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CHAPTER I 

Cartilage and chondrodysplasias  

1. The cartilage 

Cartilage is a specialized form of connective tissue belonging to the supporting skeletal 

connective tissues. It is composed of a single type of specialized cells, called chondrocytes, 

embedded in an abundant extracellular matrix (ECM), composed of collagen and elastic fibres 

surrounded by an amorphous matrix rich in proteoglycans (PG) and hyaluronic acid (HA) [1].  

The structural features of its matrix make cartilage ideal for a variety of mechanical and 

protective roles, both during the different stages of development and the maintenance of adult 

skeleton. For example, in the respiratory system, ears and nose, cartilage provides support for 

softer tissues, while in the joints, because of its flexibility and lubricated surface, it provides a 

wear-resistant surface that facilitates bone movements. Finally, it is involved in the development 

and growth of long bones, both during foetal life and after birth [2].  

Differently from the other connective tissues, cartilage lacks vascular network and innervation; 

therefore, chondrocytes take oxygen and nutrients for their maintenance by diffusion from the 

perichondrium. This layer of dense vascularized and innervated connective tissue surrounds 

cartilage, forming an interface between it and other tissues. The perichondrium is formed during 

chondrogenesis, through differentiation of the most superficial cells that form the mesenchymal 

cell cluster providing chondrocytes or osteoblasts. The perichondrium is not present in the 

articular cartilage and it plays a role in cartilage growth and repair.  

The avascular character, low cellular density and reduced proliferative activity of chondrocytes 

makes cartilage unable to regenerate upon injury or degeneration [2]. 

There are three types of cartilage based on the composition of the extracellular matrix and in 

particular on the relative abundance of amorphous substance and fibres: hyaline cartilage, 

fibrocartilage and elastic cartilage.  

Hyaline cartilage is the most abundant cartilage type in the body. It is characterized by a high 

amount of amorphous substance, rich in PG. Hyaline cartilage is a highly hydrated tissue (the 

water content can reach 80%) conferring resistance to pressure shocks. The fibrillar component 

of hyaline cartilage consist in collagen, mainly type II, associated with types XI and IX, all 

synthesized by chondrocytes. Chondrocytes are present alone or in isogenic groups within the 

extracellular matrix [1]. 

In the embryo, hyaline cartilage forms a large part of the skeleton, providing templates for bone 

that develop through the endochondral ossification process. In the adult, cartilage distribution 
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is more restricted and it is present in costal cartilages, tracheal rings, most of the laryngeal 

cartilages, bronchi, nose and in the joints with the function of mechanical support. In joints, 

where it is called articular cartilage, it plays an additional role providing a smooth, lubricated 

surface to facilitate pain-free joint movements [2, 3].  

Articular cartilage is the highly specialized form of connective tissue composed of four zones 

differing for ECM composition, organization of collagen fibres, distribution and morphology 

of chondrocytes [3].  

The superficial zone protects deeper layers from shear stresses. It is mainly composed of 

collagen fibres (primarily type II and IX collagen) with small diameters and densely packed 

parallel to the joint surface; the chondrocytes, surrounded by collagen, have flattened shape and 

are arranged parallel to the surface. The middle zone, connecting the adjacent zones 

anatomically and functionally, contains the highest PG concentration among all zones. It is 

characterized by round shaped chondrocytes at low density, and abundant type II collagen 

fibrils. Although the middle zone provides initial support during joint movement, the deep zone 

is primarily responsible for resisting compressive forces. These functional properties are due to 

collagen fibrils with a larger diameter and arranged perpendicularly to the articular surface. In 

the deep zone chondrocytes are elongated and typically arranged in short column, 

perpendicularly to the joint surface [4].  

The viscoelastic property of articular cartilage determines resistance to loading and 

compressive forces. When load is applied, a tensile force is generated by collagen and 

proteoglycans on the cartilage surface causing fluid phase leaking from the ECM, generating a 

frictional drag [5]. When the compressive load is removed, fluid flows back into the tissue 

relieving the cartilage deformation. The low permeability of cartilage tissues prevents that fluid 

is quickly squeezed out of the matrix [3]. 

Fibrocartilage constitutes the intervertebral discs, temporomandibular joint discs, pubic 

symphysis and the meniscus of the knee. It represents an intermediate between dense fibrous 

connective tissue, such as tendon and ligaments, and hyaline cartilage, combining the tensile 

strength and durability of tendon with resistance to compression of cartilage. Its matrix is 

characterized of a small amount of amorphous substance, consisting of a variable amount of 

proteoglycans and numerous collagen fibres, arranged in parallel bundles, conferring the 

characteristic fibrous appearance to the matrix. The orientation depends on the mechanical 

stimuli acting on fibrocartilage, since the collagen bundles take a direction parallel to that of 

the applied forces. Chondrocytes, alone or in groups, are dispersed in the matrix and are 

arranged in short, parallel rows between collagen fibre bundles. Differently from hyaline 
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cartilage, rich in type II collagen, fibrocartilage is mainly composed of type I collagen, although 

the exact ratio can vary in tissues. For example, in the temporomandibular joint discs almost 

type I collagen is present, with trace of type II collagen, while in knee meniscus there is an 

heterogeneous distribution of type I and type II collagens [6]. Fibrocartilage forms from dense 

connective tissue rich in fibroblasts, some of which differentiate into chondrocytes. Thus, a 

mixture of chondrocytes and fibroblasts is characteristic of mature fibrocartilage. Unlike other 

types of cartilage, fibrocartilage lacks the perichondrium [1].  

Elastic cartilage is mainly present in ear lobe, in epiglottis and in some area of the trachea. Its 

matrix is characterized by a small amount of proteoglycans and chondrocytes, but contains an 

abundant network of elastic fibres and type II collagen fibrils, accounting for the elastic 

properties. Thus, its main function is to support the shape and flexibility of organs [1]. 

1.1. The skeletal development 

The skeleton provides structural support to the body, allowing controlled postures and 

movements and protects vital organs. In humans, bone formation begins during the embryonic 

period, between the sixth and seventh weeks of gestation, and continues until puberty [7]. Bone 

formation occurs through two different processes depending on the bone elements: the axial 

skeleton, the appendicular skeleton and the skull base form via endochondral ossification, while 

the flat bones of the skull, most of the cranial bones, and the clavicles via intramembranous 

ossification [8]. 

Both these processes begin from a mesenchymal tissue precursor, that directly differentiate in 

osteoblast forming new bone tissue in intramembranous ossification or differentiate in 

chondrocytes forming a cartilage template, which is then replaced by bone, in endochondral 

ossification [9]. 

There are some metabolic and morphogenetic differences between the two ossification 

processes, but similar expression patterns of genes involved in cell differentiation suggest  

strong similarities in the regulation of bone formation [10]. 

1.1.1. Intramembranous ossification 

Intramembranous ossification begins with the aggregation of a large group of multipotent 

mesenchymal cells into dense homogeneous condensation. The ossification occurs when these 

cells, surrounded by a highly vascularized area of the embryonic connective tissue, start 

proliferate and migrate outward expanding these condensations, defining the early shape of the 

developing bone [10].  
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Some of the mesenchymal cells differentiate into capillaries, while others proliferate and 

differentiate in osteogenic cells that, in presence of specific regulatory signal, differentiate in 

specialized cells called osteoblasts. Osteoblasts group into clusters, forming ossification 

centres, surrounded by the periosteum and start synthesizing and secreting unmineralized 

matrix, called osteoid, which bind calcium. Thus, the matrix rapidly mineralize and calcify, 

forming bone trabeculae that entrap osteoblasts resulting in the differentiation of these cells to 

osteocytes, and blood vessels that will form the future hematopoietic bone marrow. 

Mesenchymal cells on the surface of the bone, forming the periosteum continue to differentiate 

into osteoblasts. As osteoblasts continue to secrete osteoid surrounding blood vessels, the 

trabeculae increase in size and number, forming a strong and well-organized cortical bone [9, 

11].  

1.1.2. Endochondral ossification 

Endochondral ossification is a complex process in which new bone develops by replacing 

hyaline cartilage, which serves as a template. During foetal life, most of the skeleton is formed 

through endochondral ossification but this process continues until the end of the puberty, 

allowing long bones and body growth. 

Bone formation begins, as in intramembranous ossification, with the condensation of 

mesenchymal cells, forming clusters of cells favoured by the expression of adhesion molecules. 

Differently from what occurs in intramembranous bone formation, these cells differentiate in 

chondrocytes. Chondrocytes start reproducing rapidly and secreting the characteristic cartilage 

matrix, rich in type II collagen and aggrecan, enlarging the cartilage template [12, 13]. The 

expression of these markers distinguishes differentiating chondrocytes from undifferentiated 

mesenchymal cells, at the periphery of the condensation centre, which will form the 

perichondrium. 

Meanwhile inner cells change their phenotype from proliferating to hypertrophic chondrocytes 

becoming bigger and starting producing type X collagen [14].  

Hypertrophic chondrocytes play an important regulatory role directing the differentiation of 

perichondrial cells in osteoblasts that start producing around the cartilaginous core a 

mineralized structure, called bone collar. This results in the apoptosis of the hypertrophic 

chondrocytes since nutrients can no longer reach them. 

Hypertrophic chondrocytes also produce the vascular endothelial growth factor (VEGF) and 

other factors, inducing the invasion of blood vessels fundamental for attracting osteoclasts that 

will degrade the ECM surrounding cells, and bringing osteoblast progenitor and hematopoietic 
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cells from the perichondrium [15]. Thus, activated osteoclasts degrade cartilage extracellular 

matrix, while osteoblast progenitors differentiate in osteoblasts producing type I collagen and 

guiding cartilage mineralization. At the same time, hematopoietic cells, together with blood 

vessels form the bone marrow. All these events lead to the formation of the primary ossification 

centre, in the diaphyseal region of the bone, while in the perichondrium, osteoblasts create a 

bone collar around the cartilage template. While bone is replacing cartilage in the diaphysis, 

chondrocytes continues to proliferate at the extremities of the bone, increasing bone length. The 

primary ossification centre, expand during the foetal life replacing the cartilage template. After 

birth, in the epiphyseal region of the long bones the formation of the secondary ossification 

centre occurs entrapping a portion of cartilage between the two ossification centres, in the 

metaphyseal area. Therefore, the proliferative areas become this cartilage portion, called growth 

plates, that grows until the end of puberty providing longitudinal growth of long bones (Figure 

1.1) [13, 14]. 

 
Figure 1.1: Schematic representation of endochondral ossification process. (A) Endochondral 
ossification starts with the formation of mesenchymal condensation and (B) mesenchymal cells 
differentiate in chondrocytes that proliferate forming an avascular cartilage template for new bone, 
surrounded by the perichondrium. (C) In the centre of the cartilage template chondrocytes undergo 
hypertrophy and promote the vascular invasion and formation of the primary ossification centre. (D) 
After birth the secondary ossification centre is formed. (E) Growth plate is entrapped between the two 
centres of ossification allowing bone growth. (Adapted from Usami et al. 2016) [8]. 

1.1.3. The growth plate 

The growth plate is a well-organized cartilage area in the metaphysis of the bone, between the 

secondary ossification centres and the diaphysis. This structure is composed of chondrocytes at 

different stage of differentiation and for this reason are divided into four zones. The first zone, 

near to the secondary ossification centre, is the resting zone, where chondrocytes are small and 
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relatively inactive, functioning as a reservoir of chondrocyte progenitors. The second is the 

proliferative zone where chondrocytes replicate at high rate and produce a large amount of type 

II collagen and aggrecan. Here cells present a clonal expansion and are aligned in column 

parallel to the longitudinal axis of the bone, thus guiding the growth [8, 16]. Chondrocytes 

leaving the proliferative zone become pre-hypertrophic, typical cells of the third pre-

hypertrophic zone. They undergo growth arrest, producing type X collagen and Indian 

Hedgehog (Ihh). The last is the hypertrophic zone where cells terminally differentiate in 

hypertrophic chondrocytes. During the hypertrophic process, chondrocytes undergo changes in 

their phenotype increasing about sixfold to tenfold their height and volume, making an 

important contribution to longitudinal growth [17]. Moreover, hypertrophic chondrocytes 

remain metabolically active even if their cellular density is reduced due to the increase of 

cellular volume [18]; on the other hand, the volume of extracellular matrix is reduced [19]. 

Hypertrophic chondrocytes finally undergo apoptosis or transdifferentiate in osteoblasts [20, 

21], completing the hypertrophic process (Figure 1.2). Hypertrophic chondrocytes express 

some proteinases including MMP13, MMP9, ADAMTS, cathepsin and calpain allowing the 

degradation of ECM surrounding cells. Matrix degradation is an important process required for 

volume expansion of hypertrophic chondrocytes and vascular invasion [22]. At the end of the 

hypertrophic zone, blood vessels invasion and, concurrently, bone deposition by osteoblasts 

allow skeletal growth [18]. In humans, the growth plate become thinner with age and is replaced 

by bone at the end of puberty. 

 
Figure 1.2: Growth plate structure. Histological section of cartilage growth plate stained with 
hematoxylin and eosin. Growth plate is organized in four different zones in which chondrocytes present 
different features: resting zone, proliferating zone, pre-hypertrophic zone and hypertrophic zone. 
(Adapted from Usami et al. 2016) [8]. 
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Several signalling molecules are involved in regulating the growth plate [18]. Among these, the 

Indian hedgehog protein (Ihh), an important regulator in bone development, coordinates the 

proliferation and differentiation of chondrocytes, and osteoblast differentiation [23]. Ihh is 

synthesized by chondrocytes leaving the proliferative zone (pre-hypertrophic chondrocytes) 

and early hypertrophic chondrocytes. Ihh binds its receptor, Patched-1 leading to activation of 

gene expression. In particular, it triggers chondrocyte proliferation, and perichondrial cells and 

early proliferating chondrocytes to synthesize parathyroid hormone-related peptide (PTHrP).  

Both Ihh and PTHrP control the decision of chondrocytes to leave the proliferative pool through 

a feedback loop [13]. In fact, PTHrP acts on chondrocytes in the proliferative zone to keep them 

proliferating and delaying their hypertrophy, thus inhibiting the synthesis of Ihh. When 

chondrocytes are no longer stimulated by PTHrP, they stop proliferating and start synthesizing 

Ihh, which in turn stimulates PTHrP production at the ends of long bones [23]. Ihh also 

stimulates osteoblast differentiation in the perichondrium close to the hypertrophic zone and 

the deposition of mineralized extracellular matrix. 

Another important regulatory pathway is transforming growth factor β (TGFβ) signalling, that 

mainly inhibits chondrocytes hypertrophy. In particular, TGFβ2 mediates Ihh signalling while 

TGFβ1 stimulates non-apoptotic physiological death [24]. These factors act on perichondrium 

cells and proliferating chondrocytes of the growth plate due to the expression on the cell 

membrane of the specific receptors, TGFβR1 and TGFβR2 [20]. 

Most importantly, TGFβ together with the bone morphogenetic protein (BMP), another member 

of the TGFβ superfamily, stimulates the expression and maintenance of SOX9, a master 

transcriptional regulator of chondrogenesis [20]. 

BMP and his receptors are expressed in proliferating chondrocytes, hypertrophic chondrocytes, 

and perichondrium cells. BMP is crucial for endochondral bone formation since it stimulates 

cartilage condensation and regulates growth plate chondrocyte proliferation and differentiation 

[20]. In particular, BMP signalling stimulates resting chondrocytes to proliferate. Moreover by 

inducing hypertrophic differentiation, it plays an antagonist role to the TGFβ pathway acting 

independently to Ihh/PTHrP signalling [25]. 

Antagonist of BMP signalling is the fibroblast growth factor (FGF) pathway, inhibiting 

chondrocytes proliferation and promoting hypertrophy and vascular invasion. Most important 

members of the FGF family in the growth plate are FGF9 and FGF18, which have redundant 

function [20]. Interestingly, FGF18 has a biphasic effect, promoting chondrocyte proliferation 

and hypertrophy in early gestation and inhibiting them in late gestation [20, 26]. 
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WNT signalling is well known to regulate chondrocyte differentiation and cartilage 

development [27]. In the growth plate, WNT acts through two different pathways: a canonical 

pathway allowing β-catenin to translocate to the nucleus and activate gene expression and a 

non-canonical pathway including planar cell-polarity (PCP). Through WNT canonical pathway, 

β-catenin antagonizes SOX9 activity, regulating chondrocyte differentiation. On the other hand, 

non-canonical WNT signalling inhibits canonical one, promoting chondrocytes differentiation 

and column formation by growth plate chondrocytes [20]. 

The last important transcription factor in the growth plate is Runx2 as it drives the 

differentiation of proliferating chondrocytes into hypertrophic chondrocytes. Moreover, Runx2 

is expressed in the late condensation stage of chondrogenesis and therefore its expression is 

decreased in proliferating chondrocytes, while it increases in pre-hypertrophic and hypertrophic 

chondrocytes. It is also highly expressed in perichondral cells and osteoblasts, as it is essential 

for bone ECM mineralization [70]. 

1.2. The chondrocytes 

Chondrocytes are the only cell type in cartilage. These cells normally shows a typical rounded 

or polygonal shape, but can also have flattened or discoid form in peripheral areas, such as at 

the articular surface of joints.  

In adult cartilage, chondrocytes have a low proliferative activity, but they are particularly active 

in macromolecule synthesis. Thus, chondrocytes show typical features of metabolically active 

cells such as the presence of a prominent nucleus, a particularly developed RER and Golgi 

apparatus, and a high number of ribosomes. Moreover they also present glycogen granules and 

primary cilium [28]. These characteristics correlate with the main function of chondrocytes:  

production and turnover of all the components of the cartilage extracellular matrix, such as 

collagens, glycoproteins, PGs and hyaluronic acid. In fact, chondrocytes also play an important 

role in the degradation of matrix macromolecules, through the synthesis of enzymes, such as 

collagenases, proteinases and cathepsins. These anabolic and catabolic functions therefore 

make them responsible for regulating cartilage growth and homeostasis [29].  

Chondrocytes also present different function dependent on cell location. First, they have a 

supporting role due to the presence of cartilage tissue in different part of the skeleton. Moreover, 

the other major function of chondrocytes is in skeletal growth, during embryonic development 

and endochondral ossification [28]. 

Being in a non-vascularized tissue, chondrocytes carry out all the exchanges of nutrients and 

waste products by diffusion through the matrix. Therefore, their metabolism occurs in low 
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oxygen tension and most part of cell’s energy comes from glycolysis, further demonstrated by 

the small number of mitochondria present in cells that are so biosynthetically active [28]. 

As part of connective tissue lineage, chondrocytes differentiate from mesenchymal stem cells 

through a process whose molecular events are not completely known. This process begins when 

aggregation of mesenchymal cells occurs, mediated by adhesion molecules, particularly N-

CAM and N-cadherin [30]. The cells then begin their chondrogenic differentiation, induced by 

the expression of fibroblast growth factor 2 (FGF-2) and express tissue-specific molecules. In 

this way, the so-called chondrification centers (or protochondral blastema) are formed and the 

synthesis of extracellular matrix begins, a function which is accentuated during differentiation. 

The production of intercellular substance therefore leads the cells to isolate themselves in 

cartilaginous lacunae, in which they reach the terminal differentiation. A key role in the 

chondrocyte differentiation process is played by the transcription factor Sox9 that, together with 

Sox5 and Sox6, induces the synthesis of aggrecan and type II collagen, an isoform expressed 

in immature chondrocytes. Due to the relevance of Sox9, its expression is finely regulated [31]. 

Another factor involved in the late phases of differentiation and in the proliferation of 

chondrocytes is Runx2 a transcription factor that induces the expression of extracellular matrix 

molecules such as type X collagen [32].  

1.3. The extracellular matrix 

The extracellular matrix (ECM) is a well-organized network of molecules  contributing to the 

formation of a three-dimensional scaffold in which cells can grow and differentiate [33]. Cells, 

in fact, through their surface receptors, can interact with the macromolecules of the ECM by 

integrating extracellular signals, which can influence cellular functions and behaviour [33]. 

Thus, a variation in the matrix composition can modify the structure and the biomechanical 

properties of the tissue. This phenomenon can occur physiologically during development, but 

can also contribute to the onset of various pathological conditions [33].   

