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Abstract

Mucolipidosis Il and 1l (MLII and MLIII) are autosomal recessive diseases caused by pathogenic variants in GNPTAB
and GNPTG genes that lead to defects in GlcNAc-1-phosphotransferase. This enzyme adds mannose 6-phosphate
residues to lysosomal hydrolases, which allows enzymes to enter lysosomes. Defective GIcNAc-1-phosphotransferase
causes substrate accumulation and inflammation. These diseases have no treatment, and we hypothesized that
the use of substrate reduction therapy and immunomodulation may be beneficial at the cell level and as a future
therapeutic approach. Fibroblasts from two patients with MLIII alpha/beta and 2 patients with MLIII gamma as well as
from one healthy control were treated with 10 pM miglustat, 20 uM genistein, and 20 yM thalidomide independently.
ELISA assay and confocal immunofluorescence microscopy were used to evaluate the presence of heparan sulfate
(HS) and the impact on substrate accumulation. ELISA assay showed HS reduction in all patients with the different
treatments used (p=0.05). HS reduction was also observed by immunofluorescence microscopy. Our study produced
encouraging results, since the reduction in substrate accumulation, even partial, may offer benefits to the phenotype

of patients with inborn errors of metabolism.
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Introduction

Mucolipidosis type II (MLII, MIM#252500) and
type IIT (MLIII alpha/beta, MIM#252600; MLIII gamma,
MIM#252605) are rare autosomal recessive lysosomal storage
disorders caused by deficient activity of N-acetylglucosamine-
1-phosphotransferase (GlcNAc-1-phosphotransferase; EC
2.7.8.17). This enzyme is responsible for catalyzing the
addition of mannose 6-phosphate residues to lysosomal
hydrolases and plays an essential role in receptor-mediated
transport to the endosomal and prelysosomal compartments.
A breakdown in this recognition signal can lead to incorrect
targeting of lysosomal enzymes. Patients with MLII and MLIII
have defective lysosomal enzymes in several types of cells
with substrate accumulation and increased enzyme activity in
their extracellular fluids, such as serum and plasma (Hasilik
and Neufeld, 1980; Hasilik and Von Figura, 1981; Reitman
et al., 1981; Kornfeld and Sly, 2001).

The clinical manifestations of MLII and MLIII are
multisystemic and cover a wide spectrum, which is reflected
in the high variability among affected individuals (Hasilik and
Neufeld, 1980; Hasilik and Von Figura, 1981; Reitman et al.,
1981; Kornfeld and Sly, 2001; Braulke and Bonifacino, 2009).
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In the absence of useful genetic and biochemical markers,
the distinction between MLII and MLIII can be made using
clinical criteria (Tiede et al., 2006).

MLII is caused by mutations in the GNPTAB gene, and
affected individuals experience an early onset of symptoms
and high disease severity with a progressive course generally
leading to death in childhood (Kornfeld and Sly, 2001; Braulke
and Bonifacino, 2009; Alegra et al., 2019). MLIII alpha/beta is
also caused by GNPTAB mutations with onset of symptoms in
childhood. However, disease progression is slower, with death
generally occurring in adulthood. MLIII gamma is caused
by mutations in the GNPTG gene and, although it resembles
MLIII alpha/beta, its natural history is still underreported in
the literature (Okada et al., 1985; Meikle ef al., 1999, Alegra
etal.,2019).

There is no cure for MLII or MLIII. Currently available
therapies for MLII and MLIII, as well as for several other
lysosomal diseases, are limited to supportive care and treatment
of complications, with the use of palliative life-sustaining
measures (Alegra et al., 2019). Remarkable advances in the
ability to treat lysosomal diseases have occurred in recent
decades due to the development of new therapies based on
new molecules and drugs, innovative techniques, and increased
knowledge of genetic diseases.

In this context, we hypothesized that the use of
substrate reduction therapy and immunomodulation may
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be a therapeutic approach to ameliorate cell clearance and
homeostasis, thus reducing symptoms of MLIII. Genistein is an
isoflavone that acts as a broad-spectrum protein tyrosine kinase
inhibitor, acting on several growth factor receptors, which
are important for proteoglycan synthesis (Piotrowska et al.,
2008). N-butyldeoxynojirimycin (miglustat) is an inhibitor
of glucosylceramide synthase (GlcCerS), thus reducing the
synthesis of glucocerebrosides and gangliosides and acting
as a chaperone in different diseases (Elliot-Smith ez al., 2008;
Khan and Tomatsu, 2020; Kavanagh and Pastores, 2021).
Thalidomide is a drug that acts by regulating the immune
system and reducing inflammation (Simonaro, 2016).

To test this hypothesis, we performed in vitro treatments
on fibroblasts from patients with MLIII to assess heparan
sulfate (HS) substrate accumulation as an initial response.

