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Abstract

Mucopolysaccharidosis IVA (MPS IVA) is a rare disease caused by mutations in the gene 

encoding the lysosomal enzyme N-acetylgalactosamine-6-sulfate sulfatase (GALNS). We report 

here two GALNS pharmacological chaperones, ezetimibe and pranlukast, identified by molecular 

docking-based virtual screening. These compounds bound to the active cavity of GALNS and 

increased its thermal stability as well as the production of recombinant GALNS in bacteria, yeast, 

and HEK293 cells. MPS IVA fibroblasts treated with these chaperones exhibited increases in 
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GALNS protein and enzyme activity and reduced the size of enlarged lysosomes. Abnormalities 

in autophagy markers p62 and LC3B-II were alleviated by ezetimibe and pranlukast. Combined 

treatment of recombinant GALNS with ezetimibe or pranlukast produced an additive effect. 

Altogether, the results demonstrate that ezetimibe and pranlukast can increase the yield of 

recombinant GALNS and be used as a monotherapy or combination therapy to improve the 

therapeutic efficacy of MPS IVA ERT.
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1. INTRODUCTION.

Mucopolysaccharidosis type IVA (MPS IVA, OMIM 253000), also called Morquio A 

syndrome, is a lysosomal storage disease (LSD) caused by mutations in the gene 

encoding for the enzyme N-acetylgalactosamine-6-sulfate sulfatase (GALNS, EC 3.1.6.4)1. 

Worldwide incidence rates of MPS IVA range from 0.14 to 0.009 (per 10,000 at birth)2. 

GALNS deficiency leads to the lysosomal accumulation of the glycosaminoglycans 

(GAGs) keratan sulfate (KS) and chondroitin-6-sulfate (C6S)1, 3. Treatment options for 

MPS IVA patients currently include non-steroidal anti-inflammatory drugs, antibiotics, 

oxygen supplementation, surgical procedures to correct orthopedic deformities and 

tracheal obstructions, enzyme replacement therapy (ERT), and hematopoietic stem cell 

transplantation (HSCT)1, 3, 4. Patients under ERT with elosulfase alfa have shown some 

improvements in clinical symptoms of the disease5. A weekly intravenous administration 

of 2.0 mg/kg for 24 weeks produced a slight improvement in the 6-minute walk test 

and the reduction of urinary KS6 in the phase III studies, as well as an improvement in 

the maximal voluntary ventilation, performance of daily life activities, and height/growth 

rate7. Unfortunately, ERT has limited effects in correcting the skeletal, corneal, and cardiac 

abnormalities, due to tissue avascularity and short half-life of the enzyme5. A recent study 

showed that MPS IVA ERT-treated patients continue to exhibit poor growth despite early 

ERT intervention before 5 years of age. These findings indicate that current intravenous 

ERT is ineffective at correcting abnormal growth in MPS IVA8. In addition, all MPS IVA 

treated patients developed anti-drug antibodies at week 120, although antibodies titers did 

not correlate with clinical efficacy or adverse effects9. Treating MPS IVA patients with 

HSCT is relatively new, and recent studies have shown long-term and normal enzyme 
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activities, increase in lumbar bone mineral density, improvement in ambulatory movement 

and remission of the narrow airway10–12. Nevertheless, HSCT is a high-risk procedure with 

many possible complications and high mortality. Limitations of current therapies indicate an 

unmet need for new therapeutic strategies to improve and expand the treatment options for 

MPS IVA patients.

GALNS protein is a 120 kDa homodimer with two 60 kDa monomers comprised of 40 and 

15 kDa polypeptides connected by disulfide bonds and modified by two N-glycosylations13, 

14. Currently, over 217 deleterious mutations have been reported in the GALNS gene 

including missense/nonsense (73%), minor mutations of splicing (9%), small deletions 

(10%), small insertions (2%), small indels (1%), gross deletions (2%), gross insertions/

duplications (1%), and complex rearrangements (1%)15. GALNS genotype-phenotype 

correlations have predicted mutations that may affect the hydrophobic core, salt bridges, 

ligand affinity, solvent-accessible surface, and N-glycosylation sites14, 16–20. Based on these 

findings, pharmacological chaperones have been proposed as treatment alternative for MPS 

IVA1. Pharmacological chaperones are small molecules that bind to the target protein at the 

endoplasmic reticulum. These molecules usually serve as molecular templates that stabilize 

the native conformation of a protein, or promote the correct folding and trafficking of a 

mutant protein21, 22. Pharmacological chaperones usually bind to the active site of a protein 

at a concentration below 10 μM23–25 and increase its the thermal stability24. Compared 

to ERT, pharmacological chaperones have advantages of oral administration, wide tissue 

distribution profile, and fewer issues of immunogenicity24, 25. In LSD, pharmacological 

chaperones has been experimentally tested on Fabry disease with 1-deoxygalactonojirimycin 

(migalastat)26, as well as Gaucher disease, Pompe disease, and gangliosidosis (GM1 and 

GM2)27, 28. For MPS, pharmacological chaperones have been studied for MPS II29, MPS 

IIIC28, and MPS IVB30, but not yet for MPS IVA. Overall, it has been observed that these 

molecules increase the enzyme activity of the mutant proteins in a mutation-dependent 

manner, which may be sufficient to ameliorate most disease symptoms23, 27, suggesting that 

chaperones could be employed as a monotherapy. In addition, it has been observed that 

these drugs can enhance the stability of recombinant lysosomal enzymes, suggesting that 

co-adminsitration of a pharmacological chaperone and the enzyme may increase the efficacy 

of the ERT21, 22.

Previously, we reported computational docking for natural (KS and C6S) and artificial 

(4-methylumbelliferyl-β-D-galactopyranoside-6-sulfate, 4MUGPS) ligands of human 

GALNS20. Here, we describe the characterization of two pharmacological chaperones for 

GALNS identified from a molecular docking-based virtual screening against a library of 

experimental and approved drugs. Our data indicated that these compounds bind to the 

active cavity of GALNS, increasing the activity and thermostability of human recombinant 

GALNS (hrGALNS). These molecules reduced the lysosomal mass and normalized the 

abnormal autophagic processes in MPS IVA patient-derived fibroblasts. Therefore, these 

novel pharmacological chaperones have potential for further drug development to improve 

the treatment and outcomes for patients suffering from MPS IVA. The benefit of using the 

chaperones can be realized in three aspects: an increase in the production of proteins for 

ERT, as a monotherapy for MPS IVA patients, and combined with ERT to improve the 

efficacy of therapy.
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2. RESULTS.

