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Abstract 

The lysosome is a catabolic organelle devoted to the degradation of cellular components, 

such as protein complexes and whole or portion of organelles that reach the lysosomes 

through (macro)autophagy. The lysosomes also function as signaling organelles by 

controlling the activity of key metabolic kinases, such as the mechanistic target of 

Rapamycin complex 1 (mTORC1). Lysosome dysfunction has dramatic consequences on 

cellular homeostasis and cause lysosomal storage disorders (LSDs). Here we review the 

recently proposed mechanisms by which impairment of lysosome/autophagy pathway 

affects extracellular matrix formation and skeletal development and growth.  In 

particular, we will highlight the role of autophagy as a collagen quality control pathway 

in collagen-producing cells. An impairment of autophagy, such as the one observed in 

LSDs, leads to a collagen proteostatic defects and can explain, at least in part, the skeletal 

phenotypes characterizing patients with lysosomal storage disorders.  
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Introduction 

Lysosomes were identified in 1955 by Christian De Duve [1] who received the Nobel Prize 

in 1974 with Albert Claude, and George Palade “for their discoveries concerning the 

structural and functional organization of the cell.” The discovery of the lysosome opened 

a new era in cellular physiology and allowed the identification of approximately 70 

diseases, known as lysosomal storage disorders (LSDs), that result from mutations in 

genes encoding for lysosomal enzymes.  

Several exciting discoveries made in the past 10 years have led to a broader 

understanding of lysosomal biology and rehabilitated this organelle from a merely 

degradative bag to an important player in the regulation of multiple cellular functions, 

such as response to nutrients, lipid metabolism, immune response, cell motility and 

protein secretion. This increasing knowledge is also giving us the opportunity to study 

the cellular consequences of lysosomal dysfunction and hence to understand the 

pathophysiology of lysosomal storage disorders.  

In this review article we will describe the role of lysosomes, not only as degradative 

organelles, but also as cellular signaling hubs that coordinate different pathways in 

response to both intra- and extracellular cues.  We will focus on the role of lysosomes in 

controlling proteostasis of type I and type II collagens, the major components of 

extracellular matrix in skeletal tissues: bones and cartilages, respectively. The 

contribution of these novel lysosomal functions will be discussed in the context of LSDs, 

multi-organ diseases in which the skeleton represents one of the most affected tissues 

and for which current therapies are still ineffective. 

 

The lysosome 

Lysosomes are organelles devoted to the degradation of exhausted intra- and extra-

cellular material. This organelle has an exceptionally broad and efficient digestive 

capacity due to the large amount of hydrolytic enzymes that reside within its lumen. 

Lysosomal hydrolases can be classified into major groups according to substrate’s 

specificity: nucleases, proteases, glycosidases, lipases, phosphatases, sulfatases and 

phospholipases [2].  For maximum activity, lysosomal hydrolases require an acidic 

environment (pH less than 5) that is generated by transmembrane ion channels and 

pumps, such as the V-ATPase proton pump.  Lysosomal degradation guarantees the 

turnover of cellular components and prevents the accumulation of exhausted materials 
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within cells. The presence of transmembrane lysosomal transporters allows to recycle 

the products generated from the degradation back to the cytoplasm to be used as building 

blocks for the biosynthesis of new cellular components or as a direct source of energy. 

Consistently, lysosomal activity is enhanced during nutrient starvation in order to sustain 

cell survival in the absence of external nutrient sources. 

Lysosome biogenesis is a coordinated process that requires the activity of the 

microphtalmia transcription factor family (MiTF), particularly TFEB and TFE3, which 

bind to the promoters of several lysosomal genes inducing their expression [3]. These 

transcription factors also promote the expression of genes involved in lysosome 

biogenesis, such as the mannose 6-phospate receptors, which transport newly 

synthesized lysosomal enzymes from Golgi to lysosomes.  The activity of TFEB and TFE3 

is regulated according to cellular needs by multiple kinases, in particular the mechanistic 

target of rapamycin complex 1 (mTORC1) and by the phosphatase calcineurin that act on 

multiple serine residues [4][5][6][7]. When phosphorylated, TFEB and TFE3 are retained 

in the cytoplasm and inhibited.  Several stress signals, such as nutrient deprivation, 

proteotoxicity, and lysosomal damage have been reported to promote TFEB/TFE3 

dephosporylation, nuclear translocation and activation, leading to an increase in the 

number and activity of lysosomes [8]. In addition to TFEB and TFE3, a growing number 

of transcriptional regulators have been identified as lysosomal biogenesis regulators in 

response to nutrient fluctuations, such as the transcriptional regulators BRD4 and 

ZKSCAN3[9][10]. 