The cartilaginous ECM consists of fibres immersed in an amorphous matrix. The amorphous 

component is mainly composed of proteoglycans (PG), hyaluronic acid (HA) and 

glycoproteins, which attract abundant amounts of water (Figure 1.3). The peculiar hydration 

of the ECM confers a semi-rigid structure, which makes cartilage an excellent pressure shock 

absorber [1]. 

The fibrillar component is made up of different collagen types, specifically type II and XI (in 

less amount), as well as other types of fibres, such as elastic fibres. Collagen makes cartilage 

remarkably resistant to tensile forces, while the elastic fibres contribute to the flexibility and 
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deformability of the tissue [34]. Type IX collagen, can interact with other collagen fibrils and 

bind other ECM molecules [35, 36]. Fibril formation and stability are regulated by ECM 

proteins such as decorin, biglycan, fibromodulin and lumican, belonging to the small leucine 

rich repeat proteoglycan family (SLRPs), thrombospondin and matrilins.  

 

 

Figure 1.3: Schematic overview of cartilage extracellular matrix. The main cartilage components 
are collagens and proteoglycans that may organise in different large multi-molecular assemblies in 
different cartilage regions defining the physical and mechanical properties of this tissue. (Adapted from 
Heinegard 2009) [37]. 

 

1.3.1. Proteoglycans  

Proteoglycans are a heterogeneous family of macromolecules that can be found in the ECM of 

different tissues, on the cell membrane or more rarely inside cells. They are composed of a core 

protein to which glycosaminoglycan (GAG) chains are covalently attached through an 

oligosaccharide linker (Figure 1.4). GAG chains may vary in number, composition and size in 

different proteoglycans [38, 39].  
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Figure 1.4: Proteoglycan and glycosaminoglycan structure. 
PGs are composed of a core protein to which GAGs are covalently attached. GAGs are linear 
oligosaccharide chains composed of repeated disaccharide units that can be highly sulphated. (Adapted 
from Taylor et al. 2006) [40]. 
 

According to the size and properties of the core protein and to the GAG composition and 

location, PG can be divided in different classes, suggesting the enormous structural variability 

and functional flexibility of these molecules. The first class includes the modular PGs, divided 

into the subfamily of hyalectans and of nonhyaluronan-binding PGs [41]. Hyalectans are a 

group of PGs that electrostatically interact with hyaluronic acid through their N-terminal 

domain and with lectins through the C-terminal domain. This group includes aggrecan, 

versican, neurocan, and brevican. The nonhyaluronan-binding PGs are not able to bind HA, but 

they interact with other basement membrane components and cell-surface adhesion receptors. 

This group includes perlecan, agrin and leprecan [42].  

The second class includes the small leucine-rich proteoglycans (SLRPs), characterized by a 

relatively small core protein with a central leucine-rich domain (Leu) flanked by two cysteine-

rich regions (Cys) [43]. Decorin, biglycan, fibromodulin and lumican are member of this class.  

Finally, the third class includes cell-surface associated PGs, which are able to modulate the 

function of several extracellular ligands [44]. These are divided in syndecans and glypicans. 

Syndecans present a short hydrophobic transmembrane domain that links the large extracellular 

domain, containing GAGs, to the small intracellular cytoplasmic portion [43], while glypicans 

bind the cell membrane with a glycosylphosphatidylinositol anchor [42]. 

GAGs are linear polysaccharides chains, composed of repeated disaccharide units, mainly 

composed of an uronic acid, in particular glucuronic acid (GlcUA) or iduronic acid (IdoUA) 

and an amino sugar, N-acetylgalactosamine (GalNAc) or N-acetylglucosamine (GlcNAc) [43]. 
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Thanks to the different combinations and repetitions of these disaccharides, very heterogeneous 

molecules can be formed in terms of both size (10-50 kDa) and biochemical features. They can 

also be sulfated and are therefore characterized by a high number of negative charges due to 

the presence of sulfate groups in addition to carboxyl groups [45]. 

Based on the sulfation level, GAGs are divided into two families: sulfated GAGs, including 

chondroitin sulfate (CS), dermatan sulfate (DS), keratan sulfate (KS), heparan sulfate (HS) and 

non-sulfated GAGs including mainly hyaluronic acid [39]. 

Chondroitin sulfate, the main sulfated GAG in cartilage, is composed of repeated disaccharide 

units of GlcUA and GalNAc, linked by a β(1-3) glycosidic bond. CS disaccharides are usually 

sulfated in C-4 or C-6 position on GalNAc residues, forming chondroitin sulfate A and C, 

respectively, both present in cartilage. Moreover, they are rarely disulfated in position C-2 of 

GlcUA and C-6 of GalNAc (D unit) or in position C-4 and C-6 of GalNAc (E unit) [39, 46]. 

CS is an important structural component of the cartilage ECM, but it also plays an important 

role in the development and function of the nervous system. CS is present in the skin, kidneys 

and aorta [47]. 

Dermatan sulfate is obtained by epimerization of GlcUA residues of CS chains in IdoUA, 

forming a repeated disaccharide unit with GalNAc residues, linked by α(1-3) glycosidic bonds. 

DS can be monosulfated in C-4 or C-6 of GalNAc residues, or disulfated in C-4 and C-6 of 

GalNAc and in C-2 of IdoUA and C-4 of GalNAc, even if rarely [46]. DS is present in skin, 

blood vessels, tendons, and heart valves [39]. 

Heparan sulfate is composed of repeated GlcUAβ1-4GlcNAc disaccharide. During the 

biosynthesis, these residues can be modified by epimerization of GlcUA to IdoUA, or by 

deacetylation and sulfation of GlcNAc, forming glucosamine sulfate (GlcNSO3). Sulfation can 

occur in C-2 of GlcUA or IdoUA and in C-6 or C-3 of GlcNAc [39]. HS is a ubiquitous 

component of cell surface and extracellular matrix. HS may bind different core proteins; the 

amount and structure of HS are strictly dependent on the developmental stage and the cell type 

[39, 48]. 

CS, DS and HS bind the PG core protein on serine residues through a tetrasaccharide linker, 

composed of one xylose (Xyl), two galactoses (Gal) and a glucuronic acid. There is no specific 

consensus sequence, but usually a glycine is found at the C-terminal end of serine and, in 

addition, two acid amino acids are present [39, 43].  

Keratan sulfate is characterized by a peculiar disaccharide unit composed of galactose (Gal) 

and GlcNAc, linked by β(1-4) glycosidic bonds. Its sulfate content is extremely heterogeneous; 

disaccharides can be unsulfated, monosulfated in C-6 of GlcNAc, or disulfated in C-6 of both 
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GlcNAc and Gal residues. There are two forms of KS which differ for the link with the PG core 

protein, that occurs through a N-glycosylation bonds to asparagine residues or O-glycosylation 

bonds to serine or threonine residues forming KSI and KSII, respectively [43]; KSI consists of 

about 50 disaccharide units and is longer than KSII which is composed of 22-30 disaccharide 

units [49]. KS is mainly expressed in the cornea, cartilage, bone, but is also present in the central 

nervous system [39]. 

Hyaluronic acid is a long linear polysaccharide composed of disaccharide units of GlcUA and 

GlcNAc, linked by β(1-3) glycosidic bonds, that can reach a molecular weight of 107 Da [50]. 

Unlike the other GAGs, HA is a non-sulfated polysaccharide and it does not bind a core protein. 

Thanks to its ability to interact with a large number of ECM molecules, it contributes to the 

maintenance of mechanical properties of cartilage [51]. It also binds CD44, HA-mediated 

motility receptor (RHAMM) [52] and Toll-like receptors [53] being involved in angiogenesis 

[54] and inflammatory response [55]. Further differences between HA and other GAGs concern 

its biosynthesis. In fact, GAG synthesis usually occurs in the Golgi apparatus, while HA 

synthesis occurs in the inner surface of the cell membrane and HA is directly released in the 

ECM [39]. This molecule is found in all connective, epithelial and neural tissues, but also in 

others, such as the vitreous humor of eye and synovial fluid of joints [39, 56]. 

1.3.2. Proteoglycans biosynthesis 

PG biosynthesis is a complex process involving several enzymes and transporters. This process 

can be divided in four main steps: core protein biosynthesis, GAG biosynthesis (including 

tetrasaccharide linker synthesis and subsequent chain elongation), GAG sulfation, and secretion 

of newly synthesized PGs (Figure 1.5) [38]. 

Core protein synthesis occurs in the rough endoplasmic reticulum where first modifications, 

such as N-glycosylation, take place [38]. Once synthesized the protein moves to the Golgi 

apparatus where GAG biosynthesis occurs.  

Chondroitin sulfate, dermatan sulfate and heparan sulfate are attached to serine residues of the 

core protein through a tetrasaccharide linker, composed of one xylose (Xyl), two Gal, and one 

GlcUA. Each of these sugars is added by a specific glycosyltransferase, which uses a specific 

UDP-sugar as a donor substrate [39]. 
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Figure 5: Schematic representation of proteoglycan biosynthesis. 
PG core protein is synthesized in the ER lumen and then it moves to Golgi, where synthesis and sulfation 
of GAG occurs. Once synthesized PGs can be secreted in the ECM. [39]. 
 

The xylose residue is bound to serine residues by β-xylosyltransferases (XylT) encoded by the 

XYLT1 or XYLT2 genes, which use UDP-Xyl as substrate. This binding occurs in the cis-

Golgi, while the binding of the other sugars occurs in the medial and trans-Golgi [57, 58]. Two 

galactose are transferred from UDP-Gal to the growing GAG chain by β1,4-

galactosyltransferase-I (GalT-I) and β1,3-galactosyltransferase-II (GalT-II), which are 

respectively encoded by B4GALT7 and B3GALT6 genes. B3GALT3 encodes for β1,3-

glucuronosyltransferase-I (GlcAT-I) which catalyses the transfer of GlcUA from UDP-GlcUA 

to the second Gal [59, 60]. The tetrasaccharide link region can undergo some modifications 

such as 2-O-phosphorylation of Xyl residues, catalyzed by GAG-Xyl kinase or sulfation at C-

6 on the first Gal and at C-4 and C-6 on the second Gal [59]. The phosphorylation can be 

transient and together with sulfation can regulate the activity of GalT-I and GlcAT-I 

determining GAGs sorting and role [38, 39]. When the linker region synthesis is complete, 

GAG synthesis goes on with the polymerization of specific disaccharide units of GAG [59, 61].  

In particular, in the synthesis of CS, the first sugar of the disaccharide unit, GalNAc, is 

transferred by β1,4-N-acetylgalactosaminetransferase-I (CSGalNAcT-I). The chondroitin 

synthase family is composed of six different members: four chondroitin synthases (ChSy1-4), 

a chondroitin-polymerizing factor (ChPF), and two chondroitin N-

acetylgalactosaminetransferases (CSGalNAcT-I and CSGalNAcT-II) [45, 57, 62, 63]. Different 

sulfotransferases catalyse the sulfation of disaccharides units. Three sulfotransferases specific 

for C-4 sulfation of GalNAc have been identified: chondroitin-4-O-sulfotransferases 1, 2 and 3 

(C4ST1-3); while only one for the C-6 sulfation of GalNAc, chondroitin-6-O-sulfotransferase 

(C6ST). These units can be further sulfated by GalNAc-4-O-sulfate-6-O-sulfotransferase 
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(GalNAc4S-6ST), which is responsible for the sulfation of GalNAc disulfate, and by uronosyl-

2-O-sulfotransferase (UST), which is responsible for the sulfation of C-2 of GlcUA [64]. 

Another important modification catalyzed by specific enzymes called epimerases such as 

dermatan sulfate epimerase (DSE), is the epimerization of the C-5 position of GlcUA residues 

of the CS in IdoUA, thus producing DS. In addition, DS can be then sulfated by dermatan-4-O-

sulfotransferase (D4ST) and UST [59]. Epimerization and sulfation occur during GAG 

synthesis or just before PG secretion [38, 39]. 

HS polymerization starts with the addition of a GlcNAc to the tetrasaccharide linker catalyzed 

by α1,4-N-acetylglucosaminyltransferase-I (GlcNAcT-I). Subsequently, HS-β1,4-

glucuronyltransferase-II (HS-GlcAT-II) and α1,4-N-acetylglucosaminyltransferase-II 

(GlcNAcT-II) transfer GlcUA and GlcNAc from UDP-GlcUA and UDP-GlcNAc to the HS 

chain [59]. HS undergoes a large number of modifications such as deacetylation of GlcNAc 

residues by N-deacetylase, epimerization of GlcUA in IdoUA by HS-glucuronyl-C5-epimerase, 

and sulfations at C-2 of uronic acid and C-3 and C-6 of GlcN catalyzed by HS-2-O-

sulfotransferase, HS-3-O-sulfotransferase and HS-6-O-sulfotransferase, respectively [59]. 

Furthermore, an extracellular HS-6-O-endosulfatase removes the sulfate group from 6-O-

sulfated GlcNS in HS chain modifying its structure to regulate some biological events such as 

cell signalling, tumour growth and angiogenesis [65]. 

The first sugar of KS, D-GalNAc, is linked to the core protein on asparagine residues by a N-

glycosidic bond or on serine or threonine residues by a O-glycosidic bond, and its synthesis 

goes on with the addition of N-acetyllactosamine [38], a disaccharide unit composed of Gal and 

GlcNAc. Sulfation on the KS chain is catalyzed by two sulfotransferases: GlcNAc-6-O-

sulfotransferase and galactose-6-O-sulfotransferase [65]. GlcNAc-6-O-sulfation occurs only on 

the nonreducing terminal, while Gal sulfation also on internal Gal near the sulfated GlcNAc 

[39]. Interestingly sulfation on the nonreducing terminal Gal may block KS chain 

polymerization regulating chain length [38, 39]. 

The synthesis of hyaluronic acid occurs at the inner surface of the plasma membrane and 

follows a different mechanism compared to the other GAGs. It is mediated by three 

transmembrane isoenzymes, named HA synthases 1, 2 and 3 (HAS1, HAS2 and HAS3), which 

produce different HA isoforms of different lengths and molecular weights [38]. They catalyse 

the transfer of GlcUA and GlcNAC from UDP-GlcUA and UDP- GlcNAC. HASs present a 

double catalytic domain that allows them to bind both UDP-GlcUA and UDP-GlcNAc.  

GAG sulfation is an important step in PGs biosynthesis and occurs in the Golgi apparatus. 

GAGs are sulfated by specific sulfotransferases that catalyse the transfer of sulfate groups from 
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the universal sulfate donor, the 3'-phosphoadenosine 5'-phosphosulfate (PAPS), to the sugars 

of GAG chains. The maintenance of PAPS concentration is important for sulfotransferase 

reactions and a continuous uptake and activation of inorganic sulfate is necessary [66]. 

Intracellular sulfate mainly depends on the extracellular uptake, and only a small amount comes 

from the degradation of sulfated molecules or from the catabolism of sulfur-containing amino 

acids, such as cysteine. The transport of inorganic sulfate occurs through a sulphate/chloride 

antiporter called SLC26A2 or diastrophic dysplasia sulfate transporter (DTDST) [67].  

Once in cells inorganic sulfate is activated to PAPS by two sequential reactions. First, inorganic 

sulfate reacts with ATP to form adenosine 5'-phosphosulfate (APS) and pyrophosphate (PPi) 

by the action of ATP sulfurylase; then the reaction of APS with ATP, catalyzed by APS kinase, 

results in the production of PAPS and adenosine diphosphate (ADP). In humans, ATP 

sulfurylase and APS kinase form the C-terminal and the N-terminal domains of a single 

bifunctional enzyme, called PAPS synthase (PAPSS). There are two isoforms of this enzyme 

with different cellular localization: PAPSS1, mainly present in the nucleus and PAPSS2 in the 

cytosol [68, 69]. Although the two proteins present 77% homology, PAPSS2 has a 10- to 15-

fold higher catalytic activity than PAPSS1 [70].  

After its synthesis, PAPS is transported in Golgi apparatus, where sulfotransferase reaction 

occurs. This occurs through two specific PAPS antiporters, named PAPST1 and PAPST2, 

which exchange PAPS with phosphoadenosine phosphate (PAP) or adenosine monophosphate 

(AMP) molecule [71]. Sulfotransferase reactions produce phosphoadenosine phosphate (PAP), 

as a byproduct, which is rapidly degraded in AMP and phosphate by a Golgi-resident 

phosphoadenosine phosphate phosphatase (gPAPP), preventing the inhibition of 

sulfotransferases by their by-product [72]. 

Newly synthesized PGs are then secreted in the ECM through secretory vesicles. PGs can 

follow different secretion pathways and their sorting seems to depend on the type of GAG 

chains, their binding site or other regions of the core protein [73, 74]. 

1.3.3. Cartilage proteoglycans and their function 

Proteoglycans are fundamental component of cartilage ECM conferring structural and physical 

properties to this tissue.  

Among the PGs of cartilage matrix, the most representative is aggrecan. It is composed of a 

core protein of about 200 kDa, on which about 100 CS and 60 KS chains are linked, as well as 

various N- and O-linked oligosaccharides [75]. Aggrecan core protein includes three highly 

conserved globular domains (G1, G2, G3) connected by less conserved linear domains (Figure 
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1.6). At the N-terminal portion there is the G1 domain composed of three disulphide-bonded 

domains. Two of these (B and B’ domains) interact with HA, while the third domains (A 

domain) stabilises the interaction through link protein (LP) [76]. The G1 domain may be 

glycosylated by N-linked oligosaccharides or KS [77]. Between the G1 and G2 domains, there 

is the short interglobular domain (IGD) that is more sensitive to proteinases than globular 

domains. This domain may be glycosylated by N-linked and O-linked oligosaccharides or KS 

[76]. G2 domain is composed of disulphide-bonded B and B’ domains that do not interact with 

HA, even if they are similar to those in G1 domain; thus the functional role of the G2 is not yet 

known. Between the G2 and G3 domains is the GAG attachment region [64], composed of a 

KS-rich and CS-rich domains.  

The KS-rich domain contains a six amino acids repeated sequence and about 30 KS are O-

linked to serine residues [75]. 

In the CS-rich domain about 100 CS are bounded to the core protein where dipeptides composed 

of serine and glycine are regularly repeated and divided by acid and hydrophobic residues [75]. 

At the C-terminal portion of the core protein there is the G3 domain composed of several 

disulphide-bonded domains with homology to the epidermal growth factor (EGF), c-type lectin 

and complement regulatory protein (CRP) [76]. This domain is crucial for GAG attachment and 

secretion of aggrecan [75]. 

 

 
Figure 1.6: Schematic representation of aggrecan structure and proteoglycan aggregate.  
Aggrecan is composed of three globular domains (G1, G2 and G3) and a GAG attachment region, where 
CS and KS are linked. Through the G1 domain, aggrecan binds HA forming huge aggregates 
maintaining cartilage stability. (Adapted from Roughley et al. 2014) [78]. 
 
Aggrecan has large but highly variable dimensions, since the dimensions of the core protein 

and linked GAG chains can vary, both in number and in length. Furthermore, aggrecan has the 

ability to organize itself into aggregates composed of a variable number of molecules, which 

can reach thousands, interacting with hyaluronic acid and link protein [38] conferring matrix 

stability to cartilage.  
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Aggrecan is important in maintaining the osmotic pressure providing the ability to resist to 

compressive loads [76]. In fact, the highly negative charges that characterize the sulfated GAGs 

of aggrecan, attract the positive ions inside tissue such as sodium and calcium, creating a 

gradient between the ion concentration inside cartilage and in the surrounding environment. 

The osmotic imbalance and the limited diffusion of aggrecan due to its large size, cause 

incoming of water inside tissue and causes an expansion of the ECM. This imparts tension to 

collagen fibre network, until a condition of equilibrium is reached when the swelling pressure, 

caused by the entry of water, is counterbalanced by the tension of collagen fibre network [79]. 

When a compressive load is applied, water goes out from the tissue and the concentration of 

aggrecan increase; this allows water coming back after load removal (Figure 1.7).  

Moreover, aggrecan inhibits hydroxyapatite deposition since calcium is used as counter ion for 

sulfate, reducing the amount of free calcium ions that allows mineral deposition [76]. 

