

  ijms-21-01204




ijms-21-01204







Int. J. Mol. Sci. 2020, 21(4), 1204; doi:10.3390/ijms21041204




Article



Underestimated Aspect of Mucopolysaccharidosis Pathogenesis: Global Changes in Cellular Processes Revealed by Transcriptomic Studies



Lidia Gaffke 1, Karolina Pierzynowska 1, Magdalena Podlacha 1, Dżesika Hoinkis 2, Estera Rintz 1, Joanna Brokowska 1, Zuzanna Cyske 1 and Grzegorz Wegrzyn 1,*[image: Orcid]





1



Department of Molecular Biology, University of Gdansk, Wita Stwosza 59, 80-308 Gdansk, Poland






2



Intelliseq Ltd., Chabrowa 12/3, Stanisława Konarskiego 42/13, 30-046 Cracow, Poland









*



Correspondence: grzegorz.wegrzyn@biol.ug.edu.pl; Tel.: +48-58-523-6024







Received: 15 November 2019 / Accepted: 7 February 2020 / Published: 11 February 2020



Abstract

:

Mucopolysaccharidoses (MPS), a group of inherited metabolic disorders caused by deficiency in enzymes involved in degradation of glycosaminoglycans (GAGs), are examples (and models) of monogenic diseases. Accumulation of undegraded GAGs in lysosomes was supposed to be the major cause of MPS symptoms; however, their complexity and variability between particular types of the disease can be hardly explained by such a simple storage mechanism. Here we show that transcriptomic (RNA-seq) analysis of the material derived from fibroblasts of patients suffering from all types and subtypes of MPS, supported by RT-qPCR results, revealed surprisingly large changes in expression of genes involved in various cellular processes, indicating complex mechanisms of MPS. Although each MPS type and subtype was characterized by specific changes in gene expression profile, there were genes with significantly changed expression relative to wild-type cells that could be classified as common for various MPS types, suggesting similar disturbances in cellular processes. Therefore, both common features of all MPS types, and differences between them, might be potentially explained on the basis of changes in certain cellular processes arising from disturbed regulations of genes’ expression. These results may shed a new light on the mechanisms of genetic diseases, indicating how a single mutation can result in complex pathomechanism, due to perturbations in the network of cellular reactions. Moreover, they should be considered in studies on development of novel therapies, suggesting also why currently available treatment methods fail to correct all/most symptoms of MPS. We propose a hypothesis that disturbances in some cellular processes cannot be corrected by simple reduction of GAG levels; thus, combined therapies are necessary which may require improvement of these processes.
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1. Introduction


Although each of about 10,000 monogenic diseases, described to date [1], is caused by mutations in a single gene, symptoms of the vast majority of them are complex. Therefore, although the primary defect of most of these disorders can be identified, precise molecular mechanisms that lead to specific symptoms remain significantly less recognized. Recent studies, in which almost 600,000 genomes of healthy persons were analyzed, led to the discovery of 13 cases of adults with no symptoms in which mutations of confirmed pathological effects occurred and that should result in manifestation of severe diseases in childhood [2]. While these results demonstrate a possibility of compensation of effects of particular mutations, giving hope for developing novel therapies, they also indicate how far we are from understanding molecular processes leading to the development of particular genetic diseases.



Lysosomal storage diseases (LSD) are often considered model genetic disorders due to the level of understanding of their molecular mechanisms and the stage of development of therapies [3]. Mucopolysaccharidoses (MPS) is a group of intensively investigated LSD caused by deficiency of lysosomal enzymes involved in degradation of glycosaminoglycans (GAG) [4]. Although there are various therapeutic options for MPS, including enzyme replacement therapy, substrate reduction therapy, and hematopoietic stem cell transplantation, none of them provide a way to correct all, or even most, symptoms in humans [5,6].



Impaired hydrolysis of GAG, caused by mutations in genes’ coding for specific lysosomal enzymes, leads to continuous accumulation and storage of these compounds in patients’ cells, causing damage of the affected tissues, including the heart, respiratory system, bones, joints, and central nervous system (CNS). MPS are usually fatal diseases, with an average expected life span of one or two decades, though patients with milder forms can survive into adulthood [4]. On the basis of the nature of lacking an enzyme, or having a defective enzyme, and the kind(s) of stored GAG(s), 11 types and subtypes of MPS are distinguished (Table 1).



A few decades ago, lysosomal GAG storage was considered not only the primary, but also the only, cause of MPS [7]. Although subsequent observations and experimental studies clearly indicated that secondary and tertiary biochemical and cellular changes can significantly contribute to MPS pathology (for summary and comprehensive discussions, see [4]), it was considered a surprise that enzyme replacement therapy, which consists of intravenous administration of recombinant human enzyme that is lacking in the patient’s cells, can only partially correct disease symptoms, despite lowering GAG amounts to the normal level. In fact, even knowing about inefficient crossing of the blood–brain barrier by the enzyme and remembering that the bones are poorly irrigated organs, one should expect higher efficacy of this therapy [8]. Only recent reports have indicated that, in MPS cells, there are significant changes in crucial cellular processes. However, there is a relatively low number of such reports, and they concern specific cases or single types/subtypes of MPS. On the other hand, on the basis of the published results, one can conclude that MPS consists of a much broader spectrum of cellular defects than it was supposed previously. Specifically, proteomic and transcriptomic studies on the material isolated from brains of MPS I and MPS VII animal models indicated that expression of genes coding for proteins involved in formation of cytoskeleton and in vacuolar transport is changed relative to wild-type animals [9,10]. Another report indicated that the cell cycle can be impaired in MPS cells, particularly in MPS II [11]. In the presence of storage material in lysosomes, these organelles cannot function properly; however, studies on specific changes of lysosomal functions were performed only in a few MPS types, as summarized previously [12]. Recent studies indicated that, in the brain tissue withdrawn from MPS IIIC mouse, there are dysfunctions of mitochondrial enzymes [13]. The disturbance of apoptosis and autophagy processes has been recognized as one of the crucial defects leading to cellular dysfunctions in many diseases, including LSD [12]; however, studies on apoptosis and autophagy are infrequent in the case of MPS, and concerned to date only a few MPS types [14,15,16].



In light of the above facts, considering unknown detailed mechanisms leading to specific MPS symptoms, as well as significant differences between particular MPS types, which are unlikely to occur due to simple storage of various GAGs in lysosomes, we aimed to perform complex studies on changes in cellular processes occurring in cells of all types of MPS. We have performed a complex transcriptomic study, and in fact, this is the first report describing simultaneous transcriptomic analyses of all MPS types and subtypes. Our results indicated multiple and significant changes in expression of many genes which have products involved in various cellular processes, shedding a new light on molecular and cellular mechanisms of MPS.




2. Results


In this study we analyzed cells (fibroblasts) of all known MPS types (types I, II, IIIA, IIIB, IIIC, IIID, IVA, IVB, VI, VII, and IX) (Table 2) and wild-type counterparts (the human dermal fibroblast, HDFa, and cell line). They were cultured in vitro, and total mRNA was isolated and subjected to transcriptomic analysis, employing RNA sequencing (RNA-seq), as described in Materials and Methods (Section 4). Four biological repeats were performed for each MPS type and the HDFa cell line (by investigating four independent cell cultures, each derived from a different cell passage). Number of reads in each experiment was between 40,457,828 and 61,670,273 (Table S1), indicating appropriate quality of the biological material and quality of sequencing.



We found that a number of transcripts with significantly changed levels (false discovery rate (FDR) < 0.1; p < 0.1) in MPS cells vs. HDFa control varied in different MPS types, and was between 289 (in MPS VI) and 893 (in MPS IVB) (Figure 1). Both up-regulated and down-regulated genes could be found in each MPS type. These results indicate significant changes in expression of several hundred genes in each MPS type, suggesting a reason for global changes in cellular physiology.



