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Background:  

Mucopolysaccharidosis type IVA (MPS IVA; Morquio A syndrome) is a rare autosomal recessive 
lysosomal storage disease (LSD) caused by deficiency of a hydrolase enzyme, N-acetylgalactosamine-
6-sulfate sulfatase, and characterized clinically by mainly musculoskeletal manifestations. GAG 
accumulation in these lesions leads to skeletal dysplasia in MPS IVA patients, but the information 
about the pathology is still limited. 

Translational Significance:  

In our study, we identify and quantify (Shotgun-DDA and SWATH-IDA) the proteins present 
in WT and KO mouse bones. We found an accumulation of ROS due to excessive glycolysis, LDH 
upregulation, and accumulation of substrates in the lysosome. : An increase in ROS levels triggers 
the activation of pathways such as STAT3 signaling, which compensates for deficient autophagy and 
activates cytokines and interleukins. We propose LDH as a valuable biomarker for diagnosing and 
monitoring disease progression. The translational significance of this research is not only identifying 
novel protein biomarkers of MPS IVA using Proteomic technologies but also gain more information 
about the pathology mechanism. 

Abstract: Mucopolysaccharidosis type IVA (MPS IVA; Morquio A syndrome) is a rare autosomal 
recessive lysosomal storage disease (LSD) caused by deficiency of a hydrolase enzyme, N-
acetylgalactosamine-6-sulfate sulfatase, and characterized clinically by mainly musculoskeletal 
manifestations. The mechanisms underlying bone involvement in humans are typically explored 
using invasive techniques such as bone biopsy, which complicates analysis in humans. We 
compared bone proteomes using DDA and SWATH-MS in wild-type and MPS IVA knockout mice 
to obtain mechanistic information about the disease. Our findings reveal over 1000 dysregulated 
proteins in knockout mice, including those implicated in oxidative phosphorylation, oxidative stress 
(reactive oxygen species), DNA damage, and iron transport, and suggest that lactate dehydrogenase 
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may constitute a useful prognostic and follow-up biomarker. Identifying biomarkers that reflect 
MPS IVA clinical course, severity, and progression have important implications for disease 
management.  

Keywords: animal studies; biomarkers; aucopolysaccharidosis type IV; musculoskeletal 
manifestations; proteomic 
 

1. Introduction 

Mucopolysaccharidosis type IVA (MPS IVA; Morquio A syndrome) (OMIM 253000) is a rare 
autosomal recessive lysosomal storage disease (LSD) caused by deficiency of a hydrolase enzyme, N-
acetylgalactosamine-6-sulfate sulfatase (GALNS, EC 3.1.6.4) [1,2], which results in the accumulation 
of glycosaminoglycans (GAGs) such as keratan sulfate (KS) and chondroitin-6-sulfate (C6S) in 
multiple tissues, primarily bone, cartilage, heart valves, and cornea, leading to devastating systemic 
skeletal dysplasia with incomplete ossification and consequent growth impairment [3,4]. 

The prevalence of MPS IVA ranges from 1 per 76,000 births in Northern Ireland to 1 per 640,000 
births in Western Australia [5]. Excessive accumulation of KS and C6S in bone, cartilage, and their 
extracellular matrix (ECM) causes a unique skeletal dysplasia in patients with MPS IVA. Although 
most MPS IVA patients generally appear healthy at birth, skeletal deformities tend to manifest in the 
first few years of life. Common features in severe MPS IVA include skeletal dysplasia with short neck 
and trunk, cervical spinal cord compression, tracheal obstruction, pectus carinatum, joint laxity, 
kyphoscoliosis, coxa valga, and genu valgum [6,7]. MPS IVA patients often become severely disabled 
and require a wheelchair in adolescence. Marked non-skeletal manifestations, including respiratory 
disease, spinal cord compression, cardiac disease, impaired vision, hearing loss, and dental problems, 
are also described in MPS IVA patients [8,9]. Untreated patients with severe disease typically die in 
the second or third decade of life due to respiratory problems, cervical spinal cord complications, or 
heart valve disease [7,10]. 

While musculoskeletal manifestations predominate in MPS IVA, there are certain similarities in 
the underlying processes with more common bone diseases. Alterations observed at the cartilage 
level include abnormal structure and/or degradation of the intra- and extracellular matrix, organelle 
malfunction, vacuolated cells, and cell death, leading to reduced numbers of chondrocytes, erosion 
of articular cartilage, and bone growth impairment. These changes are associated with an 
inflammatory response and altered gene and protein expression. This response is similar to that seen 
in arthritis (AR), and osteoarthritis [11,12]. 

Although the clinical presentation of MPS IVA is well documented, the mechanisms that account 
for the associated skeletal pathology are not completely elucidated. While some aspects of the 
pathology are described [13,14], analyses are complicated by difficulties in acquiring the necessary 
samples, which require invasive bone biopsy techniques. In recent years, proteomics approaches 
using human bone cells have been used to identify biomarkers and/or bone lesion patterns in other 
lysosomal diseases [15,16]. However, until now, no such studies have analyzed bones from MPS IVA 
patients or animal models. Using two proteomic technologies, we investigated differential patterns 
of molecular pathway interactions by analyzing femur bones from age- and sex-matched MPS IVA 
and wild-type (WT) mice. The mice examined were aged 6–8 weeks, which represents an 
intermediate stage of disease progression in which KS deposits are already detectable in the bone. 
Only male mice were selected, as the hormonal changes that occur in female mice represent potential 
confounding factors. 

2. Results 

Femur bones from untreated UNT mice [17] and from WT mice were extracted and analyzed 
using two precise and sensitive proteomic techniques: DDA (data-dependent analysis) and SWATH 
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(sequential window acquisition of all theoretical fragment ion spectra), an information-dependent 
acquisition (IDA) technique.  

DDA identified 1056 and 1227 proteins in UNT and WT mice, of which 129 were exclusive to the 
UNT group and 300 to the WT group (Supplementary Figure S1a and Supplementary Table S1). 
SWATH-MS identified 900 proteins and quantified 618 proteins, ultimately identifying 184 
differentially expressed proteins (DEPs) (Supplementary Figure S1b and Supplementary Table S2).  

We initially focused on proteins identified by DDA for which SWATH-MS revealed differential 
expression between UNT and WT mice. 

2.1. Section I: Dysregulation of Metabolic Pathways Implicated in Energy Production 

Cells produce ATP using 3 main interconnected metabolic pathways: glycolysis, the Krebs cycle 
(TCA cycle), and oxidative phosphorylation (OXPHOS).  

We identified around 100 proteins related to energy production (Figure 1a). String analysis 
revealed 3 large clusters of proteins related to glycolysis, gluconeogenesis, TCA cycle, amino acid 
metabolism, fatty acid β-oxidation, and the electron transport chain (Figure 1b). Together, SWATH-
MS and DDA identified 77 proteins. In comparison, DDA alone identified 22 (Figure 1c).  
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Figure 1. A) Metabolic pathways: REACTOME pathway enrichment analysis of DEPs. B) STRING 
interaction analysis of DEPs. Colored dots represent proteins implicated in glycolysis and 
gluconeogenesis (red); fatty acid β-oxidation (green); the electron transport chain (yellow); TCA cycle 
(blue); amino acid metabolism (pink). C) Venn diagram showing the overlap of DEPs identified using 
SWATH-MS and all proteins identified by DDA. 

DDA identified 15 proteins involved in glycolysis (Supplementary Table S1). SWATH-MS 
showed that 8 were significantly upregulated in the UNT group (p <0.05). Aldoa, Eno 3, and Ldha 
showed a 3-fold increase relative to the WT group (Figure 2a; Supplementary Table S3, Section 1.1). 
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Only Eno 1 was downregulated more than 3-fold in UNT mice. Of 14 proteins involved in the TCA 
cycle (Table S1) that DDA identified, Pdhb was downregulated in UNT versus MT mice, while Idh3a 
and Mdh2 were upregulated with a fold change (FC) >3 (Figure 2b; Supplementary Table S3, Section 
1.2). 
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Figure 2. A–C) Relative expression levels of DEPs (p <0.05; FC >3) implicated in glycolysis in UNT 
and WT mice. (A) TCA cycle. (B) Krebs cycle. (C) Black dots represent the SWATH-MS area values of 
each sample, per group. *p <0.05; **p <0.01; ***p <0.001. 

Mitochondria are key players in cellular energy regulation and can produce most of the required 
adenosine triphosphate molecules via the oxidative phosphorylation system (OXPHOS). DDA 
identified several proteins involved in OXPHOS (Supplementary Table S1): 30 corresponded to 
complex I, including Ndufa6, Ndufa13, Ndufb9, Ndufc2, and Ndufv, all of which were upregulated 
with an FC >3 in UNT versus WT mice (Figure 2c). Ndufb4 was detected in the UNT group only. 
Three proteins corresponding to complex II, Sdha and Sdhb, were significantly upregulated in UNT, 
Sdhb with an FC >3 (Figure 3a). Of the 5 complex III proteins identified by DDA analysis, only 1 
(Uqcrfs1) was significantly upregulated in UNT versus WT mice. DDA identified 9 proteins 
corresponding to complex IV (Supplementary Table S1). Of these, 4 were significantly upregulated 
in UNT mice, with an FC >3 for Cox5a, Cox6a2, and Cox7a2 (Figure 3b). Mitochondrial (mt) ATP 
synthase or Complex V uses energy from the electrochemical proton gradient to phosphorylate ADP, 
producing ATP. DDA identified 14 proteins (Table S1) related to this process: 6 were significantly 
upregulated in the UNT group (Atp5f1d, Atp5mf, and Atp5po with an FC >3), while Atp5mk was 
downregulated (Figure 3c; Supplementary Table S3, Section 1.3). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 January 2024                   doi:10.20944/preprints202401.2246.v1



 7 

 

 

Figure 3. A–D) Relative expression levels of DEPs (p <0.05; FC >3) implicated in OXPHOS in UNT 
and WT mice. (A) Mitochondria complex. (B) Mitochondria complex V, ATP production. (C) β-
oxidation (D) Black dots represent the SWATH-MS area values of each sample, per group. *p <0.05; 
**p <0.01; ***p <0.001. 
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Of proteins related to β-oxidation that were identified by DDA (Supplementary Table S1), 
Acadvl and Fabp3 were significantly upregulated in UNT with a FC > 3.0, while Eci1 was 
downregulated (Figure 3d; Supplementary Table S3, Section 1.4). 

In summary, the upregulation of several proteins involved in energy production in UNT mice 
suggests high energy production in this group.  

2.2. Section II: Proteins Related to Mitochondria Function: Oxidative Stress, Voltage-Dependent Channels, 
Apoptosis, Compensatory Mechanisms of Oxidative Stress, and DNA Damage 

DDA identified 43 proteins related to oxidative stress, voltage channels, apoptosis, DNA 
damage and repair (Figure 4a and Supplementary Table S1). String analysis revealed proteins related 
to apoptosis, transport, iron transport, and DNA damage (Figure 4b). SWATH-MS and DDA 
identified 32 proteins, while DDA alone identified 11 (Figure 4c). 