Recent data showed that the lysosome functions as a platform for the activity of different 

kinases, including AMPK, AKT and mTORC1, defining the lysosome as a signaling hub that 

coordinates several homeostatic signaling pathways in response to both intra- and 

extracellular cues [11][12]. To date the best characterized example of cross talk between 

lysosomes and kinases is represented by the lysosomal regulation of mTORC1 [13]. 

mTORC1 is potently activated by nutrients (amino acids, glucose, lipids) and growth 

factors, and conversely is inhibited by starvation [14]. The activation/inactivation of 

mTORC1 in response to nutrient availability occurs on the lysosome and is regulated by 

a growing number of lysosomal membrane-associated and transmembrane proteins 

[15][16]. Notably, the lysosome does not only function as a scaffolding organelle, but also 

directly engages in the nutrient sensing process. In fact, the proton pumping V-ATPase 

and the transmembrane protein SLC38A9 sense luminal levels of nutrients and convey 
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this information to the Ragulator/Rags complex on the lysosome [17][18][19][20]. In 

addition, the delivery of autophagy cargo to the lysosome promotes mTORC1 reactivation 

during starvation [21], further underscoring the role of lysosomal catabolism as a 

regulator of mTORC1 signaling. The regulation of mTORC1 signaling by the lysosome also 

occurs through a transcriptional mechanism mediated by TFEB and TFE3 transcription 

factors, which are activated in response to lysosomal stress. Once in the nucleus they 

strongly enhance the expression of RragD and RragC genes, encoding for RAGD and C, 

respectively, which in turn promote the association of mTORC1 to lysosomes [22]. 

The lysosome is the terminal station for the degradation of different cargoes, whose 

relative abundance reflects the metabolic and environmental conditions of the cell, and 

thus “a posteriori” it is not difficult to understand why cells evolved a machinery that 

senses lysosomal contents and conveys this information to hubs involved in the 

regulation of cellular metabolism. To date however the physiological relevance of the 

lysosome as signaling organelle remains to be elucidated. These studies are complicated 

by the presence of feedback mechanisms and cell specific regulation of metabolic 

pathways. However, addressing this question in the future will be of critical importance 

in light of the growing list of diseases in which lysosomal dysfunction has been 

implicated. 

 

Substrate delivery to lysosomes: the macroautophagy pathway 

Substrates are delivered to the lysosome through vesicular pathways that rely on 

membrane fusion events. Plasma membrane proteins and extracellular materials are 

delivered to lysosomes through endocytosis (for review see [23]). Intracellular 

substrates instead reach the lysosomes via autophagy. Currently, three main forms of 

autophagy have been described: macro-autophagy [24], micro-autophagy and chaperon 

mediated autophagy [25]. During macro-autophagy, herein after referred as autophagy, 

specific substrates are sequestered within vesicular structures known as 

autophagosomes and subsequently delivered to the lysosome upon autophagosome-

lysosome fusion [26]. Autophagy substrates are recognized via receptors that 

simultaneously bind cargoes destined for degradation and the LC3s/GABARAPs 

autophagosome-associated membrane proteins. A classical example is represented by 

the autophagy receptor P62/SQSTM1, which possesses a ubiquitin-binding domain for 

the recognition of ubiquitinilated proteins and an LC3-interaction sequence (LIR) that 
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binds the LC3 protein associated to the inner membrane of a nascent autophagosome 

[27].  Once fully sealed, the autophagic vesicles that contain cytosolic material move along 

microtubules towards the cell center where they fuse with the lysosome [28] [29]. Upon 

fusion, both cargoes and autophagic membranes are digested by the lysosomal 

hydrolases. 