With aging aggrecan structure can vary in size, sulfation and GAG chains, for example a 

decreased CS content, an increased KS content [38] and a different ratio of C-4 and C-6 

sulfation has been observed [80]. Moreover, in aged cartilage a decrease in total amount of 

aggrecan has been described [38]. This can influence the characteristics of the tissue, leading 

to a decrease in the negative charge of the molecule and consequently altering its ability to 

absorb pressure shocks.  

 

 

 
Figure 1.7: Schematic representation of proteoglycans function in cartilage. 
Highly negative charged PGs bind counter ions such as Na+ and Ca+, allowing the incoming of water in 
cartilage. When a load force is applied, water goes out from the tissue giving to cartilage its compressive 
ability. (Adapted from Roughley et al. 2014) [78]. 

 

Decorin and biglycan are members of SLRPs class and they are composed of a core protein of 

about 40 kDa and one or two GAG chains, respectively. The GAG type is dependent on tissue 

where decorin and biglycan are expressed. In fact, in skin they contain DS while in cartilage 

and bone CS chains, even if biglycan can contain DS in articular cartilage. 
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Decorin and biglycan interact with their N-terminal domain with various types of collagens, 

during fibril formation and regulate its assembly determining the rate and the late stage of this 

process [37]. They can also bind other ECM molecules such as matrilins and may interact with 

growth factor. In particular, decorin binds transforming growth factor β (TGF-β) and biglycan 

binds bone morphogenetic protein-4 (BMP-4) regulating cartilage metabolism [38]. 

Fibromodulin is another member of SLRPs class present in cartilage. It contains one or two KS 

chains bounded through N-glycosidic bond to its core protein and its N-terminal portion 

contains nine sulfated tyrosine residues that form a cluster with other acid amino acids 

providing a polyanionic domain. This domain can bind growth factors such as FGF-2, 

interleukin 10 (IL-10) and Oncostatin M, releasing them after cartilage degradation [37, 81]. 

Moreover, through its leucine rich repeat region fibromodulin binds collagen fibrils [37]. 

1.3.4. Cartilage collagens  

Collagen is the most abundant structural protein in all animal’s connective tissues. Thanks to 

its insoluble fibres, it forms a flexible but not very extensible structure, with great mechanical 

resistance that can interact with the other macromolecules of the extracellular matrix.  

There are 28 different types of tissue-specific collagen composed of at least 46 distinct 

polypeptide chains and many other proteins contain collagenous domains [82].  

Collagen present a structural motif characterized by three parallel polypeptide chains that 

associate to form a triple helix. The triple helix structure makes the molecule resistant to the 

action of most proteases, but it can be degraded by specific enzymes, such as  metalloproteases 

[83]. In the amino acid sequence, glycine, proline and 4-hydroxyproline prevail. In smaller 

quantities uncommon amino acids such as, 3-hydroxyproline and 5-hydroxylysine, that results 

through post-translational modifications are also present. 

Three collagen types are mainly present in cartilage tissue: type II, IX and XI.  

The most abundant is the fibrillar type II collagen, a homotrimer composed of three α1(II) 

chains, encoded by the COL2A1 gene [84]. Type II and type XI collagen co-polymerize with 

type IX collagen to form a heteropolymeric fibrillar framework consisting of central filaments 

of type XI collagen surrounded by type II collagen fibrils and a superficial layer of type IX 

collagen. This structure promotes the interactions with other ECM components, including 

mainly PGs. This dense network of collagen, stabilized by cross-links, confers the peculiar 

cartilage stiffness and tensile strength [35, 85]. In addition to its structural function, type II 

collagen is an important extracellular signalling molecule that can regulate chondrocyte 
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proliferation, metabolism, and differentiation [85]. Its relevance in cartilage is demonstrated by 

chondrodysplasias caused by mutations in COL2A1 [86]. 

Type XI collagen is another fibrillar collagen abundant in cartilage. It is a heterotrimer 

composed of three different α chains (α1, α2, α3). The first two chains are encoded by the 

COL11A1 and COL11A2 genes, while the α3 chain is encoded by the same gene as the α1 

chain of type II collagen, the COL2A1 gene, and differs from it for post-translational 

modifications [84]. It represents 10% of total collagen in foetal cartilage, while in adult cartilage 

it decreases to about 3% [85]. Interestingly, type XI collagen is more concentrated in fibrils of 

pericellular cartilage region and it presents binding sites with high-affinity for heparan sulfate 

[87]. 

Type IX collagen is a heterotrimer composed of three different α1(IX), α2(IX), α3(IX) chains 

encoded by COL9A1, COL9A2 and COL9A3 genes [84]. It is one of the Fibril-associated 

collagen with interrupted triple helix (FACIT). These are small collagens characterized by an 

interruption in the triple helix domain, making the fibrillar structure more flexible. Furthermore, 

they are unable to form fibrils on their own, but require the presence of other fibrillar collagen 

molecules. In fact, collagen IX is present on the surface of collagen II/XI fibrils and it can 

regulate interactions between collagen fibril themselves or other ECM molecules, increasing 

mechanical stability of collagen network and providing an equilibrium with osmotic swelling 

caused by PGs [35, 36]. 

Type VI collagen is a heterotrimer composed mainly of three different α-chains, α1(VI), α2(VI), 

and α3(VI), which are encoded by the genes COL6A1, COL6A2, and COL6A3. Recently, 3 

other subunit of type VI collagen, having high homology with the α3(VI) chain,  (α4(VI), 

α5(VI), and α6(VI) chains encoded by the COL6A4, COL6A5, and COL6A6 genes), have been 

founded [85]. Collagen VI trimer can assemble to form dimers, tetramers or filamentous 

network around chondrocytes [35]. Moreover, type VI collagen, that is a non fibrillar collagen, 

does not bind directly to fibrillar collagens, but interacts with them through decorin, biglycan, 

fibronectin, perlecan and heparin. Thus, type VI collagen has been hypothesized to play an 

essential role in mediating cell-matrix interactions as well as intermolecular interactions in 

various tissues [88], maintaining tissue integrity creating cell-matrix and matrix-matrix 

interactions [85, 89]. 

Another non fibrillar collagen is type X collagen, a homotrimer composed of three identical 

α1(X) chains, encoded by the COL10A1[84]. In physiological conditions, it is synthesized by 

the hypertrophic chondrocytes of the growth plate during the endochondral ossification process 

and it forms a hexagonal network in the pericellular matrix retaining the correct type and 
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amount of ECM molecules. Being present in the growth plate and binding calcium ions at the 

beginning of the calcification process, it is considered a marker of terminal chondrocyte 

differentiation [90]. Point mutations of the COL10A1 gene cause Schmid type metaphyseal 

chondrodysplasia, impairing endochondral ossification in the metaphyseal growth plate [85, 

91]. 

1.3.5. Other cartilage extracellular matrix proteins 

Within cartilage extracellular matrix, in addition to collagen and PGs, also proteins are present 

such as matrilin, cartilage oligomeric matrix protein (COMP) and fibronectin. 

Matrilins are a family of four multimeric proteins, whose subunits interact through the C-

terminal portion. In cartilage matrix, tissue-specific matrilins are predominantly found: type 1, 

abundant in the tracheal cartilage, and type 3, in articular cartilage. They are composed of one 

or two von Willebrand factor A domains, an epidermal growth factor-like motif and a C-

terminal coiled-coil domain allowing the homo- and hetero-oligomerization [84]. Matrilins may 

interact with different ECM molecules through the von Willebrand factor A domains, acting as 

adapters between these macromolecules in the organization of the matrix. In fact, these proteins 

can be found associated with collagen fibres, but is also capable of covalent binding to 

aggrecan. They present also high affinity for decorin and biglycan, which are bounded to 

collagen type VI. Thus in cartilage, matrilins are interconnected on one side to type VI collagen 

via decorin or biglycan, and on the other hand to type II collagen [37]. Moreover, they can also 

bind type IX collagen and cartilage oligomeric matrix protein (COMP). 

COMP or thrombospondin 5 is a pentameric protein composed of five equal subunits. They are 

linked to each other through N-terminal coiled-coil domain, stabilized by disulphide bonds. A 

COMP subunit contains EGF-like, thrombospondin type 3 repeats and a C-terminal globular 

domain, that is responsible for the interactions with other components of the ECM, in particular 

collagen, matrilin and fibronectin [84]. COMP is in fact important for maintaining the integrity 

of the matrix, and intervenes in the organization of collagen fibrils. It can bind five collagen 

molecules at the same time with the consequence of rapidly approaching them, facilitating their 

interaction and the formation of fibres. For this reason, it can promote the growth of cartilage 

and its regeneration [92]. 

Fibronectin is a protein expressed in the extracellular matrix of various tissues. It is composed 

of two subunits covalently linked by disulfide bonds at the C-terminal portion. There are 

numerous forms of this protein, resulting from tissue-specific alternative splicing of the same 

gene [93]. Through the different domains, they can bind collagen, heparin, fibrin and cells, 
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interacting with integrin receptors or with syndecan GAGs [33]. Fibronectin therefore acts as 

an adhesion molecule between the components of the extracellular matrix, contributing to its 

integrity [94].  

1.3.6. Extracellular matrix homeostasis and quality control 

Extracellular matrix is a complex, highly organized network of protein, whose composition and 

quality determines biochemical and biomechanical properties of cartilaginous tissue. 

Chondrocytes, being the only cell type in cartilage, are responsible for the synthesis and 

maintenance of the ECM, made mainly of collagens, proteoglycans and glycoproteins. 

The endoplasmic reticulum is the largest organelle in chondrocytes since it functions as the 

place of protein synthesis and folding and as the starting point of the protein secretory pathway. 

Proteins and proteoglycans are synthesized in the ribosomes at the RER, and once released into 

the lumen of the ER they undergo post-translational modifications, usually fundamental for 

correct protein folding and function. Resident ER molecular chaperons mediate protein folding, 

also providing a quality control system, since they retain newly folded proteins until they get 

the correct conformation. As soon as proteins reach the native conformation, they are released 

and secreted into the ECM [95].  

Being so synthetically active, chondrocytes are particularly susceptible to ER stress that can 

result from different factors such as hypoxia, viral infections, nutrient deprivation, but also 

mutations in cartilage proteins, causing defects in protein folding, trafficking and resulting in 

protein aggregates to accumulate in the ER. In response to ER stress, cells have developed a 

highly conserved protective mechanism, known as unfolded protein response (UPR) that 

decrease or halts cellular protein synthesis, increases the production of chaperones or degrade 

protein aggregates to restore cell homeostasis [95].  

UPR is triggered by the activation of Bip (binding immunoglobulin protein), a lumen resident 

chaperon, that dissociate from the sensor protein IRE-1 (inositol-requiring enzyme 1), the 

transcription factor ATF6 (activating transcription factor 6) and PERK (protein kinase-RNA-

like endoplasmic reticulum kinase), activating them (Figure 1.8). These three proteins activate 

three different signalling pathways with the ultimate aim of decreasing protein translation and 

degrading misfolded proteins or if stress cannot be overcome promoting cell death [96].  

First, the transmembrane ER protein PERK is activated by oligomerization and 

autophosphorylation. It acts as a kinase on eIF2α (eukaryotic translation initiation factor 2A), 

resulting in translational attenuation, thereby reducing the total protein load in the ER to prevent 

further accumulation of unfolded proteins. Due to the preferred translation of mRNAs with 
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short open reading frames in the 5’-UTRs, the amount of the transcription factor ATF4 

(Activating Transcription Factor 4) increases. ATF4 up-regulates the expression of UPR genes 

involved in amino acid metabolism, antioxidant response, folding, and regulation of autophagy 

and apoptosis [97]. 

The transmembrane ER protein ATF6 is transported to the Golgi apparatus where it is cleaved 

by two proteases resulting in the release of the ATF6 cytoplasmic domain. It translocates to the 

nucleus where acts as a transcription factor and induces the expression of UPR genes encoding 

for additional chaperones and initiators of ER-associated degradation (ERAD) or autophagy 

[97]. 

The transmembrane ER protein IRE1 oligomerizes and is activated by autophosphorylation. 

With its RNase cytosolic domain, induces the splicing of the transcription factor X-box-binding 

protein 1 (XBP1). Spliced XBP1 in turn activates gene expression of folding proteins and 

components of the quality control mechanisms in the ER, including the activation of ERAD. 

 

 

 
Figure 1.8: Schematic representation of the unfolded protein response pathway (UPR). In presence 
of ER stress caused by the accumulation of misfolded or unfolded protein, BiP activates three UPR 
transducers. PERK, activated by dimerization and autophosphorylation, phosphorylates eIF2α that 

induces the selective translation of ATF4, resulting in the transcription of genes involved in amino acid 
metabolism, antioxidant response, folding, and regulation of autophagy and apoptosis. IRE1, activated 
by oligomerization and autophosphorylation, induces the splicing of the transcription factor XBP1 that 
in turn activates gene expression of folding proteins and components of the quality control mechanisms 
in the ER, including ERAD. The third is the transcription factor ATF6 that once activated translocates 
to the nucleus where it induces the expression of genes encoding for additional chaperones and initiators 
of ERAD or autophagy. (Adapted from Flamment et al. 2012) [98].  
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The induction of ER stress with the activation of the UPR pathway has been described in 

different skeletal diseases with similar clinical features caused by mutations in genes encoding 

for different cartilage ECM proteins, such as COMP, matrilin-3 or type II and X collagen. For 

example, ER accumulation of mutant type X collagen results in metaphyseal chondrodysplasia 

type Schmid (MCDS), while type II collagen mutations resulting in ER protein aggregation has 

been reported in spondyloepiphyseal dysplasia (SED) [96]. 

There are two different mechanisms to degrade misfolded or unfolded proteins activated by the 

UPR: endoplasmic reticulum-associated degradation (ERAD) and autophagy (ER-phagy).  

The first strategy is the major degradation pathway and facilitates proteasome-dependent 

degradation. ERAD complex includes different proteins involved in different steps of the 

degradation process, first of all identifying non-native proteins by detecting some structural 

defects such as exposed hydrophobic regions, unpaired cysteine residues or immature glycans. 

Protein are then retrotranslocated to the cytosol, where the ubiquitin-proteasome system (UPS) 

is located. Ubiquitination requires a cascade of enzymes including E1, ubiquitin-activating 

enzyme, E2, ubiquitin-conjugating enzyme and E3, ubiquitin ligase. These reactions produce a 

polyubiquitinated protein, which is identified and degraded by the proteasome [99, 100].  

ER-phagy consists in the selective elimination of specific fragments of the ER with aggregated 

protein inside. These structures are sequestered into autophagosomes and broken down via the 

lysosomal machinery. ER-phagy receptors concentrate proteins in an ER subdomain via 

interaction with LC3 (microtubule-associated protein light chain 3) or GABARAP (GABAA 

receptor-associated protein) in the growing autophagic membrane, the phagophore. ER-phagy 

substrates are then enclosed in a double-membrane-bound autophagosome, which fuses with 

the lysosome [95].  

To date different ER transmembrane proteins have been identified as ER-phagy receptors, 

mediating the turnover of ER domain in specific cellular conditions. In particular, FAM134B 

and reticulon 3 (RTN3) mediate the degradation of ER sheets and tubules, respectively, in 

response to nutrient starvation. The ER protein SEC62 is as a receptor for the ER-phagy 

mediated recovery from ER stresses [101]. 

Golgi apparatus also plays an important role in cartilage proteostasis since the majority of post-

translational modifications and the sorting of ECM proteins occurs in this organelle.  

Newly synthesized proteins exit the ER and are transported by specific carriers COPII-coated 

through the ER-Golgi intermediate compartment (ERGIC) to the Golgi where the modifications 

occur. In particular, proteins enter in the cis-Golgi and moves to the trans-Golgi, undergoing 

post-translational modifications catalyzed by Golgi specific enzymes, such as glycosylation, 
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sulfation, phosphorylation and proteolytic processing. Other vesicles, COPI-coated, mediate 

the retrograde trafficking recycling Golgi-resident enzymes and other membrane proteins, in 

order to maintain Golgi homeostasis, or recycling ER protein, including chaperones, back to 

the ER. Once the trans-Golgi network has been reached, proteins are transported in the 

extracellular space to the final destination [102].  

The Golgi apparatus coordinates the post-translational modification, that impact on the 

secretion and assembly of matrix components and guide the proteolytic processing of these 

molecules prior to secretion. The importance of Golgi organisation and function in the synthesis 

of  matrix molecules is exemplified by its role in the biosynthesis of PGs, highly glycosylated 

fundamental component of cartilaginous ECM [102].  

The sequential nature of GAG assembly is reflected in the compartmentalization of Golgi 

enzymes. Chain initiation begins with the addition of xylose to specific residues in the core 

protein that occurs in the ERGIC and/or cis-Golgi. The core tetrasaccharide is then assembled 

in the cis-medial Golgi, while chain elongation and modification take place in the medial-trans 

Golgi. Also the other modifications are compartmentalized, since sulfation at the C6 and C4 

positions in N-acetylgalactosamine occurs in the trans-Golgi, while, epimerisation occurs 

specifically in the late trans-Golgi. This strict organisation ensures efficient glycan assembly 

and regulate the nature or quantity of GAG chains that are produced. The compartmentalisation 

of enzymes within cisternae also supports the formation of functional enzyme complexes to 

facilitate efficient substrate transfer between enzymes [102].  

When Golgi is overloaded, Golgi stress, an autoregulatory pathway, which augments Golgi 

function, occurs. Golgi stress has not been well characterized as ER stress but recent studies 

revealed the importance of some regulatory mechanisms (Figure 1.9).  

In particular, the activation of the transcription factor E 3, TFE3, which in normal conditions is 

phosphorylated and retained in the cytosol. In case of altered Golgi homeostasis it is 

dephosphorylated and translocated to the nucleus where it interacts with an enhancer element 

called Golgi apparatus stress response element (GASE), resulting in transcriptional activation 

of genes encoding for Golgi structural proteins, such as GM130 (Golgi matrix protein 130) and 

giantin, glycosylation enzymes and components of vesicular transport.  

Two less known pathways involves the ER chaperone HSP47 (heat shock protein 47), whose 

expression prevents cells from Golgi stress-induced apoptosis and CREB-ARF4. ARF4 (ADP 

Ribosylation Factor 4) is a member of the small GTPase family localized in the Golgi 

membrane, where it regulates Golgi-to-ER vesicular transport that is inhibited upon Golgi 

stress. CREB (cAMP response element-binding protein) is a transcription factor resident in the 
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ER membrane as a transmembrane protein. In presence of Golgi stress it is activated by 

proteolysis, causing the release of its cytoplasmic domain that translocates to the nucleus where 

it upregulates the transcription of ARF4 gene, resulting in Golgi stress-induced apoptosis and 

Golgi disruption [97]. 

 

 

 

 
Figure 1.9: Schematic representation of Golgi stress response. 
Several pathways regulate the Golgi stress response, the homeostatic mechanism that augments Golgi 
functions in response to its insufficiency. The TFE3 pathway, activated by dephosphorylation of TFE3, 
cause the translocation of this transcription factor to the nucleus where it binds the enhancer element 
GASE, stimulating the expression of genes encoding for Golgi structural proteins, glycosylation 
enzymes and vesicular transport components. The pathway of the transcription factor CREB that once 
activated by proteolysis translocates to the nucleus where it stimulates the transcription of ARF4, 
resulting apoptosis activation. The less known is the HSP47 pathway, that has anti-apoptotic role. 
(Adapted from Sasaki and Yoshida 2015) [97]. 
 

Due to the fundamental role of the Golgi in synthesis and maintenance of the ECM, several 

skeletal disorders are caused by mutations in Golgi proteins, such as Golgi enzymes or proteins 

involved in Golgi trafficking, resulting in matrix defects. In fact, chondrocytes, characterized 

by high rates of ECM protein synthesis, may be particularly susceptible to stress when Golgi 

processing is inefficient. For example, mutations in the gene TRIP11 encoding for the golgin 

GMAP210 (Golgi microtubule-associated protein 210) causes structural and functional defects 

of the Golgi apparatus, resulting in achondrogenesis 1A (ACG1A), a skeletal disorders 

associated with Golgi fragmentation and defective trafficking [103]. Another example is the 

bone disorder gerodermia osteodysplastica (GO), caused by mutations in the trans-Golgi 

protein GORAB, involved in COPI trafficking, which results in reduced recycling of trans-
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Golgi enzymes and defective glycanation of matrix protein such as decorin and biglycan [104]. 