Virtual screening identified small molecule binders of human GALNS

We have previously reported that docking of human GALNS with different substrates 

suggested the importance of Asp39, Asp40, formylglycine (FGly) 79, Arg83, Tyr108, 

His142, His236, Asp288, Asn289, and Lys310 in protein-ligand interactions20. The modeled 

GALNS has high similarity to the reported crystal structure of human GALNS (RMSD of 

1.2 Å) with the main differences observed in regions further from the active site cavity20. 

These results, in addition to other structure and docking results31, suggest that the modeled 

GALNS structure can be used to identify small molecules interacting with the active site 

cavity of the enzyme. In this study, we used the modeled structure of GALNS and performed 

a virtual screening that identified a set of compounds.

Among the top 20 interacting compounds (Supporting Information, Table S1), the 

antibiotic, antineoplastic, antiestrogen, antiviral, and epigenetic regulator compounds were 

not considered for further investigation due to the intended use for the treatment of 

pediatric patients and the potential side effects of long-term administration. Ezetimibe 

(ZINC3810860) and pranlukast (ZINC22001688), ranked third and fourth, respectively, 

among the 11,421 compounds present in ZINC In Man subset from ZINC (a free public 

resource for ligand discovery in silico), and were selected for further analysis (Figure 1A). 

In-silico simulations showed that ezetimibe and pranlukast docked in the active cavity of 

GALNS in a similar position to that predicted for natural and artificial substrates of the 

enzyme (Figure 1B).

Docking results predicted that ezetimibe and pranlukast also interact with some of the amino 

acids predicted for the natural (KS and C6S) and the artificial (4MUGPS) substrates (Figure 

1C and Supporting Information Figure S1). The Ca2+ ion present in the active cavity has 

been proposed as a cofactor for the GALNS enzyme and the interaction of a substrate 

with Ca2+ has been proposed to be required for enzyme activity14, 20. It is noteworthy that 

docking results also predicted an interaction of ezetimibe with Ca2+ present within the active 

cavity.

Molecular dynamics simulations showed that GALNS substrates (KS, C6S, and 4MUGPS) 

and the selected small molecules (ezetimibe and pranlukast) were stable within the active 

cavity during the simulation (Figure 2A). In addition, both ezetimibe (−41.19 ± 0.028 

kJ/mol) and pranlukast (−58.15 ± 0.024 kJ/mol) showed higher Gibbs free energy of 

binding (meaning a lower binding affinity) than that observed for the enzyme substrates 

(KS: −112.75 ± 0.049 kJ/mol, CS: −84.70 ± 0.082 kJ/mol and 4MUGPS: −91.60 ± 0.073 

kJ/mol) (Figure 2B). These results suggest that ezetimibe and pranlukast may be weak 

competitors of the enzyme substrates, KS and C6S, for GALNS in lysosomes. This data is 

consistent with the characteristics of a pharmacological chaperone, which often acts as a 

mild competitor with enzyme substrates.
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Ezetimibe and pranlukast weakly inhibited GALNS activity and increased its thermal 
stability

Previously, we reported the characterization of hrGALNS produced in the yeast Pichia 
pastoris32, 33. This enzyme showed similar post-translational processing as GALNS from 

human leucocytes with the maximum activity at pH 5.0 and a stability profile similar to 

that of hrGALNS produced in CHO cells32, 33. Both ezetimibe and pranlukast inhibited the 

enzyme activity of hrGALNS by 40% to 50% at a concentration of 10 μM (Figure 3A). In a 

thermal shift experiment, both ezetimibe and pranlukast increased the thermal stability of the 

hrGALNS by approximately 5 °C (Figure 3B). Together, the results revealed that ezetimibe 

and pranlukast are direct binders and weak inhibitors of GALNS, and thus may function as 

GALNS pharmacological chaperones.

Ezetimibe and pranlukast increased production of recombinant GALNS

Protein folding represents an important bottleneck in the production of recombinant 

proteins. Misfolded proteins not only reduce a protein’s biological activity, but also trigger 

cellular stress, which results in low production yields34, 35. We previously demonstrated 

that improvement of protein folding significantly increased GALNS activity36. In this 

sense, we hypothesized that ezetimibe and pranlukast may improve the proper folding of 

hrGALNS due to their pharmacological chaperone activity. Hence, we evaluated the effects 

of ezetimibe and pranlukast on production of hrGALNS in E. coli BL21(DE3), P. pastoris 
GS115, and HEK293 cells by a measurement of GALNS activity in cultures.

In the E. coli BL21(DE3) expression system, hrGALNS is detected both in the intra- 

and extracellular fractions36–38. After addition of ezetimibe or pranlukast to E. coli 
BL21(DE3) cultures, the GALNS activity in the intracellular fraction was not changed. 

In the extracellular fraction, the GALNS activity was increased up to 1.3- and 1.7-fold (p < 

0.001), DMSO-treated cultures, in the presence of ezetimibe and pranlukast, respectively, as 

seen in Figure 4A.

In the P. pastoris expression system, the hrGALNS was detected in the extracellular fraction 

due to the presence of a secretion signal peptide32. The addition of 0.001 μM ezetimibe 

or pranlukast every 24 h in the culture led to an increase of up to 5.0-fold of GALNS 

activity compared with DMSO-treated cultures (Figure 4B). The highest enzyme activity in 

the culture was observed after 48 h incubation with ezetimibe (p < 0.0001), compared to 

that enzyme activity in the control culture at 72 h. Similar results were observed during the 

production of hrGALNS in P. pastoris at bioreactor scale (Supporting Information Figure 

S2).

In the mammalian expression system with the plasmid pCXN-GALNS39, the transfected 

HEK293 cells showed a 9.3- and 10-fold increase in the intracellular and extracellular 

GALNS activity (Figure 5A). Treatment of 0.01 μM ezetimibe did not increase intracellular 

GALNS activity but induced a slight increase in the extracellular activity (1.16-fold); while 

0.001 μM ezetimibe produced a marked increase in GALNS activity both intra- (1.5-fold) 

and extracellularly (1.6-fold). On the other hand, the treatment with 0.01 μM and 0.001 

μM pranlukast produced a 1.4- and 1.3-fold increase in GALNS activity intracellularly, 
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respectively, and 1.7- and 1.8-fold extracellularly, respectively (Figure 5A). Interestingly, 

co-treatment with ezetimibe and pranlukast did not induce any increase in GALNS activity 

at the extracellular fraction, and had a negative effect in the intracellular GALNS, inducing 

a 1.5-fold reduction in enzyme activity. These results might be due to the additive inhibitory 

activity of the two compounds. Immunostaining showed increases in GALNS protein levels 

in the transfected HEK293 cells treated with these two compounds (Figure 5B). Together, 

the results indicated that ezetimibe and pranlukast could increase GALNS production in all 

three-expression systems through the pharmacological chaperone activity by improving the 

proper folding and trafficking of newly synthesized GALNS proteins.