In the next step, we asked what cellular processes can be potentially changed due to variation in levels of particular transcripts in different MPS types. Therefore, we have grouped the changed transcripts by ascribing them to genes coding for products involved in particular cellular processes (classified according to QuickGO database). For this analysis, all direct children terms of GO:0009987 (cellular process) were chosen. A direct child term is a more specific GO term that is immediately preceded by the given GO term in the directed acyclic graph (DAG) defined by the Gene Ontology Consortium. The analysis was performed by keeping two values of the FDR, namely FDR < 0.1 (Figure 2, Figures S1 and S2) and FDR < 10−6 (Figure S2). Among all considered processes, some revealed a particularly high number of changed transcripts. They include the following processes: cell cycle (GO:0007049), cell communication (GO:0007154), signal transduction (GO:0007165), positive and negative regulation of cellular processes (GO:0048522; GO:0048523), cellular development (GO:0048869), cell division (GO:0051301), cellular homeostasis (GO:0019725), actin filament-based processes (GO:0030029), processes utilizing autophagic mechanism (GO:0061919), cell growth (GO:0016049), cell death (GO:0008219), protein folding (GO:0006457), vesicle targeting (GO:0006903), microtubule-based processes (GO:0007017), and many others (all GO terms are provided in Figure S1). Importantly, differences between MPS types were also evident, suggesting that particular processes may be disturbed to various extents in different disease types and subtypes, and this inference is supported by different patterns of heatmaps and numbers of significantly changed transcripts (Figure S2). These results indicate that, apart from a few processes which were reported to be disturbed in some MPS types previously [9,10,11,12,13,14], there are severe cellular changes in a large number of processes which are significantly more pronounced and expanded than expected. In addition, differences between various MPS types appear considerable, pointing to molecular mechanisms of development of different symptoms in the individual diseases from this group that cannot be explained solely on the basis of lysosomal storage of GAG. One can easily assume that specific symptoms characteristic for MPS, like short stature, as well as functional impairment of various cells, tissues, and organs (see [4] for details) can be explained by perturbations in specific cellular processes, requiring products of genes that are unproperly expressed in MPS cells (compare Figure 2, Figures S1 and S2; see Discussion for detailed analysis).



To find processes potentially changed to the highest extent, we have analyzed those in which at least 30 kinds of transcripts were particularly strongly changed (FDR < 10−6, p < 0.1) in different MPS types. The results presented in Figure 3 indicate that there are several processes which may be significantly affected in many, if not all, MPS types, showing plausible common mechanisms operating in MPS as a coherent group. Such great changes in transcripts of genes involved in cellular metabolic processes were detected in all MPS types; those involved in cell communication, cellular component organization, and cellular response to stimulus occurred in all types but MPS IVA; those involved in signal transduction were present in all types but MPS IVA and MPS VI; and those involved in positive and negative regulations were evident in all types but MPS II, MPS IVA, and MPS VI. Drastic changes in expression of genes involved in these processes may explain, at least partially, the reason of severity of all MPS types as disturbances in such basic regulatory pathways should result in severe cell dysfunctions and, thus, abnormalities in tissues and organs, causing severe symptoms in patients.



To compare the number of genes with changed expression in particular MPS types, we have constructed Chord graphs for the processes described above. As indicated in Figure 4, groups of genes with changed expression which are common between each two MPS types could be found, showing significant similarity among MPS types and possible general trends in cellular changes. However, there are some particularly high similarities in individual processes between individual MPS types.



In the GO-termed cellular metabolic processes, the highest number of common genes in which expression was changed occurred between MPS IX and MPS IIIC, MPS IVB and MPS IIIA, MPS IVB and MPS IIIC, and MPS IX and MPS IVB; and, to some extent, MPS VII and MPS IIIA, MPS VII and MPS IIIB, MPS VII and MPS IIIC, MPS IX and MPS IIIA, MPS IX and MPS I, MPS IX and MPS IVB, and MPS IIIA and MPS IIIB.



In cell communication, the highest similarities were between MPS IIIA and MPS IVB, MPS IIIB and MPS IVB, MPS IIIC and MPS IVB, MPS IX and MPS IIIA, MPS IX and MPS IIIB, MPS IX and MPS IIIC, MPS IX and MPS IVB, and MPS IIIA and MPS IIIB.



In cellular component organization, the highest similarities were between the following: MPS IIIA and MPS IVB; MPS IIIB and MPS IVB; MPS IIIC and MPS IVB; MPS I and MPS IVB; MPS IX and MPS IIIA; MPS IX and MPS IIIB; MPS IX and MPS IIIC; MPS IX and MPS IIID; MPS IX and MPS IVB; MPS VII and MPS IIIB; MPS VII and MPS IVB; and MPS IIIA and MPS IIIB.



In cellular response to stimulus, the highest similarities were between the following: MPS IVB and MPS IIIA; MPS IVB and MPS IIIB; MPS IVB and MPS IIIC; MPS IVB and MPS IX; and MPS IX to all subtypes of MPS III.



In signal transduction, the highest similarities were between the following: MPS IVB and MPS IIIA; MPS IVB and MPS IIIB; MPS IVB and MPS IIIC; MPS IVB and MPS I; MPS IVB and MPS IX; MPS IX and MPS IIIA; MPS IX and MPS IIIB; MPS IX and MPS IIIC; and MPS VII and MPS IVB.



In positive regulation of cellular processes, the highest similarities were between the following: MPS IX and all subtypes of MPS III; MPS IX and MPS IVB; MPS IVB and MPS IIIA; MPS IVB and MPS IIIB; MPS IVB and MPS IIIC; and MPS IVB and MPS VII.



In negative regulation of cellular processes, the highest similarities were between the following: MPS IX and MPS IIIB; MPS IX and MPS IIIC; MPS IX and MPS IIID; MPS IX and MPS IVB; MPS IVB and MPS IIIA; MPS IVB and MPS IIIB; and MPS IVB and MPS IIIC.



Finally, in cellular developmental process, the highest similarities were between th following: MPS IX and MPS IIIB; MPS IX and MPS IIIC; MPS IX and MPS IVB; MPS IVB and MPS IIIC; MPS IVB and MPS IIIA; and MPS IIIB and MPS VII. These results indicate that there are clusters of MPS types in which similar changes in expression of genes coding for proteins involved in cellular processes are present. The most obvious cluster consists of MPS III (all subtypes), MPS IVB, and MPS IX. Then, MPS VII and MPS I reveal a high similarity to this cluster of MPS types.



To define genes which expressions are particularly affected in MPS, we have identified transcripts whose levels were changed especially strongly (FDR < 10−6, p < 0.01, log2 fold change (FC)> 2.5). The results are presented in Table 3 and Table 4. Interestingly, there are specific transcripts which levels are drastically changed in several MPS types. Genes whose expression is changed 5.6-times or more (log2 FC > 2.5) in at least six MPS types include LY6K, COL8A2, CAPG, CLU, ADAMTSL1, POSTN, and MFAP5, coding for lymphocyte antigen 6 family member K, alpha 2 chain of type VIII collagen, capping actin protein–gelsolin like, clusterin, ADAMTS-like 1 protein, periostin, and MFAP5 glycoprotein, respectively. Therefore, one may assume that regulation of cell growth, formation of endothelia, cytoskeleton formation, apoptosis, cell cycle regulation, DNA repair, and functions of the extracellular matrix and microfibrils can be significantly disturbed in MPS cells due to huge changes in expression of crucial genes (see Discussion). Again, this can be a basis for explaining the appearance of specific MPS symptoms in patients (compare [4] with Figure 2, Figures S1 and S2; see Discussion for specific analyses and more details).



In addition, we have analyzed in more detail mRNA levels of some other genes which appeared especially interesting. In these cases, the RNA-seq results were confirmed by RT-qPCR analyses (Figure 5). Apart from data for specific genes, results presented in Figure 2 have demonstrated that changes in RNA levels, reported in this paper, can be confirmed by two independent methods; thus, the values obtained in the global transcriptomic analysis (RNA-seq) can be considered reliable.