Lysosomal membrane fusion with donor membrane organelles is a critical step during 

both endocytic and autophagic pathways. Indeed, a growing list of pathological 

conditions, such as aging and obesity, are often characterized by inefficient lysosomal 

fusion, which leads to a generalized impairment of the lysosomal-mediated recycling 

processes [30][31][32]. 

The autophagic pathway is triggered by several forms of cellular stress, including 

hypoxia, oxidative stress, DNA damage, protein aggregates formation, damaged 

organelles or invading intracellular pathogens. The most potent autophagy inducer is 

nutrient starvation. The cell reacts to the lack of nutrients by activating a bulk catabolism 

of intracellular components, allowing the cell to generate significant energy source 

during periods of nutrient scarcity [33]. 

Autophagy is strongly inhibited by the mTORC1 kinase, through both transcriptional and 

post-translational mechanisms. mTORC1 inhibits AV biogenesis by phosphorylating the 

autophagy initiation ULK1 kinase complex [34] that in turn phosphorylates multiple 

proteins involved in autophagosome biogenesis [35], such as Beclin1 [36]. Emerging data 

suggest that mTORC1 also controls autophagosome maturation (e.g. fusion with 

lysosomes) by direct phosphorylation of fusion machinery components, such as UVRAG 

[37] and ATG14 [38].   Furthermore, mTORC1 has been shown to suppress transcription 

of autophagy genes, as well as of lysosomal genes, by inhibiting TFEB and TFE3 activity 

[7][6][4][39]. Hence, mTORC1 controls both lysosome and autophagosome biogenesis 

and their cooperative function. 

In addition to mTORC1, additional kinases (such as AMPK, JNK, EGFR and 

AKT)[40][41][42] and phosphatases (such as Jumpy, MTMR3, Calcineurin and 

PP2A)[43][44][45] have been shown to regulate autophagy and lysosome biogenesis 

through transcriptional, post transcriptional and epigenetic mechanisms unveiling an 

extremely highly dynamic regulation of the main cellular catabolic compartments. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 6 

Lysosome/autophagy pathway in the regulation of extracellular matrix and 

collagen proteostasis 

The extracellular matrix (ECM) plays a fundamental role in maintaining tissue 

architecture and contributes to the development and function of tissues by modulating 

the activity of endocrine and paracrine signaling molecules [46][47]. As result, both 

physiological and pathological changes in the composition of the ECM have been shown 

to alter autophagy activity. For example autophagy is activated during anoikis and 

promotes epithelial cell survival [48]. Currently, a growing list of molecules,  representing 

a diverse repertoire of matrix constituents (decorin, collagen VI, laminin a2, endostatin, 

endorepellin, and kringle V), modulate autophagy either positively or negatively 

(reviewed in [49]). This regulation seems to be physiologically relevant since mice 

lacking Collagen VI  or decorin expression, a secreted proteoglycan[50], have impaired 

autophagy responses in vivo [51][52][53].  Autophagy, in turn, may control the 

composition of the extracellular matrix by modulating either directly or indirectly 

cellular secretion[54]. 

Bones and cartilages, the two tissues composing the skeleton, are the most ECM enriched 

tissues of the body [55][56]. The major components of their ECM are collagens and 

proteoglycans[56][55]. Proteoglycans are composed of a core protein decorated with 

sulfated glycosaminoglycan (GAG) chains, namely chondroitin, dermatan, heparan and 

keratan sulfate [57]. Collagens are the most abundant proteins in the animal kingdom 