Ezetimibe and pranlukast acted as pharmacological chaperons in MPS IVA patient-derived 
fibroblasts

The mutations in the MPS IVA fibroblasts were identified and confirmed as p.R61W, 

p.R94C, p.F285del, p.A393S and p.W405_T406del (Table 1). All the fibroblasts, with the 

exception of GM00958 that is homozygous for the pA393S mutation, are heterozygous for 

missense mutations or amino acid deletions predicted as deleterious or damaging by at least 

one of the prediction tools. Bioinformatics analysis predicted that all mutations induced 

structural changes in the protein, as observed by changes in total energy and RMSD values 

that were more marked for the in-frame deletions p.F285del and p.W405_T406del (Table 

2). Molecular docking against KS, C6S, and 4MUGPS predicted that mutations p.F285del 

and p.W405_T406del significantly changed the affinity energies for all of the evaluated 

substrates (Table 3), suggesting that the structural changes caused by these mutations may 

affect the protein-ligand interactions. For the remaining mutations, reductions in ligand 

affinity were observed for two of the three evaluated ligands, with C6S showing the most 

marked reductions. Overall, these results show the MPS IVA fibroblasts produce mutated 

GALNS susceptible to be treated by pharmacological chaperones.

As shown in Figure 6A, all evaluated patient fibroblasts had reduced GALNS enzyme 

activity, ranging from 20% to 64% of the wild type (WT) level. There was no clear 

genotype-phenotype correlation, as previously reported16, 20. In addition, western-blot 

analysis showed reduced GALNS levels in all the patient fibroblasts (Figure 6B). Ezetimibe 

treatment significantly increased GALNS activity by 1.6-, 1.4-, 2.5-, and 2.5-fold in the 

GM01361, GM01259, GM00958, and GM00593 fibroblasts compared to DMSO-treated 

cells, respectively (Figure 6A). With 0.001 μM ezetimibe treatment, the GALNS activity in 

GM01259 patient fibroblasts equaled that of WT fibroblasts. Western blot analysis showed 

that 0.01 or 0.001 μM ezetimibe treatment significantly increased the GALNS protein levels 

in all the MPS IVA fibroblasts (Figure 6B). Pranlukast treatment produced an increase 

in GALNS activity in GM01361 (p.R61W/p.W405_T406del) and GM00958 (p.A393S) 

patient fibroblasts, albeit less effectively than ezetimibe (Figure 6A). Western blot results 

showed that treatment with pranlukast significantly increased GALNS protein levels in all 

the evaluated patient fibroblasts (Figure 6B).
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Lysosomal mass increased in patient-derived fibroblasts is ameliorated in ezetimbe- and 
pranlukast-treated cells.

LysoTracker staining, a phenotypic assay that detects enlarged lysosomes and acidic 

organelles40, 41, exhibited 1.2- to 2.4-fold increases in MPS IVA patient cells, indicating 

significant increases in lysosomal mass compared to WT fibroblasts (Figure 7). The 

LysoTracker staining was dose-dependently reduced in all the disease fibroblast lines after 

the ezetimibe treatment, demonstrating the reduction in enlarged lysosome mass (Figure 

7A). In this sense, this study shows, for the first time, that this phenotypic assay can be used 

for drug screening in MPS IVA patient-derived cells. In addition, the data from Figures 6 

and 7 suggest that the ezetimibe treatment significantly increased GALNS protein levels and 

activity in the MPS IVA patient cells, resulting in reduction of the enlarged lysosome mass. 

Results with pranlukast were slightly different wherein LysoTracker staining did not change 

in patient fibroblasts treated with pranlukast (Figure 7B). Together with information from 

Figure 6, these results suggest that pranlukast might increase the stability of the enzyme, but 

not its proper folding, thus limiting the recovery of the function of the mutated enzymes.

Abnormal autophagy markers in the MPS IVA patient fibroblasts were ameliorated by 
ezetimibe and pranlukast

Prior to this study, the autophagy markers p62 and LC3B-II in MPS IVA cells have not 

been reported. We found a significant reduction of p62 levels in all MPS IVA cells and 

decrease in LC3B-II levels in the GM01259, GM00958, and GM00593 fibroblasts, as shown 

in Figure 8. The results suggested that autophagic processes might be disrupted in patient 

cells. To further evaluate the therapeutic potential of ezetimibe and pranlukast, we measured 

the changes in p62 and LC3B-II levels after treatment with these two pharmacological 

chaperones. The treatments of MPS IVA fibroblasts with ezetimibe and pranlukast at 0.01 

μM and 0.001 μM concentrations, respectively, significantly increased the levels of p62 and 

LC3B-II as seen in Figure 8. Higher increases in p62 levels were observed in the ezetimibe 

treated cells than the increased levels in the pranlukast treated cells.

Combination therapy of ERT with pharmacological chaperone

We previously found that the cellular uptake of hrGALNS produced in P. pastoris 
is mediated by both mannose and mannose-6-phosphate receptors and targeted to the 

lysosome32, 33. To evaluate the effect of the two pharmacological chaperones on ERT, 

we co-administrated hrGALNS enzyme with ezetimibe or pranlukast in the MPS IVA 

fibroblasts. As shown in Figure 9, the combination treatment of patient cells with hrGALNS 

and a pharmacological chaperone (ezetimibe or pranlukast) further decreased LysoTracker 

staining compared to those treated only with hrGALNS, indicating an additive effect with 

further reduction of lysosomal mass in the patient cells. The combination therapy with 

hrGALNS and pranlukast almost normalized the LysoTracker staining in all MPS IVA 

fibroblasts to the levels in WT control cells, although pranlukast did not reduce lysosomal 

mass when it was used by itself. Together, the results suggested that the combination therapy 

of ERT with ezetimibe or pranlukast might improve the clinical efficacy of ERT in MPS IVA 

patients.
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3. DISCUSSION.

In this study, we describe, for the first time, two small molecules (ezetimibe and pranlukast) 

with pharmacological chaperone activity for GALNS. These two molecules bind to the 

active cavity of GALNS and act as chaperones by stabilizing the protein structure. They 

increased the productions of hrGALNS in E. coli, P. pastoris, and HEK293 cells. In 

addition, ezetimibe treatment increased the activity and protein level of GALNS in MPS 

IVA fibroblasts, leading to a reduction of lysosomal mass and normalization of autophagic 

function. Treatment of MPS IVA cells with a combination of hrGALNS and ezetimibe (or 

pranlukast) significantly reduced the lysosomal accumulation phenotype in MSP IVA cells, 

suggesting an additive effect of the combination treatment.