As shown in Figure 5, expression of the following genes is significantly changed relative to HDFa control cells: CLU in MPS II, MFGE8 in MPS IIIA, HIP1 in MPS IIIB, COL5A1 in MPS IIIC, STS in MPS IIID, SCARA3 in MPS VI, MAN2A1 in MPS VII, and ATF5 in MPS IX. These results indicate that dysregulation of expression of the abovementioned genes may contribute to the appearance of the following disturbances in cellular and tissue-related processes: apoptosis, cell cycle regulation, and DNA repair in MPS II (however, note that CLU expression is enhanced in several MPS types; Table 4); phagocytosis, angiogenesis, atherosclerosis, tissue remodeling, and hemostasis regulation in MPS IIIA; endocytosis and cellular trafficking in MPS IIIB; functions of the connective tissue in MPS IIIC; production of estrogens, androgens, and cholesterol in MPS IIID; oxidative stress response in MPS VI; oligosaccharide (N-glycan) maturation in MPS VII; and cell differentiation and cellular adaptation to stress in MPS IX (see Discussion for detailed description and analyses).




3. Discussion


MPS consists of a group of 11 genetic disorders in which degradation of GAG is impaired [4]. Each of MPS type/subtype is caused by dysfunction of a single gene which codes for an enzyme involved in GAG degradation (Table 1). Undegraded GAGs are stored in lysosomes, and this is considered to be the primary cause of the disease. Clinically, there are some common symptoms of MPS; however, characteristic symptoms for each MPS type are correlated with the kind of GAG(s) stored in lysosomes (Table 1). MPS I patients, in which heparan sulfate and dermatan sulfate are accumulated, suffer from short stature, dysmorphology, organomegaly, dysostosis multiplex, joint stiffness, dysfunctions of visceral organs and sensory organs (including corneal clouding, retinal degeneration, and hearing deficits), and severe learning and cognitive deficits, followed by progressive deterioration of the central nervous system functions in a subset of patients. MPS II patients, in which heparan sulfate and dermatan sulfate are also accumulated, have symptoms similar to MPS I, but corneal clouding is absent, and aggressive-like behavior occurs in patients with neuronopathic forms. MPS III patients, who accumulate heparan sulfate in lysosomes, have relatively milder somatic symptoms, while dysfunctions of the central nervous system are extremely severe, including hyperactivity, sleep disturbance, severe mental retardation, loss of communication skills, and aggressive-like behavior, followed by lack of mobility and fatal neurodegeneration. In MPS IV, keratan sulfate is stored, and no mental or cognitive dysfunctions occur, while severe skeletal disturbances are evident, leading to very short stature and skeletal-dysfunction-related disorders. In MPS VI, dermatan sulfate is stored, and similarly to MPS IV, no neurodegeneration occurs, while patients suffer from severe somatic symptoms which are, however, similar to those in MPS I and MPS II rather than MPS IV. MPS VII is characterized by the accumulation of heparan sulfate, dermatan sulfate, and chondroitin sulfate, and symptoms resembling those of MPS I and MPS II, but with usually normal intelligence. MPS IX patients accumulate hyaluronic acid and suffer from joint dysfunctions, short stature, and erosion of the hip joint, while intelligence is not affected. In light of the variability of symptoms of different MPS types, one might ask what is the reason of such differences in symptoms between MPS types? If the lysosomal GAG storage and resultant dysfunctions of these organelles were the only cause of the disease, symptoms of all MPS types should be similar, irrespective of the type of stored GAG(s). This is definitely not the case. This problem has been recognized previously (for extensive discussions, see [4,7]), but many attempts of various research groups to understand molecular mechanisms of differences between symptoms of various MPS types were as yet unsuccessful, and it is not possible to present a comprehensive model for such mechanisms. On the other hand, one could imagine that if undegraded GAGs are able to leak from damaged lysosomes, or even from damaged cells, they might affect various cellular processes differentially, depending on their kinds. In fact, it was hypothesized that different behaviors of patients suffering from various MPS types may arise from differences of chemical moieties exposed at the ends of partially degraded GAGs, depending on the stage of degradation which is blocked due to deficiency of particular lysosomal enzyme [17]. However, such a hypothesis can be true only if one assumes actions of large amounts of partially degraded GAGs, not only inside lysosomes but also in cytoplasm or outside cells. If so, one could speculate that such GAGs would affect different cellular processes directly rather than only through cellular stress caused by lysosomal dysfunction. Such a scenario would include changed expression of a battery of genes, causing amplification of disturbance of various cellular processes.



To test the above hypothesis, we performed transcriptomic studies, using the RNA-seq technique. Although a few transcriptomic studies in MPS were reported previously [9,18,19], this work is the first one in which all types of MPS were investigated simultaneously, using the same model (human fibroblasts, in this case). We consider this to be the major advantage of this study, which should prompt further investigations on global changes in genetic and cellular processes in MPS, in order to understand details of molecular mechanisms of this group of diseases. This may strongly facilitate development of novel therapeutic options which could be effective in management of these severe disorders. On the other hand, we are aware of some limitations of this study. First, only one cell line of each MPS type was investigated. This is due to both technical and economical restrictions which are connected to studies on all MPS types together. Four biological repeats (which are necessary to obtain reliable results) of experiments on 12 cell lines (11 MPS types and subtypes and a control) caused a serious challenge, both technical and financial, which, at this stage of research, would be very difficult to overcome if several or many cell lines from each MPS type were tested. However, any interpretation of the results of experiments with only one cell line from each MPS type must take into consideration genetic variability of patients within every single disease. Therefore, finding common changes in expression of genes in many MPS types relative to the control cell line (as demonstrated in this report) can be an indication that obtained results are disease-specific rather than representing random fluctuations. Second, as in all experiments with cell cultures, differences in results between one and another biological repeat can be considerable, as even minor variations in culturing conditions or the age (number of passages) of the cell line might influence transcriptomes. This is why four biological repeats for each cell line were necessary and detailed statistical analyses (according to commonly accepted procedures) had to be conducted to make any solid conclusions. Third, the use of fibroblast was convenient in in vitro studies, as such cells could be obtained from various MPS patients by using a mildly invasive method, and it allowed researchers to standardize conditions for all MPS types and controls. However, one should note that various genes may be differentially expressed in different cell types. Moreover, the most severe MPS symptoms do not involve pathology of fibroblasts. Therefore, to obtain a complete picture of transcriptomes of all MPS types, ideally, cells from different tissues should be investigated. Nevertheless, since this appears rather unrealistic at the moment, we considered that performing transcriptomic studies using fibroblast lines derived from patients suffering from all MPS types and subtypes may be an important starting point to understand global molecular changes in these diseases and to stimulate a new way of research that facilitates the creation of a comprehensive model of MPS pathomechanisms.



We found global changes in gene expression patterns in each MPS type relative to wild-type cells, ranging from 289 to 893, significantly changed transcripts (Figure 1). This very global result indicated significant variabilities between different MPS types. On the other hand, when analyzing transcripts of significantly changed levels in most MPS types, we could identify processes with particularly high number of miss-regulated genes in MPS relative to control (HDFa) fibroblasts. The processes grouping a large proportion of up- and/or down-regulated genes coding for proteins involved in them include protein folding, vesicle targeting, microtubule-based processes, actin filament-based processes, cell cycle, cell communication, signal transduction, positive and negative regulation, cell growth, cell development, cell division, cellular homeostasis, autophagy, and cell death (Figure 2, Figures S1 and S2). Since the changes were quite common for most MPS types, one might assume that miss-regulation of corresponding genes contributes to the development of symptoms common for the whole group of GAG storage diseases. For example, disturbance of cell growth, cell cycle, and cell development might contribute to the short stature of patients, and microtubule-based processes and actin filament-based processes may result in muscle problems, while dysregulation of protein folding, vesicle targeting, cellular homeostasis, autophagy, and cell death control can be likely involved in multiple dysfunctions of visceral organs and the central nervous system.