Another nonlethal skeletal dysplasia characterized by altered transport between ER and Golgi 

is the Dyggve-Melchior-Clausen syndrome, caused by mutation in the gene DYM, encoding for 

dymeclin, a protein involved in vesicular trafficking to and from the Golgi [105]. Lastly, there 

is the Saul-Wilson syndrome that is caused by mutation in COG4 protein, a subunit of the 

oligomeric Golgi complex (COG) involved in intracellular vesicular transport, which results in 

delayed anterograde vesicular trafficking from the ER to the Golgi and accelerated retrograde 

vesicular recycling from the Golgi to the ER [106]. 

Intracellular protein quality system are also tightly regulated in the Golgi apparatus, which is 

involved in three main different intracellular degradation processes.  

Endosome and Golgi-associated degradation (EGAD), which is similar to ERAD, operated via 

the proteasome, endosome and lysosome. Golgi apparatus-related degradation (GARD) 

regulates Golgi morphology during excessive Golgi stress and consists in the degradation of 

the cis-Golgi protein GM130 by the proteasome localized to the Golgi apparatus. Excessive 

Golgi stress induces irreversible apoptosis and cell death. If Golgi stress is relieved, Golgi 

morphology is maintained. Golgi membrane-associated degradation (GOMED) is a non-

canonical degradation pathway that mediates extensive proteolysis to compensate for deficient 

canonical autophagy and involves autophagosome formation from the Golgi [107]. 

Lysosomes are fundamental organelles for degradation and recycling of extracellular matrix 

components. Extracellular materials can be transported to lysosomes for degradation through 

phagocytosis, while intracellular proteins and polysaccharides, unfolded or misfolded proteins 

and even whole organelles, are transported to be degraded or recycled to the plasma membrane 

by the mechanism called autophagy. During autophagy, damaged proteins or dysfunctional 

organelles are surrounded by double membrane vesicles, the autophagosomes, which then fuse 

with the lysosome and are digested by lysosomal hydrolases, resulting in the final release of 

amino acids and monosaccharides [108, 109].  

Apart from their degradative roles, lysosomes also have an important role in the regulation of 

multiple cellular functions participating in intracellular nutrient sensing and in cellular 

homeostatic maintenance. For example, when cells are starved, they initiate the process of 

autophagy and increase the capacity of the lysosome by the lysosomal stress response, which 

has not been well characterized as the ER stress response. The kinase complex mTORC1 

(mammalian target of rapamycin complex 1) is a key regulator of autophagy initiation as well 

as the lysosome stress response. In normal conditions, it is localized on lysosome membrane 

and phosphorylates the autophagy regulator ULK1, resulting in autophagy suppression. 
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Furthermore, mTORC1 also suppresses the transcription of autophagy genes, as well as of 

lysosomal genes, by inhibiting the transcription factor EB (TFEB) and the transcription factor 

E3 (TFE3), which are master regulator of lysosome biogenesis. Phosphorylated TFEB and 

TFE3 are retained in the cytoplasm as an inactive form by binding to 14-3-3 protein [110].  

Under stress condition, which can also be caused by drugs or pathogens, mTORC1-TFEB/TFE3 

signalling pathway is activated to promote lysosome biogenesis. mTORC1 dissociates from the 

lysosome and calcium is released through calcium permeable channels into the cytosol, where 

it activates the cytosolic phosphatase calcineurin. Activated calcineurin dephosphorylate 

TFEB/TFE3, which translocate to the nucleus where it binds the enhancer element CLEAR 

(coordinated lysosomal expression and regulation), and activates transcription of genes related 

to the lysosome biogenesis and autophagy. Subsequently, there is an increase of lysosome-

related genes that lead to the possible restoration of these stressed organelles [97, 108]. 

Inter-organelle signalling might affect organelle stress responses, so lysosomal stress pathway 

can also be connected to other stress response pathway, such as ER-stress, which causes 

increase of lysosomal size, lysosome membrane permeabilization and lysosomal repositioning. 

Moreover, it inhibits autophagic flux and causes the nuclear translocation of TFEB and TFE3. 

Furthermore, the lysosome resident protein mTORC1 contributes to ER stress, and cell life and 

death by regulating expression levels of ER stress response genes [108]. 

The TFEB/TFE3 pathway of the lysosome stress response is closely related to various diseases 

such as lysosomal storage diseases (LSD) [97]. 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 [101].  Among 

LSD, there is a subfamily named Mucopolysaccharidosis (MPS) caused by inherited defects in 

the catabolism of GAG including some skeletal disorders (group XXVII in the classification of 

skeletal disorders) [111]. 
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2. Skeletal dysplasias 

Skeletal dysplasias are a huge and heterogeneous group of genetic diseases that mainly affect 

cartilage and bone. Even if each disorder is relatively rare, the birth incidence of overall these 

disorders is almost 1/5000 [112].  

Nowadays 461 disorders have been characterized and classified in 42 different groups, based 

on radiographic features, clinical course and molecular criteria [66, 113].  

Skeletal dysplasias show a wide range of severity from very mild phenotypes, compatible with 

life, to foetal and neonatal lethality [113].  

Moreover, beyond the skeletal phenotype, these disorders can be associated with neurologic, 

auditory, visual, cardiac, pulmonary, and renal complications since the causative genes might 

also have functional roles in tissues other than the skeleton [112]. 

In fact, 437 disease-causing genes involved in a broad range of cell biologic processes have 

been identified. These genes encode not only for tissue-specific proteins that are essential for 

the formation and maintenance of bone and cartilage, but also for proteins that have a more 

ubiquitous role such as regulating gene transcription, cell division, or intracellular transport 

[113]. In particular genes involved in skeletal dysplasias encode for ECM proteins, enzymes, 

cellular transporters, transcription factors, signal transducers, channel proteins, chaperones, 

cytoplasmic proteins, cilia, proteins involved in cell cycle, and chromatin modifying enzymes 

[66]. 

2.1 Desbuquois dysplasia 

Desbuquois dysplasia (DBQD) is a severe autosomal recessive chondrodysplasia, belonging to 

the skeletal diseases characterized by multiple joint dislocations (XX group) [113]. It’s a rare 

chondrodysplasia first described by Desbuquois et al. in 1966 [114], with the prevalence of 1 

to 1,000,000 birth in worldwide population. 

Patients affected by DBQD present severe growth retardation, which affects both the prenatal 

and postnatal ages, short stature, joint laxity, short extremities, and progressive scoliosis with 

consequent orthopaedic complications and ambulatory difficulties. Furthermore, it is also 

associated with characteristic facial dysmorphic features including flat round face, mid-face 

hypoplasia, short nose, microstomia, and microretrognathia [115]. 

There are some peculiar radiological features, fundamental for the diagnosis of the pathology, 

such as advanced ossification of the carpus and tarsus, progressive kyphoscoliosis and brevity 

of the long bones compared to the trunk with a particular deformity of the femoral head, called 
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"Swedish key". Other radiological features found in 90% or more of the patients are the flat 

acetabular roof, proximal fibular overgrowth, and elevated greater trochanter (Figure 10) [116]. 

The finding of specific radiological features could be useful to make a correct clinical diagnosis 

since Desbuquois dysplasia present some phenotypical aspect in common with other dysplasias 

including pseudodiastrophic dysplasia, diastrophic dysplasia, Catel-Manzke syndrome, and 

Larsen syndrome [116]. 

Furthermore, some specific hand anomalies are characteristic of patient affected by DBQD, 

such as an additional ossification centre, distal to the second metacarpal, the bifid distal phalanx 

of the thumb, phalange dislocations and the “delta phalanx”, an extra phalanx that causes the 

medial deviation of the last phalanx of the thumb (Figure 1.10) [117].  

 

 
Figure 1.10: Radiological features of Desbuquois dysplasia type 1.  
X-ray of patients with typical features of Desbuquois dysplasia type 1: (A) hand with advanced carpal 
ossification and delta phalanx, (B) metaphyseal irregularities of knee and horizontal acetabular roofs 
and (C) the “Swedish key” appearance of the proximal femur. (Adapted from Huber et al. 2009) [118]. 
 

Since DBDQ is clinically and phenotypically very heterogeneous and since the presence of the 

typical hand anomalies has been observed in one third to one half of DBDQ patients, two forms 

have been classified based on the presence or absence of this typical feature in Desbuquois 

dysplasia type 1 (DBQD1) and type 2 (DBQD2), respectively [119]. 

In addition, another milder variant of DBQD, named the Kim variant, characterized by almost 

normal appearing hands in infancy, but significant radiographic changes, including short 

metacarpals, elongated phalanges, and remarkably advanced carpal bone age has been 

described [118, 120]. 

DBDQ1 is caused by mutations in CANT1 gene that encodes for a calcium-activated 

nucleotidase 1 (CANT1), a Golgi protein whose physiological role has not been completely 

elucidated. The pathology displays a high lethality rate of more than 33%, due to respiratory 

failure [115] or cardiopulmonary complications caused by thorax hypoplasia [121]. Different 

CANT1 gene mutations have been identified in homozygous or compound heterozygous state 

including missense and nonsense mutations. Among them, the most frequent are Arg300Cys or 
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Arg300His substitutions in the apyrase domain. The genetic alterations co-segregate with the 

pathology and patients present different skeletal anomalies, due to an alteration of GAG 

glycosylation, depending on the mutation [115, 122].  

Desbuquois dysplasia type 2 is caused by mutations in the XYLT1 gene encoding for the enzyme 

xylosyltransferase 1 [117], involved in the earliest step of glycosaminoglycan synthesis. XYLT1 

mutations lead to a complete or partial loss of function of XYLT1 causing an impaired PG 

biosynthesis [123]. 

2.1.1. The calcium activated nucleotidase 1 (CANT1) 

CANT1 is a calcium-activated nucleotidase located in the endoplasmic reticulum and in Golgi 

apparatus. This enzyme preferentially catalyses the hydrolysis of uridine diphosphate (UDP) to 

uridine monophosphate (UMP) and phosphate [124]. Alternatively, it can hydrolyse guanosine 

diphosphate (GDP) and uridine triphosphate (UTP), with lower affinity [125].  

CANT1 is a member of the apyrase family and is homologous to apyrases present in the saliva 

of blood-sucking arthropods. They use apyrases to feed, hydrolysing extracellular nucleotides, 

such as adenosine diphosphate (ADP) that is a potent platelet activator, in order to inhibit 

haemostasis in their hosts [117, 126].  

Two forms of CANT1 protein, a membrane-bound, present in ER and Golgi apparatus, and a 

soluble secreted form [124, 125] have been identified in humans. Both forms show high activity 

when dimers are assembled and their activity could be modulated by calcium concentration 

[127].  

The CANT1 gene is located on chromosome 17. It consists of five exons resulting in three 

different transcripts. One of these encodes for CANT1, a protein of 401 amino acids containing 

eight nucleotidase conserved regions (NCR) [127]. A lot of missense and nonsense mutations 

in CANT1 gene, including a large deletion encompassing the 5' UTR region and exon 1, linked 

to Desbuquois dysplasia have been identified. All mutations are located in the NCR7-encoding 

region, which is highly conserved among related apyrases. Within the NCR7 domain there is a 

pentapetide composed of five positively and negatively charged amino acids alternately 

organized forming four salt bridges, involved in the catalytic site of CANT1 [122]. Mutations 

in this domain causing amino acid substitution lead to decreased enzyme activity. However, 

children with nonsense mutations also have cardiorespiratory abnormalities, leading to early 

death [122]. 

Since Desbuquois dysplasia share some phenotypic features with Diastrophic dysplasia and 

Larsen syndrome, both characterized by altered PG biosynthesis, it has been suggested that 
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CANT1 may play a role in PG metabolism. This was also confirmed by studies on fibroblasts 

of Desbuquois dysplasia patients, presenting reduced PG synthesis and GAGs with reduced 

size. Moreover, due to the nature of its substrate and its cellular localization, several studies 

have focused on the activity of CANT1 enzyme, in order to completely elucidate its role in 

proteoglycan biosynthesis [124].  

In the Golgi apparatus, CANT1 hydrolyses UDP, a by-product of glycosyltransferase reaction, 

preventing their inhibition. Moreover, UDP hydrolysis produces phosphate and UMP that 

ensures the correct functioning of the UMP/UDP-sugars antiporters and the entry of the latter 

into the Golgi apparatus. Once in the Golgi, UDP-sugars become the substrate of 

glycosyltransferases, enzymes responsible for the synthesis of GAGs (Figure 1.11) [117]. 

 

 
Figure 1.11: Schematic representation of CANT1 role in proteoglycan biosynthesis. 
UDP sugars are transported into the lumen of the Golgi apparatus, where sugars are transferred by 
specific glycosyltransferases to the growing GAG chains. CANT1 hydrolyses UDP, a by-product of 
glycosyltransferase reactions, in UMP and phosphate (Pi). Thanks to UDP hydrolysis, 
glycosyltransferase reactions are not inhibited by the product and UMP is exchanged with cytosolic 
UDP-sugars through an antiporter exchanger. (Adapted from Nizon et al. 2012) [119].  
 
Thus, impairment of CANT1 may cause increased UDP levels in Golgi apparatus, resulting in 

the inhibition of glycosyltransferase reactions and, reduced UMP levels, that affects UDP-sugar 

uptake in the Golgi, resulting in reduced PG synthesis [119].  

In addition to its role in glycosylation reactions, an involvement of CANT1 in protein folding 

and quality control has been demonstrated in neuroblastoma cell lines [128]. The existence of 

the soluble form of CANT1 in the extracellular environment, where also signalling nucleotides 

such as UDP and UDP-sugars are present, suggests a modulating function of cellular responses 

to extracellular signalling by the interaction of UDP with specific pyrimidinergic receptors of 

the P2Y family [129]. 

Therefore, CANT1 seems to have different functions depending on the cell type, but it has been 

observed that mutations causing a total or partial loss of the enzyme's catalytic activity in vivo 
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have phenotypic consequences mainly on the skeletal system, as in DBQD1, although CANT1 

is a ubiquitous enzyme [117]. 

2.1.2. The Cant1-/- mouse 

Bone or cartilage tissue biopsies from patients affected by DBQD1 are rarely available, thus to 

further study the physiological functions of CANT1 and the pathogenic mechanism of DBQD1, 

a Cant1 knock-out mouse was generated by the excision of exons 3 and 4 of the Cant1 gene, 

encoding for the active site of the enzyme. The homozygous knock-out (Cant1-/-) mice have 

been validated as an animal model of DBQD1 since they recapitulate the chondrodysplastic 

phenotype observed in DBQD1 patients (Figure 1.12) [117].  

In fact, Cant1-/- mice present growth retardation and reduced size compared to age matched 

wild-types. Moreover, X-ray analysis show moderate thoracic kyphosis and the presence of the 

“delta phalanx”, the typical hand anomaly described in DBQD1 patients [117]. 

 

 
Figure 1.12: Skeletal phenotype of Cant1 knock-out (Cant1−/−) mouse compared to wild-type 
(Cant1+/+).  
The Cant1−/− mouse is a knock-out mouse generated by the excision of exons 3 and 4 of the Cant1 gene. 
It recapitulates the chondrodysplastic phenotype of DBQD1 patients presenting (A) reduced size and 
growth retardation, (B) a moderate thoracic kyphosis and (C) the typical hand anomaly “delta phalanx”. 
(Adapted from Paganini et al. 2018)  [117].  
 

Morphometric analysis of three representative long bones (tibia, ilium and femur) of Cant1-/- 

mouse, confirmed growth retardation and suggested that deletion of the CANT1 gene leads to 

defects in the endochondral ossification process. In fact, in the tibial growth plate, the 

proliferative zone present a reduced area, despite the increased proliferation of chondrocytes 
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observed in the first two weeks of life. This is partly counterbalanced by increased cell apoptosis 

that occurs in the first week. The hypertrophic zone of the growth plate is also reduced, probably 

due to a defect in the terminal differentiation of the chondrocytes [117].  

Defects in chondrocyte homeostasis confirm the impaired endochondral ossification process 

accounting for the reduced size of long bones.  

Reduced PG synthesis, analyzed in primary chondrocyte cultures from rib cartilage of Cant1-/- 

and wild-type mice, was observed in Cant1-/- chondrocytes. These data were confirmed in vivo 

since a reduced amount of GAGs was detected in cartilage of Cant1-/- mice compared to wild-

type ones [117].  

Further in vitro experiments demonstrated GAG oversulfation and reduced hydrodynamic size 

in Cant1-/- chondrocytes compared to those extracted from wild-type cells [117].  

The reduced PG biosynthesis is a further confirmation of the phenotypic similarity of the Cant1-

/- mouse with human DBQD1, in which these alterations have been identified in patient 

fibroblasts [117, 119]. 

Overall these data demonstrated that Cant1-/- mouse is a good model to better understand the 

pathogenesis of DBQD1 and provide a final evidence of CANT1 involvement in PG 

biosynthesis in cartilage. 

2.2. Diastrophic dysplasia 

Diastrophic dysplasia (DTD) is a severe but usually nonlethal osteochondrodysplasia belonging 

to the sulfation disorder group (IV group) [113].  

The prevalence of this disease is around 1:100,000 births in worldwide population, but 

interestingly in the Finnish population, the prevalence is higher, reaching 1:33,000 births 

because of a founder effect [130].  

The disorder was first described in 1960 by Lamy and Maroteaux [131] with the term 

"diastrophic dwarfism", which refers to the deformities, such as the twisted and bent shape 

bones [131]. 

Patients affected by diastrophic dysplasia present short stature, with a mean adult height of 136 

cm for males and 129 cm for females [132], due to short trunk and severe short limbs, but a 

normal size head. In addition, distinctive features are bilateral clubfoot, cleft palate, 

characteristic hand deformities, deformities of the external ear and progressive kyphoscoliosis 

of the spine (Figure 1.13) [133]. 

Fingers are short and the abduction of the thumb, named "hitchhiker's thumb", is a peculiar 

feature of DTD patients. In addition, also toes are generally contracted and the first toe can 



Chapter I 

37 
 

show the same characteristic anomalies of the hand. These typical hand and foot deformities 

can be observed since the fifteenth or sixteenth weeks of gestation (Figure 1.13) [134]. 

In the first period of life, diastrophic dysplasia involves not only the skeleton, but also tendons, 

ligaments and joint capsules, which are more tense and shorter than normal, resulting in joint 

stiffness and reduced joint mobility [135]. 

Diastrophic dysplasia is a progressive disease. In young adults, degenerative arthrosis of the 

hip is quite common, causing pain and an anterior tilting of pelvis [136]. Additionally, the spine 

may develop excessive lumbar lordosis, thoracolumbar kyphosis, and scoliosis [137]. 

Moreover, brachydactyly, ulnar deviation, phalangeal synostosis, and ankylosis of fingers may 

cause significant disability. In addition to the skeletal abnormalities, mild muscle hypoplasia of 

the thighs and legs is quite common [138]. 

 

 
Figure 1.13: Patients affected by diastrophic dysplasia. 
DTD patients show growth retardation, short stature, kyphoscoliosis, painful osteoarthrosis and 
abduction of the thumb, named “hitchhiker's thumb”. 
 

In some cases, severe cervical kyphosis can lead to spinal cord compression [139], while mental 

development and intellect are not affected. Hearing and vision defects are rarely observed, 

although the tendency to myopia is quite frequent [140]. 

Over the years, a wide variability in phenotypic expression of diastrophic dysplasia has been 

observed, which can results in very severe conditions or mild forms of the disease, even within 

the same family. Consequently, the influence of other genetic or epigenetic factors on the 

phenotype has been hypothesized [141]. 

To date, there are no curative therapies for diastrophic dysplasia, but only symptomatic 

therapies aimed at improving life quality of patients. In fact, they have difficulties in moving 

and carrying out normal daily activities, not only due to reduced stature, deformation of the 

limbs and degeneration affecting the spine and joints, but also to the pain associated with these 

problems [142]. Furthermore, cartilage defects can cause complications in the respiratory tract, 
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auditory system and palate, leading to alterations in respiratory capacity and communication 

difficulties. Orthopaedic problems are treated with physiotherapy in order to reduce pain and 

maintain joint mobility, but often surgery is required. They are performed at young age due to 

the early onset of degeneration and to stem the pathology progression as much as possible, but 

quite often they have to be repeated several times [143].  