 
Figure 4. A) Mitochondrial function: REACTOME pathway enrichment analysis of DEPs related to 
apoptosis (I); cellular response to stress (II); DNA repair (III); iron transport (IV). B) STRING 
interaction analysis of DEPs. Colored dots represent proteins related to iron transport (red); cell death 
(green); transport (yellow); oxidative stress (blue). C) Venn diagram showing the overlap of DEPs 
identified using SWATH-MS and DDA. 
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DDA identified 15 proteins related to Reactive oxygen species (ROS) (Supplementary Table S1). 
On SWATH-MS, 8 were significantly upregulated in UNT versus WT mice (FC >3 for Sod1, Prdx1, 
Prdx2, Prdx3, Prdx5 and S100a9; Figure 5a; Supplementary Table S3, Section 2.1). Six proteins related 
to voltage-dependent channels in mitochondria were identified by DDA, none of which were 
significantly dysregulated in UNT mice, although all showed minor expression in UNT mice. DDA 
detected five proteins related to apoptosis in both groups, 4 of which showed no significant 
differences between UNT and WT mice. Casp6 was identified in the WT group, suggesting a defect 
in apoptosis in UNT mice (Supplementary Table S1). Of 15 detected proteins related to iron transport 
(Supplementary Table S1), 6 (Tf, Cisd1, Fth1, Mb, Hbb-b1, and Hpx) were significantly upregulated 
in UNT versus WT mice, with FC >3 (Figure 5b and Table S3, Section 2.2). DDA identified 3 proteins 
(TPi1, Uba, Ube2n) related to the prevention of DNA damage (Supplementary Table S1), all of which 
were upregulated in UNT versus WT mice with FC >3 (Figure 5c; Table S3, Section 2.3). 
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Figure 5. Relative expression levels in UNT and WT mice of DEPs (p <0.05; FC >3) related to oxidative 
stress (A); iron transport (B); DNA damage prevention (C). Black dots represent the SWATH-MS area 
values of each sample, per group. *p <0.05; **p <0.01; ***p <0.001. 

Our findings indicate a marked elevation of oxidative stress in UNT mice, mainly via 
Prdx3/Prdx5. UNT mice showed reduced expression of proteins related to voltage-gated channels 
and no activation of the apoptotic pathway via caspases. However, UNT mice also showed marked 
upregulation of proteins involved in iron capture and increased expression of proteins that 
participate in DNA damage prevention. 

2.3. Section III. Histones, Ribosomes, Proteasomes, Vesicular Transport and Lysosomes 

We identified 186 proteins related to histones, ribosomes, proteasomes, vesicular transport, and 
lysosomes (Supplementary Table S1). The Reactome analysis (Figure 6a) depicts proteins related to 
lysosomes (part I) and vesicle transport (part II). A string analysis revealed clusters of proteins related 
to ribosomal organization and biogenesis, proteasomes, lysosomes, and signal translation (Figure 6b). 
Together, SWATH-MS and DDA identified 83 proteins, while DDA alone identified 103 proteins 
(Figure 6c). 

 

Figure 6. A) Histones, ribosomes, proteasomes, vesicular transport and lysosomes: REACTOME 
pathway enrichment analysis of DEPs related to lysosomes (I); and vesicular transport (II). B) Colored 
dots represent proteins related to proteasomes (red), rab protein signal translation (green); small 
ribosomal subunits (yellow); ribosomal biogenesis (blue); lysosomes (pink). C) 
Venn diagram showing the overlap of DEPs identified using SWATH-MS and DDA. 
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DDA identified 2 integrins that regulate the nucleus to cytoplasm trafficking of macromolecules 
(Kpna2, Kpnb1) in WT mice only (Supplementary Table S1). On SWATH-MS, 5 histones were 
upregulated in UNT versus WT mice with a FC >3 (H1-0, H1-2, H1-4, H2az2, and H4c1) (Figure 7a; 
Table S III, Section 3.1).  
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Figure 7. Relative expression levels in UNT and WT mice of DEPs (p <0.05; FC >3) related to histones 
(A); ribosomal proteins (B); vesicular transport (C); lysosomal membrane (D); whole lysosome (E). 
Black dots represent the SWATH-MS area values of each sample, per group. *p <0.05; **p <0.01; ***p 
<0.001. 

Ribosomal proteins: DDA identified 22 proteins from the 40S ribosomal subunit 
(Supplementary Table S1), of which 5 were significantly upregulated in the UNT group, 3 with a FC 
>3 (Rps5, Rps18, and Rps25) (Figure 6b; Table S III, Section 3.2). Of the 27 detected proteins related to 
the 60S region, only 1 (Rpl12) showed a FC >3 in UNT versus WT mice (Figure 7b; Table S III, Section 
3.2). Seven ribosomal proteins were detected only in UNT mice (Rpl6, Rpl18, Rpl18a, Rpl24, Rpl27, 
Rpl28, and Rpl38) (Supplementary Table S1). 

Proteasomes: DDA identified 22 proteasome proteins (Supplementary Table S1), only one of 
which was significantly upregulated in the UNT group with a FC <3 (Table S3, section 3.3). Psmd8 
was expressed only in UNT mice, while 12 proteins were expressed only in WT mice (Psma2, Psma3, 
Psma6, Psma7, Psmb1, Psmb2, Psmb3, Psmb5, Psmb6, Psmb8, Psmb9, and Psmd2) (Supplementary 
Table S1).  

Vesicular transport: DDA identified 30 proteins related to vesicular transport (Supplementary 
Table S1), 3 of which were significantly upregulated in UNT mice, 2 with a FC >3 (Rab5b, Tpd52l2) 
(Figure 7c; Supplementary Table S3, Section 3.4). Sorl1 was detected only in UNT mice. Of 13 detected 
proteins related to the lysosomal membrane (Supplementary Table S1), 4 were significantly 
upregulated in UNT mice, 3 with an FC > 3 (M6pr, Lgals1, and Lgals3) (Figure 7d; Supplementary 
Table S3, Section 3.5). Cd63, Cd74, and Atp6v1a were expressed only in WT mice. Of the 30 proteins 
identified, 22 were in the lysosome (Supplementary Table S1), 1 of which was downregulated in UNT 
mice with an FC <3 (Asah1) (Figure 7e; Supplementary Table S3, Section 3.5). It should be noted that 
Galns (of which a deficit is observed in MPS IVA) and other related proteins (Gba1, Pla2g15, and 
Naaa) were identified only in WT mice. 

DDA identified 44 cytoskeleton-related proteins (Supplementary Table S1), 17 of which were 
identified as DEPs on SWATH-MS: 5 were upregulated in WT versus UNT mice, 4 with a FC <0.3 
(Calm3, Acta1, Tnnc2, and Gdpd2) (Figure 8a; Supplementary Table S3, Section 3.6). Eleven proteins 
were upregulated in UNT versus WT mice, 7 with FC >3 (Myl2, Myfpl, Lasp1, Rhoa, Arpc3, Arpc5, 
and Arpc5l) (Figure 8b; Supplementary Table S3, Section 3.6). 
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Figure 8. Relative expression levels in UNT and WT mice of DEPs (p <0.05; FC >3) related to the 
cytoskeleton. Cytoskeletal proteins upregulated in WT (A) and UNT (B) mice. Black dots represent 
the SWATH-MS area values of each sample, per group. *p <0.05; **p <0.01; ***p <0.001. 

In summary, in UNT mice, we observed an increase in protein biosynthesis via histones and 
ribosomes, a partial lack of proteasome proteins, a lack of calcium necessary for cytoskeletal proteins, 
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an increase in proteins related to vesicular trafficking, the presence of proteins related lysosomal 
membrane damage repair, and an absence of certain membrane receptors. Crucially, we observed a 
total absence of the Galns enzyme in UNT mice, which may result in the accumulation of KS and C6S 
in lysosomes (KS and C6S are sugar chains, which were not measured in the present study), a 
characteristic feature of MPS IVA disease. 

2.4. Section IV. Extracellular matrix.  

We identified 99 proteins related to cell adhesion (Figure 9a, Supplementary Table S1). SWATH-
MS and DDA identified 60 proteins, while DDA alone identified 39 (Figure 9b). 

To facilitate interpretation of the large numbers of matrix components identified, proteins were 
ordered by families, as indicated below.  
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Figure 9. A) STRING interaction analysis of DEPs. Red dots indicate proteins related to cell adhesion. 
B) Venn diagram showing overlap of DEPs across the two proteomic techniques used. C) Relative 
expression levels in UNT and WT mice of DEPs (p <0.05; FC >3) related to proteoglycans. *p <0.05; **p 
<0.01; ***p <0.001. 

Hyaluronan-related proteins: a single protein (Cemip2) was identified (Supplementary Table S1) 
but showed no significant difference in expression between WT and UNT mice.  

Proteoglycans  
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Hyalectans: 3 proteins were identified. Hapln1 was significantly upregulated in UNT versus WT 
mice (FC <3).  

• Small leucine-rich proteoglycans: DDA identified Class I, II, and IV proteins (Supplementary Table 
S1).  

o Class I proteins: Dcn was significantly upregulated in UNT mice (FC >3; Figure 9c, Supplementary 
Table S3, Section 4.1). Aspn was detected in UNT mice only.  

o Class II proteins: DDA identified 4 proteins (Fmod, Lum, Prelp, Kera; Supplementary Table S1), 
all of which were significantly upregulated in UNT mice with FC >3 (Figure 9c, Table S III, Section 
4.1)  

o Class IV: Only Chad was significantly upregulated in UNT mice, with a FC <3 (Table S3, Section 
4.1).  

• Cell surface proteoglycans: DDA identified proteins related to the cell surface (e.g., Cspg4; 
Supplementary Table S1), none of which were differentially expressed in UNT versus WT.  
DDA identified various collagen proteins, which we classified according to physiological 

function (Supplementary Table S1). 

• Fibrillar collagen: DDA identified 8 proteins related to fibrillar collagen, 5 of which were 
significantly upregulated in UNT mice, 4 with an FC <3 (Col1a1, Col1a2, Col11a1, and Col11a2) 
(Figure 9d, Supplementary Table S3, Section 4.2). Col5a1 was identified only in WT mice.  

• Networking-forming collagen: 3 proteins were identified, one of which was present only in WT 
mice (Col4a1).  

• FACITs, Beaded-filament-forming collagens: 3 proteins identified.  
• MACITs, anchoring fibrils, multiplexin: 1 protein identified.  

Laminins: 5 proteins were identified, none of which differed significantly between groups. 
Matrix cellular proteins: DDA identified 13 proteins related to the ECM, 2 of which were 

significantly upregulated in UNT mice, 1 with an FC >3 (Thbs1) (Figure 10a, Supplementary Table 
S3, Section 4.3). Cnn3 was detected only in WT mice (Supplementary Table S1).  
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Figure 10. Relative expression levels in UNT and WT mice of DEPs (p <0.05; FC >3) related to fibrillar 
collagen (A); extracellular receptor matrix (B); extracellular matrix proteases (C); cathepsins; (D) 
integrins; (E); discoidin domain receptor (F). *p <0.05; **p <0.01; ***p <0.001. 

