1538-3
http://doi.org/10.1074/jbc.M109.031419
http://www.ncbi.nlm.nih.gov/pubmed/19666471
http://doi.org/10.1074/jbc.M100460200
http://www.ncbi.nlm.nih.gov/pubmed/20837202
http://doi.org/10.1016/j.ymgmr.2017.12.005
http://doi.org/10.1002/humu.10268
http://doi.org/10.1016/j.bbadis.2010.04.002
http://www.ncbi.nlm.nih.gov/pubmed/20388541
http://doi.org/10.1093/hmg/11.12.1455
http://doi.org/10.1038/ncomms3734
http://www.ncbi.nlm.nih.gov/pubmed/24225533
http://doi.org/10.1016/j.bbadis.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/23770387
http://doi.org/10.1096/fj.03-0941fje
http://www.ncbi.nlm.nih.gov/pubmed/15084520
http://doi.org/10.1016/j.nbd.2019.01.018
http://doi.org/10.1186/scrt125


Int. J. Mol. Sci. 2021, 22, 4386 15 of 16

18. Schondorf, D.C.; Aureli, M.; McAllister, F.E.; Hindley, C.J.; Mayer, F.; Schmid, B.; Sardi, S.P.; Valsecchi, M.; Hoffmann, S.; Schwarz,
L.K.; et al. iPSC-derived neurons from GBA1-associated Parkinson’s disease patients show autophagic defects and impaired
calcium homeostasis. Nat. Commun. 2014, 5, 4028. [CrossRef]

19. Mazzulli, J.R.; Zunke, F.; Isacson, O.; Studer, L.; Krainc, D. Alpha-Synuclein-induced lysosomal dysfunction occurs through
disruptions in protein trafficking in human midbrain synucleinopathy models. Proc. Natl. Acad. Sci. USA 2016, 113,
1931–1936. [CrossRef]

20. Lemonnier, T.; Blanchard, S.; Toli, D.; Roy, E.; Bigou, S.; Froissart, R.; Rouvet, I.; Vitry, S.; Heard, J.M.; Bohl, D. Modeling neuronal
defects associated with a lysosomal disorder using patient-derived induced pluripotent stem cells. Hum. Mol. Genet. 2011, 20,
3653–3666. [CrossRef]

21. Liu, S.P.; Hsu, Y.H.; Huang, C.Y.; Ho, M.C.; Cheng, Y.C.; Wen, C.H.; Lu, H.E.; Tsai, C.H.; Shyu, W.C.; Hsieh, P.C.H. Generation of
novel induced pluripotent stem cell (iPSC) line from a 16-year-old sialidosis patient with NEU-1 gene mutation. Stem Cell Res.
2018, 28, 39–43. [CrossRef] [PubMed]

22. Davaadorj, O.; Akatsuka, H.; Yamaguchi, Y.; Okada, C.; Ito, M. Impaired Autophagy in Retinal Pigment Epithelial Cells Induced
from iPS Cells obtained from a Patient with Sialidosis. Cell Dev. Biol. 2017, 6, 2. [CrossRef]

23. Han, M.J.; Annunziata, I.; Weesner, J.; Campos, Y.; Salie, M.; O’Reilly, C.; d’Azzo, A. Generation of human induced pluripotent
stem cells (hIPSCs) from sialidosis types I and II patients with pathogenic neuraminidase 1 mutations. Stem Cell Res. 2020, 46,
101836. [CrossRef] [PubMed]

24. Odaka, H.; Numakawa, T.; Soga, M.; Kido, J.; Matsumoto, S.; Kajihara, R.; Okumiya, T.; Tani, N.; Tanoue, Y.; Fukuda, T.; et al. An
iPSC-based neural model of sialidosis uncovers glycolytic impairment-causing presynaptic dysfunction and deregulation of
Ca(2+) dynamics. Neurobiol. Dis. 2021, 152, 105279. [CrossRef] [PubMed]

25. Kwak, J.E.; Son, M.Y.; Son, Y.S.; Son, M.J.; Cho, Y.S. Biochemical and molecular characterization of novel mutations in GLB1 and
NEU1 in patient cells with lysosomal storage disorders. Biochem. Biophys. Res. Commun. 2015, 457, 554–560. [CrossRef]