Material and Methods

Skin fibroblasts from four patients with MLIII and 1
healthy control were analyzed. The cultivated skin fibroblasts
were treated independently with 20 uM genistein (Wako), 10
UM miglustat (Zavesca®), or 20 pM thalidomide (Fundagio
Ezequiel Dias) in Dulbecco’s modified Eagle’s medium
(DMEM) low-glucose medium (Gibco) supplemented with
10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin
(Gibco) in a 5% CO, atmosphere at 37 °C for 5 days.
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Confocal immunofluorescence microscopy was
performed to evaluate the presence of HS using anti-HS
monoclonal antibody (1:100; 10E4; Amsbio), followed by
staining with Alexa Fluor 488 (1:500; Molecular Probes) and
DAPI (Molecular Probes) to visualize the nucleus.

HS accumulation was also detected by using the
Human Heparan Sulfate Proteoglycan 2 ELISA Kit (Abbexa),
which was performed with total proteins according to the
manufacturer’s instructions. Statistical analysis was performed
with the independent-samples Mann-Whitney U test in SPSS,
version 16.0.

The study was approved by the Ethics Committee of the
Hospital de Clinicas de Porto Alegre, Brazil, number 12-0276.

Results

Four patients with MLIII were analyzed: patient 1 —
¢.[328G>T];[328G>T] (GNPTG; MLIII gamma); patient 2
—c.[1931C>T];[3668 3670delCTA] (GNPTAB; MLIII alpha/
beta); patient 3 —c.[244 247dupGAGT];[328G>T] (GNPTG;
MLIII gamma); and patient 4 — c.[3503 3504delCTT;[?]
(GNPTAB; MLIII alpha/beta).

Confocal immunofluorescence microscopy showed
HS accumulation in the cytosol and surface of fibroblasts
from the healthy control and patients with MLIII, with a
perceptibly higher fluorescence intensity in patients (Figure 1).

Figure 1 — Heparan sulfate (HS) accumulation in fibroblasts from a healthy control and from patient 2 (MLIII alpha/beta) and patient 3 (MLIII gamma)
receiving different treatments with genistein, miglustat, and thalidomide or untreated. Green is HS and blue is DAPI/nucleus.
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HS accumulation was higher in untreated cells from patients
with MLIIT alpha/beta and MLIII gamma than in their cells
treated with genistein, miglustat, and thalidomide (Figure 1).

The quantification of intracellular HS accumulation for
the different treatments is shown in Figure 2. When comparing
the patients individually for the accumulated amount of HS in
untreated vs treated cells, substrate reduction was observed in
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patient 1 for thalidomide (p=0.05), in patient 2 for genistein
(p=0.05), miglustat (p=0.05), and thalidomide (p=0.05), in
patient 3 for miglustat (p=0.05) and thalidomide (p=0.05),
and in patient 4 for genistein (p=0.05), miglustat (p=0.05),
and thalidomide (p=0.05). Confocal microscopy in patients
2 and 3 showed an HS signal intensity consistent with the
accumulation quantified by ELISA (Figure 1).

1. Lk
IH

Patient 3 Patient 4

Miglustat Thalidomide

Figure 2 — Intracellular heparan sulfate (HS) amount (ug HS/mg protein) in untreated and treated cells. All experiments were conducted in triplicate.
*Statistically significant reduction in HS accumulation compared with untreated (p=0.05).

Comparing the treatment groups with the control, the
results were reduction in substrate accumulation for genistein
(p=0.049), miglustat (p=0.044), and thalidomide (p=0.01).

Discussion

Substrate accumulation affects the endosomal/lysosomal
targeting system, leading to imbalance in cell homeostasis,
changes in metabolic pathways, activation of autophagic
processes, and cell death. In this context, substrate reduction
therapy and regulation of inflammatory and immune processes
would be an interesting approach to treat storage diseases
(Walkley, 2009). Substrate reduction therapy represents an
important approach in the treatment of lysosomal diseases.
The concept of this therapeutic principle is to reduce the
amount of storage material rather than increase the activity
of degrading enzymes, thus helping to redress the imbalance
between the rate of biosynthesis and the rate of catabolism
(Sato et al., 2003; Cox, 2005).

Immunomodulation and control of inflammation in
metabolic diseases may be an option in the attempt to improve
the phenotype of genetic diseases, since they could attenuate
the pathophysiological cell abnormalities involved in the

process. Storage of macromolecules activates inflammatory
pathways, resulting in local and systemic inflammation caused
by substrate storage or general lysosomal dysfunction such
as defective autophagy (Simonaro, 2016).

Otomo et al. (2012) showed in MLII cells that HS
accumulated in the cytosol and cell surface, and the same
result was obtained in the present study for patients with
MLIII. The presence of HS had never been demonstrated
in cells from patients with MLIII to date, nor had they been
evaluated with different forms of treatment.