One type of pharmacological chaperone for LSDs emulates the structure of the enzyme’s 

substrate. For example, 1-deoxynojirimycin-based, isofagomine-based, and 1,5-dideoxy-1,5-

imino-D-xylitol-based compounds act as pharmacological chaperones by binding to the 

active site of enzymes24, 25. In the case of MPS II, a sulfated disaccharide derived 

from heparin (Δ-unsaturated 2-sulfouronic acid-N-sulfoglucosamine) was reported as a 

pharmacological chaperone that mimics the structure of the natural substrate of iduronate-2-

sulfatase (IDS)29. Non-substrate-like pharmacological chaperones have been described 

by Gaucher42, 43 and Krabbe44. Yilmazer et al.45 used a ligand-based and structure-

based pharmacophore hypothesis for virtual screening of a ZINC database, resulting in 

the identification of chaperone compounds for β-glucocerebrosidase that have tricyclic 

pyridothieno-pyrimidine or dioxino quinolone scaffolds and include antiallergic, antibiotic, 

and antineoplastic drugs. In the present study, molecular docking and virtual screening 

identified ezetimibe and pranlukast as potential pharmacological chaperones for human 

GALNS. Ezetimibe is an approved drug that blocks intestinal cholesterol absorption by 

selectively inhibiting Niemann-Pick C1-like 1 protein and is indicated for treatment of 

disorders with elevated cholesterol levels46. Pranlukast is an orally administered, selective 

and competitive cysteinyl leukotriene type 1 receptor antagonist, indicated for the treatment 

of bronchial asthma in pediatric and adult patients47. In terms of safety, both ezetimibe 

and pranlukast are well tolerated and have adverse event profiles similar to placebo46, 47. 

Recently, it was reported an agonist activity of pranlukast over the farnesoid X receptor 

(FXR)48. This could represent a potential drawback of pranlukast use as a pharmacological 

chaperone, since activation of FXR may have an important adverse effect in the metabolic 

cholesterol elimination by repressing cholesterol 7α-hydroxylase (CYP7A1). Nevertheless, 

pranlukast was characterized as a moderately potent partial agonist of FXR with an EC50 

of 15 μM48, which is 15,000-fold higher than the concentration that showed the best 

pharmacological chaperone effects in this study. In this sense, we do not expect any 

additional adverse effect for pranlukast to those previously reported. Medicinal chemistry 

optimization of pranlukast may provide better analogs with more less off-target liabilities.

Most pharmacological chaperones bind to the catalytic site of an enzyme and are reversible 

inhibitors that dissociate with the enzymes due to the high substrate concentrations in the 

lysosomal compartment28. Ezetimibe and pranlukast inhibited GALNS activity by 40% to 

50% at 10 μM concentration, which confirmed the modeling prediction of partial and weak 

binding of these compounds to the active cavity of GALNS. Similarly, Δ-unsaturated 2-
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sulfouronic acid-N-sulfoglucosamine competed with the substrate of the human IDS leading 

to a reduction of approximately 40% in enzyme activity29. The pharmacological chaperones 

of the lysosomal enzyme aspartylglucosaminidase weakly inhibited the enzyme activity49.

Ezetimibe and pranlukast increased the GALNS thermal stability, indicating they bind 

directly to this enzyme. These results agreed with those reported for Δ-unsaturated 2-

sulfouronic acid-N-sulfoglucosamine, which significantly increased the thermal stability of 

IDS29. Similarly, glycomimetic ligands for human glucocerebrosidase increased its thermal 

stability between 5.6 and 21.7 °C, depending on the ligands and the inhibition mechanism 

(competitive, semi-irreversible, or irreversible)50.

Several factors affect the production of a recombinant protein, including the host, vectors, 

culture conditions, and protein activation and folding51. Misfolded proteins can cause 

reduced activity and low production yields34, 35. Previously, we showed that activity of 

a hrGALNS expressed in E. coli was increased by improving protein folding through 

the control of gene expression, induction of osmoprotectants, and improvement in the 

formation of disulfide bonds36. In addition, it has been reported that protein translocation is 

a bottleneck in the production of properly folded proteins, and that several methods could 

be used to improve this process34. We observed that ezetimibe and pranlukast increased 

the activity of hrGALNS produced in bacteria, yeast, and mammalian cells. However, when 

a combination of ezetimibe and pranlukast was used during production of recombinant 

GALNS in HEK293 cells, it significantly decreased GALNS activity. This decrease might 

be a consequence of an additive effect of enzyme inhibition by the two molecules. 

Nevertheless, the results have shown potential applications for the small molecule chaperone 

compounds to improve production yield and activity of hrGALNS. The increase in activity 

of hrGALNS might help to reduce immunogenicity, as the amount of protein used in ERT 

can be reduced52.

Prior to the treatment with the pharmacological chaperones, we identified the mutations 

present in the MPS IVA fibroblasts. The MPS IVA patient fibroblasts used in this study have 

the mutations p.R61W, p.R94C, p.F285del, p.A393S, and p.W405_T406del in the GALNS 

protein. The mutations p.R386C and in-frame deletions p.F285del and p.W405_T406del are 

associated with rapid disease progression and a severe growth reduction phenotype53–55, 

while mutations p.R61W and p.R94C are associated with a mild/attenuated phenotype16, 55. 

On the other hand, mutation p.A393S was predicted to be benign or neutral by PolyPhen-2 

and PROVEAN, respectively, and no reports for this mutation have been found in the 

literature. Another bioinformatics analysis showed that p.A393S induces structural changes 

in GALNS. All of these mutations can lead to a significant reduction in GALNS activity 

and protein level, resulting in autophagy disruption and an increase in lysosomal mass. In 

addition, since a mutated protein is synthetized, they could be susceptible to be treated by 

pharmacological chaperones.

Our results demonstrated that ezetimibe increased GALNS activity levels by 1.2- to 2.5-

fold and reduced lysosomal mass in all of the MPS IVA patient cells we examined. 

Pranlukast only increased GALNS activity in patient cells with p.A393S or p.R61W/

p.W405_T406del mutations without an obvious reduction in lysosomal mass. Recently, we 
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showed that treatment of MPS IVA fibroblasts with a rhGALNS produced in P. pastoris 
reduced KS levels33, suggesting that this GAG is stored in MPS IVA fibroblasts and 

that the reduction in lysosomal mass observed after treatment with the pharmacological 

chaperones could be associated to a KS reduction. It has been reported that the effects 

of pharmacological chaperones may depend on the particular mutations of the enzyme 

and properties of the compound. For instance, treatment of MPS II fibroblasts with 

Δ-unsaturated 2-sulfouronic acid-N-sulfoglucosamine showed a 1.6- to 39.6-fold increase 

in IDS activity without a significant reduction of GAGs level29. Similarly, treatment 

of MPS IVB and GM1-gangliosidosis fibroblasts with the pharmacological chaperone 

(5aR)-5a-C-pentyl-4-epi-isofagomine increased β-galactosidase activity by 1.5- to 35-fold30. 