On the other hand, when considering processes potentially changed to the highest extent (with at least 30 kinds of transcripts particularly strongly changed), we found both common and specific features of particular MPS types (Figure 3). Huge changes in expression of genes involved in cellular metabolic processes occurred in all MPS types, indicating that severe changes in global regulation of metabolism are a general feature of MPS. Perhaps they contribute significantly to the development of common MPS symptoms. Disturbances in cell communication, cellular component organization and cellular response to stimulus can be predicted (on the basis of particularly severe changes in expressions of corresponding genes) in all types but MPS IVA, while those in signal transduction occur in all types but MPS IVA and MPS VI. These two types of MPS are characterized by significant changes in somatic tissues but normal development and functions of central nervous system, but these features are ascribed to the lack of keratan sulfate and dermatan sulfate in neurons. On the other hand, relatively milder disturbances of the regulatory processes, which are listed above, in MPS IVA and MPS VI might facilitate proper functioning of neurons if surrounding tissues are also affected only mildly. This suggestion might be corroborated by the observation that particularly deep changes in positive and negative regulations could be predicted in all types, except MPS II, MPS IVA, and MPS VI. Type II of MPS is clinically quite similar to MPS I, while the latter type is considered more severe if no residual activity of the appropriate enzyme is present [4]. Therefore, disruption of regulatory pathways might result in particularly severe MPS symptoms.



When we compared number of genes coding for proteins involved in particular processes which expression was changed and which were common to different MPS types, we found some intriguing correlations. Namely, when considering nine different processes, it was possible to identify clusters of MPS types revealing high similarity in patterns of expression of many genes. The most evident cluster contains all subtypes of MPS III, MPS IVB, and MPS IX. Significant similarity to this cluster can be also found in MPS VII and MPS I (Figure 4). Thus, one might assume that cellular changes can be quite similar in all these MPS types. Intriguingly, different kinds of GAGs are stored in all these MPS types (see Table 1), suggesting that there is no direct correlation between the nature of GAGs and cellular disturbances occurring in cells accumulating these compounds. On the other hand, previously reported analyses suggested that not the kind of GAG per se, but the stage at which its degradation is stopped, resulting in exposition of specific chemical moiety at the end of incompletely degraded macromolecule, might be responsible for specific effects in organisms of MPS patients [17].



Generally, although previous reports signaled some specific changes in cellular structures and processes in MPS, they included only lysosomes, cytoskeleton, vacuolar transport, cell cycle mitochondrial enzymes, apoptosis, and autophagy [9,10,11,12,13,14,15,16]. Results presented in this report indicate that this list should be significantly enlarged. Moreover, comparison of all MPS types provides a basis for global assessment of changes occurring in each particular type, as well as in every type or most of types.



When analyzing particular genes for which expression is extremely affected (above 5.6 times, i.e., log2 FC > 2.5) in at least two MPS types (Table 4), some very interesting findings are especially worth discussing in detail. Levels of LY6K gene transcripts are severely decreased in all MPS types, except MPS IIIA, IIIB, and IVA. This gene codes for lymphocyte antigen 6 family member K, which may be involved in the regulation of cell growth, as it was demonstrated that silencing of LY6K expression by siRNA resulted in growth suppression of lung and esophagus cancer cells [20]. Therefore, one can assume that cell growth inhibition due to down-regulation of LY6K expression in MPS cells can contribute to developmental problems, resulting in the short stature of patients and functional deficits of their organs.



Expression of COL8A2, coding for alpha 2 chain of type VIII collagen, is highly up-regulated in seven MPS types. This protein is a major component of corneal endothelial cells and the endothelia of blood vessels [21]. Hence, it is possible that highly elevated levels of this protein may be involved in cornea clouding and/or blood-vessel dysfunctions. Intriguingly, cornea clouding occurs in MPS I and MPS VI, but is absent in MPS II [2], and overexpression of COL8A2 has also been detected in MPS I and MPS VI, but not in MPS II (Table 4).



The CAPG gene, coding for capping actin protein–gelsolin like, is up-regulated in six MPS types. The product of this gene modulates functions of actin, thus playing a role in cytoskeleton formation [22]. One may predict that cytoskeleton changes can significantly influence cell functions, leading to various dysfunctions of tissues and organs.



Clusterin, encoded by the CLU gene, is an extracellular chaperone that prevents aggregation of non-native proteins. Moreover, it was demonstrated that clusterin is involved in various cellular processes, including apoptosis, cell cycle regulation, and DNA repair [23]. Overexpression of the CLU gene in six MPS types suggests that this might be a response to stress conditions caused by cell dysfunction. Importantly, CLU-derived transcript level was previously reported to be increased nine times in tissues of aortas isolated from MPS I dogs and mice, relative to control animals [24], and corresponds closely to levels of CLU overexpression in fibroblasts from various MPS types measured in this study.



The ADAMTSL1 gene codes for ADAMTS-like 1 protein. This protein may have important functions in the extracellular matrix [25]. Particularly, it cleaves aggrecan, the cartilage-specific proteoglycan or chondroitin sulfate proteoglycan 1 [26]. Therefore, overexpression of the ADAMTSL1 gene in six MPS types may indicate a response of the cell to accumulation of GAGs not only in lysosomes, but also outside the cell. Similar explanation can be proposed for overexpression of the POSTN gene, coding for periostin, an extracellular matrix protein that functions in tissue development and regeneration [27], as well as for overexpression of the MFAP5 gene, encoding a glycoprotein which is a component of microfibrils of the extracellular matrix [28].



Some genes are expressed in an extremely changed mode in only a few MPS types; however, they deserve particular attention. For example, HOXB5 and HOXB6 code for proteins belonging to the Antp homeobox family and encode nuclear proteins with homeobox DNA-binding domains, participating in development of lung and gut (HOXB5), and lung and skin (HOXB6), respectively [29,30]. NOTCH3 encodes Notch Receptor 3, which is involved in various developmental processes, including vasculogenesis neural development [31]. Expression of the abovementioned genes is significantly changed in some MPS types (Table 4), and changes in lung, gut, skin, vascular system, and central nervous system are evident in MPS patients. If expression of these genes is affected in MPS patients during embryonic development, one might speculate that dysfunctions of these organs may partially arise from dysregulation of development-associated genes, even before clinical symptoms are evident. Interestingly, significant changes in expression of many genes involved in development have been reported previously in MPS VII mice [32].



There is also a group of genes in which expression is changed only in particular MPS types, but which appear particularly interesting in the light of the disease mechanisms. MFGE8 is highly overexpressed in MPS IIIA (Table 4 and Figure 5). It encodes lactadherin, a multifunctional protein involved in phagocytosis, angiogenesis, atherosclerosis, tissue remodeling, and hemostasis regulation [33]. Therefore, these crucial cellular and tissue processes are likely dysregulated in MPS IIIA patients.



The HIP1 gene codes for Huntingtin Interacting Protein 1, playing a role in clathrin-mediated endocytosis and trafficking [34]. Expression of HIP1 is enhanced significantly in MPS IIIB (Figure 5), indicating that endocytosis is stimulated and cellular trafficking is affected. These effects may likely contribute to specific symptoms of MPS IIIB, as in the case of Huntington’s disease, in which HIP1 gene product cannot properly interact with mutant Huntingtin variant [34].



Collagen type V alpha 1 chain is encoded by the COL5A1 gene, significantly overexpressed in MPS IIIC. This collagen type plays a significant role in functions of the connective tissue [35], and, thus, abnormal expression of COL5A1 may contribute to impairment of these functions.



The steroid sulfatase is the STS gene product. This enzyme catalyzes the hydrolysis of various 3-beta-hydroxysteroid sulfates, which are precursors for crucial biologically active compounds such as estrogens, androgens, and cholesterol [36]. Expression of STS is considerably impaired in MPS IIID (Figure 5). Hence, it is likely that some hormonal and cellular (related to cholesterol roles) functions are impaired in MPS IIID patients due to decreased levels of the steroid sulfatase enzyme.