26. Yogalingam, G.; Bonten, E.J.; van de Vlekkert, D.; Hu, H.; Moshiach, S.; Connell, S.A.; d’Azzo, A. Neuraminidase 1 is a negative
regulator of lysosomal exocytosis. Dev. Cell 2008, 15, 74–86. [CrossRef]

27. Wu, X.; Steigelman, K.A.; Bonten, E.; Hu, H.; He, W.; Ren, T.; Zuo, J.; d’Azzo, A. Vacuolization and alterations of lysosomal
membrane proteins in cochlear marginal cells contribute to hearing loss in neuraminidase 1-deficient mice. Biochim. Biophys. Acta
2010, 1802, 259–268. [CrossRef]

28. Settembre, C.; Fraldi, A.; Rubinsztein, D.C.; Ballabio, A. Lysosomal storage diseases as disorders of autophagy. Autophagy 2008, 4,
113–114. [CrossRef]

29. Kinghorn, K.J.; Asghari, A.M.; Castillo-Quan, J.I. The emerging role of autophagic-lysosomal dysfunction in Gaucher disease and
Parkinson’s disease. Neural Regen. Res. 2017, 12, 380–384. [CrossRef] [PubMed]

30. Lieberman, A.P.; Puertollano, R.; Raben, N.; Slaugenhaupt, S.; Walkley, S.U.; Ballabio, A. Autophagy in lysosomal storage
disorders. Autophagy 2012, 8, 719–730. [CrossRef]

31. Noda, T.; Ohsumi, Y. Tor, a phosphatidylinositol kinase homologue, controls autophagy in yeast. J. Biol. Chem. 1998, 273,
3963–3966. [CrossRef] [PubMed]

32. Bonten, E.J.; Arts, W.F.; Beck, M.; Covanis, A.; Donati, M.A.; Parini, R.; Zammarchi, E.; d’Azzo, A. Novel mutations in
lysosomal neuraminidase identify functional domains and determine clinical severity in sialidosis. Hum. Mol. Genet. 2000, 9,
2715–2725. [CrossRef]

33. Rybova, J.; Ledvinova, J.; Sikora, J.; Kuchar, L.; Dobrovolny, R. Neural cells generated from human induced pluripotent stem cells
as a model of CNS involvement in mucopolysaccharidosis type II. J. Inherit. Metab. Dis. 2018, 41, 221–229. [CrossRef] [PubMed]

34. Aguisanda, F.; Yeh, C.D.; Chen, C.Z.; Li, R.; Beers, J.; Zou, J.; Thorne, N.; Zheng, W. Neural stem cells for disease modeling of
Wolman disease and evaluation of therapeutics. Orphanet J. Rare Dis. 2017, 12, 120. [CrossRef] [PubMed]

35. Vu, M.; Li, R.; Baskfield, A.; Lu, B.; Farkhondeh, A.; Gorshkov, K.; Motabar, O.; Beers, J.; Chen, G.; Zou, J.; et al. Neural stem cells
for disease modeling and evaluation of therapeutics for Tay-Sachs disease. Orphanet J. Rare Dis. 2018, 13, 152. [CrossRef]

36. Yu, D.; Swaroop, M.; Wang, M.; Baxa, U.; Yang, R.; Yan, Y.; Coksaygan, T.; DeTolla, L.; Marugan, J.J.; Austin, C.P.; et al. Niemann-
Pick Disease Type C: Induced Pluripotent Stem Cell-Derived Neuronal Cells for Modeling Neural Disease and Evaluating Drug
Efficacy. J. Biomol. Screen 2014, 19, 1164–1173. [CrossRef]

37. Trilck, M.; Hubner, R.; Seibler, P.; Klein, C.; Rolfs, A.; Frech, M.J. Niemann-Pick type C1 patient-specific induced pluripotent stem
cells display disease specific hallmarks. Orphanet J. Rare Dis. 2013, 8, 144. [CrossRef]