Diastrophic dysplasia is caused by mutations in the SLC26A2 gene that encodes for a 

sulfate/chloride antiporter present on the cell membrane, named SLC26A2 or diastrophic 

dysplasia sulfate transporter (DTDST). Mutations in SLC26A2 gene are associated with other 

three skeletal diseases with different severity, forming a wide spectrum of clinical phenotype 

[144]. 

2.2.1 Other skeletal dysplasia associated with SLC26A2 mutations  

Mutations in the SLC26A2 gene are related to the onset of four different forms of 

chondrodysplasia in humans including in order of decreasing severity achondrogenesis type 1B, 

atelosteogenesis type 2, diastrophic dysplasia and recessive multiple epiphyseal dysplasia 

[145]. 

Achondrogenesis type 1B (ACG1B) is the most severe form of SLC26A2 chondrodysplasias, 

lethal before or shortly after birth. The cause of prenatal death is unknown while in the live-

born foetuses, death is due to respiratory failure. The term "achondrogenesis" (Greek for “not 

producing cartilage”) refers to the lack of cartilage formation that characterizes this group of 

pathologies. Foetuses affected by ACG1B appear abnormal immediately at birth.  The excess 

of soft tissue in relation to the skeleton of reduced dimensions, give the new born a hydropic 

appearance and determine a disproportion between the almost normal-size head and the 

markedly reduced body length. The face appears flat, the neck rather short, the thorax narrow 

and the abdomen prominent. The limbs are markedly shortened with inturning of the hands and 

feet, similar to what occurs in DTD; in addition, the fingers and toes are short [146]. 

Atelosteogenesis type 2 (AO2) is a chondrodysplasia with intermediate severity between 

ACG1B and DTD. Affected foetuses present short limbs, abduction of feet, and the 

“hitchhiker's thumb”, typical of DTD patients. The disease is generally lethal at birth or shortly 

thereafter because of pulmonary hypoplasia due to the small rib cage [147]. The radiological 

features are similar to those found in DTD patients, with the addition, however, of a peculiar 

thinning of the distal humerus [148]. Before the first description of the pathology in 1987 by 

Sillence, it has been considered as a severe or lethal form of DTD, due to the many phenotypic 

similarities [149]. 
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Recessive multiple epiphyseal dysplasia (rMED or EDMA4) is the mildest form of 

chondrodysplasias caused by mutations in SLC26A2 gene.  Patients affected by rMED shares 

only a few phenotypic features with DTD, such as clubfoot and hip dysplasia at birth. At the 

same time, they present normal stature and do not show cleft palate, spinal deformity, and 

“hitchhiker's thumb”. During puberty, they develop hip pain and mild hand and feet 

deformations, as well as multiple epiphyseal dysplasia with double-layered patella on lateral 

knee [150].  

The classification of the different chondrodysplasias associated with mutations of SLC26A2 

gene occurs mainly on a clinical and phenotypic basis; in fact, a molecular classification would 

not be possible since all disorders are determined by mutations in the same gene. Furthermore, 

the phenotypic spectrum of these chondrodysplasias is highly variable and a continuous 

gradient of severity can be observed starting from very severe forms (ACG1B) to relatively 

benign conditions (rMED) [151]. Genotype-phenotype correlations can be identified, but the 

phenotypic severity of the disease is not only due the SLC26A2 mutations, since relevant 

phenotypic differences have been observed in patients presenting the same mutation [152]. 

2.2.2. Pathogenesis of SLC26A2 disorders  

As mentioned above, functional impairment of the SLC26A2 transporter can lead to the onset 

of four chondrodysplasias, causing changes in the composition, architecture and mechanical 

properties of cartilage extracellular matrix. In particular, impaired function of the SLC26A2 

transporter causes a reduced uptake of sulfate in chondrocytes.  The intracellular sulfate pool 

mainly comes from uptake of circulating sulfate that occurs through tissue specific carrier 

proteins, present on the cell membrane. Sulfate transporters have been identified in the intestinal 

epithelium, renal tubular epithelium, hepatocytes and fibroblasts [153]. Specifically, due to its 

negative charge, extracellular sulfate is transported to the cytoplasm through specific anion 

transporters, such as sulfate/chloride antiporter and sodium/sulfate symporter [154, 155].  

Among the different sulphate transporters, the diastrophic dysplasia sulfate transporter 

(DTDST) also defined SLC26A2 (solute carrier family 26 member 2), is a sulfate/chloride 

antiporter expressed in different tissues (Figure 1.14) [144]. 

In human, plasma concentration of sulfate is maintained at approximately 250–400 µM, by 

intestinal absorption and by kidneys, which filter sulfate in the glomerulus and then reabsorb it 

in the proximal tubule [154, 156]. Sulfate plasma concentration may vary according to several 

physiological conditions such as age [157] or diseases [158]. For example during pregnancy 
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[159], plasma level of sulfate increase while it decrease in some neurological diseases such as 

Alzheimer’s, Parkinson’s or moto neuron disease [160].  

Alternatively, intracellular sulfate comes in small amount from the catabolism of sulfur-

containing amino acids, such as cysteine and methionine, and other thiols or from the 

degradation of sulfated molecules through sulfatases (Figure 1.14) [66].  

 

 
Figure 1.14: Schematic representation of sulfate metabolism in cells. 
Intracellular sulfate level mainly depends on extracellular uptake through membrane transporters such 
as SLC26A2. In addition, a small amount of sulfate may come from the metabolism of sulfur-containing 
amino acids and thiols or from sulfatases in lysosomes. Once in cell, sulfate is activated to PAPS, the 
universal sulfate donor, by PAPS synthase II. PAPS moves to Golgi through different transporters, such 
as the solute carrier family 35B2 and B3 (SLC35B2 and SLC35B3), where it is used for macromolecular 
sulfation, especially GAGs, catalyzed by sulfotransferases (STs) [66]. 
 

The intracellular pool of sulfate in chondrocytes, mainly comes from the extracellular 

environment and only a small amount from the intracellular catabolism of thiols [154]. For this 

reason, a reduced intracellular sulfate content is found in cartilage of patients with diastrophic 

dysplasia, which cause the undersulfation of proteoglycans [161]. 

This leads to an impairment of the composition, architecture, signalling and mechanical 

properties of the cartilaginous ECM, since this tissue is particularly rich in PGs, which under 

normal conditions are highly sulfated. This condition results in the onset of chondrodysplastic 

phenotypes that exhibit a high degree of variability associated with residual sulfate transporter 

function. In fact, there is a correlation between the extent of PG undersulfation and different 

clinical phenotypes [152].  

Patient’s cartilage presents a reduced ECM volume, which corresponds to an increase in cell 

density. Furthermore, the lack of sulfated PGs leads to a reduced recall of water into the tissue 

and to collagen fibres unmasking [162].  

These data demonstrate that SLC26A2 is the main sulfate transporter in chondrocytes. 

However, it is still not well understood why only cartilage tissue shows impairments associated 
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with the presence of SLC26A2 mutations, while other PG-rich tissues such as the cornea show 

no abnormalities. This probably occurs because other cell types might use other sulfate sources 

or express different sulfate transporters on the cell membrane. For example in DTD patient 

renal tubular secretion and absorption are normal since these process depend by the presence 

of other transporters such as SLC13A1 and SLC26A1, as demonstrated by normal plasma and 

urine levels of sulfate [154]. 

The degree of functional impairment of SLC26A2 are related to mutations with different 

consequences on the protein; a strong correlation between the clinical phenotype of SLC26A2 

chondrodysplasias and the level of residual transport function has been demonstrated [163]. In 

fact, individuals with achondrogenesis 1B have null mutations on both SLC26A2 alleles, while 

heterozygotes for a null mutation and a partial loss of function mutation result in either 

atelosteogenesis type 2 or DTD; finally the milder, recessive multiple epiphyseal dysplasia 

phenotype is homozygous for partial loss of function mutations [150, 163].  

2.2.3. The sulphate/chloride antiporter SLC26A2 

The SLC26A2 gene coding sequence is organized into two exons, separated by an intron of 

approximately 1.6 kb and encodes for a protein of 739 amino acids [144]. The structure and 

function of this transporter has been clarified thanks to the homology of SLC26A2 with Sat-1 

or SLC26A1, a sulfate transporter present in rat hepatocytes [164]. Thus, the presence of twelve 

transmembrane domains and a hydrophobic domain in the C-terminal cytoplasmic portion, 

probably associated with the plasma membrane, has been inferred (Figure 1.15) [144]. 

SLC26A2 is a cell membrane transporter expressed in many tissues [165]; however, the main 

phenotypic consequences of its functional impairment are limited to bone and joints [166], in 

which a high sulfate requirement is fundamental for the production of highly sulphated PGs of 

the cartilage ECM. 

 
Figure 1.15: Schematic representation of the SLC26A2 transporter. 
Sulfate/chloride antiporter SLC26A2 is a cell membrane transporter composed of twelve transmembrane 
domains and a C-terminal hydrophobic membrane-associated domain [165]. 
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2.2.4 The dtd mouse 

The homozygous mutant mouse, named dtd mouse, is an animal model of human DTD.  

The transgenic mouse was generated by homologous recombination in embryonic stem cells. 

To obtain the A386V amino acid substitution in the transmembrane domain of the DTDST, a 

C1184T transition was introduced via site-directed mutagenesis into a cloned fragment of exon 

3. This missense mutation was already found at the homozygous state in a patient with 

diastrophic dysplasia [161]. 

The knock-in mouse, homozygous for the mutation, recapitulate the peculiar features of the 

DTD phenotype in human, presenting growth retardation, which leads to a reduced length of 

the long bones, thoracic kyphosis that causes deformities of the rib cage, bite overclosure and 

hip dysplasia (Figure 1.16) [161]. 

 

 
Figure 1.16: Morphological phenotype of dtd mouse compared to wild-type. The dtd mouse is a 
knock-in mouse harbouring the A386V substitution. It shows typical features of patients with DTD such 
as (A) short stature, growth retardation, (B) kyphosis and (C) hip dysplasia. (Adapted from Forlino et 
al. 2005) [161].  
 

Undersulfation of PG from dtd cartilage has been demonstrated at different ages. Even if there 

is a progressive increase in PG sulfation with aging, the alterations in cartilage are collective 

and a partial recovery of sulfation is not able to restore the pathological phenotype. PG 

undersulfation is caused by reduced sulfate uptake that has been observed in dtd chondrocytes, 

osteoblasts and fibroblasts cultures [161]. 

The overall architecture of the growth plate at birth and during the first 3 weeks of age is normal, 

with the presence of well-defined resting, proliferative and hypertrophic zones, even if 

chondrocytes of dtd mice present reduced and more variable size compared with wild-type cells. 

Disorganization of the growth plate is marked in adults, explaining the postnatal component of 

growth failure [161]. The formation of the secondary ossification centre shows a delay in 

mutant animals, indicating chondrocytes differentiation impairment. This hypothesis is further 

confirmed by reduced cell proliferation and apoptosis in the proliferative and hypertrophic 
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zones respectively of dtd mice growth plate. These data, together with the finding of reduced 

chondrocyte proliferation in vitro, suggest that reduced bone growth might be due to reduced 

chondrocyte proliferation and/or incomplete differentiation [161]. 

Moreover dtd mouse show an osteopenic phenotype. The indirect effect of abnormal cartilage 

on bone has been excluded, since PG undersulfation in dtd mice lead to an alteration in bone 

ECM causing an increase in osteoclasts resorption and reduction in osteoblast activity. Thus, 

the osteopenic phenotype is due to a primary bone defect [167]. 

In conclusion, the dtd mouse, recapitulating the skeletal phenotype of DTD patients, has been 

validated as a model to elucidate the pathogenesis of SLC26A2 disorders and to study potential 

pharmacological treatment for diastrophic dysplasia. 
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3. In vitro models 

Generation and characterization of in vivo models has fundamental importance in the study of 

skeletal diseases, in order to deeply investigate their pathogenesis and development. In fact, the 

analysis of genetically modified animals provides a powerful method to study the role of gene 

products in vivo. However, given the complexity of animal models, specific molecular aspects 

of bone and cartilage biology have been investigated in vitro using primary cell cultures and 

tumour or immortalized cell lines. The use of in vitro models has various advantages, since they 

are easier to manipulate, allow a tight control of the chemical and physical environment, are 

less expensive, and mostly reduce the use of laboratory animals. 

3.1. Primary cell cultures 

Primary cell cultures are directly isolated from animal model tissues or human biopsies and 

cultured in vitro. They are a powerful tool to investigate specific aspects of a pathology. The 

use of cell cultures to study chondrocyte activity in both normal and pathological conditions 

represent a well-defined but sometimes not appropriate approach. This is partly due to the low 

cellularity of the cartilage tissue, which limits the supply of chondrocytes for research purposes. 

Furthermore, if cartilage is of human origin, regulatory and ethical issues arise regarding the 

collection and use of human tissues. However, the main drawback of using primary chondrocyte 

cultures is the phenotype instability with increased time in culture [168]. Indeed, these cells 

tend to de-differentiate as demonstrated by the progressive reduction of the expression levels 

of the main chondrocyte markers (type II and type IX collagen, COMP) with passage in culture.  

In particular, they change from a round to a flattened fibroblast-like shape, and start to 

synthesise type I collagen instead of the cartilage-specific type II [169].  

For this reason, different culture systems have been studied to maintain the chondrocyte 

phenotype. Among these the high density aggregate culture methods [170] or the use of co-

culture of chondrocytes with mesenchymal stem cells [171]. However, even if these methods 

reduce the de-differentiation of primary chondrocytes, they do not guarantee the complete 

maintenance of their phenotype [170]. Thus, the use of three-dimensional gel culture systems 

have been introduced, with the aim of favouring the re-differentiation of de-differentiated 

chondrocytes; among these, gels containing hyaluronic acid [156], agarose [157], alginate 

[158], and a combination of alginate and collagen [159] have been described. These culture 

systems stabilize the cell phenotype, as demonstrated by the maintenance of the chondrocyte 

morphology and the high expression of type II collagen and PGs, mainly aggrecan. However, 
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none of these culture systems is able to overcome the limitation in cell supply, since cells do 

not proliferate [172]. 

3.2. Cell lines 

To overcome the limits of primary cell culture described above and study the biomolecular 

mechanisms underlying chondrogenesis in pathophysiological conditions, also different cell 

lines can be used. In general, the term “cell line” identifies a well-defined population of cells, 

which can be maintained in culture for a long period, preserving their functional and phenotypic 

stability. Generally, cell lines are clonal, meaning that the entire population originate from a 

single common ancestor cell that gives rise to a transformed cell population with an unlimited 

proliferative capacity. This characteristic may be due to an immortalization process performed 

in the laboratory or to the fact that the cell line derives from an animal or human tumorigenic 

source, establishing a tumour cell line. The use of cell lines has several advantages, as they are 

homogeneous cells, with well-defined characteristics, are easier to culture and they grow 

vigorously. Furthermore, the use of cell lines guarantees high reproducibile experiments. 

Among the tumour cell lines, a valid in vitro model is represented by ATDC5 cells, isolated 

from murine teratocarcinoma fibroblastic cells. These cells easily proliferate, maintaining an 

undifferentiated state during expansion. In this way, it is possible to obtain a huge number of 

cells to set up in vitro culture systems that reproduce chondrocyte condensation during in vivo 

chondrogenesis [173]. Furthermore, the ATDC5 cell line reproduces all the chondrogenic 

differentiation steps that occurs during the endochondral ossification process [174]. This is 

demonstrated, in the early differentiation stage, by the secretion of type II collagen, aggrecan 

and other ECM components. Subsequently, in the late stage of differentiation, these cells reach 

the hypertrophic phenotype, as demonstrated by the increase of type X collagen production, 

followed by extracellular matrix mineralization [173]. Due to these properties, ATDC5 cells 

have been used as an in vitro model for numerous studies, with the aim of investigating 

molecular defects of several pathological conditions affecting bone and cartilage tissue, such 

as, for example, aggrecanopathies [175]. 

Another chondrogenic cell line is the one derived from the Swarm rat chondrosarcoma (RCS). 

RCS tumour cells produce several macromolecules of hyaline cartilage ECM, including 

aggrecan, type II and type IX collagen, link protein, hyaluronic acid, COMP, and fibronectin. 

This cell line has been used to study the cartilage ECM, in particular to deeply investigate 

aspects related to the biosynthesis, organization and interaction of its components [176, 177]. 
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Furthermore, it has been used for the isolation and analysis of cartilage molecules, such as 

metalloproteases [178] and CD-RAP (Cartilage-derived retinoic acid-sensitive protein) [179]. 

3.3. Immortalized cell lines 

To obtain a surrogate model for the study of cartilage tissue biology, which preserve the 

chondrocytic phenotype, immortalized chondrocytes, derived from human controls or wild-type 

mice have been generated [168]. Immortalized cell lines consist of artificially manipulated cells 

that to proliferate indefinitely over time.  

To date, several immortalization strategies are known. The most used techniques involve the 

cell transfection with viral oncogenes, oncoproteins or the enzyme telomerase (TERT), which 

catalyses the synthesis of telomeric DNA starting from an RNA template [180]. Viral 

oncogenes can inhibit the cellular senescence process by inactivating the tumour suppressors 

p53 and pRb, the retinoblastoma protein. These two proteins are fundamental in cell cycle 

control, as they regulate the balance between proliferation and apoptosis. When these are 

inhibited, pro-apoptotic pathways are not activated, resulting in constitutive activation of the 

cell cycle and unlimited cell proliferation [181]. On the other hand, transfection with TERT, an 

enzyme physiologically absent or poorly expressed in primary cells, blocks cellular senescence 

by preventing the shortening of telomeres in the chromosomes, extending cell life [180].  

There are several methods of gene transfer used to introduce viral genes and proteins into cells. 

The most used are plasmid transfection or transduction with viral vectors. Plasmid transfection 

is an easier method, which allows to obtain a stable cell immortalization. 

The most common transduction approaches involve the use of viral vectors such as lentiviral 

and retroviral vectors. Lentiviral vectors derived from the Human Immunodeficiency Virus 

(HIV) can be used for efficient immortalization of dividing and non-dividing cells, which 

maintain cell differentiation even after the procedure. Retroviral vectors, such as Moloney 

Murine Leukemia Virus (Mo-MLV) derived vectors, have the main advantage of stable 

integration of the immortalization gene, which is also efficiently transmitted to the progeny, 

without activation of the immune response [182]. 

One of the most used viral vectors is the Simian Vacuolating Virus 40 (SV40), consisting of 

two proteins, the small T antigen (ST) and the large T antigen (LT). The latter is essential, as it 

is able to interact with p53, inhibiting its pathway and to pRb, hindering its binding to the 

transcription factor E2F, important in the progression of the cell cycle. Furthermore, LT is able 

to interact with TERT, leading to the formation of genetically stable cells [180]. Another 

frequently used viral vector is the Human Papilloma Virus (HPV), a small DNA virus. In 
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particular, the E6 oncoprotein, which causes telomerase enzyme activation and speed up p53 

degradation by the proteasome, and the E7 oncoprotein, which inactivate pRb, preventing its 

binding to E2F, are used. Finally, a further approach involves the use of oncogenes of myc 

family, which include the c-myc, N-myc, L-myc and B-myc genes. The c-myc oncogene can 

be used for immortalization alone, or in association with other oncoproteins or TERT [180]. 

Immortalized chondrocyte lines generated through these different strategies have been 

characterized with the aim of evaluating whether, in addition to providing a huge cell number 

they show a stable chondrocyte phenotype. The data available suggest that these cells maintain 

the chondrogenic differentiation, as demonstrated by the expression of type II collagen and PGs 

[183]. However, the phenotype stability can often be affected by the physicochemical 

conditions, such as temperature, humidity and CO2 levels or by the culture system used, whether 

monolayer or 3D and in the latter case, also by the biomaterial used as scaffold [168, 184, 185]. 

Immortalized cell lines can be further modified, by knocking down specific genes through RNA 

interference or gene editing. This approach is also used for other in vitro models, such as 

ATDC5 cells and Swarm rat chondrosarcoma cells illustrated above, in order to evaluate the 

involvement of specific gene products in pathological mechanisms of cartilage. Nonetheless, 

this approach has some limitations, since it requires further sub-culturing to obtain genetically 

modified clonal lines, with the risk of non-specific off-target effects [172]. 