Cellular interface: DDA identified 2 proteins, which were present only in WT mice. 
Extracellular matrix proteases: DDA identified 3 proteins that can be classified in the Metzincin 

family. Mmp9 was significantly upregulated in UNT mice, with an FC >3 (Figure 10b, Supplementary 
Table S3 Section 4.4). Adam10 was detected only in UNT mice.  

Plasminogen/plasmin system: DDA identified 15 proteins (Supplementary Table S1), 3 of which 
were significantly upregulated in UNT mice, 1 with a FC >3 (Serpinf1) (Figure 10c; Supplementary 
Table S3, Section 4.4). Plaur and Serpina1 were identified only in WT mice.  

Cathepsin proteases: DDA identified 2 proteins in the Aspartic proteases family (Supplementary 
Table S1), 1 of which was upregulated in UNT mice, with an FC >3 (Ctsd) (Figure 10d; Supplementary 
Table S3, Section 4.4).  

Serine proteases: 1 protein identified (Ctsg).  
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Cysteine proteases: DDA identified 3 proteins, 1 of which (Ctsh) was upregulated in UNT mice 
with an FC >3 (Figure 10d; Supplementary Table S3, Section 4.4).  

Extracellular receptor matrix: DDA identified 14 proteins (Supplementary Table S1) belonging 
to the Integrin family, 4 of which were significantly up- or downregulated in UNT mice, but only 2 
with a FC >3 (Itgam, Itgav) (Figure 10e; Supplementary Table S3, Section 4.5).  

Discoidin domain receptors: DDA identified 2 proteins, of which only Cdc42 was upregulated 
in UNT mice (FC <3; Supplementary Table S3, Section 4.6). DDR2 was identified only in WT mice. 

Another extracellular receptor: DDA identified 3 proteins, 1 of which (Dpep1) was upregulated 
with a FC >3 (Figure 10f; Supplementary Table S3, Section 4.7).  

In summary, our analysis revealed significant upregulation in UNT mice of several 
proteoglycans (N-linked glycosylation), mainly related to KS (Fmod, Lum), metalloproteases, 
cathepsins, and collagens (some fibrillar collagens).  

2.5. Section V. Other Proteins of Interest 

We identified 5 other proteins of interest (Rtn2, Fetub, Alb, Ckm, and Ckmt2; Supplementary 
Table S1), 4 of which were significantly upregulated in UNT mice with a FC >3 (Figure 11; 
Supplementary Table S3, Section 5.1). 

 

Figure 11. Other proteins of interest: relative expression levels of DEPs (p <0.05; FC >3) in UNT and 
WT mice. Black dots represent the SWATH-MS area values of each sample, per group. 

3. Quantitative Validation of DEPs 

3.1. Mouse DEPs Validation by Different Proteomic Technology 

To perform cross-validation of DEPs identified by quantitative SWATH-MS (MS2-based 
quantification), we used Scaffold software to obtain a semiquantitative value for proteins identified 
by label-free assay based on spectral count. This label-free method enabled MS1-based quantification 
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(spectral count). We observed a correlation between the two quantitative methods of approximately 
18.90% (Table S4), suggesting the quantitative reliability of the proteins considered DEPs in our 
study. The number of DEPS identified by SWATH-MS was identical to that identified by spectral 
count (121 DEPs). Using the 2 quantitative methods, we validated 38 proteins (Figure 12a; Table S4). 
Among these proteins, we identified lactate dehydrogenase (LDH) Ldha and Ldhb as potential 
biomarkers (Figure 12b; Table S4). String analysis of the validated DEPs identified proteins related to 
ATP metabolic process, glycolysis and gluconeogenesis, TCA cycle, LDH, OXPHOS, and ROS as a 
potential biomarkers. 

 

Figure 12. A) Venn diagram showing the overlap of validated DEPs identified using each proteomic 
technique. B) STRING interaction analysis of validated DEPs showing proteins related to ATP 
metabolic process (red); glycolysis and gluconeogenesis (yellow); the TCA cycle (light green); the 
mitochondrial membrane (blue); OXPHOS (pink); and ROS (dark green). 

 3.2. In Silico Validation of Mouse DEPs Using Data Sets from Human Samples 

To validate our quantitative proteomic data obtained by SWATH-MS in mice, we will compare 
the quantitative proteomic data obtained by SWATH-MS in mice with human data previously 
obtained by our group using the same proteomic technology [18,19]. As shown in Figure 13A, several 
detected proteins were common to both analyses, including proteins involved in pathways such as 
glycolysis, oxidative stress, and vesicle trafficking and proteins involved in the cellular cytoskeleton. 
Perhaps most interestingly, Ldha and Ldhb were common to all analyses, supporting the potential of 
these proteins as candidates for diagnosis, prognoses disease monitoring biomarkers. 
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Figure 13. In silico validation. A) Comparison between mouse DEPs and our previous papers in 
Human samples. B) Comparison between mouse DEPs and other data sets in human bone and human 
bone marrow samples. 
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It should be noted that although Morquio A is a rare disease with a fewer studies, our findings 
point to multiple similarities between Morquio A patients and those with other common osseous 
diseases of adults, including arthritis. Therefore, the proteomic approach used here to identify 
potential therapeutic targets for this rare disease could also help further our understanding of other 
bone diseases. For this reason, proteomic data obtained from human osteoarthritis bone samples were 
selected for in silico validation of our findings. 

The presence of multiple proteins common to our mouse data set and the 2 human data sets 
validates the approach used in the present study. The first data set consisted of bone marrow sample 
data taken from Hennrich et al. [20] and corresponded to 59 human subjects (45 male, 14 female). In 
that study relative quantification was achieved using tandem mass tag (TMT) labeling, SWATH-MS. 
The second data set consisted of data from primary cultures of human articular chondrocytes, from 
both healthy and osteoarthritic patients, taken from a study by Konstantinos et al. [21]; in that paper, 
samples were analyzed using label-free quantification and scaffold software used for comparative 
analysis, as in the present study. Comparison of both data sets with our data confirmed that the 
protein alterations found in our mouse model resembled many of those observed in a bone disease 
such as osteoarthritis.  

Comparison of our findings with those of the 2 aforementioned human studies revealed 30 
proteins common to all 3 analyses (Figure 13B), as well as comparable alterations in pathways 
implicated in glycolysis, ROS, DNA damage, vesicle transport, lysosomes, the cellular cytoskeleton, 
and the extracellular matrix (Moreover, Ldha and Ldhb were between the common proteins across 
all 3 studies. Other candidate biomarkers detected in all 3 data sets included collagen type II and 
MMP9. 

In summary, our “in silico” validation results indicate that the DEPS found in mice in the present 
study are also observed in human samples, particularly MMP9, Col2 and both Ldha and Ldhb.  

4. Discussion 

The overall goal of the present study was to investigate the differential expression of proteins 
involved in distinct molecular pathways in MPS IVA and to explore the pathogenic relevance of the 
observed differences in systemic skeletal dysplasia in this disease. To this end, we investigated the 
differential expression of proteins of interest in the bone ECM of MPS IVA mice. Due to the rarity of 
this disease, it is challenging to obtain sufficient numbers of bone samples from affected human 
patients and published studies using proteomics of human bone samples are very scarce. Therefore, 
we based our analysis on samples from an MPS IVA mouse model and compared the results obtained 
with SWATH-MS proteomic data previously published by our group corresponding to fibroblasts 
and blood cells from MPS IVA patients, and with published data from proteomic analyses of bone 
marrow and bone (primary chondrocytes)[20,21]  samples from human. Moreover, we linked the 
altered proteins and pathways observed in MPS IVA mice with the multiple causes affecting MPS 
IVA patients. In our analysis of the data obtained, we sought to identify candidate diagnostic and 
prognostic biomarkers for MPS IVA that are validated in human in our previous paper and in other 
human proteomic data sets.  

Mass spectrometry-based proteomics is an indispensable tool for biomarker discovery. We used 
two distinct but complementary proteomic technologies, SWATH and DDA analysis, to better 
understand MPS IVA. The development of SWATH mass spectrometry (MS) has led to a new era of 
accurate and reproducible label-free quantification of different proteomes [22,23]. Our group 
previously used this technology to characterize cells and plasma/serum samples from mice with 
mucopolysaccharidoses [18,19,24]. Unlike conventional DDA-MS, which is based on specific 
selection and fragmentation of a limited number of (typically the most abundant) precursor ions in a 
survey scan, SWATH-MS is based on the cyclical acquisition of precursor ions with specific isolation 
windows that cover the entire m/z range. All ionized precursor peptides within a sample are 
fragmented, and subsequent analysis of their fragmentation spectra enables the quantification of 
peptides of interest using spectral libraries. This technology combines the advantages of high 
reproducibility and sensitivity of targeted methods with the increased proteome depth typically 
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provided by DDA-MS. The spectral count is a commonly used label-free proteome quantification 
method because sample preparation is simple: no labeling is required for data generation. However, 
this technique can introduce spectral count variation in cases of low-abundance proteins in 
multiplicative LC-MS/MS analysis, hampering sensitive proteome quantification [25]. As many low-
abundance proteins play essential roles in cellular processes, quantitatively reliable identification of 
these proteins is crucial for better understanding these processes.  

Using DDA and SWATH-MS, we characterized differentially expressed proteins in bone ECM 
in MPS IVA mice. Our findings demonstrate alterations in specific cellular functions in the ECM of 
bone samples from UNT mice. The proteins analyzed include those related to metabolic pathways 
(i.e., cytoskeleton proteins and proteins involved in mitochondrial function, autophagy, interaction 
of calcium, iron, and other ions, ribosomes, lysosomes, and the ECM). We observed altered 
expression of proteins involved in energy-generating pathways, including glycolysis, the Krebs cycle, 
and OXPHOS, which produce high oxidative stress. Furthermore, we detected altered expression of 
proteins such as Rtn2 and Sorl1 that facilitate glucose entry into cells via GLUT-4 [26,27]. Similar 
alterations in osteoarthritis in humans are described, in which GLUT-1 receptor expression is 
augmented, thereby increasing cellular glucose levels [28]. These high glucose levels result in 
significant alterations in the expression of other proteins in UNT mice, in which higher levels of 
cellular hypoxia are observed [29]. Alterations in metabolic pathways also increase lactate 
production, as evidenced by the upregulation of LDH observed in UNT mice. LDH plays a vital role 
in generating oxidative stress in rheumatoid arthritis. Using mRNA sequencing in primary 
chondrocyte cultures from a mouse model of osteoarthritis, Arra et al. [30]  detected significant 
increases in the expression of genes involved in glycolysis, including Ldha. We recently identified 
candidate biomarkers of MPS IVA [30,31] using the same proteomic technologies in two different 
sample types: fibroblasts and leukocytes from MPS IVA patients. Those studies showed that LDH 
expression is upregulated in MPS IVA cells and that levels decrease in response to enzyme 
replacement treatment [18,24], providing strong evidence to suggest a role for LDH proteins as 
biomarkers of disease prognosis and progression. 