SCARA3 codes for scavenger receptor class A member 3. This protein is involved in depletion of reactive oxygen species and, thus, in the protection of cells from oxidative stress [37]. Expression of SCARA3 is known to be induced under conditions of oxidative stress; thus, significantly enhanced levels of SCARA3 mRNA in MPS VI cells indicated that this kind of stress is severe in these cells, with all the consequences for cellular processes.



Expression of the MAN2A1 gene, coding for mannosidase alpha class 2A member 1, is impaired in MPS VII (Figure 5). Since this enzyme, localized in the Golgi apparatus, is involved in the asparagine-linked oligosaccharide (N-glycan) maturation pathway [38], its lowered amount may contribute to secondary carbohydrate metabolic defects in MPS VII.



ATF5 encodes activating transcription factor 5 [39]. This protein is involved in the regulation of expression of various genes related to cell differentiation and cellular adaptation to stress [39]. Therefore, up-regulation of ATF5 expression in MPS IX (Figure 5) indicates considerable stress conditions in the cells and suggests defects in cellular differentiation in this MPS type.



Such analyses of particular genes in which expressions are severely changed in MPS cells provide the starting point for more detailed studies, in the future, on specific changes in cellular processes occurring in various MPS types. Definitely, the disturbance of many cellular processes contributes significantly to pathomechanisms of MPS, and this field has not been investigated sufficiently to date. One should ask whether huge changes in expression of hundreds of genes are only tertiary or quaternary effects of GAG storage, due to lysosomal dysfunctions leading to disruption of cell metabolism and resultant stress responses and global perturbations in cell physiology, or if they are causes of various cellular dysfunctions. If the former hypothesis was true, one should expect similar patterns of gene expression changes in all MPS types, as lysosomal dysfunctions should be very similar, irrespective of the kind(s) of stored GAG(s). This is, however, not the case, as differences between gene expression patterns in various MPS types are very considerable. On the other hand, results of RNA-seq analyses (supported by RT-qPCR of selected genes) presented in this report might be explained if primary GAG storage caused partial disruption of lysosomes, leakage of different kinds of GAG(s) in different MPS types, and, thus, different interactions of GAGs with cellular structures and proteins, perhaps including transcription factors. Further studies are required to test both hypotheses; nevertheless, we suggest that the latter one is more likely.




4. Materials and Methods


4.1. Cell Lines


Fibroblasts (cell lines) derived from patients suffering from MPS types I, II, IIIA, IIIB, IIIC, IIID, IVA, IVB, VI, VII, and IX (Table 2), as well as control HDFa cell line, were used. These cell lines were obtained from the NIGMS Human Genetic Cell Repository at the Coriell Institute for Medical Research (ID numbers: GM00798, GM13203, GM00879, GM00156, GM05157, GM05093, GM00593, GM03251, GM03722, GM00121, and GM17494). They were cultured in vitro, using DMEM medium supplemented with antibiotics and 10% fetal bovine serum (FBS) under standard conditions (37 °C, 95% humidity, and atmosphere saturated with 5% CO2).




4.2. RNA Isolation and Purification


First, 5 × 105 cells were passaged on plates (10 cm diameter) and allowed to attach overnight. Cells were lysed with a solution containing guanidine isothiocyanate and β-mercaptoethanol, to effectively inactivate RNAses, and homogenized by using the QIAshredder column, followed by RNA extraction with the RNeasy Mini kit (Qiagen, Hilden, Germany) and treatment with Turbo DNase (Life Technologies, Life Technologies, Carlsbad, CA, USA), according to the manufacturers’ instructions. The quality of isolated RNA samples was assessed by RNA Nano Chips (Agilent Technologies, Santa Clara, CA, USA) in Agilent 2100 Bioanalyzer System.




4.3. RNA-Seq Analysis


The mRNA libraries were generated with Illumina TruSeq Stranded mRNA Library Prep Kit. The cDNA libraries were sequenced on a HiSeq4000 (Illumina, San Diego, CA, USA), with the following parameters: PE150 (150bp paired-end) and minimum 40 million of raw reads (40M), which gave a minimum of 12 Gb of raw data per each sample. Quality assessment was carried out by FastQC version v0.11.7. The RNA-seq data were submitted to the NCBI Sequence Read Archive (SRA): PRJNA562649. Raw readings were mapped to the GRCh38 human reference genome from the Ensembl database, using the Hisat2 v. 2.1.0 program. To calculate the expression level of the transcripts, the Cuffquant and Cuffmerge programs in version 2.2.1 and the GTF Homo_sapiens.GRCh38.94.gtf file from the Ensembl database (https://www.ensembl.org/index.html as of 19 February, 2019) were used. The Cuffmerge program was started with the library-norm-method classic-fpkm parameter, normalizing the expression values by means of the FPKM algorithm. Statistical significance was analyzed by using one-way analysis of variance (ANOVA) on log2(1 + x) values which have normal continuous distribution [14]. The false discovery rate (FDR) was estimated by using the Benjamini–Hochberg method. For comparisons between two groups, post hoc Student’s t-test with Bonferroni correction was employed. All statistical analyses were performed by using R software v3.4.3. Transcript annotation and classification was performed by using the BioMart interface for the Ensembl gene database (https://www.ensembl.org/info/data/biomart/index.html, as for 19 February, 2019).




4.4. RT-qPCR Analysis


Reverse transcription–quantitative real-time PCR (RT-qPCR) was performed in order to measure the mRNA levels of the selected genes. Total RNA was subjected to reverse transcription, using iScript Reverse Transcription Supermix for RT-qPCR (BioRad, Hercules, CA, USA), according to the manufacturer’s instructions. RT-qPCR was carried out on PrimePCRTM Custom Plates, using SsoAdvancedTM Universal IT SYBR Green SMx (BioRad, USA) with Unique Assay ID as follows: qHsaCID0037852 for ATG5, qHsaCID0012475 for CLU, qHsaCID0014514 for COL5A1, qHsaCID0015337 for MFGE8, qHsaCID0017812 for MAN2A1, qHsaCID0006298 for HIP1, qHsaCID0008300 for SCARA3, and qHsaCID0015255 for STS with normalization relative to two housekeeping genes GAPDH (qHsaCED0038674) and G6PD (qHsaCED0001353), using CFX96 Touch Real-Time PCR Detection System (BioRad). Estimation of gene expression was performed by the 2−ΔΔC(T) method. One-way ANOVA (p < 0.05) was used to test statistical-significance differences between patients’ derived fibroblasts and control cells.





5. Conclusions


Results of global transcriptomic analyses in all types of MPS indicated that there are multiple and significant changes in levels of expression of many genes whose products are involved in various cellular processes. Therefore, not only dysfunctions of cells caused by physical storage of GAG in lysosomes, but also disturbances in cellular processes, caused by dysregulation of different genes are responsible for cellular disorders observed in MPS. Assumptions on importance in secondary and tertiary cellular changes were reported previously (as summarized and discussed recently [40]); however, they were not linked to global changes in genes’ expression, and all types of MPS were not investigated in this aspect previously. Our results point to possible molecular mechanisms of both common features of MPS and variability between particular MPS types, indicating the way to study this problem in more detail, to find precise causes of changed gene expression and disturbances of cellular processes. This may also lead to the development of novel therapeutic strategies. Currently available therapies fail to correct all MPS symptoms, and despite their known limitations, like inability of the recombinant enzyme to cross the blood–brain barrier, as well as to reach bones effectively, one may speculate that this is partially due to the appearance of disorders of cellular processes, resulting indirectly from GAG storage, but advanced to such a stage that subsequent reduction of GAG accumulation cannot reverse them. Therefore, one can suggest that only combined therapies, which should involve drugs correcting specific cellular processes, along with reducing GAG storage, may lead to the obtainment of a real cure for MPS. Finally, this report demonstrates that pathomechanisms of diseases considered as monogenic, like MPS, may actually involve dysregulation of a battery of genes, being in fact “multigenic”.
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Author Contributions


Conceptualization, K.P. and G.W.; methodology, L.G., K.P., and G.W.; validation, L.G. and D.H.; experimental investigation, L.G. and Z.C.; data analysis, L.G., K.P., M.P., D.H., J.B., and E.R.; data interpretation, L.G., K.P., and G.W.; writing—original draft preparation, L.G, K.P., and G.W.; writing—review and editing, L.G., K.P., D.H., and G.W.; visualization, L.G. and K.P.; supervision, G.W.; funding acquisition, G.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Science Center (Poland), grant number 2017/25/B/NZ2/00414.