Treatment of Gaucher patient fibroblasts with different pharmacological chaperones resulted 

in up to a 2.5-fold increase in β-glucocerebrosidase activity, and a significant reduction 

in the stored substrate56, 57. Finally, pharmacological chaperones led to a 2- to 4-fold 

increase in aspartylglucosaminidase activity in fibroblasts derived from patients with 

aspartylglucosaminuria, as well as improvement of protein processing and reduction of 

lysosomal mass49. These previously reported findings suggest that a similar strategy 

could be employed to treat MPS IVA patients. However, it is important to evaluate the 

biodistribution of these drugs to the main affected tissues in MPS IVA patients, such as 

bone, heart, and cornea. Nevertheless, since circulation times increase the probability for a 

drug to reach the target disease sites58, it could be expected that ezetimibe and pranlukast 

reach those tissues due to: 1) longer half-life times (22h and 9 h, respectively)47, 59, than 

MPS IVA ERT (35 min)60, and 2) higher administration frequency (daily or every other day) 

than ERT (once a week). In case that these drugs do not shown an acceptable biodistribution 

profile; there are some targeting alternatives that could be implemented61, 62, in addition to 

the possibility of drug properties optimization through medicinal chemistry.

Autophagy malfunction has been widely reported in LSDs. For instance, inhibition or 

blockade of autophagic flux has been reported for neural ceroid lipofuscinoses, Gaucher 

disease, Niemann-Pick type C1 (NPC1), Pompe disease, and Danon disease, among 

others63. However, other studies showed activation of the autophagy pathway, as observed 

in NPC164 or mucolipidosis type IV65. In the case of mucopolysaccharidoses, MPS I and 

MPS VII mice showed an increase in protein degradation which was associated with an 

increase in autophagic flux66. On the other hand, LC3 levels were decreased in MPS IIIC 

mice with increased autophagy activity67. We found that both p62 and LC3B-II levels 

were reduced in the MSP IVA cells compared to the WT control. Treatment of MPS 

IVA fibroblasts with ezetimibe or pranlukast significantly increased the levels of p62 and 

LC3B-II, with higher p62 levels observed after the ezetimibe treatment. Recently, it was 

described that ezetimibe increases autophagy flux in mice through AMPK activation and 

subsequent increase of TFEB nuclear translocation68. In primary hepatocytes, ezetimibe 

increased LC3B-II levels; the number of both autolysosomes and autophagic vacuoles; 

and the expression of autophagy-related genes such as Tfeb, Atg7, Lc3b, Atg3, Atg5, 

Atg12, Lc3a, Ulk1, Benc1, Sqstm1 (p62), and Lamp168. Similarly, in-vivo administration of 

ezetimibe induced autophagy in the liver, as well as reducing the number of lipid droplets, 

hepatic triglycerides, and cholesterol levels in methionine- and choline-deficient diet-fed 

mice compared with controls68. Therefore, the effect of ezetimibe on MPS IVA patient 
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fibroblasts could be the result of both pharmacological chaperone activity and normalization 

of defective autophagy.

Our results indicated that the efficacy of ERT for MPS IVA patients may be overcome 

by a combination therapy of hrGALNS with ezetimibe or pranlukast because the 

pharmacological chaperones can increase the activity of hrGALNS, reducing the dose 

needed for ERT. In addition, the effect of ezetimibe on autophagy can be functionally 

additive to ERT and may further improve the ERT’s therapeutic efficacy in MPS IVA 

patients. Our results are consistent with a previous report that showed a co-administration 

of recombinant human acid α-glucosidase (rhGAA) with the pharmacological chaperone 

duvoglustat increased the half-life and plasma levels of rhGAA resulting in a higher 

reduction of glycogen accumulation in heart and skeletal muscles compared to rhGAA 

used alone in the Pompe disease model69. Recently, a clinical evaluation of this therapeutic 

option revealed a significant increase in rhGAA activity and protein levels in plasma and 

muscle, demonstrating the benefit of combinational therapy of ERT with a pharmacological 

chaperone compound70. In this sense, Tomatsu et. al.71 showed that an increase in the ERT 

half-life, by using an engineered rhGALNS carrying a bone-targeting peptide, significantly 

improved the biodistribution to bone and heart, as well as the therapeutic efficacy. 

Taken together, we consider that the limited effects in correcting the skeletal and cardiac 

abnormalities of the current MPS IVA ERT could be improved by increasing the half-life 

and activity of the rhGALNS by combination therapy with a pharmacological chaperone.

4. CONCLUSIONS.

In this study, we have identified and characterized ezetimibe and pranlukast as the first 

pharmacological chaperones described for the lysosomal enzyme GALNS. Both compounds 

significantly increased the amounts and activities of hrGALNS produced in E. coli, P. 
pastoris, and HEK293 cells, indicating that both ezetimibe and pranlukast may be used to 

increase the production yields of hrGALNS. Ezetimibe significantly increased the protein 

level and activity of mutated GALNS in MPS IVA fibroblasts as well as significantly 

reducing lysosomal mass and ameliorating abnormal autophagy. The combination therapy 

of hrGALNS with ezetimibe or pranlukast additively reduced lysosomal mass in patient-

derived fibroblasts. Therefore, ezetimibe has potential for use as a monotherapy for MPS 

IVA patients. The combination therapy of ezetimibe or pranlukast with the reduced dose of 

ERT may provide a new therapeutic strategy to improve the efficacy of ERT for MPS IVA 

patients.

5. EXPERIMENTAL SECTION.

Virtual docking.

Virtual docking was carried out using a previously reported 3D GALNS structure20 and 

AutoDock Vina72 against 11,421 compounds, called the ZINC In Man, a special subset of 

ZINC73. Docking for each ligand was run 20 times and constrained to the active cavity 

(specifically, the grid box was centered between formylglycine 79 and calcium ion). Results 

of the protein-ligand interactions are reported as the affinity energy (kcal mol−1)72. KS 

(1KES) and C6S (CID 24766) structures were retrieved from the RCSB-Protein Data Bank 
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and PubChem, respectively. The structure of the artificial ligand 4MUGPS used in GALNS 

activity assay74 was built using MarvinSketch at Marvin Suite (ChemAxon Ltd., Budapest, 

Hungary). Molecular dynamics analysis was done using GROMAC 4.5.575. Topology of 

ligands was generated using the Automated Topology Builder (ATB) and Repository version 

2.276. Simulations were carried out for 20 ns. The trajectories were analyzed by root 

mean squared distance (RMSD; g_rms_d) and the affinity energy (g_lie_d). All simulations 

were done at the High-Performance Computing Center (ZINE) of Pontificia Universidad 

Javeriana (Bogotá, Colombia).