Another important finding is the general upregulation of proteins related to the Krebs cycle and 
OXPHOS in UNT mice. We detected many upregulated proteins pertaining to mitochondrial 
complexes I, II, III, IV, and V (ATP-synthetase), including proteins such as Ndufa6 with an FC 86.51, 
corroborating previous reports of increased ROS levels [30]. Furthermore, we observed elevated 
expression of ROS compensatory proteins such as Prdx3/Prd [32]. In line with previous findings in 
an animal model of MPS IVA, upregulation of DNA damage repair proteins has been reported in 
UNT mice [33]. In that paper, Donida et al. analyzed blood samples from 17 MPS IVA patients and 
14 healthy controls using molecular biology techniques and observed increased DNA damage of 
oxidative origin in patients versus controls. Moreover, they detected increased interleukin 6 (IL-6) 
expression in patients, suggesting a possible link between inflammation and oxidative stress in MPS 
IVA. Although we detected proteins related to inflammation in our study, the proteomic techniques 
used did not allow the detection of low molecular weight proteins, such as IL-6, despite its likely 
presence in our samples. These alterations in inflammation pathway result in activation of signalling 
pathways such as STAT3 [34] a transcription factor activated by members of the IL-6 and IL-10 family, 
and by IL-21, IL-27, G-CSF, leptin, and IFN-I, among other signalling molecules [35]. In their mass 
spectrometry studies of an AEP-/- (Asparaginyl endopeptidase Knock Out) mouse model and cell 
lines, Martínez-Fábregas et al. [36] concluded that an increase in lysosomal cysteine proteases (CtsD) 
in the kidney reflects the accumulation of undegraded material and/or increased expression of 
lysosomal proteins. Moreover, they reported an increase in endocytic substrate load, independent of 
the transcription factor EB (TFEB) and triggered by STAT3 activation downstream of lysosomal 
oxidative stress. Similar lysosomal adaptations are seen in mice and cells expressing a constitutively 
active form of STAT3 [36]. Therefore, Martínez-Fabregas J et al. reported that STAT3 signalling is 
activated by the ROS effect due to substrate accumulation in lysosomes and deficiencies in lysosomal 
proteases [36] which also occurs in MPS IVA. 
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The protein MTORC1-TFEB acts as a transcriptional regulator of autophagy and is the most 
relevant marker of lysosomal activity [37,38] owing to its ability to activate lysosomal biosynthesis. 
Our data indicate that this protein appears to be inhibited by overexpression of cathepsin D and 
LAMP1 in MPS IVA. These proteins also contribute to increased inhibition of the autophagy pathway 
via the lysosome. Proteosomes play a key role [39,40] in this autophagy pathway, mainly via Psma6 
and Psmb6, which participate in the active nucleus of the proteasome [41]. However, we did not 
detect proteins related to proteasomes in UNT mice. Activation of STAT3 [39] in response to 
lysosomal accumulation stimulates compensatory biosynthesis of cytokines and interleukins. The 
cytokines and interleukins detected in the present study were the same as those described in other 
MPS IVA studies[42] used liquid chromatography-tandem mass spectrometry (LC-MS/MS) to 
measure the 4 disaccharides produced from GAGs in serum or plasma from 34 MPS IVA patients, 
and identified 9 biomarkers that were significantly elevated in untreated MPS IVA patients: EGF, IL-
1β, IL-6, TNF-α, MIP-1α, MMP-1, MMP-2, and MMP-9. In UNT mice we observed activation of 
protein biogenesis, which explains the high levels of cytoplasmic histones (some of which have been 
previously detected in proteomic studies of other non-bone pathological cells [18,19]) and 
upregulation of ribosomal proteins and the exclusive presence of specific proteins such as Rps19 and 
Rpl24, in agreement with previous reports [43]. This increase in protein biosynthesis normally 
generates more proteins with endosomal/lysosomal functions [44], and increases ribosome 
expression in the bone, which usually occurs in the context of low TFEB activity [45]. 

Analysis of proteins involved in vesicular transport revealed alterations in the endocytosis 
pathway in UNT mice, as evidenced by upregulation of Rab5c, which participates in vesicular 
trafficking [38], and Tpd52l2 [46]. This pathway is important because increases in M6pr can induce 
the expression of many lysosomal enzymes [47]. In the UNT group, we detected overexpression of 
proteins related to lysosomal membrane repair and autophagy functions [48]. Conversely, other 
lysosomal membrane proteins, such as Atp6v1a, Cd63, and Cd74, were absent from UNT mice.  

In analyzing apoptosis activation, we found that caspases that would normally be elevated in 
response to high ROS levels [49] were not expressed at high levels in UNT mice. Moreover, the 
calcium voltage potential between the internal and external membrane was reduced” (in UNT mice), 
which can prevent activation of apoptosis functions [50,51], suggesting a problem affecting calcium 
pathways. In the cytoplasm, we observed clear evidence of dysregulation of actin (Acta 1), myosin 
(Myosin-1), calmodulin (Calm3), and troponin (tnn3) [52,53] in UNT mice. These alterations may 
have consequences for cytoskeletal protein function. Moreover, ROS may also contribute to the 
failure of repair mechanisms by reducing the capacity of chondrogenic precursor cells to migrate and 
proliferate within an injured area: NO has been shown to inhibit chondrocyte migration and 
attachment to fibronectin via modification of the actin cytoskeleton [54].  This is particularly 
important in the context of MPS IVA because bone resorption proteins that form the osteoclast 
podosome require proteins such as F-actin-rich domain, protein 2/3 complex (Arp2/3), and myosin 
light chain to attach to the bone area for bone degradation (in UNT group we found several proteins 
elevated)( Arpc3, Arpc5, Arpc5l ,Capza2, Myfpl, Myl2) [55,56]. Actin binding points must be in good 
condition to enable the transport of lysosomes to the matrix. This does not occur the UNT mice, in 
which filamin B (Flnb) expression is altered, as described previously by Qiming Xu et al. [57]. Those 
authors reported that decreased expression of this protein could induce skeletal malformations, 
including delayed ossification in long bone growth plates; reduced bone mineral density; 
dysregulation of muscle differentiation; intervertebral disc ossification; altered chondrocyte 
proliferation, differentiation and apoptosis; impairment of angiogenesis; and hypomotility of 
osteoblasts, chondrocytes, and fibroblasts [57]. Moreover, lysosomes can transport calcium 
phosphate [58], obtained by collecting calcium from other organelles such as the endoplasmic 
reticulum, Golgi, cytoplasm, and mitochondria. Normally, this transport occurs via kinesin motor 
and dynein pathways [59]. In the present study, the proteins related to the dynein pathway were 
detected only in WT mice. The transport of collagen and calcium phosphate, which was also altered 
in UNT mice, is vital to support the role of osteoblasts in bone mineralization. 
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In our study in UNT mice, the evident decompensation ROS production induces degradation of 
the bone ECM. Bake et al.[60] reported that exposure of chondrocytes to H2O2 inhibits proteoglycan. 
Findings reported by Taskiran et al.  [61] in rabbit articular cartilage and by Häuselmann et al. [62] 
(in human articular chondrocytes) suggest that interleukin-1 suppresses the synthesis of the 
cartilaginous matrix. Similarly, Hickery et al. [63] showed that IL-1 synthesis causes inhibition of 
proteoglycan sulfation in human articular chondrocytes and reported that IL-1-induced NO inhibits 
sulfation and alters the sulfation pattern of newly synthesized glycosaminoglycan chains [54]. 
Increased glycolysis induces high levels of lactate excreted to the ECM, decreased pH, and increased 
levels of metalloproteases such as MMP9 and ADAM10 [64]. However, ROS also contributes to 
cartilage degradation by mediating the activation of latent collagenase and upregulating the 
expression of genes coding for matrix metalloproteinases (MMP) [54,65],   secreted by lysosomes 
and activated by Hpx or Hpx domains [64,66,67]. Moreover, an increase in the levels of cathepsins 
excreted by lysosomes [54] results in significant changes in various collagen types. Collagens I, II, 
and XI [42,68], as well as the conversion of collagen II to I [12,42,69], have been described in MPS IVA. 
In our study, we observed high levels of expression of proteoglycans, including KS (fibromodulin 
(Fmod) and Lumican (Lum)). In the context of increased ROS expression, the sorting receptor Sorl1 
(detected only in UNT mice) induces more lysosomal endocytosis activity while the hydrolysis of 
sphingomyelin to ceramide increases. This effect may be reflected in our data by the low levels of 
Asah1 enzyme detected in UNT mice [27,70]. Proteins that participate in collagen endocytosis, 
including fibromodulin, integrins, and caveolin-1, all showed altered expression in UNT mice, in line 
with other findings (reviewed in Rainero, 2016) [71].  

To validate our results, we used a new proteomic quantitative measure to estimate the difference 
in protein levels between UNT and WT mice. This validation was performed using DDA data that 
were transformed into a spectral count using Scaffold software. Next, proteins for which differential 
expression was observed were analyzed using DDA and SWATH-MS, resulting in the validation of 
20% of proteins. Thus, 38 proteins were considered differentiated expressed in UNT versus WT mice. 
These DEPS were related to ATP/metabolic process, glycolysis and gluconeogenesis, the TCA cycle, 
and LDH expression in the mitochondrial membrane. Interestingly, previous studies have reported 
alterations in some proteins (Ldha and Ldhab)[18,19] that we found to be differentially expressed 
(upregulated in UNT) and validated by both techniques, suggesting that elevation of LDH may 
constitute an early biomarker of MPS IVA. 

These potential biomarkers are related to KS accumulation, as their upregulation is linked to an 
increase in ROS levels [30]. Our findings identify several proteins that may constitute an excellent 
candidate to diagnostic, prognosis, and disease monitoring biomarkers, including MMP-9, collagen 
type II, and LDH. 

It should be noted that our analysis was performed using only 4 bone samples per group. Further 
studies with a larger sample size using a different technology (i.e., other omics technologies) will be 
necessary to corroborate the present findings and better understand the pathogenic mechanisms that 
occur in the bones of children with MPS IVA.  

The literature contains abundant information about the iNOS pathway, which generates large 
amounts of NO, and studies in chondrocytes indicate that this pathway is altered in MPS IVA, which 
activates IL-1 and acts on the extracellular matrix. In the present study, we could not quantify 
alterations in IL-1 or IL6 due to the proteomic technique used. Further studies using more significant 
numbers of samples will be required to identify the proteins affected in this pathology. 
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Proteome maps summary of deregulation proteins in MPS IVA. 

5. Material and Methods 

5.1. Experimental Design and Statistical Analysis  

Analyses were performed using samples from 4 untreated MPS IVA (UNT) and 4 WT male mice. 
The mice were provided by Dr. Tomatsu of Nemours Children’s Health (Wilmington, Delaware, 
USA), with prior authorization from that institution’s animal ethics committee (RSP19-12482-002). 
Mice were not subjected to any intervention and were euthanized at 6 weeks of age. The mice used 
carried the specific GALNS gene disruption in exon 2 [17]. 