Acknowledgments


The authors thank Ewa Piotrowska for her assistance in the early stages of this project.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



WHO. Genes and Human Diseases. Available online: https://www.who.int/genomics/public/geneticdiseases/en/index2.html (accessed on 14 September 2019).

	



Chen, R.; Shi, L.; Hakenberg, J.; Naughton, B.; Sklar, P.; Zhang, J.; Zhou, H.; Tian, L.; Prakash, O.; Lemire, M.; et al. Analysis of 589,306 genomes identifies individuals resilient to severe Mendelian childhood diseases. Nat. Biotechnol. 2016, 34, 531–538. [Google Scholar] [CrossRef]

	



Sun, A. Lysosomal storage disease overview. Ann. Transl. Med. 2018, 6, 476. [Google Scholar] [CrossRef]

	



Tomatsu, S.; Lavery, C.; Giugliani, R.; Harmatz, P.; Scarpa, M.; Wegrzyn, G.; Orii, T. Mucopolysaccharidoses Update; Nova Science Publishers: Hauppauge, NY, USA, 2018. [Google Scholar]

	



Kobayashi, H. Recent trends in mucopolysaccharidosis research. J. Hum. Genet. 2019, 64, 127–137. [Google Scholar] [CrossRef]

	



Fecarotta, S.; Gasperini, S.; Parenti, G. New treatments for the mucopolysaccharidoses: From pathophysiology to therapy. Ital. J. Pediatr. 2018, 44 (Suppl. 2), 124. [Google Scholar] [CrossRef]

	



Wraith, J.E. Mucopolysaccharidoses and mucolipidoses. Handb. Clin. Neurol. 2013, 113, 1723–1729. [Google Scholar]

	



Gabig-Cimińska, M.; Jakobkiewicz-Banecka, J.; Malinowska, M.; Kloska, A.; Piotrowska, E.; Chmielarz, I.; Moskot, M.; Węgrzyn, A.; Węgrzyn, G. Combined therapies for lysosomal storage diseases. Curr. Mol. Med. 2015, 15, 746–771. [Google Scholar] [CrossRef]

	



Parente, M.K.; Rozen, R.; Seeholzer, S.H.; Wolfe, J.H. Integrated analysis of proteome and transcriptome changes in the mucopolysaccharidosis type VII mouse hippocampus. Mol. Genet. Metab. 2016, 118, 41–54. [Google Scholar] [CrossRef]

	



Ou, L.; Przybilla, M.J.; Whitley, C.B. Proteomic analysis of mucopolysaccharidosis I mouse brain with two-dimensional polyacrylamide gel electrophoresis. Mol. Genet. Metabol. 2017, 120, 101–110. [Google Scholar] [CrossRef] [PubMed]

	



Moskot, M.; Gabig-Cimińska, M.; Jakóbkiewicz-Banecka, J.; Węsierska, M.; Bocheńska, K.; Węgrzyn, G. Cell cycle is disturbed in mucopolysaccharidosis type II fibroblasts, and can be improved by genistein. Gene 2016, 585, 100–103. [Google Scholar] [CrossRef] [PubMed]

	



Platt, F.M.; Boland, B.; van der Spoel, A.C. Lysosomal storage disorders: The cellular impact of lysosomal dysfunction. J. Cell Biol. 2012, 199, 723–734. [Google Scholar] [CrossRef] [PubMed]

	



Pshezhetsky, A. Crosstalk between 2 organelles: Lysosomal storage of heparan sulfate causes mitochondrial defects and neuronal death in mucopolysaccharidosis III type C. Rare Dis. 2015, 3, e1049793. [Google Scholar] [CrossRef] [PubMed]

	



Pshezhetsky, A.V. Lysosomal storage of heparan sulfate causes mitochondrial defects, altered autophagy, and neuronal death in the mouse model of mucopolysaccharidosis III type C. Autophagy 2016, 12, 1059–1060. [Google Scholar] [CrossRef] [PubMed]

	



Lotfi, P.; Tse, D.Y.; Di Ronza, A.; Seymour, M.L.; Martano, G.; Cooper, J.D.; Pereira, F.A.; Passafaro, M.; Wu, S.M.; Sardiello, M. Trehalose reduces retinal degeneration, neuroinflammation and storage burden caused by a lysosomal hydrolase deficiency. Autophagy 2018, 14, 1419–1434. [Google Scholar] [CrossRef] [PubMed]

	



Fiorenza, M.T.; Moro, E.; Erickson, R.P. The pathogenesis of lysosomal storage disorders: Beyond the engorgement of lysosomes to abnormal development and neuroinflammation. Hum. Mol. Genet. 2018, 27, R119–R129. [Google Scholar] [CrossRef] [PubMed]

	



Węgrzyn, G.; Jakóbkiewicz-Banecka, J.; Narajczyk, M.; Wiśniewski, A.; Piotrowska, E.; Gabig-Cimińska, M.; Kloska, A.; Słomińska-Wojewódzka, M.; Korzon-Burakowska, A.; Węgrzyn, A. Why are behaviors of children suffering from various neuronopathic types of mucopolysaccharidoses different? Med. Hypotheses 2010, 75, 605–609. [Google Scholar] [CrossRef] [PubMed]

	



Moskot, M.; Montefusco, S.; Jakóbkiewicz-Banecka, J.; Mozolewski, P.; Węgrzyn, A.; Di Bernardo, D.; Węgrzyn, G.; Medina, D.L.; Ballabio, A.; Gabig-Cimińska, M. The phytoestrogen genistein modulates lysosomal metabolism and transcription factor EB (TFEB) activation. J. Biol. Chem. 2014, 289, 17054–17069. [Google Scholar] [CrossRef]

	



Motas, S.; Haurigot, V.; Garcia, M.; Marcó, S.; Ribera, A.; Roca, C.; Sánchez, X.; Sánchez, V.; Molas, M.; Bertolin, J.; et al. CNS-directed gene therapy for the treatment of neurologic and somatic mucopolysaccharidosis type II (Hunter syndrome). JCI Insight 2016, 1, e86696. [Google Scholar] [CrossRef]

	



Ishikawa, N.; Takano, A.; Yasui, W.; Inai, K.; Nishimura, H.; Ito, H.; Miyagi, Y.; Nakayama, H.; Fujita, M.; Hosokawa, M.; et al. Cancer-testis antigen lymphocyte antigen 6 complex locus K is a serologic biomarker and a therapeutic target for lung and esophageal carcinomas. Cancer Res. 2007, 67, 11601–11611. [Google Scholar] [CrossRef]

	



Swierkowska, J.; Gajecka, M. Genetic factors influencing the reduction of central corneal thickness in disorders affecting the eye. Ophthalmic Genet. 2017, 38, 501–510. [Google Scholar] [CrossRef]

	



Nag, S.; Larsson, M.; Robinson, R.C.; Burtnick, L.D. Gelsolin: The tail of a molecular gymnast. Cytoskeleton 2013, 70, 360–384. [Google Scholar] [CrossRef]

	



Garcia-Aranda, M.; Serrano, A.; Redondo, M. Regulation of clusterin gene expression. Curr. Protein Pept. Sci. 2018, 19, 612–622. [Google Scholar] [CrossRef] [PubMed]

	