The amount of HS accumulated in MLIII cells is
proportionally smaller than that in MLII cells (Otomo
et al., 2012), as expected from disease severity. MLIII
shows accumulation of saccharides, proteins, cholesterol,
phospholipids, sphingolipids, and glycosaminoglycans in
the cells. The treatment potential of genistein and miglustat
lies in their capacity to act precisely on the synthesis of
glycosaminoglycans and glycosphingolipids, thus reducing
substrates, in addition to the chaperone effect of miglustat
(Elliot-Smith et al., 2008).

In the mechanism of action of genistein, the epidermal
growth factor (EGF) binds to its transmembrane receptor



triggering a tyrosine kinase signaling cascade that results in
the regulation of transcription factor activity. This tyrosine-
specific protein kinase activity of the EGF receptor has its
phosphorylation inhibited by genistein, which leads to a
reduction in the synthesis of glycosaminoglycans (Piotrowska
et al., 2008). Miglustat, as well as its related compounds,
can inhibit GlcCerS and, therefore, reduce the synthesis of
glucocerebrosides and gangliosides, such as ganglioside GM3,
substrates also accumulated in MLIII (Boutry et al., 2018;
Khan and Tomatsu, 2020). Miglustat has been used clinically
for the purpose of reducing substrate and as a chaperone in
patients with Gaucher disease and Niemann-Pick type C
disease (Patterson et al., 2007; Pineda et al., 2018; Breiden
and Sandhoff, 2020). The action observed in MLIII HS may
be the result of lower glycosphingolipid accumulation. This
is reflected in the cellular response mechanisms that protect
cells from the consequences of lysosomal damage. This
process ensures lysosomal quality control and clearance, by
processes such as autophagy and mitophagy, and therefore
cell homeostasis (Papadopoulos and Meyer, 2017; Zhu et al.,
2020). The effect of miglustat as a pharmacological chaperone
has already been suggested in late-onset Pompe disease, GM2
gangliosidosis, and Gaucher disease (Breiden and Sandhoff,
2020; Masingue et al., 2020; Guémy and Laforét, 2023).

Because patients with MLIII accumulate less substrate
than those with MLII, the result of treatments can be even
more effective in a clinical setting. The use of substrate
reduction therapies in combination with enzyme replacement
therapies has already been suggested, but MLII and MLIII are
not amenable to enzyme replacement therapy because they
affect numerous lysosomal enzymes (Coutinho et al., 2016).

Thalidomide acts by regulating the immune system and
reducing inflammation. Our significant results may be explained
by immunomodulation and the role of lysosomes in immunity and
inflammation, regulating autophagy, controlling inflammasome
activation, and regulating sphingolipid metabolism (Simonaro,
2016). Anti-inflammatory therapies have already been used in
patients, cells, and animals with lysosomal storage diseases with
beneficial effects (Bosch and Kielian, 2015; Seo and Kim, 2015;
Yoo and Kim, 2015). Thalidomide belongs to a class of drugs
that target the 3’-untranslated region (UTR) of tumor necrosis
factor alpha (TNF-o) mRNA, inhibiting TNF-a production, and
have multipotent and pleiotropic effects, thus being tested to
treat neuroinflammation in neurodegenerative diseases (Jung
et al.,2019). Although the molecular mechanisms of thalidomide
are still poorly understood, new targets of thalidomide have
been recently identified, such as cereblon (CRBN), a ligand-
dependent substrate receptor of the E3 ubiquitin ligase complex
cullin-RING ligase 4 (CRL4REN) that recognizes neosubstrates
and has been used in a novel protein knockdown technology
named proteolysis targeting chimeras (PROTACs) (Ito and
Handa, 2020). This implies that the molecular mechanisms
involving thalidomide still need to be further investigated and
fully elucidated.

In the current study, the best results were obtained
for patients 2 and 4, who have MLIII alpha/beta. The use
of the tested drugs in humans must be further evaluated
to define indications and to establish adequate doses and
potential adverse effects. All tested drugs are contraindicated

Sperb-Ludwig et al.

in pregnancy and in cases of hypersensitivity, with thalidomide
being a known teratogen. Genistein is contraindicated in
women with a history of cancer of the breast and reproductive
tract (Asatsuma-Okumura et al., 2020; Mukund, 2020).

In conclusion, treatments with genistein, miglustat, and
thalidomide appear promising for patients with MLIII and
should be carefully investigated for future clinical applications.
Since patients with MLIIT show less accumulation of HS,
the results presented here may provide a more significant
improvement in the clinical presentation of the disease in
patients with MLIII than MLII. A combination of treatments
may offer beneficial effects for patients by addressing the range
of different substrates and effects observed in MLIII. This is
the first time that this type of analysis has been conducted
for patients with MLIII. The results can also be extrapolated
to other inborn errors of metabolism.
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