All experiments were conducted using the TripleTOF 6600+ system (Sciex, Framingham, MA, 
USA). All mass spectrometry proteomics data have been deposited to the ProteomeXchange 
Consortium via the PRIDE partner repository with the data set identifier PXD042166. Additional 
information on the samples analyzed, data acquisition, and processing procedures can be found 
below. 

SWATH analysis was performed using MarkerView 1.3.1, GraphPad Prism 6.01 software 
(GraphPad Software, San Diego, CA, USA) was used to generate SWATH blox plots, and Spectral 
counting analysis was performed using Scaffold™ 5.3. In the SWATH analysis, the summed averaged 
area of all transitions for each protein in each sample were analyzed using a Student’s t-test to 
determine the extent to which each variable could distinguish between the two groups, and the result 
was reported as a p-value. Fisher’s exact test and the Benjamini–Hochberg multiple correction test 
were used for quantification and fold change (FC) determination for spectral counting comparison 
between groups. In both cases, a protein was considered differentially expressed when p was <0.05 
and the FC >1.5 or <0.6, although only proteins with an FC >3 are shown in the figures. 

In SWATH analysis MLR (most likely ratio) normalization was performed after statistical 
analysis to control for possible uneven sample loss across the different samples during the sample 
preparation process [72,73]. The mean Mass Spectrometry peak area for each protein was determined 
for each sample, and Student’s t-test (MarkerView software, Sciex, Redwood City, CA, USA) was 
performed to compare between samples based on the averaged total area of all transitions for each 
protein. The t-test result (p-value) indicates how well each variable distinguishes between the two 
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groups. Candidate proteins were selected based on t-test results (p <0.05 and FC [increase or decrease] 
>1.5 or <0.6). 

5.2. Animal Model and Bone Protein Extraction 

Analyses were performed using 4 untreated MPS IVA (UNT) and 4 WT male mice. Mice were 
provided by Dr. Tomatsu of Nemours Children’s Health (Wilmington, Delaware, USA), with prior 
authorization from The Institutional Animal Care and Use Committee (IACUC) approval by Paul T. 
Fawcett, Ph.D (RSP19-12482-002). Mice were not subjected to any intervention and were euthanized 
at 6 weeks of age. Femurs with intact femoral caps were collected, and samples were placed on dry 
ice. To prepare samples, a radioimmunoprecipitation assay (RIPA) buffer was added, and the 
resulting mixture was placed in tubes containing 2-mm porcelain beads and homogenized for 30 sec 
using a PowerLizerco. After centrifugation for 30 min at 4°C, the pellet and beads were separated. 
Each sample was analyzed for total BCA protein and N-acetylgalactosamine-6-sulfate sulfatase 
enzymatic activity. The remaining samples were sent for analysis at the proteomic analysis platform 
of the investigation department (IDIS) of the University Clinical Hospital of Santiago de Compostela. 

Samples were analyzed using 2 distinct but complementary s technologies: DDA (data-
dependent analysis) and SWATH-MS (IDA, information-dependent acquisition) (Supplementary 
Figure 1). One of the advantages of utilizing a label-free LC-MS/MS workflow such as SWATH-MS 
is the sensitivity of protein detection and quantification offered. Traditional LC-MS/MS workflows 
based on DDA increase the overall identification of proteins but suffer from a reduction in the 
number of identifiable peptides across multiple runs [74,75]. Therefore, SWATH-MS constitutes an 
attractive solution to improve label-free quantification and has been used for biomarker identification 
in other rare diseases [18,19]. 

To understand the interactions between proteins with altered expression in bone samples, we 
analyzed all SWATH-MS and DDA data, grouping proteins according to known functions, as 
follows: (i) energy metabolic pathways (e.g., glycolysis, tricarboxylic acid cycle, β-oxidation, and 
OXPHOS); (ii) mitochondrial function (i.e., oxidative stress, calcium-regulated mitochondrial 
electrical potential channels, apoptosis, compensatory mechanisms of oxidative stress, and DNA 
damage prevention); (iii) protein production (ribosomes), cytoskeleton, proteosomes, vesicular 
trafficking, and lysosomes; (iv) involvement in ECM function; and (v) other proteins of interest. 

Proteomic Analysis by TripleTOF 6600 LC-MS/MS (see Supplementary Materials and Methods 
for further information) 

Protein Digestion For protein identification, equal amounts of protein from each femur sample 
(n=4 per group) were loaded onto a 10% SDS-PAGE gel. The resulting condensed protein bands 
underwent gel digestion using Trypsin and were processed as described in the Supplementary 
Materials and Methods and previously by our group [76].  

LC-MS/MS in Data-Dependent Acquisition Mode, Shotgun Analysis, and Spectral Count 
Transformation Digested peptides from each mouse femur sample were separated using reverse 
phase chromatography as described previously [76] and in the Supplementary Materials and 
Methods. Semi-quantification by spectral counting was performed using Scaffold software (version 
5.0.1; Proteome Software Inc., Portland, OR), as described previously [77]. MS/MS-based peptide and 
protein identifications performed in Protein Pilot 5.0.1 software were transformed in. mzid format 
and validated using Scaffold software. Peptide identifications were accepted if they could be 
established at >95.0% probability by the Percolator posterior error probability calculation. Protein 
identifications with a probability <99.0% and at least two identified peptides were accepted. Protein 
probabilities were assigned by the Protein Prophet algorithm. Proteins that contained similar 
peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the 
principles of parsimony.  

Protein Quantification by SWATH-MS Analysis To build the MS/MS spectral libraries, peptide 
solutions were analyzed by shotgun data-dependent acquisition (DDA) using micro-LCMS/MS, as 
described in the Supplementary Materials and Methods and previously by our group [18,76]. The 
MS2 spectra (MS/MS spectra) of the identified peptides were then used to generate the spectral library 
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for SWATH peak extraction using the add-in for PeakView Software (version 2.2, Sciex), MS/MSALL 
with SWATH Acquisition MicroApp (version 2.0, Sciex). Peptides with a confidence score >99% 
(obtained from the Protein Pilot database search) were included in the spectral library. For relative 
quantification by SWATH-MS analysis, SWATH-MS acquisition was performed on a TripleTOF 6600 
LC-MS/ MS system (Sciex) using SWATH mode. The acquisition mode consisted of a 250 ms survey 
(MS scan) MS1 scan from 400 to 1250 m/z, followed by an MS2 (MS/MS) scan from 100 to 1500 m/z 
(25 ms acquisition time) of the top 65 precursor ions from the survey scan, for a total cycle time of 2.8 
s. The fragmented precursors were then added to a dynamic exclusion list for 15 sec. Any singly 
charged ions were excluded from the (MS/MS analysis) MS2 analysis. Targeted data extraction from 
the SWATH MS runs was performed by PeakView v.2.2 (ABSciex, USA) using the SWATH MS 
Acquisition MicroApp v.2.0 (ABSciex, USA). Data were processed using the spectral library created 
from DDA. SWATH MS quantization was attempted for all proteins in the ion library that were 
identified by ProteinPilotTM 5.0.1 with a false discovery rate (FDR) <1%. PeakView computed an FDR 
and a score for each assigned peptide based on the chromatographic and spectra components: only 
peptides with an FDR <1%, 10 peptideand 7 transitions per peptide were used for protein 
quantization. The integrated peak areas were processed by MarkerView software version 1.3.1 (AB 
SCIEX, USA) for a data-independent method for relative quantitative analysis. A most likely ratio 
normalization was performed to control for possible uneven sample loss across the different samples 
during the sample preparation process. Unsupervised multivariate statistical analysis using PCA was 
performed to compare data across samples.  

5.3. Functional and Pathway Analysis 

Pathway analysis was performed using Reactome (https://reactome.org/), which applies a 
statistical (hypergeometric distribution) test to determine whether specific pathways are over-
represented (enriched), and produces a probability score, which is corrected for FDR using the 
Benjamini–Hochberg method. The most enriched pathways were represented using Reactome 
pathway diagrams. Protein interactions were evaluated using String (https://string-db.org/), 
applying a minimum required interaction score of PPI=0.9 (protein-protein interaction) and an FDR 
<0.05. Venn diagrams were generated using http://www.interactivenn.net/ and box plots using 
GraphPad Prism 9. Statistical analyses were performed using Markerview or Scaffold software. 
Volcano plots and box plots were generated using GraphPad Prism 9.  

5.4. In Silico Analysis 

Proteins for “in silico” analysis were selected using two distinct approaches. 
The first approach was based on SWATH-MS analyses of leukocytes and fibroblasts previously 

published by our group [18,19]. The second approach involved validating proteomic data sets taken 
from published analyses of human bone [20,21]. Few such analyses have been published; most 
correspond to bone marrow samples. For our validation, we selected 2 data sets, corresponding to 
bone and bone marrow sample data sets, respectively. The data set that was extracted for our analysis 
fulfilled the following 3 quality assessment criteria: (1) identification and description of the extraction 
method used; (2) description of the sampling process used; (3) use of a proteomic technology similar 
to SWATH_MS. 

6. Conclusions 

The pathological features of MPS IVA resemble those of other skeletal dysplasias and bone 
diseases that occur at later ages. However, MPS IVA can also involve ROS accumulation due to 
excessive glycolysis, upregulation of LDH, and accumulation of substrates in the lysosome. This 
increase in ROS levels triggers the activation of pathways such as STAT3 signaling, which 
compensates for deficient autophagy and activates cytokines and interleukins. In MPS IVA, this 
process becomes chronicled due to the accumulation of deposits that are not eliminated in the 
lysosomes. 
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In MPS IVA, dysfunction at the level of the mitochondria and cytoskeleton can be due to calcium 
deficiency, possibly due to high bone resorption, poor bone mineralization, and excessive ROS 
activation, which facilitates active-matrix degradation. These alterations can lead to a matrix 
composition change, mainly due to defective bone regeneration. 

Our proteomic technique analyses identify MMP-9 and collagen type II as candidate biomarkers 
of MPS IVA, suggesting that LDH may constitute a new candidate biomarker. LDH is upregulated 
in various human cell types (see our studies) [18,19] and downregulated in response to enzyme 
replacement therapy. All these candidate biomarkers detected in mouse bone samples in the present 
study have also been found to be altered using proteomic techniques in bone and bone marrow 
human samples. This biomarker may constitute a useful biomarker for diagnosis and monitoring 
disease progression of therapeutic efficacy in MPS IVA disease. 