Khalid, O.; Vera, M.U.; Gordts, P.L.; Ellinwood, N.M.; Schwartz, P.H.; Dickson, P.I.; Esko, J.D.; Wang, R.Y. Immune-mediated inflammation may contribute to the pathogenesis of cardiovasculr disease in mucopolysaccharidosis type I. PLoS ONE 2016, 11, e015085. [Google Scholar] [CrossRef] [PubMed]

	



Hirohata, S.; Wang, L.W.; Miyagi, M.; Yan, L.; Seldin, M.F.; Keene, D.R.; Crabb, J.W.; Apte, S.S. Punctin, a novel ADAMTS-like molecule, ADAMTSL-1, in extracellular matrix. J. Biol. Chem. 2002, 277, 12182–12189. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez-Manzaneque, J.C.; Westling, J.; Thai, S.N.; Luque, A.; Knauper, V.; Murphy, G.; Sandy, J.D.; Iruela-Arispe, M.L. ADAMTS1 cleaves aggrecan at multiple sites and is differentially inhibited by metalloproteinase inhibitors. Biochem. Biophys. Res. Commun. 2002, 293, 501–508. [Google Scholar] [CrossRef]

	



Kudo, A.; Kii, I. Periostin function in communication with extracellular matrices. J. Cell. Commun. Signal. 2018, 12, 301–308. [Google Scholar] [CrossRef]

	



Karimi, A.; Milewicz, D.M. Structure of the elastin-contractile units in the thoracic aorta and how genes that cause thoracic aortic aneurysms and dissections disrupt this structure. Can. J. Cardiol. 2016, 32, 26–34. [Google Scholar] [CrossRef]

	



Sakiyama, J.; Yokouchi, Y.; Kuroiwa, A. HoxA and HoxB cluster genes subdivide the digestive tract into morphological domains during chick development. Mech. Dev. 2001, 101, 233–236. [Google Scholar] [CrossRef]

	



Xavier, F.C.; Destro, M.F.; Duarte, C.M.; Nunes, F.D. Epigenetic repression of HOXB cluster in oral cancer cell lines. Arch. Oral Biol. 2014, 59, 783–789. [Google Scholar] [CrossRef]

	



Bellavia, D.; Checquolo, S.; Palermo, R.; Screpanti, I. The Notch3 receptor and its intracellular signaling-dependent oncogenic mechanisms. Adv. Exp. Med. Biol. 2018, 1066, 205–222. [Google Scholar] [CrossRef]

	



Parente, M.K.; Rozen, R.; Cearley, C.N.; Wolfe, J.H. Dysregulation of gene expression in a lysosomal storage disease varies between brain regions implicating unexpected mechanisms of neuropathology. PLoS ONE 2012, 7, e32419. [Google Scholar] [CrossRef]

	



Kamińska, A.; Enguita, F.J.; Stępień, E.Ł. Lactadherin: An unappreciated haemostasis regulator and potential therapeutic agent. Vascul. Pharmacol. 2018, 101, 21–28. [Google Scholar] [CrossRef] [PubMed]

	



Bhattacharyya, N.P.; Banerjee, M.; Majumder, P. Huntington’s disease: Roles of huntingtin-interacting protein 1 (HIP-1) and its molecular partner HIPPI in the regulation of apoptosis and transcription. FEBS J. 2008, 275, 4271–4279. [Google Scholar] [CrossRef] [PubMed]

	



Pabalan, N.; Tharabenjasin, P.; Phababpha, S.; Jarjanazi, H. Association of COL5A1 gene polymorphisms and risk of tendon-ligament injuries among Caucasians: A meta-analysis. Sports Med. Open 2018, 4, 46. [Google Scholar] [CrossRef] [PubMed]

	



Garbacz, W.G.; Jiang, M.; Xie, W. Sex-dependent role of estrogen sulfotransferase and steroid sulfatase in metabolic homeostasis. Adv. Exp. Med. Biol. 2017, 1043, 455–469. [Google Scholar] [CrossRef] [PubMed]

	



Brown, C.O.; Schibler, J.; Fitzgerald, M.P.; Singh, N.; Salem, K.; Zhan, F.; Goel, A. Scavenger receptor class A member 3 (SCARA3) in disease progression and therapy resistance in multiple myeloma. Leuk. Res. 2013, 37, 963–969. [Google Scholar] [CrossRef]

	



Suzuki, K.; Yamada, T.; Yamazaki, K.; Hirota, M.; Ishihara, N.; Sakamoto, M.; Takahashi, D.; Iijima, H.; Hase, K. Intestinal epithelial cell-specific deletion of α-mannosidase II ameliorates experimental colitis. Cell Struct. Funct. 2018, 43, 25–39. [Google Scholar] [CrossRef]

	



Sears, T.K.; Angelastro, J.M. The transcription factor ATF5: Role in cellular differentiation, stress responses, and cancer. Oncotarget 2017, 8, 84595–84609. [Google Scholar] [CrossRef]

	



Gaffke, L.; Pierzynowska, K.; Podlacha, M.; Brokowska, J.; Węgrzyn, G. Changes in cellular processes occurring in mucopolysaccharidoses as underestimated pathomechanisms of these diseases. Cell Biol. Int. 2020. [Google Scholar] [CrossRef]








[image: Ijms 21 01204 g001 550] 





Figure 1. Number of up- and down-regulated transcripts (at FDR < 0.1; p < 0.1) in different types of MPS relative to control cells (HDFa). 
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Figure 2. Number of up- and down-regulated transcripts (at FDR < 0.1; p < 0.1) with division into selected cellular processes in different MPS types relative to control cells (HDFa). 
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Figure 3. Cellular processes in which at least 30 kinds of transcripts were particularly strongly changed (FDR < 10−6, p < 0.1) in different MPS types. The “rainbow” diagram (A) shows these processes in order to demonstrate which process in significantly affected in which MPS types. The colors correspond to MPS types shown in panel (B), in which the number of severely changed transcripts of genes which products are involved in particular processes are indicated. 
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Figure 4. Chord diagrams indicating numbers of common genes between individual MPS types for which expression is particularly strongly changed (FDR < 10−6, p < 0.1) relative to control cell (HDFa line). Individual panels group genes involved in indicated cellular processes. Roman numbers indicate corresponding MPS types. 
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Figure 5. Comparison of results of RNA-seq (blue columns) and RT-qPCR (red columns) for selected genes in various MPS types relative to wild-type HDFa cells. Results for HDFa are normalized as a horizontal line (value 0), and values for particular MPS types reflect this value, with changes in transcript level indicated as log2 fold change (FC). Results are presented as mean values from four biological experiments, with error bars indicating SD. In all cases, the differences between MPS cells and HDFa cells were statistically significant (p < 0.05 in one-way ANOVA). Particular genes were tested in different MPS types, as follows: CLU in MPS II, HIP1 in MPS IIIB, ATF5 in MPS IX, COL5A1 in MPS IIIC, MFGE8 in MPS IIIA, SCARA3 in MPS VI, STS in MPS IIID, and MAN2A in MPS VII. 
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Table 1. Types and subtypes of MPS (based on [4]).
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	MPS Type
	OMIM No. (Gene-Locus MIM/PMIM)
	Defective Enzyme (EC No.)
	Stored GAG(s)





	MPS I
	252800/607014, 607015, 607016
	α-l-iduronidase (EC 3.2.1.76)
	Heparan sulfate, Dermatan dulfate



	MPS II
	300823/309900
	2-iduronate sulfatase (EC 3.1.6.13)
	Heparan sulfate, Dermatan dulfate



	MPS IIIA
	605270/252900
	N-sulfoglucosamine sulfhydrolase (EC 3.10.1.1)
	Heparan sulfate



	MPS IIIB
	609701/252920
	α-N-acetylglucosaminidase (EC 3.2.1.50)
	Heparan sulfate



	MPS IIIC
	610453/252930
	Acetyl-CoA:α-glucosaminide acetyltransferase (EC 2.3.1.78)
	Heparan sulfate



	MPS IIID
	607664/252940
	N-acetylglucosamine 6-sulfatase (EC 3.1.6.14)
	Heparan sulfate