A strategy to overcome the problems related to gene knock-down or knock-out may be to 

immortalize chondrocytes from mouse models of genetic skeletal disorders. This would provide 

a simple and well characterized in vitro model to study alterations in ECM protein synthesis 

and assembly, and putative skeletal diseases pathways [172]. 
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CHAPTER II 

Research objectives  

Skeletal dysplasias are a huge heterogeneous group of genetic diseases that mainly affect 

cartilage and bone. They are caused by mutations in different genes important for skeleton 

development, maintenance and turn-over including extracellular matrix proteins, enzymes, 

cellular transporters, transcription factors, signal transducers, channel proteins, chaperones, 

cytoplasmic proteins, cilia, proteins involved in cell cycle, and chromatin modifying enzymes. 

Since skeletal dysplasias are rare diseases affecting a small number of patients, skeletal tissue 

biopsies are rarely available, making difficult the elucidation of their molecular basis that 

nowadays are poorly understood.  

Therefore, different in vivo and in vitro models have been developed in order to study the 

biology of cartilage in normal and pathological conditions. Analysis of genetically modified 

mice and/or zebrafishes provides a strong approach to elucidate the role of gene products in 

vivo. However, due to the complexity of the animal model, in vitro studies are a powerful tool 

to investigate specific aspects of cartilage biology. Moreover, the use of in vitro models allows 

to reduce the number of sacrificed animals, according to the principle of the Three Rs 

(https://www.nc3rs.org.uk/), and the time for the experiments.  

Among cartilage ECM components, proteoglycans are the most abundant and fundamental 

proteins. They play several roles maintaining cartilage physical and mechanical properties; 

moreover, PGs can bind growth factors regulating chondrocyte proliferation and differentiation. 

Alteration in PG synthesis, due to mutations in genes encoding for the core proteins or enzymes 

and other proteins involved in this complex process, lead to the onset of genetic diseases most 

of them affecting cartilage. 

In this work, two different chondrodysplasias, in which proteoglycan synthesis is impaired, has 

been studied: Desbuquois dysplasia type 1 (DBQD1) and diastrophic dysplasia (DTD). In both 

disorders, PG glycosylation is affected at different levels: in DBQD1 GAG synthesis is 

impaired, while in DTD GAG sulfation is reduced. Our knowledge about the two disorders is 

different; the molecular basis of DBQD1, whose causative gene CANT1 has been discovered in 

2009 [122], are still far from complete. Conversely, our molecular understanding of DTD, 

whose causative gene SLC26A2 has been identified in 1994 [165], allows the identification of 

potential therapeutic approaches. 

Thus, in this work different in vivo and in vitro models, including primary and immortalized 

chondrocytes and two mouse models, have been used to pursue the following objectives: 
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I. the study of CANT1 role in PG processing and organelle homeostasis to clarify its 

involvement in Desbuquois dysplasia type 1 pathogenesis, using the Cant1-/- mouse, an 

animal model for the human disorder; 

II. the validation of immortalized Cant1-/- chondrocytes as an in vitro model to study 

specific aspects of CANT1 role in PG biosynthesis; 

III. the evaluation of a postnatal treatment with N-acetylcysteine in a mouse model of DTD 

to develop a new pharmacological treatment for this disease. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter III 

50 
 

CHAPTER III: Characterization of proteoglycan processing and Golgi 

homeostasis in a Cant1 knock-out mouse 

1. Aim of the work 

Desbuquois dysplasia type 1 is a rare recessive chondrodysplasia caused by mutations in 

CANT1 gene, encoding for a calcium-activated nucleotidase 1 of the Golgi apparatus [122]. 

To study the physiological role of CANT1 and to clarify its involvement in DBQD1 

pathogenesis, an animal model for the human disorder, the Cant1 knock-out mouse (Cant1-/-) 

was generated and characterized [117].  

Using the animal model, the role of CANT1 in PG biosynthesis was recently demonstrated, 

since reduced PG synthesis and oversulfated GAGs, with reduced hydrodynamic size, were 

observed in chondrocytes and cartilage from mutant animals [117]. Moreover, mutant 

chondrocytes in both primary cultures and cartilage showed dilated ER cisternae full of 

electrondense materials (Figure 3.1), suggesting delayed protein secretion and the presence of 

ER stress with the activation of the unfolded protein response (UPR) pathways. This hypothesis 

was not confirmed since the expression of the markers of canonical ER stress and UPR 

including Bip and ATF4 were normal and the spliced form of Xbp1 was not present [117]. 

  

 

Figure 3.1: ER enlargement in Cant1-/- chondrocytes.  
Transmission electron microscopy (T.E.M.) analysis of Cant1-/- and Cant1+/+ cartilage. Cant1-/- 
chondrocytes showed huge vacuoles and ER enlargement with the accumulation of electrondense 
material. Cant1-/- cartilage showed a less dense ECM compared to Cant1+/+ [117]. 



Chapter III 

51 
 

These observations suggested that the ER enlargement was not due to ER stress, but more likely 

to the impaired GAG synthesis in the Golgi.  

Based on these observations and hypothesis the aims of this work were: 

I. to further characterize the defect in PG biosynthesis by analysing the kinetics of PG 

secretion and the intracellular processing of aggrecan; 

II. to study the homeostasis of other organelles involved in chondrocyte proteostasis, in 

particular the Golgi apparatus by analysing the activation of its potential stress 

pathways, since CANT1 is mainly a Golgi protein and GAG synthesis occurs in this 

organelle. 
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2. Results 

2.1. Analysis of proteoglycan secretion in Cant1-/- chondrocytes 

The defects observed in PG synthesis linked to GAG quantity, oversulfation and hydrodynamic 

size and the ER enlargement observed in Cant1-/- chondrocytes suggested to further study their 

metabolism, considering PG secretion in the extracellular space by a pulse chase experiment. 

Primary chondrocytes extracted from the ribs of Cant1-/- and wild-type (Cant1+/+) mice were 

incubated with 35S-sulfate for 2 hours. At the end of the incubation, the medium was replaced 

with medium containing an excess of cold sulfate and cells were harvested at different time 

points: 0.5, 2.5 and 5 hours. The percentage of 35S-labelled PGs in the medium to total labelled 

PGs (in medium and cell layer) was measured for each time point. Results demonstrated a 

significant reduction in PG secretion in Cant1-/- chondrocytes compared with Cant1+/+ cells 

(Figure 3.2). 

 

 

Figure 3.2: Proteoglycan secretion is reduced in Cant1-/- chondrocytes. 
PG secretion was analyzed by a pulse chase experiment. Chondrocytes were metabolically labelled with 
35S-sulfate for 2 hour, and then the medium was replaced with medium containing cold sulfate. Cells 
were harvested after 0.5, 2.5, 5 hours, and the percentage of 35S-PGs in the medium to labelled PG in 
medium and cell layer was measured. Cant1-/- chondrocytes showed a delayed PG secretion compared 
with Cant1+/+ cells. Data are reported as mean ± standard deviation. Significance among samples was 
analyzed by Student’s t-test; * p < 0.05. n = 3 
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2.2. Analysis of total protein secretion in Cant1-/- chondrocytes 

The reduced PG secretion observed in Cant1-/- chondrocytes suggested a possible impairment 

of the secretion of all proteins synthesized by these cells. For this reason, total protein secretion 

was studied in primary cultures of chondrocytes extracted from the ribs of Cant1-/- and Cant1+/+ 

mice. In a pulse chase experiment, chondrocytes were incubated with medium containing a 

mixture of [35S]-cysteine and [35S]-methionine (Express 35S Protein Labeling Mix). After 1 hour 

incubation, the medium was replaced with medium containing an excess of cold cysteine and 

methionine and cells were harvested at different time points: 1, 2.5, 5 and 8 hours. The 

percentage of 35S-labeled proteins secreted in the medium to the total (medium and cell layer) 

was then measured for each time point. However, no differences in total protein secretion were 

observed in Cant1-/- chondrocytes compared to Cant1+/+ chondrocytes (Figure 3.3). 

 

 

Figure 3.3: Total protein secretion is not impaired in Cant1-/- chondrocytes. 
Total protein secretion was analyzed by a pulse chase experiment. Chondrocytes were labelled with 
[35S] Express Protein Labeling Mix, and then the medium was replaced with medium containing cold 
cysteine and methionine. Cells were harvested after 1, 2.5, 5 and 8 hours, and the percentage of 35S-
protein secreted in the medium to the total (medium and cell layer) was measured. Total protein secretion 
was not delayed in Cant1-/- chondrocytes compared with Cant1+/+ cells. Data are reported as mean ± 
standard deviation. Significance among samples was analyzed by Student’s t-test; n = 3. 

 

2.3. Analysis of aggrecan processing in Cant1-/- chondrocytes 

To further characterize the defect in PG secretion, the processing of aggrecan, the most 

expressed PG in cartilage, was analyzed by Western blots of cell lysates from Cant1-/- and 
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Cant1+/+ chondrocytes (Figure 3.4 A). Densitometric analysis of the aggrecan band, 

normalized to actin, demonstrated that the intracellular level of this PG was significantly higher 

in Cant1-/- chondrocytes compared to Cant1+/+ cells (p = 0.005) (Figure 3.4 B), suggesting the 

accumulation of this molecule in mutant cells. 

 

 

Figure 3.4: Intracellular aggrecan level is increased in Cant1-/- chondrocytes.  
(A) Cell lysates from Cant1-/- and Cant1+/+ chondrocytes were analyzed by Western blot, using a specific 
antibody against the aggrecan core protein. (B) Densitometric quantification of the bands demonstrated 
a significantly higher level of aggrecan in Cant1-/- chondrocytes compared to Cant1+/+ cells. The 
aggrecan band was normalized to the Actin band. The band intensity of Cant1+/+ samples was set to one 
and the expression of Cant1-/- samples was reported as a fold change. Data are reported as mean ± 
standard deviation of three independent experiments. Significance among samples was analyzed by 
Student’s t-test; ** p < 0.01; n = 3. 

 

Moreover, since GAG synthesis is a fundamental step in aggrecan post-translational processing, 

its glycosylation was investigated by Western blot analysis. Cell layer and medium proteins of 

primary Cant1-/- and Cant1+/+ chondrocytes were splitted into two aliquots, one digested with 

the chondroitinase ABC to unmask the epitope of the specific antibody by removing the GAGs 

linked to the aggrecan core and one undigested. Then samples were analyzed by Western blot, 

comparing the aliquot digested with chondroitinase ABC with the undigested one.  

An approximately 245 kDa band, corresponding to aggrecan core protein, was observed in 

medium samples, both Cant1-/- and Cant1+/+, digested with chondroitinase ABC, while no band 

was observed in all undigested samples (Figure 3.5 A). This result demonstrated that only 

glycanated aggrecan is secreted by Cant1-/- chondrocytes, as in Cant1+/+ cells, despite the defect 

in GAG synthesis.  

In Cant1-/- and Cant1+/+ cell layer samples a band corresponding to aggrecan core protein was 

observed in both digested and undigested aliquots (Figure 3.5 B). Densitometric analysis of 
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both aliquots demonstrated similar aggrecan band intensity, suggesting that aggrecan inside 

mutant (Cant1-/-) and wild-type cells was in the unglycanated form and that, once glycanated, 

it was immediately secreted in the extracellular space. 

 

Figure 3.5: Only glycanated aggrecan is secreted in Cant1-/- and Cant1+/+ chondrocytes.  
Medium (A) and cell layer (B) proteins from Cant1-/- and Cant1+/+ chondrocytes were analyzed by 
Western blot, using a specific antibody against the aggrecan core protein. Each sample was splitted into 
two aliquots, one digested with chondroitinase ABC (CHase ABC) and the other undigested. As loading 
controls total protein staining and an Actin antibody were used for medium and cell layer samples, 
respectively. (A) In Cant1-/- and Cant1+/+ medium samples, the band corresponding to aggrecan core 
protein was observed only in aliquots digested with chondroitinase ABC, demonstrating that only 
glycanated aggrecan was secreted. (B) In Cant1-/- and Cant1+/+ cell layer samples a band in both digested 
and undigested aliquots was observed; since the two bands had similar intensity, most aggecan inside 
cells was in the unglycanated form. Data are representative of three independent experiments. ACAN 
std = aggrecan core standard. 

 

2.4. Analysis of Golgi homeostasis in Cant1-/- chondrocytes 

The presence of morphological alterations of the endoplasmic reticulum, without activation of 

the UPR pathways, suggested to analyse other potential cellular stress conditions. In particular, 

we focused on Golgi homeostasis based on the observations that: i) there is a tight crosstalk 

between ER and Golgi, ii) CANT1 is mainly a Golgi protein and iii) GAG synthesis occurs in 

this organelle.  

Golgi homeostasis and morphology were investigated analysing the expression of the Golgi 

structural proteins GM130 and Golgin-97, cis and trans Golgi markers respectively. 

Chondrocytes cell lysates of Cant1-/- and Cant1+/+ cells were analyzed by Western blot using 

specific GM130 and Golgin-97 antibodies (Figure 3.6 A). Densitometric analysis of the bands 
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demonstrated a significant increase of GM130 expression in Cant1-/- chondrocytes compared 

with Cant1+/+ cells (p = 0.038) (Figure 3.6 B). An increase of Golgin-97 expression in Cant1-

/- chondrocytes compared with Cant1+/+ cells was observed even if the difference was not 

significant (p = 0.22) (Figure 3.6 C).  

 

 
Figure 3.6: Expression of Golgi marker was higher in Cant1-/- chondrocytes.  
(A) Western blot analysis of GM130 and Golgin-97, cis and trans Golgi marker respectively, was 
performed in Cant1-/- and Cant1+/+ chondrocyte cell lysates. Densitometric quantification of the bands 
demonstrated a significantly increased expression of GM130 (B) in Cant1-/- chondrocytes compared to 
Cant1+/+ cells, while an increase of Golgin-97 expression, even if not significant, was observed in Cant1-

/- chondrocytes (C). The GM130 and Golgin-97 bands were normalized to the Actin band. The band 
intensity of Cant1+/+ samples was set to one and the expression of Cant1-/- samples was reported as fold 
change. Data are reported as mean ± standard deviation of three independent experiments. Significance 
among samples was analyzed by Student’s t-test; * p < 0.05; n = 3. 

 

 

In order to confirm these data, the expression of the two Golgi markers was also studied by 

confocal microscopy (Figure 3.7 A). Quantification of the integrated fluorescence intensity 

demonstrated a significant increase of both GM130 (Figure 3.7 B) and Golgin-97 (Figure 3.7 

C) expression in Cant1-/- chondrocytes compared to Cant1+/+ cells (p = 0.009 and p = 0.04, 

respectively).  

Moreover, quantification of the area of GM130 (Figure 3.7 D) and Golgin-97 (Figure 3.7 E) 

fluorescence demonstrated a significant increase of the cis and trans Golgi dimensions in Cant1-

/- chondrocytes compared with Cant1+/+ cells (p = 0.0007 and p = 0.002, respectively). 
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Figure 3.7: Expression of Golgi marker was higher in Cant1-/- chondrocytes.  
(A) Immunofluorescence confocal microscopy of the cis and trans Golgi markers, GM130 and Golgin-
97, was performed in Cant1-/- and Cant1+/+ chondrocytes. Cells were double stained with antibodies 
against GM130 and Golgin-97. Quantification of the red (GM130) and green (Golgin-97) fluorescence 
demonstrated a significantly higher expression of GM130 (B) and Golgin-97 (C), respectively in Cant1-

/- chondrocytes compared with Cant1+/+ cells. The green and red fluorescence in Cant1+/+ cells was set 
to one and the expression of Cant1-/- samples was reported as fold change. Quantification of the red and 
green fluorescence area demonstrated a significant increase of the cis (D) and trans (E) Golgi 
dimensions, respectively in Cant1-/- chondrocytes compared with Cant1+/+ cells. The green and red 
fluorescence area in Cant1+/+ cells was set to one and the expression of Cant1-/- samples was reported 
as fold change. Data are reported as mean ± standard deviation of three independent experiments. 
Significance among samples was analyzed by Student’s t-test; * p < 0.05, *** p < 0.001; n = 3. Scale 
bars 7 µm. 
 

Overall this data, demonstrated that Golgi structure was altered in Cant1-/- chondrocytes, thus, 

Golgi homeostasis was investigated. To date, the molecular mechanisms of the Golgi stress 

response are poorly known; among them, activation and translocation into the nucleus of the 

transcription factor E3 (TFE3) has recently been described. Moreover, TFE3 activation is 

related to various cellular stress conditions. In normal conditions, TFE3 localizes in the cytosol 

and in presence of altered Golgi homeostasis, it is activated by dephosphorylation and 

translocates to nucleus, where it increases the expression of Golgi structural proteins, 

glycosylation enzymes and vesicular transport components.  

In order to investigate the activation of TFE3 pathway, its localization in primary Cant1-/- and 

Cant1+/+chondrocytes was analyzed by Western blot. Subcellular fractionation of chondrocyte 

cell lysates was performed to separate the cytosolic fraction, where the phosphorylated and 

inactive form of TFE3 is present, from the nuclear one, where TFE3 is active as a transcription 

factor. Then Western blot analysis of proteins from the total cell lysate, the cytosolic and the 
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nuclear fraction of Cant1-/- and Cant1+/+chondrocytes was performed using an antibody against 

TFE3 (Figure 3.8 A). Densitometric analysis demonstrated that the protein level of TFE3 in 

the Cant1-/- nuclear fractions was significantly increased compared to the Cant1+/+ ones (p = 

0.01), suggesting the activation of this transcription factor (Figure 3.8 B). Conversely there 

were no differences in TFE3 protein level in the cytosolic fraction (Figure 3.8 C) and the total 

cell lysate (Figure 3.8 D) of Cant1-/- and Cant1+/+chondrocytes. Since no difference in TFE3 

expression in the total cell lysate of Cant1-/- and Cant1+/+ cells was observed, the significant 

TFE3 increase in the nuclear fraction of mutant chondrocytes was due to its activation and not 

to its overexpression. 

 

Figure 3.8: TFE3 pathway was activated in Cant1-/- chondrocytes.  
(A) Western blot analysis of subcellular distribution of TFE3 was performed on protein extracted from 
the total cell lysate, cytosolic fraction and nuclear fraction. The subcellular fractionations were probed 
with antibodies against Histone H3, a nuclear marker and Actin, a cytosolic marker. Densitometric 
analysis of the bands demonstrated a significantly higher level of TFE3 in the nuclear fraction (B) of 
Cant1-/- chondrocytes compared to Cant1+/+ cells, even if no differences were observed in the total lysate 
(C) and in the cytosolic fraction (D). The TFE3 band was normalized to the Histone H3 band for the 
total lysate and nuclear fraction samples, while to the Actin band for the cytosolic fraction samples. The 
band intensity of Cant1+/+ samples was set to one and the expression of Cant1-/- samples was reported 
as fold change. Data are reported as mean ± standard deviation of three independent experiments. 
Significance among samples was analyzed by Student’s t-test; * p < 0.05; Representative images of n = 
3 biological replicates. 
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To confirm the activation of TFE3 pathway, confocal analysis of Cant1-/- and Cant1+/+ 

chondrocytes was performed using specific antibodies against TFE3, in order to study its 

subcellular distribution (Figure 3.9 A). Quantification of TFE3 fluorescence in the nucleus of 

both Cant1-/- and Cant1+/+ chondrocytes demonstrated that there is a significant increased level 

of TFE3 in the nucleus of Cant1-/- chondrocytes compared with Cant1+/+ cells (p = 0.03). 

Moreover, in mutant and wild-type chondrocytes the nuclear TFE3 levels was significantly 

lower compared to a positive control made by chondrocytes treated for 6 hours with 5 µM 

monensin, a Golgi stress inducer (Figure 3.9 B). 