Productions of human recombinant GALNS (hrGALNS).

Productions of hrGALNS in Escherichia coli BL21(DE3) and Pichia pastoris GS115 were 

carried out a shaken-flask scale (100 mL) as previously reported32, 36, 37, 77. The production 

of hrGALNS in mammalian cells was performed using the HEK293 cells (ATCC CRL1573) 

transfected with the pCXN-GALNS vector (kindly donated by Dr. Shunji Tomatsu)39. The 

HEK293 cells were cultured in Dulbecco’s modified medium (DMEM, Gibco, Thermo 

Fisher Scientific, Grand Island, NY, USA) supplemented with 15% fetal bovine serum, 

(Eurobio, Les Ulis, France), penicillin 100 U mL−1, and streptomycin 100 U mL−1 

(Walkersville, MD, USA), at 37 °C in a 5% CO2 incubator. Lipofectamine 2000 was used 

in the transfection per the manufactureŕs instructions (Invitrogen, Thermo Fisher Scientific, 

San Jose, CA, USA). Ezetimibe and pranlukast (Sigma-Aldrich, St. Louis, MO, USA) were 

dissolved in DMSO and added at different concentrations during hrGALNS production. 

GALNS activity was measured in the cell lysate (HEK293 cells) or cell supernatant (E. coli 
and P. pastoris). Recombinant GALNS produced in P. pastoris was purified from culture 

medium following a previously reported protocol32. Briefly, culture medium (~1.7 L) was 

filtered sequentially through 0.45 and 0.22 μm using polyether sulphone membranes (Pall 

Corp, Port Washington, NY, USA). Permeate was ultra-filtered through a 30 kDa cut-off 

membrane (Millipore, Billerica, MA, USA). The retentate was dialyzed in acetate buffer 

(25 mM, pH 5.0). Finally, hrGALNS was purified by a two-step process using a cation 

exchange chromatography followed by size exclusion chromatography. Fractions with the 

highest GALNS activity were pooled, diafiltrated against 25 mM sodium acetate pH 5.0, and 

lyophilized.

Culture of fibroblasts.

WT and MPS IVA patient-derived skin fibroblasts were obtained from the Coriell Institute 

(Table 1). Cells were cultured in DMEM (Gibco, Thermo Fisher Scientific, Grand Island, 

NY, USA) supplemented with 10% fetal bovine serum (Eurobio, Les Ulis, France) at 37 °C 

in a CO2 incubator. Characterizations of mutations in the GALNS gene were performed by 

ACGT, Inc. (Wheeling, IL, USA) through exon sequencing. Gene variants were analyzed by 

using the Variant Annotation Integrator tool from the University of California Santa Cruz 

Genome Browser78, and further studied by PolyPhen279 and SIFT/PROVEAN80.

The point mutations (R386C, A393S, R61W and R94C) were modeled by site-directed 

mutagenesis using the reported crystal structure of human GALNS (PDB 4FDI)14 on 

PyMOL v2.0.7 (Molecular Graphics System, v2.0 Schrödinger LLC), followed by an 

energetic minimization using Chimera v1.1281. Deletions (F285del and W405_T406del) 

Alméciga-Diaz et al. Page 12

J Med Chem. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were modeled using the I-TASSER online server82. Formylglycine 79 was manually 

included within these models using PyMOL; a calcium ion was added between Asp39, 

Asp40, Asp288 and Asp28914, 20 using YASARA View v18.4.2483, followed by an energetic 

minimization using Chimera v1.1281. The comparison of the models against the WT protein 

crystal was done using PyMOL, which compared the RMSD of the protein backbone to all 

the other atoms in the protein. Molecular docking of the modeled GALNS structures and 

the natural and artificial ligands was done using AutoDock Vina72. The search space was 

centered between FGly79 and the calcium ion, as previously described20. Docking for each 

ligand was run 20 times and constrained to the active cavity. Protein-peptide interactions 

were reported as affinity energy (kcal mol-1)72 and were evaluated by using YASARA View 

v18.4.2483, and UCSF Chimera v1.12 81.

LysoTracker staining and immunofluorescence staining.

HEK293 cells overexpressing GALNS were treated with the chaperone compounds for 

48 h followed by a cell wash and incubation with 50 nM Lysotracker® Green DND-26 

(Molecular Probes, Thermo Fisher Scientific, San Jose, CA, USA) in complete DMEM 

media at 37 °C for 1 hour. For the immunofluorescence staining, cells (after the compound 

treatment) were washed twice with 1X PBS, fixed with 4% paraformaldehyde, and 

permeabilized with 0.1% Triton X-100 followed by blocking with 2% bovine serum 

albumin in 1X TBS. After blocking, the cells were incubated overnight at 4 °C with a 

rabbit polyclonal anti-GALNS antibody (ab187516, Abcam) in the blocking buffer. Goat 

anti-rabbit IgG (H+L) cross-adsorbed, Alexa Fluor® 633 antibody (A-21070, Thermo Fisher 

Scientific, San Jose, CA, USA) was added at a 1:1,000 dilution in the blocking buffer. 

The cellular nuclei were stained with 4´,6-diamidino-2-phenylindole dihydrochloride (DAPI, 

Thermo Fisher Scientific, San Jose, CA, USA). The cells were visualized using an Axio 

Observer Z1 microscope (ZEISS, Birkerød, Denmark) with a Filter set 109 HE LED (E), 

containing beam splitter TBS 405 + 493 + 575 and emission filter TBP 425/29 + 514/31 + 

632/100; this configuration collected DAPI, Lysotracker® Green and anti-GANLS signals, 

respectively. Images were processed by using NIH Image J software84.

To evaluate the effects of ezetimibe and pranlukast on the reduction of lysosomal mass in 

96-well plates, cells were seeded in black clear bottomed plates (Greiner Bio-One, #655090, 

Monroe, NC, USA) at 4000 cells/well and cultured overnight. On the day of the experiment, 

MPS IVA and WT fibroblasts were treated with different concentrations of ezetimibe or 

pranlukast in DMEM medium for 24 h. The cells were then stained with 50 nM LysoTracker 

Red DND-99 dye in the medium at 37 °C for 1 hour, followed by two plate washes with 

DPBS. The plates were fixed and stained simultaneously in 3.2% paraformaldehyde solution 

with Hoechst dye at a 1:5,000 dilution for 30 minutes at room temperature. The plates 

were washed twice using DPBS and stored with 100 μl/well DPBS at 4 °C until imaging. 