[58]. In particular, type I and type II collagens are the most abundant proteins of bone 

and cartilage, respectively.  Collagens are composed of three single polypeptide alpha 

chains which form triple helices; type II collagen is made of three identical chains while 

type I collagen is made of two alpha1 and one alpha2 polypeptide [58]. Mutations in genes 

encoding for components of the ECM or for proteins involved in ECM folding and/or 

secretion are in most of the cases associated to severe skeletal disorders [59][60][61]. In 

the ER, individual procollagen chains are produced, and, with the assistance of various 

chaperones, these chains are folded and stabilized into triple helices. The association with 

the Heat Shock protein 47 (HSP47) chaperone is required to maintain the triple helix 

state which is energetically unfavorable, avoiding the formation of disordered aggregate 

structures [62]. Once properly assembled, native procollagen (PC) molecules are 

packaged into COPII coated carriers at ER exit sites (ERES)[63]. However, due to their 

large size (300nm long), the triple helices cannot fit into regular COPII carriers (60 nm 
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diameter), and their packaging must be aided by additional adaptor proteins such as 

TANGO1, CTAGE5 and Sedlin1[64][65]. Thus, given the complexity of folding and 

secretion it is not surprising that approximately 10-30% of newly synthesized molecules 

fail to be secreted because of folding and secretion defects, and are degraded [66][67].  

This fraction increases significantly in case of mutations in collagen genes or in critical 

chaperones. Collagen alpha chains harbouring mutations that interfere with initial steps 

of folding are retro-translocated into the cytosol and degraded by the proteasome 

through the classical ERAD pathway [68]. Conversely, PC molecules containing mutations 

affecting triple helix conformation are precluded from retrotranslocation and are likely 

to be degraded by the lysosomes [68]. For example, cells lacking HSP47, that is mutated 

in a subset of Osteogenesis Imperfecta patients, showed accumulation of misfolded type 

I collagen in the ER[69]. This accumulation is counteracted by autophagy and not by the 

ERAD pathway [68]. Consistently, inhibition of autophagy in HSP47 null fibroblasts 

further exacerbates the ER storage phenotype and triggers apoptosis [68]. Conversely, 

treating cells with rapamycin, a mTORC1 inhibitor, enhanced the clearance of procollagen 

aggregates from the ER [68]. 

Cartilage chondrocytes secrete a massive amount of type II collagen, particularly during 

post-natal bone elongation. Deletion of the essential autophagy gene ATG7 in these cells 

causes a progressive accumulation of aggregate-like type II procollagen molecules within 

the ER and, as a consequence, a defective secretion of type II collagen in the ECM [70]. 

Notably, this accumulation also occurs in absence of genetic mutations, suggesting that 

autophagy has a physiologically relevant role in collagen quality control. 

The mechanism by which autophagy supports collagen secretion is currently unknown. 

Neither lysosomes nor autophagosomes containing procollagen molecules appear to fuse 

directly with the plasma membrane, arguing against a direct role of the lysosome 

autophagy pathway in collagen secretion [70]. In vivo, chondrocytes in growth plates, 

which lack autophagy, progressively show formation of aggregate-like collagen 

structures in which HSP47 appears sequestered [70]. These data suggest that the 

clearance of spontaneously occurring misfolded collagen molecules by autophagy 

maintains and efficient ER folding and secretion. 

In addition, the lysosome may regulate collagen production via mTORC1. mTORC1 

promotes anabolic processes, such as protein synthesis through the phosphorylation of 

p70S6 Kinase 1 (S6K1) and eIF4E Binding Protein (4EBP). S6K1 phosphorylates and 
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activates several substrates resulting in a global increase in mRNA biogenesis, cap-

dependent translation and elongation, and translation of ribosomal proteins. 

Concomitantly, phosphorylation of 4E-BP1 prevents its binding to eIF4E, enabling eIF4E 

to promote cap-dependent translation [71]. Notably, the synthesis of collagens, main 

components of extracellular matrices, appears to be particularly sensitive to the activity 

of mTORC1 [72][73], suggesting that lysosomal function may indirectly regulate the 

composition and quality of the extracellular matrix via mTORC1 signaling [74] (see also 

below). 

Furthermore, the inhibition of autophagy and of lysosome function in chondrocytes 

decreases collagen transcription, as a probable compensatory mechanism to slow down 

the folding rate and to counteract accumulation of collagen intermediates within the ER 

(Cinque, Bartolomeo and Settembre, unpublished observations)[75]. Currently, the 

transcriptional circuitry that regulates collagen levels in response to the status of the 

lysosome/autophagy pathway is currently unknown. Overall, these data suggest that the 

lysosome autophagy pathway is essential to maintain collagen proteostasis (Figure 1a). 