 

 

Figure 3.9: TFE3 pathway is activated in Cant1-/- chondrocytes.  
(A) Cells were double stained with a TFE3 antibody and with DAPI and confocal microscopy analysis 
of the subcellular distribution of TFE3 in Cant1-/- and Cant1+/+ chondrocytes was performed. (B) 
Quantification of the nuclear green fluorescence demonstrated a significant nuclear translocation 
increase of TFE3 in Cant1-/- chondrocytes compared with Cant1+/+ cells. Cant1+/+ cells treated with 5 
µM monensin for 6 hour were used as positive control. The green fluorescence in nuclei of the positive 
control was set to one and the expression of Cant1-/- and Cant1+/+ samples was reported as fold change. 
Data are reported as mean ± standard deviation of three independent experiments. Significance among 
samples was analyzed by Student’s t-test; * p < 0.05, *** p < 0.001; n = 3. Scale bars 50 µm. 
 

To further confirm the nuclear translocation of TFE3 in mutant cells, immunofluorescence 

analysis was also performed after cells incubation for 20 hours with 1 mM p-nitrophenyl β-D-

xylopiranoside (β-D-xyloside), an enhancer of GAG synthesis (Figure 3.10 A). Also in this 

culture condition, a significant increased nuclear translocation of TFE3 in Cant1-/- chondrocytes 

compared with Cant1+/+ cells was observed (p = 0.024), as already detected in basal conditions. 

Moreover, a significant lower level of TFE3 was detected in the nucleus of both Cant1-/- and 

Cant1+/+ chondrocytes compared to the positive control (Figure 3.10 B). 
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Together these results demonstrated the activation of TFE3 pathway in Cant1-/- chondrocytes. 

 

 
 

Figure 3.10: TFE3 pathway is activated in Cant1-/- chondrocytes after incubation with p-
nitrophenyl β-D-xylopiranoside.  
(A) Cant1-/- and Cant1+/+ chondrocytes were treated with 1 mM β-D-xyloside for 20 hours and cells 
were analyzed by confocal microscopy after double staining with a TFE3 antibody and DAPI.  
(B) Quantification of the green fluorescence in the nucleus demonstrated a significant increased nuclear 
translocation of TFE3 in Cant1-/- chondrocytes compared with Cant1+/+ cells. Cant1+/+ cells treated with 
5 µM monensin for 6 hour were used as positive control. The green fluorescence in the nuclei of the 
positive control was set to one and the expression of Cant1-/- and Cant1+/+ samples was reported as fold 
change. Data are reported as mean ± standard deviation of three independent experiments. Significance 
among samples was analyzed by Student’s t-test; * p < 0.05, *** p < 0.001; n = 3. Scale bars 50 µm. 
 

2.5. Analysis of lysosomal activation in Cant1-/- chondrocytes 

To further study the homeostasis of organelles involved in cellular proteostasis, lysosome 

analysis was performed studying the expression of the lysosomal marker LAMP1 (lysosome-

associated membrane protein 1) in Western blots of lysates from primary Cant1-/- and 

Cant1+/+chondrocytes (Figure 3.11 A). Densitometric analysis of the bands demonstrated a 

significant decreased expression of LAMP1 in Cant1-/- chondrocytes compared to Cant1+/+ cells 

(p = 0.022) (Figure 3.11 B). 
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Figure 3.11: Expression of LAMP1 was decreased in Cant1-/- chondrocytes.  
(A) Western blot analysis of LAMP1 was performed in Cant1-/- and Cant1+/+ chondrocytes. 
Densitometric analysis demonstrated a significant decreased level of LAMP1 in Cant1-/- chondrocytes 
compared with Cant1+/+ cells (B). LAMP1 was normalized to the Actin band. LAMP1 level in Cant1+/+ 
samples was set to one and the expression of Cant1-/- samples was reported as fold change. Data are 
reported as mean ± standard deviation of three independent experiments. Significance among samples 
was analyzed by Student’s t-test; * p < 0.05; n = 3. 
 
To confirm these data, the expression of LAMP1 in Cant1-/- and Cant1+/+ chondrocytes was 

also analyzed by immunofluorescence microscopy (Figure 3.12 A). Quantification of the 

integrated intensity demonstrated a significant decreased expression of LAMP1 in Cant1-/- 

chondrocytes compared to Cant1+/+ cells (p = 0.011) (Figure 3.12 B).  

 

Figure 3.12: Expression of LAMP1 was decreased in Cant1-/- chondrocytes.  
(A) Confocal microscopy analysis of the lysosomal marker LAMP1 was performed in Cant1-/- and 
Cant1+/+ chondrocytes. Cells were stained with a LAMP1 antibody. (B) Quantification of the green 
fluorescence demonstrated a significant decreased expression of LAMP1 in Cant1-/- chondrocytes 
compared with Cant1+/+ cells. The green fluorescence in Cant1+/+ cells was set to one and the expression 
of Cant1-/- samples was reported as fold change. Data are reported as mean ± standard deviation of three 
independent experiments. Significance among samples was analyzed by Student’s t-test; * p < 0.05; n 
= 3. Scale bars 10 µm. 
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3. Discussion 
Desbuquois dysplasia type 1 (DBDQ1) is a rare recessive chondrodysplasia caused by 

mutations in CANT1 gene, encoding for calcium-activated nucleotidase 1 of the Golgi 

apparatus.  

To define the physiological role of CANT1 and better understand the pathophysiology of 

DBQD1, a mouse model for the disease, the Cant1 knock-out (Cant1-/-) mouse, was generated 

and validated. The mutant mouse recapitulated the chondrodysplastic phenotype of DBQD1 

patients presenting reduced size, growth retardation and typical hand anomalies such as the 

“delta phalanx” [117]. 

Using the animal model, the role of CANT1 in proteoglycan biosynthesis was demonstrated, 

since reduced PG synthesis and oversulfated GAGs, with reduced hydrodynamic size, were 

observed in chondrocytes and cartilage from mutant  (Cant1-/-)  animals. Reduced PG synthesis 

was already observed in fibroblast cultures from patients affected by DBDQ1, confirming also 

at the biochemical level that the Cant1-/- mouse was reminiscent of the human disorder [117].  

Moreover, as already reported in fibroblast from patients, mutant mice chondrocytes, in both 

primary cultures and cartilage, showed dilated ER cisternae full of electrondense materials, 

suggesting potential protein retention and delayed secretion [117].  

To further characterize the defect in PG biosynthesis, in this work, the kinetics of PG secretion 

was investigated, in chondrocytes extracted from the cartilage of Cant1-/- and wild-type mice. 

With a pulse chase experiment, in which PG were metabolically labelled with 35S-sulfate, the 

ratio between PGs secreted in the medium and total PGs (medium and cell-layer) was measured 

at different time points. The data demonstrated a significant reduction in PG secretion in Cant1-

/- chondrocytes compared to Cant1+/+ cells, confirming our hypothesis.  

To further characterize the defect in PG secretion, the processing of aggrecan, the most 

expressed PG in cartilage ECM, was analyzed by Western blot of cell lysates from Cant1-/- and 

Cant1+/+ chondrocytes. The data demonstrated that the intracellular level of aggrecan was 

significantly higher in Cant1-/- chondrocytes compared to Cant1+/+ cells, confirming the defect 

already observed in PG secretion and suggesting the retention of this molecule in mutant cells. 

The delay in PG secretion suggested to check a potential delay in protein secretion. This process 

was analyzed in Cant1-/- and Cant1+/+ chondrocytes by a pulse chase experiment using 35S 

Express Protein Labeling mix. The hypothesis was not confirmed since no differences between 

mutant and wild-type samples were observed.  
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Overall these data, suggested that the delayed PG secretion was probably related to impaired 

glycosylation in Golgi, a process in which CANT1 is involved.  

All these observations suggested to further study aggrecan glycosylation, since GAG synthesis 

is a fundamental step in its post-translational processing. In fact, it has been reported that defects 

in PG glycosylation may lead to the secretion of unglycanated PG species: in a patient with a 

progeria-like syndrome and signs of Ehlers-Danlos syndrome, the defect in 

galactosyltransferase I, that catalyses the second glycosyl transfer reaction in the assembly of 

the dermatan sulfate growing chain, results in the secretion of an unglycanated core protein 

[186]. Moreover, in other skeletal dysplasias such as the gerodermia osteodysplastica and the 

Saul-Wilson syndrome, defects in decorin glycanation, related to an altered Golgi-dependent 

glycosylation, have been reported [104, 106]. Thus, proteins extracted from medium and cell-

layer of primary Cant1-/- and Cant1+/+ chondrocytes, were analyzed by Western blot using a 

specific antibody, which recognizes an epitope on the aggrecan core protein. Results 

demonstrated that, despite the defects observed in GAG synthesis, only glycanated aggrecan 

was secreted by Cant1-/- chondrocytes, as in Cant1+/+ cells. Moreover, aggrecan inside cells 

was mostly in the unglycanated form and, once glycanated, it was immediately secreted in the 

extracellular space. 

As previously observed, the presence of morphological alterations of the endoplasmic reticulum 

in Cant1-/- chondrocytes was not associated to the presence of ER stress and activation of the 

canonical UPR pathways since the expression of the specific markers of canonical ER stress 

and UPR, including Bip and ATF4 was normal and the spliced form of Xbp1 was not present 

[117].  

Alterations in the structure of the ER without the activation of ER stress pathways, have also 

been described in other skeletal dysplasias such as Achondrogenesis 1A or the Dyggve-

Melchior-Clausen syndrome, as a consequence of defects in Golgi microtubule-associated 

protein 210 (GMAP-210) and dymeclin, both Golgi proteins involved in intracellular 

trafficking [103, 105]. 

Thus, we focused our attention on this organelle since there is a close cross-talk between the 

Golgi and the ER, CANT1 is mainly a Golgi protein and GAG synthesis occurs in this organelle. 

Therefore, Golgi homeostasis and morphology were investigated analysing the expression of 

two Golgi structural proteins GM130 and Golgin-97, cis and trans Golgi markers, respectively. 

Western blot analysis of proteins extracted from Cant1-/- and Cant1+/+ chondrocytes 

demonstrated an increase of the expression of the two Golgi markers, even if only GM130 

expression was significant. These data were confirmed by confocal microscopy analysis: the 
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quantification of red (GM130) and green (Golgin-97) fluorescence demonstrated a significant 

increase of the expression of the two Golgi markers in Cant1-/- chondrocytes. Moreover, the 

fluorescence area of the two signals was measured and the results demonstrated a significant 

increase of this parameter for both markers, suggesting a 30-35% increase of the cis and trans 

Golgi in mutant chondrocytes. Despite this, the Golgi architecture was not altered in mutant 

chondrocytes since there was no Golgi fragmentation and no collapsed stacks. This result was 

also confirmed by the observation that there was no colocalization between the Golgi cis and 

trans signals. 

However, the overexpression of the Golgi markers and the increase of Golgi dimension 

suggested the presence of altered Golgi homeostasis in Cant1-/- chondrocytes. To date, the 

molecular pathways of the Golgi stress are still poorly known, in contrast to those of the ER 

stress. Golgi stress, as well as ER stress, activates different autoregulatory homeostatic 

mechanisms, with the aim of increasing organelle function in response to cellular needs, such 

as the increased load of proteins that need to be modified after translation [97]. Several 

pathways involved in Golgi stress have recently been proposed. 

The TFE3 pathway regulates the general functions of the Golgi apparatus, the pathway linked 

to PG glycosylation and sulfation, essential in the biosynthesis of PGs, the cAMP response 

element-binding protein 3 (CREB3) pathway stimulates apoptosis, while the heat shock protein 

47 (HSP47) pathway has an anti-apoptotic function [187].   

In particular, the TFE3 pathway was analyzed due to the increased expression of the Golgi 

markers observed in mutant chondrocytes and its involvement in several Golgi functions, 

including the glycosylation process and vesicular transport [187].  

In normal condition, TFE3 is present in the cytosol in the phosphorylated and inactive form and 

can be activated, in different cell stress conditions, including the accumulation of incorrectly 

glycosylated PGs within the Golgi [188]. When dephosphorylated, TFE3 translocates to the 

nucleus, where, after binding to enhancer elements, it activates the expression of different genes 

depending on the type of cellular stress.  

In particular, when Golgi homeostasis is altered, TFE3 in the nucleus binds the Golgi apparatus 

stress response element (GASE), activating the transcription of genes encoding for Golgi 

structural proteins (such as GM130 or giantin), glycosylation enzymes and components of 

vesicle transport [188]. 

Therefore, the activation of this pathway was investigated analysing the localization of TFE3 

in Cant1-/- and Cant1+/+ by Western blot. Subcellular fractionation of chondrocyte cell lysates 

was performed to separate the cytosolic fraction, where the phosphorylated and inactive form 
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of TFE3 is present, from the nuclear one, where TFE3 is active as a transcription factor. Western 

blot analysis showed a significant higher level of TFE3 in the nuclear fraction of mutant 

chondrocytes compared to wild-types, suggesting the activation of this transcription factor.  

Conversely, there were no differences in TFE3 protein level in the cytosolic fraction and the 

total cell lysate of Cant1-/- and Cant1+/+chondrocytes demonstrating that the significant TFE3 

increase in the nuclear fraction of mutant chondrocytes was due to its activation and not to its 

overexpression. 

To confirm the activation of TFE3 pathway, confocal microscopy analysis of Cant1-/- and 

Cant1+/+ chondrocytes was performed, in order to study its subcellular distribution. For this 

experiment, wild-type cells treated with 5 µM monensin, a Golgi stress inducer for the TFE3 

pathway, were used as positive control. Monensin is a ionophore that antiports Na+ and H+, 

which neutralizes the Golgi pH causing a reduced activity of Golgi proteins, that require an acid 

environment. Treatment with monensin results in functional impairment of Golgi enzymes; 

moreover, the Golgi becomes swollen and expanded because of the influx of water and the 

accumulation of secretory proteins [188].  

Quantification of fluorescence integrated intensity confirmed the significant nuclear 

translocation of TFE3 in mutant chondrocytes, confirming the activation of this pathway. 

However, TFE3 activation was significantly lower in the nucleus of both mutant and wild-type 

chondrocytes, compared to the positive control, in agreement with the observation that the 

morphology of the Golgi was not dramatically altered. 

Lastly, to further confirm TFE3 nuclear translocation in mutant cells, immunofluorescence 

analysis was also performed after incubation of cells for 20 hours with 1 mM p-nitrophenyl β-

D-xylopiranoside (β-D-xyloside), an enhancer of GAG synthesis that, as other xylosides, causes 

Golgi fragmentation and the activation of TFE3 pathway [188]. Results confirmed what already 

observed in basal conditions, a significant nuclear translocation of TFE3 in mutant 

chondrocytes, demonstrating the activation of the Golgi stress response.  

These data suggested that the increased expression of the two Golgi markers, GM130 and 

Golgin-97, in mutant cells might be linked to the activation of the TFE3 pathway which 

increases the expression of genes encoding for Golgi structural proteins [188], in order to 

enhance its function. 

To further study the homeostasis of the organelles involved in chondrocyte proteostasis, 

lysosomal activation was analyzed studying the expression of the lysosomal marker LAMP1 

(lysosome-associated membrane protein 1) by Western blot and immunofluorescence. Results 
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demonstrated a significant decreased expression of LAMP1 in mutant chondrocytes, suggesting 

a lower lysosomal activation in Cant1-/- cells.  

In the literature, TFE3 has been described as a promoter of lysosomal activation. In fact, once 

activated and translocated to the nucleus, TFE3 can bind the coordinated lysosomal expression 

and regulation (CLEAR) motifs, activating genes associated with lysosomal biogenesis and 

autophagy [189, 190]. However, this occurs during starvation or ER stress, different conditions 

from those occurring in Cant1-/- chondrocytes. In fact, two different pathways of TFE3 

activation have been described in different cell stress situations. Starvation or ER stress cause 

the activation of TFE3 through dephosphorylation on Ser321, resulting in the increased 

expression of genes associated with lysosomal biogenesis and autophagy [189]. Conversely 

Golgi stress causes the activation of TFE3 through the dephosporilation on Ser108, resulting in 

the enhanced expression of genes involved in the regulation of Golgi function [188].  

In conclusion, in this work the analysis of PG metabolism in Cant1-/- chondrocytes was 

completed, demonstrating a reduced PG secretion, confirmed by the accumulation of aggrecan 

inside mutant cells. However, the delayed PG secretion was not associated with a delay in total 

protein secretion, but it was probably related to impaired PG glycosylation in the Golgi. 

Although Cant1-/- chondrocytes synthesize shorter and oversulfated GAGs compared to wild-

type cells [117], it has been demonstrated that only glycanated aggrecan is secreted by Cant1-/- 

chondrocytes, as in wild-type cells. Alteration in the structure of the ER, without activation of 

ER stress, suggested that the ER enlargement might be due to impaired GAG synthesis in the 

Golgi. Thus, the studies on Golgi homeostasis demonstrated an increase of the cis and trans 

Golgi dimensions and an overexpression of Golgi structural proteins GM130 and Golgin-97 in 

mutant chondrocytes, suggesting alteration in Golgi homeostasis. Thus, by analysing TFE3 

nuclear localization, the activation of one of the three putative Golgi stress response pathways 

was demonstrated. To date, Golgi stress represents a still partially unexplored field. The study 

of molecular pathways underlying Golgi stress could lead to increasing knowledge of the 

molecular basis of diseases, such as Desbuquois dysplasia type 1, paving the way for 

development of new therapies. 
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4. Materials and Methods 

4.1. The Cant1-/- mouse model 

The mouse model of Desbuquois dysplasia type 1, previously generated in the laboratory of 

Prof. A. Rossi, is a knock-out mouse for the Cant1 gene obtained by excision of exons 3 and 4, 

encoding for the active site of the enzyme [117]. In this work, wild-type (Cant1+/+) and 

homozygous Cant1 knock-out mice (Cant1-/-), with a C57B1/6Jx129/SV background, were 

used. To discriminate mutant from wild-type animals, mice were genotyped by polymerase 

chain reaction (PCR) using genomic DNA extracted from mouse tail clips. 

Animals were bred with free access to water and standard pelleted food. Care and use of animals 

for the work described in this thesis complied with relevant animal welfare institutional 

guidelines and protocols were approved by the Animal Care and Use Committee of the 

University of Pavia and the Ministry of Health. 

4.2. Extraction of rib chondrocytes 

Cant1-/- and Cant1+/+ chondrocytes were extracted from rib cartilage of 4 days old mice. Mice 

were sacrificed and their thoracic cage was harvested and digested with 2 mg/ml collagenase 

type II (Invitrogen) in Dulbecco's modified Eagle's medium (DMEM, Sigma) at 37°C for 90 

minutes, to remove intercostal muscles. Then, cartilages were dissected from each rib, using 

the dissecting microscope, and digested with 2 mg/ml collagenase type II in DMEM with 10% 

foetal bovine serum (FBS, Euroclone) at 37°C overnight. Released chondrocytes were plated 

and cultured in DMEM with 10% FBS and antibiotics at 37°C in a humidified atmosphere 

containing 5% CO2. 

4.3. Analysis of proteoglycan secretion 

Proteoglycan secretion was analyzed by a pulse chase experiment. Cant1-/- and Cant1+/+ 

primary chondrocytes were plated in 24-well plates at a cell density of 50 kcells/well in DMEM 

10% FBS. After 24 hours, the medium was discarded and chondrocytes were labelled with 30 

µCi/well of 35S-sulphate (PerkinElmer) for 2 hours in Minimum Essential Medium (MEM, 

Sigma) without FBS at 37°C in 5% CO2. At the end of the labelling period, the medium was 

removed, cells were incubated in MEM without FBS containing 5 mM cold sulfate for different 

chase times: 0, 0.5, 2.5 and 5 hours, as previously described [191]. At each time point, cell layer 

and medium were collected separately. To each medium sample, an equal volume of 0.2 M 

sodium acetate, pH 5.8, containing 2% Triton X-100, 8 M guanidinium chloride and protease 
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inhibitors (4 mM EDTA, 10 mM benzamidine and 2 mM N-ethylmalemide (NEM) was added. 

Each cell layer sample was scraped in 0.1 M sodium acetate, pH 5.8, containing 2% Triton X-

100, 4 M guanidinium chloride and protease inhibitors. PD MiniTrap G-25 columns (GE 

Healthcare) were used to remove 35S-sulfate from both medium and cell layer samples, 

separately. To equilibrate columns and elute samples, 50 mM sodium acetate, pH 6.0, 

containing 4 M guanidinium chloride and 0.5% Triton X-100 was used. In each gel filtration, 

the first filtered fraction V0, containing the proteoglycans, was collected and 35S-radioactivity 

was measured by scintillation counting. For each time point, the percentage of 35S-radioactivity 

in the medium to the total counts (medium and cell layer) was measured. 