The images (9 images/well) were acquired using the INCell Analyzer 2200 imaging system 

(GE Healthcare Bio-Sciences, Pittsburgh, PA, USA). INCell image analysis software (GE 

Healthcare Bio-Sciences) was used to quantify the fluorescence intensity (LysoTracker 

staining). The fluorescence intensity corresponds to the average of all the pixels in a cell and 

averaged across all the cells within an image. The DAPI (excitation = 350 ± 50 nm, emission 

= 455 ± 50 nm) and Texas Red (excitation = 545 ± 20 nm, emission = 593 ± 20 nm) filter 
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sets were used to visualize Hoechst nuclear staining and LysoTracker Red DND-99 staining, 

respectively.

Thermal shift assay.

Thermal stability was carried out by thermal shift assay85. For this purpose, 5 μM 

hrGALNS, in 25 mM sodium acetate pH 5.0, was mixed with 1 μM of ezetimibe or 

pranlukast and 20X SYPRO orange (Molecular Probes, Thermo Fisher Scientific, Eugene, 

OR, USA). Thermal denaturation was carried out in an Applied Biosystems ViiA7 with 

ViiA7 RUO software (Applied Biosystems, Thermo Fisher Scientific, Carlsbad, CA, USA). 

Melting curve was set as follows: 1) 2:00 hold at 25°C, 2) ramp up in 1 °C/30 sec 

increments to a final temperature of 95 °C, and 3) 2:00 hold at 95°C. The Tm was calculated 

by plotting the first derivative of the fluorescence emission as a function of temperature 

(−dF/dT). All assays were performed in triplicate.

GALNS activity.

GALNS activity was assayed by using 4-methylumbelliferyl-β-d-galactopyranoside-6-

sulfate (Toronto Chemicals Research, North York, ON, Canada) as a substrate74, 86. One 

unit (U) was defined as the amount of enzyme catalyzing 1 nmol substrate per hour. Specific 

GALNS activity was expressed as U/mg of protein as determined by Lowry assay. To 

evaluate the inhibitory effect of ezetimibe or pranlukast, hrGALNS was co-incubated with 

the substrate and various concentrations of compounds followed by detection of fluorescent 

product generation. To evaluate the effect of ezetimibe or pranlukast on GALNS activity 

in cells, 1×105 cells/well were seeded in a 6-well plate and cultured for one day. The 

compound dilutions were added to the cells and incubated for 48 h followed by cell lysis 

using 1% sodium deoxycholate (Sigma-Aldrich). The enzyme activities of cell lysates were 

determined as described above. MPS IVA and WT fibroblasts treated with DMSO were used 

as controls. All experiments were performed in triplicate.

Western-blot.

Western-blot against GALNS, p62, and LC3B were performed on ezetimibe or pranlukast 

treated MPS IVA and WT fibroblasts using DMSO as a control. Cells were seeded 

in 6-well plates as described above. Equivalent amounts of cell lysates (20 μg) were 

loaded and run on NuPAGE™ 10% Bis-Tris Protein Gels (Invitrogen, Thermo Fisher 

Scientific) and transferred to PVDF membranes using iBlot™ Transfer Stack and iBlot 2 

Dry Blotting System (Invitrogen, Thermo Fisher Scientific). Membranes were blocked with 

StartingBlock (Invitrogen, Thermo Fisher Scientific) at room temperature for 1 h. After 

blocking, the membranes were incubated overnight at 4 °C with the primary antibodies 

including the mouse monoclonal anti-P62 (SQSTM1(D-3) antibody in the blocking buffer 

(SC-28359, Santa Cruz Biotechnology), rabbit monoclonal anti-LC3B antibody (#3668S, 

Cell Signaling Technology), rabbit polyclonal anti-GALNS antibody (ab187516, Abcam), 

or mouse monoclonal anti-β-actin antibody (#3700S, Cell Signaling Technology). The 

membranes were then washed and incubated with a secondary antibody of goat anti-mouse 

IgG (#7076S) or goat anti-rabbit IgG (#7074P2, Cell Signaling Technology, Danvers, MA, 

USA) conjugated with horseradish peroxidase (HRP, 1:3000 dilution in blocking buffer). 

The specific protein bands were visualized using a chemiluminescence reagent (Luminata™ 
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Western HRP Chemiluminescence Substrate, EMD Millipore, Burlington, MA, USA) and 

were subsequently analyzed by using NIH Image J software84.

Statistical analysis.

The results are shown as the mean ± the standard deviation (S.D.) and were analyzed by an 

ANOVA, followed by the Sidak t test when appropriate. Differences between groups were 

considered significant when p < 0.05 on GraphPad PRISM 7.0.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations.

MPS IVA Mucopolysaccharidosis type IV A

ERT enzyme replacement therapy

GALNS N-acetylgalactosamine-6-sulfate sulfatase

hrGALNS human recombinant GALNS

LSD lysosomal storage disease

GAGs glycosaminoglycans

KS keratan sulfate

C6S chondroitin-6-sulfate

HSCT hematopoietic stem cell transplantation

4MUGPS 4-Methylumbelliferyl-β-D-galactopyranoside-6-sulfate

hrGALNS human recombinant GALNS

WT wild-type

IDS iduronate-2-sulfatase

NPC1 Niemann-Pick type C1

rhGAA recombinant human acid α-glucosidase
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Figure 1. 
A) Structures of ezetimibe and pranlukast. B) In-silico molecular docking of chondroitin-6-

sulfate (orange), keratan sulfate (green), 4-methylumbelliferyl-β-d-galactopyranoside-6-

sulfate (red), ezetimibe (purple), and pranlukast (blue) within the active site cavity of 

human GALNS. Catalytic residue (C79) and calcium ion from GALNS are shown. GALNS 

tertiary structure, previously reported20, was modeled by using the human arylsulfatase A 

(PDB 1AUK) as a template for protein threading. C) Hydrogen bonds interactions between 

GALNS and ligands.

Alméciga-Diaz et al. Page 22

J Med Chem. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Molecular dynamics simulation for GALNS and ligands. Molecular dynamics simulations 

were carried out for 20 ns using GROMAC 4.5.5. The trajectories were analyzed by RMSD 

(A) and the affinity energy (B). KS: keratan sulfate, C6S: chondroitin-6-sulfate, 4MUGPS: 

4-methylumbelliferyl-β-d-galactopyranoside-6-sulfate.
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Figure 3. Effects of ezetimibe and pranlukast on enzyme activity and thermal stability of 
hrGALNS.
A) Recombinant GALNS was incubated with the fluorogenic substrate 4-

methylumbelliferyl-β-D-galactopyranoside-6-sulfate with or without ezetimibe or 

pranlukast. GALNS activity was measured after an 18 h incubation as described in the 

Materials and Methods section. The results are reported as percentage of activity relative to 

the results observed without ezetimibe or pranlukast. B) Thermal stability was carried out by 

thermal shift assay. The hrGALNS was incubated with or without ezetimibe or pranlukast. 