	MPS IVA
	612222/253000
	N-acetylgalactosamine 6-sulfatase (EC 3.1.6.4)
	Keratan sulfate, Chondroitin sulfate



	MPS IVB
	611458/253010
	β-galactosidase-1 (EC 3.2.1.23)
	Keratan sulfate



	MPS VI
	611542/253200
	N-acetylgalactosamine 4-sulfatase (EC 3.1.6.12)
	Dermatan sulfate



	MPS VII
	611499/253220
	β-glucuronidase (EC 3.2.1.31)
	Heparan sulfate, Dermatan sulfate, Chondroitin sulfate



	MPS IX
	607071/601492
	Hyaluronidase-1 (EC 3.2.1.35)
	Hyaluronic acid
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Table 2. Characteristics of MPS patients’ derived fibroblast used in this study.
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Cell Line

	
Race *

	
Sex *

	
Age *#

	
Mutated Gene and Its Locus *

	
Mutation *




	
Allele 1

	
Allele 2




	
DNA

	
Protein

	
DNA

	
Protein






	
MPS I

	
Caucasian

	
Female

	
1

	
IDUA, 4p16.3

	
G1293A

	
Trp402X

	
G1293A

	
Trp402X




	
MPS II

	
Caucasian (ethnicity: Haitian)

	
Male

	
3

	
IDS, Xp28

	
208insC

	
His70ProfsX29

	
none

	
none




	
MPS IIIA

	
Caucasian

	
Female

	
3

	
SGSH, 17q25.3

	
G1351A

	
Glu447Lys

	
G746A

	
Arg245His




	
MPS IIIB

	
Caucasian

	
Male

	
7

	
NAGLU, 17q21

	
C1876T

	
Arg626X

	
C1876T

	
Arg626X




	
MPS IIIC

	
unknown

	
Male

	
8

	
HGSNAT, 8p11.1

	
ND

	
ND

	
ND

	
ND




	
MPS IIID

	
Asian Indian

	
Male

	
7

	
GNS, 12q14

	
C1063T

	
Arg355X

	
C1063T

	
Arg355X




	
MPS IVA

	
Caucasian (ethnicity: Mexican)

	
Female

	
7

	
GALNS, 16q24.3

	
ND

	
ND

	
ND

	
ND




	
MPS IVB

	
Caucasian

	
Female

	
4

	
GLB1, 3p22.3

	
TG851-852CT

	
Trp273Leu

	
G1561T

	
Trp509Cys




	
MPS VI

	
Black

	
Female

	
3

	
ARSB, 4q14.1

	
ND

	
ND

	
ND

	
ND




	
MPS VII

	
African American

	
Male

	
3

	
GUSB, 7q21.11

	
G1881T

	
Trp627Cys

	
G1068A

	
Arg356X




	
MPS IX

	
unknown

	
Female

	
14

	
HYAL1, 3p.21.3

	
ND

	
ND

	
ND

	
ND








* According to cell line description in Coriell Institute; #age (years) at the time of cell collection; ND = not determined.
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Table 3. Number of up- and down-regulated genes with log2 FC > 2.5 in different types of MPS relative to control cells (HDFa).
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Genes

	
No. of Genes with log2 FC > 2.5 in Particular MPS Type vs. HDFa Line




	
I

	
II

	
IIIA

	
IIIB

	
IIIC

	
IIID

	
IVA

	
IVB

	
VI

	
VII

	
IX






	
Up-regulated

	
6

	
5

	
11

	
18

	
16

	
6

	
2

	
15

	
5

	
13

	
14




	
Down-regulated

	
5

	
3

	
6

	
10

	
9

	
6

	
0

	
16

	
2

	
13

	
9




	
Total

	
11

	
8

	
17

	
28

	
25

	
12

	
2

	
31

	
7

	
26

	
23
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Table 4. Selected up-regulated (bold X) and down-regulated (italic X) genes, with log2 FC > 2.5 in different types of MPS relative to control cells (HDFa), which are characterized with severe changes in expression in at least two different types of MPS. Detailed statistical analysis is shown in Tables S2–S12.






Table 4. Selected up-regulated (bold X) and down-regulated (italic X) genes, with log2 FC > 2.5 in different types of MPS relative to control cells (HDFa), which are characterized with severe changes in expression in at least two different types of MPS. Detailed statistical analysis is shown in Tables S2–S12.





	
Gene

	
Transcripts with log2 FC > 2.5 in Particular MPS Type vs. HDFa Line




	
I

	
II

	
IIIA

	
IIIB

	
IIIC

	
IIID

	
IVA

	
IVB

	
VI

	
VII

	
IX






	
COL8A2

	
X

	

	
X

	

	
X

	
X

	
X

	

	
X

	

	
X




	
CAPG

	
X

	

	

	

	
X

	

	
X

	
X

	
X

	
X

	




	
CLU

	
X

	
X

	

	

	
X

	

	

	
X

	
X

	

	
X




	
ADAMTSL1

	
X

	

	
X

	
X

	
X

	

	

	

	
X

	

	
X




	
POSTN

	

	

	
X

	
X

	
X

	
X

	

	
X

	

	

	
X




	
MFAP5

	

	

	
X

	
X

	
X

	

	

	
X

	

	
X

	
X




	
PCOLCE2

	

	

	

	
X

	

	
X

	

	
X

	

	
X

	
X




	
MFGE8

	
X

	

	
X

	
X

	

	

	

	
X

	

	

	




	
FAM167A

	

	

	
X

	
X

	
X

	

	

	
X

	

	

	




	
NR2F2

	

	

	

	
X

	
X

	

	

	
X

	

	

	
X




	
CDH2

	

	

	

	
X

	
X

	

	

	
X

	

	

	
X




	
TENM3

	

	

	

	

	
X

	

	

	
X

	

	
X

	
X




	
MN1

	
X

	
X

	

	

	

	

	

	

	

	

	
X




	
PFN1

	

	
X

	
X

	

	
X

	

	

	

	

	

	




	
OXTR

	

	

	

	
X

	
X

	

	

	
X

	

	

	




	
MT1X

	

	

	

	
X

	

	

	

	
X

	

	

	




	
AC004556.1

	

	

	

	
X

	

	
X

	

	

	

	

	




	
NOTCH3

	

	

	

	

	

	

	

	

	

	
X

	
X




	
LY6K

	
X

	
X

	

	

	
X

	
X

	

	
X

	
X

	
X

	
X




	
SERPINB7

	

	
X

	

	

	

	
X

	

	
X

	
X

	

	
X




	
ENPP2

	

	

	
X

	
X

	
X

	

	

	
X

	

	

	
X




	
CLEC2B

	

	
X

	
X

	

	

	

	

	
X

	

	
X

	




	
SERPINB2

	
X

	

	

	

	

	

	

	
X

	

	

	




	
SNHG5

	
X

	

	

	
X

	

	

	

	

	

	
X

	




	
CTSC

	

	

	
X

	

	

	

	

	

	

	
X

	




	
PTGDS

	

	

	
X

	
X

	

	

	

	

	

	

	




	
PTGS1

	

	

	
X

	

	

	

	

	

	

	
X

	




	
COL18A1

	

	

	
X

	

	

	

	

	

	

	

	
X




	
TRPV2

	

	

	

	
X

	

	

	

	

	

	

	
X




	
KREMEN1

	

	

	

	
X

	

	

	

	
X

	

	

	




	
WISP2

	

	

	

	
X

	

	

	

	
X

	

	

	




	
TNFRSF11B

	

	

	

	
X

	

	

	

	

	

	
X

	




	
EPDR1

	

	

	

	

	
X

	

	

	

	

	

	
X




	
HOXB6

	

	

	

	

	
X

	

	

	
X

	

	

	




	
HOXB5

	

	

	

	

	
X

	

	

	
X

	

	

	




	
RPL10

	

	

	

	

	

	
X

	

	

	

	
X

	












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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