38. Son, M.Y.; Kwak, J.E.; Seol, B.; Lee, D.Y.; Jeon, H.; Cho, Y.S. A novel human model of the neurodegenerative disease GM1 gan-
gliosidosis using induced pluripotent stem cells demonstrates inflammasome activation. J. Pathol. 2015, 237, 98–110. [CrossRef]

39. Matsushita, K.; Numakawa, T.; Odaka, H.; Kajihara, R.; Soga, M.; Ozasa, S.; Nakamura, K.; Mizuta, H.; Era, T. Presynaptic
Dysfunction in Neurons Derived from Tay-Sachs iPSCs. Neuroscience 2019, 414, 128–140. [CrossRef]

40. Swaroop, M.; Brooks, M.J.; Gieser, L.; Swaroop, A.; Zheng, W. Patient iPSC-derived neural stem cells exhibit phenotypes in
concordance with the clinical severity of mucopolysaccharidosis I. Hum. Mol. Genet. 2018, 27, 3612–3626. [CrossRef] [PubMed]

41. Kobolak, J.; Molnar, K.; Varga, E.; Bock, I.; Jezso, B.; Teglasi, A.; Zhou, S.; Lo Giudice, M.; Hoogeveen-Westerveld, M.; Pijnappel,
W.P.; et al. Modelling the neuropathology of lysosomal storage disorders through disease-specific human induced pluripotent
stem cells. Exp. Cell Res. 2019, 380, 216–233. [CrossRef]

http://doi.org/10.1038/ncomms5028
http://doi.org/10.1073/pnas.1520335113
http://doi.org/10.1093/hmg/ddr285
http://doi.org/10.1016/j.scr.2018.01.024
http://www.ncbi.nlm.nih.gov/pubmed/29414417
http://doi.org/10.4172/2168-9296.1000188
http://doi.org/10.1016/j.scr.2020.101836
http://www.ncbi.nlm.nih.gov/pubmed/32485644
http://doi.org/10.1016/j.nbd.2021.105279
http://www.ncbi.nlm.nih.gov/pubmed/33516873
http://doi.org/10.1016/j.bbrc.2015.01.023
http://doi.org/10.1016/j.devcel.2008.05.005
http://doi.org/10.1016/j.bbadis.2009.10.008
http://doi.org/10.4161/auto.5227
http://doi.org/10.4103/1673-5374.202934
http://www.ncbi.nlm.nih.gov/pubmed/28469644
http://doi.org/10.4161/auto.19469
http://doi.org/10.1074/jbc.273.7.3963
http://www.ncbi.nlm.nih.gov/pubmed/9461583
http://doi.org/10.1093/hmg/9.18.2715
http://doi.org/10.1007/s10545-017-0108-5
http://www.ncbi.nlm.nih.gov/pubmed/29168031
http://doi.org/10.1186/s13023-017-0670-9
http://www.ncbi.nlm.nih.gov/pubmed/28659158
http://doi.org/10.1186/s13023-018-0886-3
http://doi.org/10.1177/1087057114537378
http://doi.org/10.1186/1750-1172-8-144
http://doi.org/10.1002/path.4551
http://doi.org/10.1016/j.neuroscience.2019.06.026
http://doi.org/10.1093/hmg/ddy259
http://www.ncbi.nlm.nih.gov/pubmed/30052969
http://doi.org/10.1016/j.yexcr.2019.04.021


Int. J. Mol. Sci. 2021, 22, 4386 16 of 16

42. Bayo-Puxan, N.; Terrasso, A.P.; Creyssels, S.; Simao, D.; Begon-Pescia, C.; Lavigne, M.; Salinas, S.; Bernex, F.; Bosch, A.;
Kalatzis, V.; et al. Lysosomal and network alterations in human mucopolysaccharidosis type VII iPSC-derived neurons. Sci. Rep.
2018, 8, 16644. [CrossRef] [PubMed]

43. Schene, I.F.; Kalinina Ayuso, V.; de Sain-van der Velden, M.; van Gassen, K.L.; Cuppen, I.; van Hasselt, P.M.; Visser, G. Pitfalls in
Diagnosing Neuraminidase Deficiency: Psychosomatics and Normal Sialic Acid Excretion. JIMD Rep. 2016, 25, 9–13. [PubMed]