Supplemental Materials: This article contains supplemental data. Supplemental data legends. Supplementary 
Table S1: This table lists all proteins identified by DDA (Sheet1), along with the corresponding Uniprot code 
and gene and protein names. Sheets 2 and 3 list proteins detected exclusively in WT or UNT mice. The remaining 
sheets show the detected proteins categorized according to function, together with the corresponding Uniprot 
code, gene and protein name, and the results of the DDA analysis (indicating whether proteins were detected in 
WT and/or UNT mice). Supplementary table S2: The mean MS peak area for each protein was determined for 
each sample, and the averaged total area of all transitions for each protein compared (Student’s t-test; 
MarkerView software, Sciex, Redwood City, CA, USA). The resulting p-value indicates the capacity of each 
variable to distinguish between the two groups. Table shows protein name, m/z, mouse group (UNT or WT), 
use, t-value, p-value, log(p), mean (UNT and WT,) mean value in UNT mice and in WT mice, sigma UNT, sigma 
WT, Delta, fold change, and Log (fold change). Supplementary table S3: Table shows all dysregulated proteins, 
based on the results of the SWATH-MS analysis (P>0.05 and a FC>1 [upregulated in UNT mice] or FC<1 
[upregulated in WT mice]). Proteins are grouped according to function. Supplementary table S4: Results of 
quantitative protein analysis. Table shows DEPs as detected by SWATH analysis (Sheet 1), together with the 
corresponding Uniprot code, gene and protein name, p-value (Studient t-test) and fold change (FC); and by 
spectral count analysis (Sheet 2), together with the corresponding protein name, p-value (Fisher’s exact test) and 
fold change (FC). Supplementary table S5: Table shows all proteins identified by DDA analysis in WT (Sheet 1) 
and UNT (Sheet 2) mice, together with the corresponding Uniprot code, peptides (95%) and percentage sequence 
coverage (% Cov). Supplementary table S6: Table lists all proteins identified in the SWATH-MS analysis library, 
together with corresponding Uniprot code, peptides (95%) and percentage sequence coverage (% Cov). 
Supplementary Figure S1: A) Venn diagram showing the number of proteins detected by DDA in the two 
studied groups (all proteins have a < 1% FDR). B) Volcano plot depicting the results of the SWATH-MS 
quantitative proteomics analysis. Blue dots represent proteins for which significant differences in expression 
were observed between groups (p <0.05 and FC >1.4). 

Author Contributions: Authors contributed as follows: conceptualization, J.V.A., S.B.B. and M.L.C.; 
methodology, S.B.B., J.V.A., M.P.C.-V, C.P. and C.C.; validation, J.V.A. and S.B.B.; sample collection. I.V., M.J.D.C. 
and M.M.; formal analysis, J.V.A., S.B.B. and C.C.; writing—original draft preparation, J.V.A., S.B.B.; writing—
review and editing, M.L.C., S.T.; visualization, S.B.B.; supervision, M.L.C., F.J.O.-E. and S.T. All authors have 
read and approved the submitted version of the manuscript. 

Funding: J.V.A.: Sara Borrell contract (CD22/00160), “Instituto de Salud Carlos III” (Plan Estatal de I+D+I 2023–
2025 and European Development Regional Fund) of the Spanish Ministry of Economy and Competitiveness. 
M.d.P.C.-V.: Sara Borrell Contract (CD20/00112),“Instituto de Salud Carlos III” (Plan Estatal de I+D+I 2013–2016 
and European Development Regional Fund) of the Spanish Ministry of Economy and Competitiveness. The C012 
Metabolic Diseases research group achnowledges funding from MPS Lisosomales, National MPS Society. 

Data Availability: The mass spectrometry proteomics data have been deposited to the ProteomeXchange 
Consortium via the PRIDE partner repository with the data set identifier PXD042166. 

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

Abbreviations: 

WT = Wild-Type; KO/UNT = Knock out; LSD= lysosomal storage disease; DDA= Dependent Data 
Analysis; SWATH/IDA = Sequential Window Acquisition of All Theoretical Fragment Ion Mass 
Spectra/  information-dependent acquisition; MPS IVA= Mucopolysaccharidosis type IVA; GAGs = 
glycosaminoglycans; KS =keratan sulfate; C6S= chondroitin-6-sulfate; AR= arthritis; FC= Fold 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 January 2024                   doi:10.20944/preprints202401.2246.v1



 30 

 

Change;  MSMS= mass spectrometry; ROS = Reactive oxygen species; LDH=Lactate dehydrogenase; 
TMT =Tanden mass tag; DEPs: Differentially expressed proteins; ECM = extracellular matrix  

References 

1. Khan, S.; Alméciga-Díaz, C.J.; Sawamoto, K.; Mackenzie, W.G.; Theroux, M.C.; Pizarro, C.; Mason, R.W.; 
Orii, T.; Tomatsu, S. Mucopolysaccharidosis IVA and Glycosaminoglycans. Mol. Genet. Metab. 2017, 120, 
78–95, doi:10.1016/j.ymgme.2016.11.007. 

2. Sawamoto, K.; Álvarez González, J.V.; Piechnik, M.; Otero, F.J.; Couce, M.L.; Suzuki, Y.; Tomatsu, S. 
Mucopolysaccharidosis IVA: Diagnosis, Treatment, and Management. Int. J. Mol. Sci. 2020, 21, 1517, 
doi:10.3390/ijms21041517. 

3. Tomatsu, S.; Averill, L.W.; Sawamoto, K.; Mackenzie, W.G.; Bober, M.B.; Pizarro, C.; Goff, C.J.; Xie, L.; Orii, 
T.; Theroux, M. Obstructive Airway in Morquio A Syndrome, the Past, the Present and the Future. Mol. 
Genet. Metab. 2016, 117, 150–156, doi:10.1016/j.ymgme.2015.09.007. 

4. Melbouci, M.; Mason, R.W.; Suzuki, Y.; Fukao, T.; Orii, T.; Tomatsu, S. Growth Impairment in 
Mucopolysaccharidoses. Mol. Genet. Metab. 2018, 124, 1–10, doi:10.1016/j.ymgme.2018.03.004. 

5. Çelik, B.; Tomatsu, S.C.; Tomatsu, S.; Khan, S.A. Epidemiology of Mucopolysaccharidoses Update. Diagn. 
Basel Switz. 2021, 11, 273, doi:10.3390/diagnostics11020273. 

6. Montaño, A.M.; Tomatsu, S.; Gottesman, G.S.; Smith, M.; Orii, T. International Morquio A Registry: Clinical 
Manifestation and Natural Course of Morquio A Disease. J. Inherit. Metab. Dis. 2007, 30, 165–174, 
doi:10.1007/s10545-007-0529-7. 

7. Tomatsu, S.; Mackenzie, W.G.; Theroux, M.C.; Mason, R.W.; Thacker, M.M.; Shaffer, T.H.; Montaño, A.M.; 
Rowan, D.; Sly, W.; Alméciga-Díaz, C.J.; et al. Current and Emerging Treatments and Surgical Interventions 
for Morquio A Syndrome: A Review. Res. Rep. Endocr. Disord. 2012, 2012, 65–77, doi:10.2147/RRED.S37278. 

8. Lavery, C.; Hendriksz, C. Mortality in Patients with Morquio Syndrome a. JIMD Rep. 2015, 15, 59–66, 
doi:10.1007/8904_2014_298. 

9. Akyol, M.U.; Alden, T.D.; Amartino, H.; Ashworth, J.; Belani, K.; Berger, K.I.; Borgo, A.; Braunlin, E.; Eto, 
Y.; Gold, J.I.; et al. Recommendations for the Management of MPS IVA: Systematic Evidence- and 
Consensus-Based Guidance. Orphanet J. Rare Dis. 2019, 14, 137, doi:10.1186/s13023-019-1074-9. 

10. Tomatsu, S.; M. Montano, A.; Oikawa, H.; J. Rowan, D.; Smith, M.; Barrera, L.; Chinen, Y.; M. Thacker, M.; 
G. Mackenzie, W.; Suzuki, Y.; et al. Mucopolysaccharidosis Type IVA (Morquio A Disease): Clinical Review 
and Current Treatment: A Special Review. Curr. Pharm. Biotechnol. 2011, 12, 931–945, 
doi:10.2174/138920111795542615. 

11. Hunter, D.J.; Bierma-Zeinstra, S. Osteoarthritis. The Lancet 2019, 393, 1745–1759, doi:10.1016/S0140-
6736(19)30417-9. 

12. De Franceschi, L.; Roseti, L.; Desando, G.; Facchini, A.; Grigolo, B. A Molecular and Histological 
Characterization of Cartilage from Patients with Morquio Syndrome. Osteoarthritis Cartilage 2007, 15, 1311–
1317, doi:10.1016/j.joca.2007.04.008. 

13. Hendriksz, C.J.; Lavery, C.; Coker, M.; Ucar, S.K.; Jain, M.; Bell, L.; Lampe, C. Burden of Disease in Patients 
with Morquio A Syndrome: Results from an International Patient-Reported Outcomes Survey. Orphanet J. 
Rare Dis. 2014, 9, 32, doi:10.1186/1750-1172-9-32. 

14. Morrone, A.; Caciotti, A.; Atwood, R.; Davidson, K.; Du, C.; Francis-Lyon, P.; Harmatz, P.; Mealiffe, M.; 
Mooney, S.; Oron, T.R.; et al. Morquio A Syndrome-Associated Mutations: A Review of Alterations in the 
GALNS Gene and a New Locus-Specific Database. Hum. Mutat. 2014, 35, 1271–1279, 
doi:10.1002/humu.22635. 

15. Tebani, A.; Mauhin, W.; Abily-Donval, L.; Lesueur, C.; Berger, M.G.; Nadjar, Y.; Berger, J.; Benveniste, O.; 
Lamari, F.; Laforêt, P.; et al. A Proteomics-Based Analysis Reveals Predictive Biological Patterns in Fabry 
Disease. J. Clin. Med. 2020, 9, 1325, doi:10.3390/jcm9051325. 

16. Arora, D.; Hackenberg, Y.; Li, J.; Winter, D. Updates on the Study of Lysosomal Protein Dynamics: 
Possibilities for the Clinic. Expert Rev. Proteomics 2023, 1–9, doi:10.1080/14789450.2023.2190515. 

17. Tomatsu, S.; Orii, K.O.; Vogler, C.; Nakayama, J.; Levy, B.; Grubb, J.H.; Gutierrez, M.A.; Shim, S.; 
Yamaguchi, S.; Nishioka, T.; et al. Mouse Model of N-Acetylgalactosamine-6-Sulfate Sulfatase Deficiency 
(Galns-/-) Produced by Targeted Disruption of the Gene Defective in Morquio A Disease. Hum. Mol. Genet. 
2003, 12, 3349–3358, doi:10.1093/hmg/ddg366. 

18. Álvarez, V.J.; Bravo, S.B.; Chantada-Vazquez, M.P.; Colón, C.; De Castro, M.J.; Morales, M.; Vitoria, I.; 
Tomatsu, S.; Otero-Espinar, F.J.; Couce, M.L. Characterization of New Proteomic Biomarker Candidates in 
Mucopolysaccharidosis Type IVA. Int. J. Mol. Sci. 2020, 22, 226, doi:10.3390/ijms22010226. 