 

ER-phagy: regulation of Endoplasmic Reticulum (ER) turnover and function via 

autophagy 

The lysosome autophagy pathway may also influence the composition and the amount of 

extracellular matrix by regulating ER function. Indeed, secreted proteins are synthesized 

within the ER. The lysosome autophagy pathway contributes to the maintenance of ER 

function by mediating its turnover, through a process known as ER-phagy [76]. During 

ER-phagy a discrete portion of the ER is sequestered by nascent autophagosomes and 

delivered to the lysosome for degradation. To date, four different ER transmembrane 

proteins have been identified as ER-phagy receptors that mediate turnover of ER 

subdomains in response to specific cellular conditions in mammals [77][78][79][80]. In 

particular, FAM134B and reticulon 3 (RTN3) mediate the degradation of ER sheets and 

tubules, respectively, in response to nutrient starvation [77][78]. The ER protein SEC62 

functions as a receptor for the “ER-phagy mediated recovery from ER stresses” (recovER-

phagy) [80].  Pathological or physiological conditions characterized by high biosynthetic 

demands lead to a transient but dramatic expansion of the ER volume and content; the 

subsequent recovery to basal conditions is mediated by SEC62-mediated recovER-phagy. 

More recently, an ER-stress induced ER-phagy was shown to be triggered by CCPG1, a 
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single pass ER membrane protein that is transcriptionally upregulated in response to ER 

stressors and mediates the autophagic depletion of peripheral ER [79].  Notably, studies 

in mice show that CCPG1 protects against ER luminal protein aggregation suggesting a 

role of ER-phagy as an ER quality control mechanism. These data suggest that ER-phagy 

is also a quality control mechanism by which ER proteostasis is maintained. It is well 

known that the folding process within the ER is an error- prone mechanism [81].  In fact, 

the majority of misfolded polypeptides are translocated across the ER membrane and 

degraded in the cytosol by the proteasome via the classical ER associated degradation 

(ERAD) pathway [82].  However, in the last years a growing number of ER substrates, 

including collagens, were shown to be resistant to proteasome degradation but sensitive 

to lysosomal degradation[83][68][70][84]. One possibility is that ER-phagy mechanisms 

operate to deliver ERAD-resistant clients to lysosomes. However, the mechanism by 

which the autophagic machinery operating in the cytosol could selectively sequester ER 

subdomains that contain proteasome-resistant misfolded clients is still unknown. 

 

Collagen, mTORC1 and ER defects in the pathogenesis of lysosomal storage 

disorders 

Cargo degradation in lysosomes is a stepwise process and the impairment of a single 

enzymatic reaction leads to the accumulation of intermediate substrates (the so called 

storage) within the lysosomes [85]. This condition characterizes patients affected by 

LSDs, a group of over 70 inherited metabolic disorders caused by loss of function 

mutations in genes encoding for lysosomal enzymes or for regulators of lysosomal 

biogenesis [85]. LSD patients present progressive and multi-organ disease 

manifestations. Main affected tissues include brain and skeleton, for which current 

enzymatic replacement therapies are still largely ineffective [86][87]. The onset and the 

severity of disease manifestation depend on the enzymatic defect, the nature of storage 

substrates and cell type affected. The cellular pathogenesis of the diseases is complex, 

since a progressive accumulation of primary substrates within lysosomes induces a 

generalized lysosomal dysfunction, which in turn leads to the accumulation of a variety 

of secondary storage products that eventually contribute to disease manifestation [88]. 

To date, many different pathogenic mechanisms have been proposed to trigger cellular 

dysfunction and death in LSDs. The discovery of new lysosome roles (such as regulation 

of cell motility, signaling, phagocytosis, immune responses, inter-organellar crosstalk via 
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contact sites, ion homeostasis, etc) [89][3] [90] [91] will indubitably extend the list of the 

mechanisms that contribute to LSD disease pathology. Here the possible role of mTORC1 

signaling and of ER/collagen dysfunction in the pathogenesis of bone and cartilage 

phenotype in LSDs will be discussed. 