44. Sekijima, Y.; Nakamura, K.; Kishida, D.; Narita, A.; Adachi, K.; Ohno, K.; Nanba, E.; Ikeda, S. Clinical and serial MRI findings of a
sialidosis type I patient with a novel missense mutation in the NEU1 gene. Intern. Med. 2013, 52, 119–124. [CrossRef]

45. Van der Spoel, A.; Bonten, E.; d’Azzo, A. Transport of human lysosomal neuraminidase to mature lysosomes requires protective
protein/cathepsin A. EMBO J. 1998, 17, 1588–1597. [CrossRef]

46. Samie, M.A.; Xu, H. Lysosomal exocytosis and lipid storage disorders. J. Lipid Res. 2014, 55, 995–1009. [CrossRef] [PubMed]
47. Stefanis, L.; Emmanouilidou, E.; Pantazopoulou, M.; Kirik, D.; Vekrellis, K.; Tofaris, G.K. How is alpha-synuclein cleared from the

cell? J. Neurochem. 2019, 150, 577–590. [CrossRef] [PubMed]
48. Tremblay, M.E.; Cookson, M.R.; Civiero, L. Glial phagocytic clearance in Parkinson’s disease. Mol. Neurodegener. 2019, 14, 16.

[CrossRef] [PubMed]
49. Di Malta, C.; Fryer, J.D.; Settembre, C.; Ballabio, A. Astrocyte dysfunction triggers neurodegeneration in a lysosomal storage

disorder. Proc. Natl. Acad. Sci. USA 2012, 109, E2334–E2342. [CrossRef]
50. Wilton, D.K.; Stevens, B. The contribution of glial cells to Huntington’s disease pathogenesis. Neurobiol. Dis. 2020, 143, 104963.

[CrossRef] [PubMed]
51. Christensen, C.L.; Choy, F.Y.M. A Prospective Treatment Option for Lysosomal Storage Diseases: CRISPR/Cas9 Gene Editing

Technology for Mutation Correction in Induced Pluripotent Stem Cells. Diseases 2017, 5, 6. [CrossRef] [PubMed]

http://doi.org/10.1038/s41598-018-34523-3
http://www.ncbi.nlm.nih.gov/pubmed/30413728
http://www.ncbi.nlm.nih.gov/pubmed/26141460
http://doi.org/10.2169/internalmedicine.52.8901
http://doi.org/10.1093/emboj/17.6.1588
http://doi.org/10.1194/jlr.R046896
http://www.ncbi.nlm.nih.gov/pubmed/24668941
http://doi.org/10.1111/jnc.14704
http://www.ncbi.nlm.nih.gov/pubmed/31069800
http://doi.org/10.1186/s13024-019-0314-8
http://www.ncbi.nlm.nih.gov/pubmed/30953527
http://doi.org/10.1073/pnas.1209577109
http://doi.org/10.1016/j.nbd.2020.104963
http://www.ncbi.nlm.nih.gov/pubmed/32593752
http://doi.org/10.3390/diseases5010006
http://www.ncbi.nlm.nih.gov/pubmed/28933359

	Introduction 
	Results 
	Generation and Characterization of Sialidosis-iPSCs 
	Generation and Characterization of Sialidosis-iNPCs 
	NEU1 Deficiency-Associated Autophagy–Lysosomal Dysfunction in Sialidosis-iNPCs 
	Rapamycin Partly Restores Impaired Function of Sialidosis-iNPCs 

	Discussion 
	Materials and Methods 
	Human Fibroblasts 
	cDNA Sequencing 
	Normal- and Sialidosis-iPSCs 
	Alkaline Phosphatase (ALP) Analysis 
	In Vitro EB Formation and Trilineage Differentiation 
	G-Banding Karyotyping and Short Tandem Repeat (STR) Profiling 
	Teratoma Analysis 
	Immunocytochemistry 
	Normal and Sialidosis-iNPCs 
	Sialidase Assay 
	Western Blot 
	Autophagy and Lysosome Staining 
	Statistical Analysis 

	References