19. Álvarez, J.V.; Bravo, S.B.; García-Vence, M.; De Castro, M.J.; Luzardo, A.; Colón, C.; Tomatsu, S.; Otero-
Espinar, F.J.; Couce, M.L. Proteomic Analysis in Morquio A Cells Treated with Immobilized Enzymatic 
Replacement Therapy on Nanostructured Lipid Systems. Int. J. Mol. Sci. 2019, 20, 4610, 
doi:10.3390/ijms20184610. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 January 2024                   doi:10.20944/preprints202401.2246.v1



 31 

 

20. Hennrich, M.L.; Romanov, N.; Horn, P.; Jaeger, S.; Eckstein, V.; Steeples, V.; Ye, F.; Ding, X.; Poisa-Beiro, 
L.; Lai, M.C.; et al. Cell-Specific Proteome Analyses of Human Bone Marrow Reveal Molecular Features of 
Age-Dependent Functional Decline. Nat. Commun. 2018, 9, 4004, doi:10.1038/s41467-018-06353-4. 

21. Tsolis, K.C.; Bei, E.S.; Papathanasiou, I.; Kostopoulou, F.; Gkretsi, V.; Kalantzaki, K.; Malizos, K.; Zervakis, 
M.; Tsezou, A.; Economou, A. Comparative Proteomic Analysis of Hypertrophic Chondrocytes in 
Osteoarthritis. Clin. Proteomics 2015, 12, 12, doi:10.1186/s12014-015-9085-6. 

22. Ludwig, C.; Gillet, L.; Rosenberger, G.; Amon, S.; Collins, B.C.; Aebersold, R. Data-Independent 
Acquisition-Based SWATH-MS for Quantitative Proteomics: A Tutorial. Mol. Syst. Biol. 2018, 14, e8126, 
doi:10.15252/msb.20178126. 

23. Chantada-Vázquez, M.D.P.; García Vence, M.; Serna, A.; Núñez, C.; Bravo, S.B. SWATH-MS Protocols in 
Human Diseases. Methods Mol. Biol. Clifton NJ 2021, 2259, 105–141, doi:10.1007/978-1-0716-1178-4_7. 

24. Álvarez, J.V.; Bravo, S.B.; Chantada-Vázquez, M.P.; Barbosa-Gouveia, S.; Colón, C.; López-Suarez, O.; 
Tomatsu, S.; Otero-Espinar, F.J.; Couce, M.L. Plasma Proteomic Analysis in Morquio A Disease. Int. J. Mol. 
Sci. 2021, 22, 6165, doi:10.3390/ijms22116165. 

25. Lundgren, D.H.; Hwang, S.-I.; Wu, L.; Han, D.K. Role of Spectral Counting in Quantitative Proteomics. 
Expert Rev. Proteomics 2010, 7, 39–53, doi:10.1586/epr.09.69. 

26. Maor, G.; Vasiliver-Shamis, G.; Hazan-Brill, R.; Wertheimer, E.; Karnieli, E. GLUT4 in Murine Bone Growth: 
From Uptake and Translocation to Proliferation and Differentiation. Am. J. Physiol.-Endocrinol. Metab. 2011, 
300, E613–E623, doi:10.1152/ajpendo.90484.2008. 

27. Varzideh, F.; Jankauskas, S.S.; Kansakar, U.; Mone, P.; Gambardella, J.; Santulli, G. Sortilin Drives 
Hypertension by Modulating Sphingolipid/Ceramide Homeostasis and by Triggering Oxidative Stress. J. 
Clin. Invest. 132, e156624, doi:10.1172/JCI156624. 

28. Mobasheri, A.; Dobson, H.; Mason, S.; Cullingham, F.; Shakibaei, M.; Moley, J.; Moley, K. Expression of the 
GLUT1 and GLUT9 Facilitative Glucose Transporters in Embryonic Chondroblasts and Mature 
Chondrocytes in Ovine Articular Cartilage. Cell Biol. Int. 2005, 29, 249–260, doi:10.1016/j.cellbi.2004.11.024. 

29. Peansukmanee, S.; Vaughan-Thomas, A.; Carter, S.D.; Clegg, P.D.; Taylor, S.; Redmond, C.; Mobasheri, A. 
Effects of Hypoxia on Glucose Transport in Primary Equine Chondrocytes in Vitro and Evidence of 
Reduced GLUT1 Gene Expression in Pathologic Cartilage in Vivo. J. Orthop. Res. 2009, 27, 529–535, 
doi:10.1002/jor.20772. 

30. Arra, M.; Swarnkar, G.; Ke, K.; Otero, J.E.; Ying, J.; Duan, X.; Maruyama, T.; Rai, M.F.; O’Keefe, R.J.; 
Mbalaviele, G.; et al. LDHA-Mediated ROS Generation in Chondrocytes Is a Potential Therapeutic Target 
for Osteoarthritis. Nat. Commun. 2020, 11, 3427, doi:10.1038/s41467-020-17242-0. 

31. Farhana, A.; Lappin, S.L. Biochemistry, Lactate Dehydrogenase; StatPearls Publishing, 2022; 
32. De Simoni, S.; Goemaere, J.; Knoops, B. Silencing of Peroxiredoxin 3 and Peroxiredoxin 5 Reveals the Role 

of Mitochondrial Peroxiredoxins in the Protection of Human Neuroblastoma SH-SY5Y Cells toward MPP+. 
Neurosci. Lett. 2008, 433, 219–224, doi:10.1016/j.neulet.2007.12.068. 

33. Donida, B.; Marchetti, D.P.; Biancini, G.B.; Deon, M.; Manini, P.R.; da Rosa, H.T.; Moura, D.J.; Saffi, J.; 
Bender, F.; Burin, M.G.; et al. Oxidative Stress and Inflammation in Mucopolysaccharidosis Type IVA 
Patients Treated with Enzyme Replacement Therapy. Biochim. Biophys. Acta 2015, 1852, 1012–1019, 
doi:10.1016/j.bbadis.2015.02.004. 

34. Hu, X.; Li, J.; Fu, M.; Zhao, X.; Wang, W. The JAK/STAT Signaling Pathway: From Bench to Clinic. Signal 
Transduct. Target. Ther. 2021, 6, 402, doi:10.1038/s41392-021-00791-1. 

35. Galaris, D.; Barbouti, A.; Pantopoulos, K. Iron Homeostasis and Oxidative Stress: An Intimate Relationship. 
Biochim. Biophys. Acta BBA–Mol. Cell Res. 2019, 1866, 118535, doi:10.1016/j.bbamcr.2019.118535. 

36. Martínez-Fábregas, J.; Prescott, A.; van Kasteren, S.; Pedrioli, D.L.; McLean, I.; Moles, A.; Reinheckel, T.; 
Poli, V.; Watts, C. Lysosomal Protease Deficiency or Substrate Overload Induces an Oxidative-Stress 
Mediated STAT3-Dependent Pathway of Lysosomal Homeostasis. Nat. Commun. 2018, 9, 5343, 
doi:10.1038/s41467-018-07741-6. 

37. Settembre, C.; Ballabio, A. Lysosomal Adaptation: How the Lysosome Responds to External Cues. Cold 
Spring Harb. Perspect. Biol. 2014, 6, a016907, doi:10.1101/cshperspect.a016907. 

38. Yang, C.; Wang, X. Lysosome Biogenesis: Regulation and Functions. J. Cell Biol. 2021, 220, e202102001, 
doi:10.1083/jcb.202102001. 

39. Frontiers | Proteasome Inhibition Activates Autophagy-Lysosome Pathway Associated With TFEB 
Dephosphorylation and Nuclear Translocation Available online: 
https://www.frontiersin.org/articles/10.3389/fcell.2019.00170/full (accessed on 15 March 2023). 

40. Jeger, J.L. Endosomes, Lysosomes, and the Role of Endosomal and Lysosomal Biogenesis in Cancer 
Development. Mol. Biol. Rep. 2020, 47, 9801–9810, doi:10.1007/s11033-020-05993-4. 

41. Tanaka, K. The Proteasome: Overview of Structure and Functions. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2009, 
85, 12–36, doi:10.2183/pjab.85.12. 

42. Biomarkers in Patients with Mucopolysaccharidosis Type II and IV | Elsevier Enhanced Reader Available 
online: 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 January 2024                   doi:10.20944/preprints202401.2246.v1



 32 

 

https://reader.elsevier.com/reader/sd/pii/S2214426918301265?token=46217FB08DA3E84FBF0C9306F0C275
66A213946844D570840EDC9E018BAC9274A5432276AA421658FF010B9A9526A330&originRegion=eu-
west-1&originCreation=20230314121158 (accessed on 14 March 2023). 

43. Xu, X.; Xiong, X.; Sun, Y. The Role of Ribosomal Proteins in the Regulation of Cell Proliferation, 
Tumorigenesis, and Genomic Integrity. Sci. China Life Sci. 2016, 59, 656–672, doi:10.1007/s11427-016-0018-0. 

44. Induction of Endosomal/Lysosomal Pathways in Differentiating Osteoblasts as Revealed by Combined 
Proteomic and Transcriptomic Analyses | Elsevier Enhanced Reader Available online: 
https://reader.elsevier.com/reader/sd/pii/S0014579310006174?token=B14F90719184F762442CFBFAF9DB9A
C58416545DE7CA05F9BBF6AB241098272EA2376D069536921878F0B2FE38480801&originRegion=eu-west-
1&originCreation=20230331095118 (accessed on 31 March 2023). 

45. Tsukuba, T.; Sakai, E.; Nishishita, K.; Kadowaki, T.; Okamoto, K. New Functions of Lysosomes in Bone 
Cells. J. Oral Biosci. 2017, 59, 92–95, doi:10.1016/j.job.2017.01.004. 

46. Tumor Protein D54 Defines a New Class of Intracellular Transport Vesicles–PubMed Available online: 
https://pubmed.ncbi.nlm.nih.gov/31672706/ (accessed on 16 March 2023). 

47. Coutinho, M.F.; Prata, M.J.; Alves, S. Mannose-6-Phosphate Pathway: A Review on Its Role in Lysosomal 
Function and Dysfunction. Mol. Genet. Metab. 2012, 105, 542–550, doi:10.1016/j.ymgme.2011.12.012. 

48. Jia, J.; Claude-Taupin, A.; Gu, Y.; Choi, S.W.; Peters, R.; Bissa, B.; Mudd, M.H.; Allers, L.; Pallikkuth, S.; 
Lidke, K.A.; et al. Galectin-3 Coordinates a Cellular System for Lysosomal Repair and Removal. Dev. Cell 
2020, 52, 69-87.e8, doi:10.1016/j.devcel.2019.10.025. 

49. Zhuang, C.; Ni, S.; Yang, Z.-C.; Liu, R.-P. Oxidative Stress Induces Chondrocyte Apoptosis through 
Caspase-Dependent and Caspase-Independent Mitochondrial Pathways and the Antioxidant Mechanism 
of Angelica Sinensis Polysaccharide. Oxid. Med. Cell. Longev. 2020, 2020, 3240820, doi:10.1155/2020/3240820. 

50. Morris, J.L.; Gillet, G.; Prudent, J.; Popgeorgiev, N. Bcl-2 Family of Proteins in the Control of Mitochondrial 
Calcium Signalling: An Old Chap with New Roles. Int. J. Mol. Sci. 2021, 22, 3730, doi:10.3390/ijms22073730. 