The Tm was calculated by plotting the first derivative of the fluorescence emission as a 

function of temperature (−dF/dT). All assays were performed in triplicate.

Alméciga-Diaz et al. Page 24

J Med Chem. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
A) Effect of ezetimibe and pranlukast on the production of hrGALNS in E. coli. Enzyme 

activity was measured in the soluble fraction of the cell lysate after 24 a h induction. No 

effect of ezetimibe and pranlukast on GALNS activity was observed in the extracellular 

fraction. Results are reported as relative to those observed in the control (DMSO alone) 

treated cultures. B) Effect of ezetimibe and pranlukast (0.001 μM) on the production of 

hrGALNS in the yeast Pichia pastoris. GALNS activity was measured in the extracellular 

fractions at 24, 48, 72, and 96 h. No effect on GALNS activity was observed at higher 

Alméciga-Diaz et al. Page 25

J Med Chem. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



concentrations of ezetimibe and pranlukast. The DMSO treated cultures were used as the 

control groups (n = 3, ANOVA Sidak t test ** p < 0.01, *** p < 0.001, **** p < 0.0001).
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Figure 5. 
Effect of ezetimibe and pranlukast on the production of recombinant GALNS in HEK293 

cells. The cells were transfected with plasmid pCXN-GALNS and treated with different 

concentrations of ezetimibe and pranlukast. A) Enzyme activities were measured in the cell 

lysates (intracellular) and culture media (extracellular) after compound treatments. DMSO 

treated cells were used as control (n=3, ANOVA Sidak t test * p < 0.05, **** p < 0.0001). 

B). HEK293 overexpressing human GALNS were immunostained to analyze the effect 

of pharmacological chaperones on the intracellular trafficking of hrGALNS. After 48 h 

treatment, cells were stained with Lysotracker® Green DND-26 and GALNS was detected 

with a rabbit polyclonal anti-GALNS antibody. Scale bar = 20 μm.
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Figure 6. Effects of pharmacological chaperone compounds on GALNS enzyme activity.
A) Effect of ezetimibe and pranlukast on GALNS activity in MPS IVA patient fibroblasts. 

The fibroblasts were treated with different concentrations of ezetimibe and pranlukast for 48 

h after which the GALNS activity was measured in the cell lysate. Dotted line corresponds 

to WT activity levels. All assays were performed in triplicate (ANOVA Sidak t test * p 
< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). B) Effect of ezetimibe (Eze) and 

pranlukast (Pran) on GALNS protein levels as determined by Western-blot analysis. The 

fibroblasts were treated with different concentrations of ezetimibe and pranlukast for 48 hrs 

Alméciga-Diaz et al. Page 28

J Med Chem. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



after which the protein lysates from the fibroblasts were analyzed. The densities of specific 

bands were calculated by using NIH Image J 1.8.0. GALNS protein levels were normalized 

against β-actin density and reported as fold-change to WT levels (dotted line). All assays 

were performed in triplicate.
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Figure 7. 
Effect of ezetimibe (A) or pranlukast (B) on reduction of lysosome mass in MPS IVA patient 

fibroblasts. Cells were treated with ezetimibe or pranlukast for 48 h, after which the cells 

were stained with LysoTracker Red DND-99 dye. The images (9 images/well) were acquired 

using the IN Cell Analyzer 2200 imaging system. Results are presented as cell intensity 

normalized to WT fluorescence level (dotted lines). All assays were performed in triplicate 

(ANOVA Sidak t test * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Scale bar: 

100 μm.
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Figure 8. 
Evaluation of the autophagy markers p62 and LC3B-II in MPS IVA fibroblasts treated with 

ezetimibe (A) or pranlukast (B). The fibroblasts were treated with different concentrations 

of the pharmacological chaperones for 48 h after which the protein was analyzed in the cell 

lysates. The densities of specific bands were calculated by using NIH Image J 1.8.0. Results 

were normalized against β-actin density and reported as fold differences from the WT levels 

(dotted line).
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Figure 9. Effects of combination treatment of hrGALNS with ezetimibe or pranlukast on the 
reduction of lysosome size in MPS IVA patient fibroblasts.
Co-administration of hrGALNS produced in the yeast P. pastoris and the pharmacological 

chaperones ezetimibe and pranlukast decreased the size of the lysosomes to WT levels. Cells 

were treated for 72 h with hrGALNS in the presence or absence of ezetimibe or pranlukast. 

The cells were stained with LysoTracker Red DND-99 dye and the images (9 images/well) 

were acquired using the IN Cell Analyzer 2200 imaging system. Results are presented as 

cell intensity normalized to the wild-type fluorescence level (dotted lines). All assays were 
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performed in triplicate (ANOVA Sidak t test ** p < 0.01, *** p < 0.001, **** p < 0.0001). 

Scale bar: 100 μm.
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Table 1.

Prediction analysis of MPS IVA fibroblasts used for evaluating ezetimibe and pranlukast. Fibroblasts were 

obtained from Coriell Institute. N.A., not applicable.

Coriell ID Mutation
Prediction Tool

PolyPhen-2 PROVEAN SIFT

GM00593
p.R386C Probably damaging Deleterious Damaging

p.F285del N.A. Deleterious N.A.

GM00958 p.A393S Benign Neutral Damaging

GM01259
p.R94C Probably damaging Deleterious Damaging

p.A393S Benign Neutral Damaging

GM01361
p.R61W Probably damaging Deleterious Damaging

p.W405_T406del N.A. Deleterious N.A.
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Table 2.

Bioinformatics analysis of wild type and mutated GALNS.

Protein Total Energy (kJ/mol) Δ energy vs wild-type (kJ/mol) RMSD (Å)

Backbone All atoms

Wild Type −22,914.273 --- --- ---

p.R61W −22,408.814 −505.5 0.043 0.051

p.R94C −22,492.967 −421.3 0.043 0.051

p.F285del −20,120.439 −2793.8 0.212 0.317

p.R386C −22,399.646 −514.6 0.043 0.051

p.A393S −22,690.773 −223.5 0.043 0.050

p.W405_T406del −20,905.438 −2008.8 0.195 0.284
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Table 3.

Molecular docking analysis of wild type and mutant GALNS against natural (KS and C6S) and artificial 

(4MUGPS) substrate.

Protein Affinity energy (kcal/mol)

KS C6S 4MUGPS

Wild Type 90.1 128.6 76.9

p.R61W 78.0 81.5 128.1

p.R94C 87.5 104.5 76.3

p.F285del 81.9 53.5 66.8

p.R386C 91.9 106.0 77.2

p.A393S 122.8 131.4 77.8

p.W405_T406del 81.7 64.5 45.6
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