Cells from LSD models display defective autophagy, mostly at the level of 

autophagosome-lysosome fusion and defective lysosome reformation after fusion with 

autophagosomes [92][21]. In chondrocytes isolated from patients and murine models of 

a subfamily of LSD, mucopolysaccharidoses (MPS), we have recently demonstrated that 

observed lysosomal dysfunction leads to an increase in the association of mTORC1 to 

lysosomal membranes resulting in an increased kinase activity [93]. Similar data were 

obtained in chondrocytes where lysosomal function was inhibited pharmacologically 

[94]. The increase in mTORC1 activity may itself contribute to the cellular LSD phenotype 

in multiple ways. mTORC1 inhibited autophagosome-lysosome fusion in MPS 

chondrocytes mediated, in part, by the UV radiation resistance-associated gene protein 

(UVRAG) (Bartolomeo et al 2017) [37]. mTORC1 phosphorylates UVRAG at serine 497, 

and enhances its affinity for RUN domain Beclin 1-interacting and cysteine rich 

containing protein (RUBICON), which antagonizes UVRAG activity [37]. The inhibition of 

UVRAG by Rubicon may inhibit autophagosome-lysosome fusion through two 

independent mechanism: 1) as part of the VPS34 complex, UVRAG promotes the 

production of phosphatidylinositol 3-phosphate (PI3P) on endosomes and lysosomes 

membranes [95][96]. PI3P is required to attract several proteins involved in membrane 

tethering and fusion, which harbor a PI3P binding domain. 2) UVRAG interacts with and 

promotes the activity of the HOPS complex, which mediates the tethering of lysosomal 

membranes with endosomes and autophagosomes [97][98]. The inhibition of mTORC1 

or the forced overexpression of UVRAG in MPS chondrocytes significantly rescued 

autophagosome fusion with lysosomes and autophagy substrate degradation [93]. 

Notably, enhanced mTORC1 signaling is not a general feature of LSD cells, such as in 

Pompe disease, mTORC1 activity was found to be inhibited, suggesting that storage 

material may be sensed by mTORC1 differently [99]. The mechanism by which mTORC1 

signaling is enhanced in LSD chondrocytes is still unknown. Intriguingly, an aberrant 

accumulation of cholesterol in lysosomes was recently shown to activate mTORC1 

signaling via an SLC38A9–Niemann-Pick C1 signaling complex [20]. Cholesterol has been 

reported as a secondary storage product that accumulates in cells with lysosomal 
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dysfunction and impairs the activity of SNARE proteins devoted to lysosomal fusion with 

autophagosomes [100]. These observations suggest that cholesterol accumulation in 

lysosomes enhances mTORC1 activity and in turn inhibits lysosome fusion with 

autophagosomes in LSD. There are many functional consequences of impaired autophagy 

in LSD cells. For example, accumulation of poly-ubiquitinated proteins and of 

dysfunctional mitochondria, known autophagy substrates, has been observed in multiple 

LSD cell types and are considered important contributors to cellular dysfunction [92]. 

Secretory cells, such as chondrocytes and osteoblasts, may also have additional problems. 

In particular, MPS chondrocytes show ER distention, accumulation of type II procollagen 

in the ER and a defective ER-to Golgi trafficking [93].  These defects appear to be 

physiologically relevant since collagen contents were reduced in cartilages isolated from 

MPS mice compared to wild type [93][101][102]. Why the secretion efficiency of 

procollagen molecules, leading to accumulation in the ER, is hampered in LSD 

chondrocytes is still unknown. One possibility is that lysosomal and autophagy 

dysfunctions inhibit ER-phagy and in turn ER folding and secretion capacity leading to 

accumulate abundant and/or difficult to fold cargoes, such as procollagens. Indeed, 

earlier studies have shown an ER calcium homeostasis dysfunction in different LSDs, 

particularly those characterized by lipid accumulation, suggesting a generalized ER 

dysfunction in LSDs. Whether the ER dysfunction in LSD is due to a defective ER-phagy is 

still unexplored.  Another possibility is that a yet to be discovered selective recognition 

of misfolded and ERAD-resistant ER clients by autophagy is impaired in LSD cells. A 

defect in autophagy may also induce a transcriptional downregulation of collagen genes 

[101] [75] probably as a feedback mechanism to limit the accumulation of newly 

synthesized procollagens in cells with defective quality control mechanisms (figure 1b). 