51. Strubbe-Rivera, J.O.; Schrad, J.R.; Pavlov, E.V.; Conway, J.F.; Parent, K.N.; Bazil, J.N. The Mitochondrial 
Permeability Transition Phenomenon Elucidated by Cryo-EM Reveals the Genuine Impact of Calcium 
Overload on Mitochondrial Structure and Function. Sci. Rep. 2021, 11, 1037, doi:10.1038/s41598-020-80398-
8. 

52. Marston, S.; Zamora, J.E. Troponin Structure and Function: A View of Recent Progress. J. Muscle Res. Cell 
Motil. 2020, 41, 71–89, doi:10.1007/s10974-019-09513-1. 

53. Cooper, G.M. Actin, Myosin, and Cell Movement. Cell Mol. Approach 2nd Ed. 2000. 
54. Henrotin, Y.E.; Bruckner, P.; Pujol, J.-P.L. The Role of Reactive Oxygen Species in Homeostasis and 

Degradation of Cartilage. Osteoarthritis Cartilage 2003, 11, 747–755, doi:10.1016/S1063-4584(03)00150-X. 
55. Garbe, A.I.; Roscher, A.; Schüler, C.; Lutter, A.-H.; Glösmann, M.; Bernhardt, R.; Chopin, M.; Hempel, U.; 

Hofbauer, L.C.; Rammelt, S.; et al. Regulation of Bone Mass and Osteoclast Function Depend on the F-Actin 
Modulator SWAP-70. J. Bone Miner. Res. Off. J. Am. Soc. Bone Miner. Res. 2012, 27, 2085–2096, 
doi:10.1002/jbmr.1670. 

56. Takito, J.; Otsuka, H.; Inoue, S.; Kawashima, T.; Nakamura, M. Symmetrical Retrograde Actin Flow in the 
Actin Fusion Structure Is Involved in Osteoclast Fusion. Biol. Open 2017, 6, 1104–1114, 
doi:10.1242/bio.025460. 

57. Xu, Q.; Wu, N.; Cui, L.; Wu, Z.; Qiu, G. Filamin B: The next Hotspot in Skeletal Research? J. Genet. Genomics 
2017, 44, 335–342, doi:10.1016/j.jgg.2017.04.007. 

58. Erkhembaatar, M.; Gu, D.R.; Lee, S.H.; Yang, Y.-M.; Park, S.; Muallem, S.; Shin, D.M.; Kim, M.S. Lysosomal 
Ca2+ Signaling Is Essential for Osteoclastogenesis and Bone Remodeling. J. Bone Miner. Res. Off. J. Am. Soc. 
Bone Miner. Res. 2017, 32, 385–396, doi:10.1002/jbmr.2986. 

59. Nabavi, N.; Urukova, Y.; Cardelli, M.; Aubin, J.E.; Harrison, R.E. Lysosome Dispersion in Osteoblasts 
Accommodates Enhanced Collagen Production during Differentiation. J. Biol. Chem. 2008, 283, 19678–
19690, doi:10.1074/jbc.M802517200. 

60. Baker, M.S.; Feigan, J.; Lowther, D.A. The Mechanism of Chondrocyte Hydrogen Peroxide Damage. 
Depletion of Intracellular ATP Due to Suppression of Glycolysis Caused by Oxidation of Glyceraldehyde-
3-Phosphate Dehydrogenase. J. Rheumatol. 1989, 16, 7–14. 

61. Taskiran, D.; Stefanovic-Racic, M.; Georgescu, H.; Evans, C. Nitric Oxide Mediates Suppression of Cartilage 
Proteoglycan Synthesis by Interleukin-1. Biochem. Biophys. Res. Commun. 1994, 200, 142–148, 
doi:10.1006/bbrc.1994.1426. 

62. Häuselmann, H.J.; Oppliger, L.; Michel, B.A.; Stefanovic-Racic, M.; Evans, C.H. Nitric Oxide and 
Proteoglycan Biosynthesis by Human Articular Chondrocytes in Alginate Culture. FEBS Lett. 1994, 352, 
361–364, doi:10.1016/0014-5793(94)00994-5. 

63. Hickery, M.S.; Bayliss, M.T. Interleukin-1 Induced Nitric Oxide Inhibits Sulphation of Glycosaminoglycan 
Chains in Human Articular Chondrocytes. Biochim. Biophys. Acta BBA–Gen. Subj. 1998, 1425, 282–290, 
doi:10.1016/S0304-4165(98)00080-4. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 January 2024                   doi:10.20944/preprints202401.2246.v1



 33 

 

64. Jabłońska-Trypuć, A.; Matejczyk, M.; Rosochacki, S. Matrix Metalloproteinases (MMPs), the Main 
Extracellular Matrix (ECM) Enzymes in Collagen Degradation, as a Target for Anticancer Drugs. J. Enzyme 
Inhib. Med. Chem. 2016, 31, 177–183, doi:10.3109/14756366.2016.1161620. 

65. Sasaki, K.; Hattori, T.; Fujisawa, T.; Takahashi, K.; Inoue, H.; Takigawa, M. Nitric Oxide Mediates 
Interleukin-1-Induced Gene Expression of Matrix Metalloproteinases and Basic Fibroblast Growth Factor 
in Cultured Rabbit Articular Chondrocytes. J. Biochem. (Tokyo) 1998, 123, 431–439, 
doi:10.1093/oxfordjournals.jbchem.a021955. 

66. Mantuano, E.; Inoue, G.; Li, X.; Takahashi, K.; Gaultier, A.; Gonias, S.L.; Campana, W.M. The Hemopexin 
Domain of Matrix Metalloproteinase-9 Activates Cell Signaling and Promotes Migration of Schwann Cells 
by Binding to Low-Density Lipoprotein Receptor-Related Protein. J. Neurosci. 2008, 28, 11571–11582, 
doi:10.1523/JNEUROSCI.3053-08.2008. 

67. Dufour, A.; Sampson, N.S.; Zucker, S.; Cao, J. Role of the Hemopexin Domain of Matrix Metalloproteinases 
in Cell Migration. J. Cell. Physiol. 2008, 217, 643–651, doi:10.1002/jcp.21535. 

68. Tomatsu, S.; Yasuda, E.; Patel, P.; Ruhnke, K.; Shimada, T.; Mackenzie, W.G.; Mason, R.; Thacker, M.M.; 
Theroux, M.; Montaño, A.M.; et al. Morquio A Syndrome: Diagnosis and Current and Future Therapies. 
Pediatr. Endocrinol. Rev. PER 2014, 12, 141–151. 

69. Karsdal, M.A.; Madsen, S.H.; Christiansen, C.; Henriksen, K.; Fosang, A.J.; Sondergaard, B.C. Cartilage 
Degradation Is Fully Reversible in the Presence of Aggrecanase but Not Matrix Metalloproteinase Activity. 
Arthritis Res. Ther. 2008, 10, R63, doi:10.1186/ar2434. 

70. Kohno, T.; Wada, A.; Igarashi, Y. N-Glycans of Sphingosine 1-Phosphate Receptor Edg-1 Regulate Ligand-
Induced Receptor Internalization. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2002, 16, 983–992, 
doi:10.1096/fj.01-0809com. 

71. Rainero, E. Extracellular Matrix Endocytosis in Controlling Matrix Turnover and beyond: Emerging Roles 
in Cancer. Biochem. Soc. Trans. 2016, 44, 1347–1354, doi:10.1042/BST20160159. 

72. Redestig, H.; Fukushima, A.; Stenlund, H.; Moritz, T.; Arita, M.; Saito, K.; Kusano, M. Compensation for 
Systematic Cross-Contribution Improves Normalization of Mass Spectrometry Based Metabolomics Data. 
Anal. Chem. 2009, 81, 7974–7980, doi:10.1021/AC901143W/SUPPL_FILE/AC901143W_SI_001.PDF. 

73. Lambert, J.P.; Ivosev, G.; Couzens, A.L.; Larsen, B.; Taipale, M.; Lin, Z.Y.; Zhong, Q.; Lindquist, S.; Vidal, 
M.; Aebersold, R.; et al. Mapping Differential Interactomes by Affinity Purification Coupled with Data-
Independent Mass Spectrometry Acquisition. Nat. Methods 2013, 10, 1239–1245, doi:10.1038/NMETH.2702. 

74. Kuster, B.; Schirle, M.; Mallick, P.; Aebersold, R. Scoring Proteomes with Proteotypic Peptide Probes. Nat. 
Rev. Mol. Cell Biol. 2005, 6, 577–583, doi:10.1038/nrm1683. 

75. Gillet, L.C.; Navarro, P.; Tate, S.; Röst, H.; Selevsek, N.; Reiter, L.; Bonner, R.; Aebersold, R. Targeted Data 
Extraction of the MS/MS Spectra Generated by Data-Independent Acquisition: A New Concept for 
Consistent and Accurate Proteome Analysis. Mol. Cell. Proteomics MCP 2012, 11, O111.016717, 
doi:10.1074/mcp.O111.016717. 

76. Pereira-Veiga, T.; Bravo, S.; Gómez-Tato, A.; Yáñez-Gómez, C.; Abuín, C.; Varela, V.; Cueva, J.; Palacios, 
P.; Dávila-Ibáñez, A.B.; Piñeiro, R.; et al. Red Blood Cells Protein Profile Is Modified in Breast Cancer 
Patients. Mol. Cell. Proteomics MCP 2022, 21, 100435, doi:10.1016/j.mcpro.2022.100435. 

77. López-López, M.; Regueiro, U.; Bravo, S.B.; Chantada-Vázquez, M.D.P.; Pena, C.; Díez-Feijoo, E.; Hervella, 
P.; Lema, I. Shotgun Proteomics for the Identification and Profiling of the Tear Proteome of Keratoconus 
Patients. Invest. Ophthalmol. Vis. Sci. 2022, 63, 12, doi:10.1167/iovs.63.5.12. 

78. Lambert, J.-P.; Ivosev, G.; Couzens, A.L.; Larsen, B.; Taipale, M.; Lin, Z.-Y.; Zhong, Q.; Lindquist, S.; Vidal, 
M.; Aebersold, R.; et al. Mapping Differential Interactomes by Affinity Purification Coupled with Data-
Independent Mass Spectrometry Acquisition. Nat. Methods 2013, 10, 1239–1245, doi:10.1038/nmeth.2702. 

79. Narasimhan, M.; Kannan, S.; Chawade, A.; Bhattacharjee, A.; Govekar, R. Clinical Biomarker Discovery by 
SWATH-MS Based Label-Free Quantitative Proteomics: Impact of Criteria for Identification of 
Differentiators and Data Normalization Method. J. Transl. Med. 2019, 17, 184, doi:10.1186/s12967-019-1937-
9. 

80. Multiplex Biomarker Screening Assay for Urinary Extracellular Vesicles Study: A Targeted Label-Free 
Proteomic Approach | Scientific Reports Available online: https://www.nature.com/articles/s41598-018-
33280-7 (accessed on 30 March 2023). 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 January 2024                   doi:10.20944/preprints202401.2246.v1