In addition to its negative impact on autophagy, enhanced mTORC1 signaling may, in 

principle, exacerbate the perturbation of proteostasis in the ER of LSD cells. Indeed, 

mTORC1 promotes protein synthesis and procollagen molecules appear to be 

particularly sensitive to the activity of mTORC1. Thus, mTORC1 might concomitantly 

increase collagen synthesis and inhibit its autophagy-mediated quality control in the ER 

leading to unbalanced ER proteostasis that favors the formation of aggregates within the 

ER. This scenario may not be limited to procollagen but also involve other aggregate-

prone cargoes synthesized within the ER of secretory cells such as osteoblasts and 

chondrocytes. Unbalanced mTORC1 signaling has been recently associated to the 
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development of osteoarthritis.  The mechanisms by which mTORC1 signaling promotes 

osteoarthritis seem to be related to the suppression of autophagy pathway [103]. 

Consistently, mice with chondrocyte specific deletion of autophagy genes develop 

osteoarthritis [104] and inhibition of mTORC1 signaling protects from the development 

of  osteoarthritis by inducing autophagy [105]. Recent data indicate that members of the 

FOXO family of transcription factors protect from osteoarthritis by promoting the 

expression of autophagy genes in chondrocytes [106]. Whether autophagy protects from 

osteoarthritis by maintaining ER homeostasis and procollagen proteostasis is currently 

unknown. Notably, osteoarthritis is frequently observed in LSD patients with skeletal 

involvement, suggesting that similar pathogenetic mechanisms may trigger cartilage 

erosion in LSD and osteoarthritis patients. 

 

Conclusions 

In this review article we have summarized the principal pathways through which 

lysosome activity can influence the composition of tissue extracellular matrices. 

Impairment of the lysosome-related processes, as consequences of lysosomal 

dysfunction, may alter proteostasis of essential components of extracellular matrix and, 

in turn, contribute to the skeletal phenotypes observed in patients affected by lysosomal 

storage disorders.  This alteration may not only be limited to collagens but also involve 

other components of the ECM, such as glycosaminoglycans, which controls the activity of 

growth factors and ligands [107][108][101][109]. 

Many open questions still remain unanswered. For example it is unknown the 

transcriptional circuitry that inhibits the transcription of collagens and other ECM 

components in response to lysosomal dysfunction. Also, it is still largely unexplored 

whether a modulation of lysosome biogenesis and autophagy during development 

contributes to tissue formation and organismal growth. Indeed, a selective remodeling of 

cytosolic composition via autophagy may shape cell identities and functions during tissue 

development and growth.  Finally, it will be also important to investigate the 

physiological role of the lysosome as signaling organelle, and its role in more common 

diseases such as cancer. 
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Figure legend:  

 

Figure 1: Proposed mechanisms of collagen regulation by the lysosome. a: The 

lysosome/autophagy pathway controls the ER homeostasis via ER-phagy and exerts a 

quality control role for newly synthesized procollagen molecules. In addition, the 

transcription of collagen genes is modulated according to the lysosome and autophagy 

status. The lysosome may also regulate collagen synthesis via mTORC1.  b: Lysosomal 

dysfunction, such as the one observed in patients displaying lysosomal storage disorders, 

may perturb collagen proteostasis by impairing collagen quality control, ER homeostasis 

and collagen transcription and synthesis. 
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Highlights: 

 The lysosome/autophagy pathway has a collagen quality control role. 

 Lysosome and autophagy dysfunctions impair collagen homeostasis and 

secretion. 

 Defective collagen matrix formation contributes to the skeletal defects 

observed in LSDs. 
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