4.4. Analysis of total protein secretion 

Total protein secretion was analyzed in primary cultures of Cant1-/- and Cant1+/+ chondrocytes 

by a pulse-chase experiment. Chondrocytes were plated in 24 well-plates at a cell density of 50 

kcell/well in DMEM 10% FBS. After 24 hours, the medium was discarded and replaced with 

DMEM without FBS containing 90,5 µCi/ml of EXPRESS35S Protein Labeling Mix 

(PerkinElmer) containing both (35S-L-methionine and 35S-L-cysteine) and cells were incubated 

at 37°C in 5% CO2 for 1 hour. At the end of the labelling period, the medium was replaced with 

DMEM without FBS containing an excess of cold cysteine and methionine and cell were 

incubated at 37°C in 5% CO2 for different chase time: 1, 2.5, 5 and 8 hours. At each time point, 

medium was collected in an eppendorf containing 10 mg/ml albumin in PBS and 10x protease 

inhibitors (40 mM EDTA, 0.1 M benzamidine and 20 mM NEM). Then RIPA Buffer (150 mM 

sodium chloride, 1% IGEPAL CA-630, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, 

containing 10 mM benzamidine, 2 mM NEM, 4 mM EDTA) was added to cells and the cell 

lysate was collected in an eppendorf containing 10 mg/ml albumin in PBS. Medium and cell 

layer proteins were precipitated in 10% trichloroacetic acid (TCA) on ice for 30 minutes, 

samples were centrifuged at 12,000 rpm for 10 minutes at 4°C and the pellet was washed with 

acetone. The pellet was solubilized in 100 mM Tris-HCl, pH 6.8, containing 2% SDS at 50°C 

overnight and radioactivity was then measured by liquid scintillation counting. For each time 

interval, the percentage of radioactivity in the medium to the total (medium and cell layer) was 

measured. 

4.5. Sample preparation for Western blot 

4.5.1 Aggrecan extraction 
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Chondrocytes were plated in 60 mm diameter petri dishes at a cell density of 1,500 kcell/petri 

in DMEM with 10% FBS and incubated at 37°C in 5% CO2. Two days after seeding, cells were 

incubated in DMEM without FBS at 37°C in 5% CO2 for 24 hours. The medium was then 

harvested, centrifuged at 2,000 rpm for 10 minutes and the supernatant was ultrafiltered with 

Amicon Ultra 4mL Centrifugal Filter unit (10 kDa cut-off, Merck Millipore), at 4200 x g for 

10 minutes. The Centrifugal Filter unit was then washed with 0.1 M ammonium acetate, pH 

7.35, centrifuged at 4200 x g for 10 minutes and the concentrated retained solution was 

recovered in an Eppendorf tube. The cell layer was scraped in PBS, centrifuged at 12,000 x g 

for 5 minutes at 4 °C and the pellet was resuspended in RIPA lysis buffer and solubilized with 

3 cycles of freezing and thawing. Lysates were then centrifuged at 12,000 x g for 5 minutes at 

4 °C and the supernatant was diluted with 0.1 M ammonium acetate, pH 7.35. Samples were 

ultrafiltered with Amicon Ultra 0.5mL Centrifugal Filter unit (10 kDa cut-off, Merk Millipore) 

at 9000 x g for 10 minutes. To recover the concentrated retained solution, the Filter Unit was 

placed upside down in a new collection tube and centrifuged at 10,000 x g for 5 minutes. The 

cell layer and medium samples were lyophilized. Samples were then resuspended in 0.1 M 

ammonium acetate pH 7.35 and divided into two aliquots: one aliquot was digested with 40 mU 

of chondroitinase ABC (Seikagaku) in 0.1 M ammonium acetate pH 7.35 (Chase ABC digested 

aliquot), while only 0.1 M ammonium acetate pH 7.35 was added to the other aliquot (Chase 

ABC not digested aliquot) and all samples were incubated overnight at 37°C. Samples were 

then lyophilized, resuspended in electrophoresis sample buffer (62.5 mM Tris-HCl, 2% SDS, 

10% glycerol, 0.01% bromophenol blue) containing 5% β-mercaptoethanol and denatured at 

90°C for 10 minutes. Once cooled, vortexed and spinned, samples were analyzed by Western 

blot. 

4.5.2. Total protein extraction 

Cant1-/- and Cant1+/+ chondrocytes were plated in a 60 mm diameter petri dish in DMEM with 

10% FBS at a cell density 1,500 kcell/petri and incubated at 37°C in 5% CO2. After 3 days, 

cells were scraped in PBS and centrifuged at 12,000 x g for 5 minutes at 4°C. The pellet was 

resuspended in RIPA lysis buffer supplemented with protease inhibitors (1 mM 

phenylmethylsulfonyl fluoride (PMSF) and 2 mM NaVO3) and solubilized with 3 cycles of 

freezing and thawing. The protein content was measured by BCA Protein Assay 

(Thermofisher), using Bovine Serum Albumin (BSA, Thermofisher) as standard. A volume of 

4x sample buffer (250 mM Tris-HCl, 8 % SDS, 40% glycerol and 0.04% bromophenol blue) 

was added to reach the 1x final concentration and samples were reduced by addition of β-
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mercaptoethanol to 5% final concentration. Finally, samples were denatured at 90°C for 10 

minutes. Samples were then analyzed by Western blot. 

4.5.3. Subcellular fractionation 

Cant1-/- and Cant1+/+ chondrocytes were plated in a 60 mm diameter petri dish in DMEM with 

10% FBS at a cell density of 1,500 kcell/petri and incubated at 37°C in 5% CO2. After 2 days, 

cells were scraped in PBS and centrifuged at 12,000 x g for 5 minutes at 4°C. Pellets were 

resuspended in NP-40 Lysis buffer (10 mM Tris, pH 7.9, 140 mM potassium chloride, 5 mM 

magnesium chloride, 0.5% IGEPAL CA-630 and protease inhibitors) and incubated on ice for 

15 minutes. Samples were then centrifuged at 1000 x g for 5 minutes at 4°C and the supernatant, 

representing the cytosolic fraction, was recovered in an Eppendorf tube. The pellet was washed 

with NP-40 Lysis buffer and centrifuged at 1000 x g for 5 minutes at 4°C; then the pellet was 

sonicated in Triton Lysis buffer (100 mM Tris-HCl, pH 7.4, 0.5% Triton X-100 and 0.5% SDS), 

centrifuged at 12,000 x g for 5 minutes at 4°C and the supernatant thus obtained, representing 

the nuclear fraction, was recovered in an eppendorf tube. The protein content was measured by 

the BCA protein assay. Sample buffer 4x to reach the final concentration of 1x and 5% β-

mercaptoethanol were added to the cytosolic and nuclear fractions and samples were then 

denatured at 90°C for 10 minutes. Samples were then analyzed by Western blot. 

4.6. Western blot analysis 

The same protein amount from each samples (15-20 µg), obtained as previously described, was 

analyzed by SDS-PAGE on 4-15% polyacrylamide gradient gels (Mini-PROTEAN TGX Stain-

Free Protein Gel, BioRad). Proteins were then transferred from the gel to a polyvinylidene 

difluoride (PVDF) membrane (Amersham) at 100 V for 2 hours on ice in Transfer buffer 

(20 mM Tris, 50 mM glycine and 20% (v/v) methanol). Membranes were blocked in 5% BSA, 

0.05% Tween-20 in TBS (20 mM Tris, pH 7.5, 500 mM NaCl) for 2 hours at room temperature, 

except for the LAMP1 Western blot membrane that was blocked in 5% Milk (BioRad) in TBS 

0.1% Tween 20 (TBS-T) for 2 hours at room temperature.  After washing with TBS-T, 

membranes were incubated with specific primary antibodies: anti-aggrecan (1:500, rabbit 

monoclonal antibody, Merck Millipore), anti-GM130 (1:1000, mouse monoclonal antibody, 

BD Biosciences), anti-Golgin-97 (1:1000, rabbit monoclonal antibody, Cell Signaling), anti-

TFE3 (1:1000, rabbit monoclonal antibody, Sigma), anti-histone H3 (1:3000, rabbit 

monoclonal antibody, Cell Signaling), anti-actin (1:5000, mouse monoclonal antibody, Merck 

Millipore) and anti-LAMP1 (1:1000, rabbit monoclonal antibody, Abcam) in blocking solution 
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overnight at 4°C. The appropriate HRP secondary antibodies, anti-rabbit (Cell Signaling) or 

anti-mouse (Cell Signaling), was added at the dilution of 1:2000 in 5% BSA, 0.05% Tween-20 

in TBS for 1 hour at room temperature. The signal was detected by ECL Western blotting 

detection reagent (Cyanagen) and images were acquired by Image Quant LAS 4000 instrument 

(GE Healthcare) using ImageQuant LAS 4000 software. Densitometric analysis was performed 

using ImageJ software. The signal of aggrecan (for cell layer samples), GM130, Golgin-97, 

TFE3 in the cytosolic fraction and LAMP1 bands was normalized to the signal of the actin 

band, while the signal of TFE3 in the total cell lysate and in the nuclear fraction was normalized 

to the signal of the histone H3 band, as a loading control. For normalization of medium samples, 

before the blocking step, the membrane was stained with the Swift Membrane Stain (G-

Biosciences) and scanned with ImageQuant LAS 4000; the signal of the aggrecan band was 

normalized to the absorbance of the lane after membrane staining. For each gel, the intensity of 

the wild-type band was set to one and the expression of mutant samples was reported as fold 

change. 

4.7. Immunofluorescence analysis 

For immunofluorescence analysis, 10,000 chondrocytes were plated on sterile glass coverslips 

in a 24 well-plate in DMEM with 10% FBS and incubated at 37°C in 5% CO2. After 3 days, 

the medium was removed and cells were then fixed in 4% formaldehyde in PBS (Fixative 

Solution, Invitrogen) for 10 minutes at room temperature. For TFE3 immunofluorescence 

analysis, a positive control was made treating some wild-type samples with 5 µM monensin, 

for 6 hours before fixation. For TFE3, GM130 and Golgin-97 immunofluorescence analysis, 

cells were then washed 3 times in PBS, permeabilized with 0.3% Triton X-100 in PBS for 10 

minutes at room temperature and incubated in blocking solution (1.5% BSA in PBS) for 2 hours 

at room temperature. For LAMP1 immunofluorescence analysis, cells were washed 3 times in 

PBS and incubated in blocking solution (0.5% BSA, 0.05% Saponin, 50 mM NH4Cl, 0.02% 

NaN3, 15 mM glycin, pH 7.3 in PBS) for 2 hours at room temperature. Cells were then incubated 

with the specific primary antibody: anti-GM130 conjugated with Alexa Fluor 647 (1:100, 

mouse monoclonal antibody, BD Bioscience), anti-Golgin-97 (1:200, rabbit monoclonal 

antibody, Cell Signaling), anti-TFE3 (1:1200, rabbit monoclonal antibody, Sigma), anti-

LAMP1 (1:200, rabbit monoclonal antibody, Abcam) in blocking solution overnight at 4°C. 

The following day, cells were washed 3 times in PBS and incubated, protected from light for 2 

hours at room temperature with the appropriate secondary antibody: anti-rabbit conjugated with 
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Alexa Fluor 488 (Immunological Sciences) diluted 1:2000 in blocking solution. Nuclei were 

then counterstained with 4′,6-diamidino-2-phenylindole (DAPI, Sigma) for 3 min at room 

temperature. Samples were analyzed by Leica SP8 high-resolution confocal microscope 

(Leica), equipped with a 63x oil immersion objective, at Centro Grandi Strumenti of the 

University of Pavia. Fluorescence integrated intensity and area per cell were measured by 

ImageJ software. The fluorescence intensity of GM130, Golgin-97 and LAMP1 in wild-type 

was set to one and the expression of mutant samples was reported as fold change. The 

fluorescence intensity of TFE3 in the nuclei of the positive control was set to one and the 

expression of wild-type and mutant samples was reported as a fold change. 

4.8. Statistical analysis 

Statistical analysis was performed by Microsoft Excel software. All values are reported as mean 

± standard deviation. Statistical difference between different groups was evaluated using 

Student’s t-test and a p-value < 0.05 was considered statistically significant. 
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CHAPTER IV: Phenotypic characterization of immortalized chondrocytes 

from a Desbuquois dysplasia type 1 mouse model: a tool for studying defects 

in glycosaminoglycan biosynthesis 

1. Aim of the work 

Since cartilage and bone biopsies a rarely available, the use of in vivo models is essential to 

elucidate the molecular basis and the pathogenetic mechanisms of the disease.  

Using the mouse model for the Desbuquois dysplasia type 1, Cant1 knock-out mouse, the role 

of CANT1 in proteoglycan biosynthesis was recently demonstrated [117]. 

Due to the complexity of the animal model, in order to deeply investigate CANT1 function, an 

in vitro approach, using cell culture, represent a powerful tool to investigate specific aspects of 

cartilage biology. Primary chondrocyte cultures are a very well-defined system, however they 

have some limits since they undergo de-differentiation after few passages in culture, assuming 

pseudo-fibroblastoid morphology and a different pattern of gene expression [169, 192]. For this 

reason, cells cannot be expanded and several animals should be sacrificed to recover primary 

cells. 

Due to the limitations of primary chondrocytes, it would be useful to generate immortalized 

cell lines, since they grow very rapidly for several passages compared to primary cultures, in 

order to reduce the number of sacrificed animals, according to the principle of the Three Rs, 

and the time for the experiments. However, during the immortalization process, cells might 

develop a different phenotype from the cells of origin; thus, it is important to deeply 

characterize them before their use [168, 184, 185]. 

Therefore, the aim of this work was the generation and phenotypic characterization of Cant1 

knock-out (Cant1-/-) and wild-type chondrocytes immortalized using a plasmid vector 

expressing the SV40 small and large T antigen, in order to validate them as a model to get new 

insight on the role of CANT1 in the pathogenesis of DBQD1. For this purpose, after a 

morphological characterization of immortalized cells, the synthesis and deposition of the main 

cartilage ECM molecules, aggrecan and type II collagen, were analyzed.  

These results were collected in a first-authored research paper entitled “Phenotypic 

characterization of immortalized chondrocytes from a Desbuquois dysplasia type 1 mouse 

model: a tool for studying defects in glycosaminoglycan biosynthesis”, which was published in 

International journal of Molecular Sciences in August 2021. The pdf of the published paper is 

provided below here. 
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CHAPTER V: IMPROVEMENT OF THE SKELETAL PHENOTYPE IN A 

MOUSE MODEL OF DIASTROPHIC DYSPLASIA AFTER POSTNATAL 

TREATMENT WITH N-ACETYLCYSTEINE 

1. Aim of the work 

Diastrophic dysplasia is a severe chondrodysplasia caused by mutations in the SLC26A2 gene 

that encodes for a sulfate/chloride antiporter on the cell membrane known as the diastrophic 

dysplasia sulfate transporter (DTDST or SLC26A2) [165]. Sulfate is essential for the sulfation 

of many macromolecules and in particular, of proteoglycans. For this reason, functional 

impairment of the SLC26A2 transporter causes the decrease of intracellular sulfate, leading to 

undersulfated PG synthesis.   

In normal chondrocytes, the main source of intracellular sulfate is the extracellular uptake, but 

it has been demonstrated that a small fraction also comes from the catabolism of sulfur-

containing amino acids such as cysteine, methionine and other thiols [151]. Interestingly, it has 

been shown in vitro that chondrocytes from a DTD patient in presence of cysteine or N-acetyl-

L-cysteine (NAC), an acetylated derivative of cysteine, synthesise PGs that were more sulfated 

than in basal conditions, suggesting the potential use of sulfhydryl compounds as 

pharmacological treatment for DTD patients [193].  

The dtd mouse, a Slc26a2 knock-in mouse, reproduce the chondrodysplastic phenotype of  DTD 

patients at the clinical, morphological and biochemical levels [145]; for this reason, it is a 

valuable in vivo model to study the pathogenesis of the disorder and develop potential 

therapeutic approaches. 

In the first study suggesting the use of NAC as a possible alternative source of sulfate in 

chondrocytes, dtd mice were treated for the first 7 days of life, via daily hypodermic injections 

of NAC (1g/Kg of body weight). NAC treatment determined a weak but significant increase of 

PG sulfation in mutant mice compared with the placebo group, while, no skeletal improvement 

was observed. However, higher or more frequent administrations of the drug were not possible 

for long periods because of skin ulcers at the injection site. Pharmacokinetics of NAC showed 

a fast removal of the drug from the bloodstream, within 8 hours from the injection [194], despite 

its high concentration, suggesting that NAC treatment might be more effective if the plasma 

concentration of the drug would be stable during the day. 

This hypothesis was confirmed in another work, by oral administration of NAC to pregnant 

females for the whole gestation period, in order to maintain a stable drug concentration in 
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foetuses. Mutant newborns from females treated with NAC showed a significantly increased 

cartilage PG sulfation and improved skeletal phenotype compared with mutant mice born from 

untreated females [195]. 

All these works demonstrated in vivo the effect of NAC as an alternative intracellular sulfate 

source through its catabolism, suggesting a potential pharmacological treatment for DTD 

patients. Despite these results, more evidences of its effect on a long-term postnatal period are 

needed. In fact, patients should be treated postnatally due to the progression of the skeletal 

phenotype; moreover, DTD is often diagnosed in childhood.  

Thus, the aim of this work was to study the skeletal phenotype after a short postnatal treatment 

of 7 days with NAC, in order to evaluate the drug effect in the first period of life and a long-

term postnatal NAC treatment of 21 days, to cover the main period of postnatal skeletal 

development and growth in mouse. Mice were treated with two daily hypodermic injections of 

NAC (250 mg/kg body weight), to maintain constant its blood concentration. At the end of the 

treatment, the effect of NAC at the biochemical and morphological level was evaluated by 

comparing treated mice with the placebo group. Cartilage PG sulfation was studied by HPLC 

(high performance liquid chromatography) analysis and skeletal morphology by X-rays, 

microCT, DEXA and histological analyses. 

These results were collected in a research paper entitled “Improvement of the skeletal 

phenotype in a mouse model of diastrophic dysplasia after postnatal treatment with N 

acetylcysteine”, which was published in Biochemical Pharmacology in February 2021. The pdf 

of the published paper is provided below here. 
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CHAPTER VI 

Conclusions  

Skeletal dysplasias are a huge heterogeneous group of rare genetic diseases that mainly affect 

cartilage and bone. Although rare, the study of these diseases is important in order to: i) 

elucidate the pathogenetic mechanism(s) causing the disease, ii) identify among different 

disorders common disease pathways that might be targeted by the same drug, iii) develop new 

potential therapeutic approaches and iv) increase our knowledge about skeletal biology in 

normal and pathological conditions.   

Due to the small number of patient samples and to ethical problems, different in vivo and in 

vitro models have been developed in order to achieve the objectives described above. Analysis 

of genetically modified mice and/or zebrafishes provides a strong approach to elucidate the role 

of gene products in vivo. However, due to the complexity of the animal model, in vitro studies 

represent a powerful tool to investigate specific aspects of skeletal biology. Moreover, the use 

of in vitro models allows to reduce the number of sacrificed animals, according to the principle 

of the Three Rs.  

The work presented in this thesis is paradigmatic of the efforts being made nowadays in the 

field of genetic disorders: deep phenotyping of in vivo and in vitro models to identify the 

molecular mechanisms causing the disorder and the validation of potential therapeutic 

approaches. 

The first work has been focused on Desbuquois dysplasia type 1, a chondrodysplasia caused by 

mutations in CANT1 gene whose molecular basis are far from complete. In this work, using the 

animal model, the role of CANT1 in PG processing and organelle homeostasis was investigated. 

In particular, reduced PG secretion in Cant1-/- chondrocytes, also confirmed by the 

accumulation of aggrecan inside mutant cells, has been demonstrated. However, delayed PG 

secretion was not associated with an overall delay in protein secretion, suggesting that it was 

probably related to impaired PG glycosylation in the Golgi.  

Despite the defect in GAG synthesis, it has been demonstrated that only glycanated aggrecan 

is secreted by Cant1-/- chondrocytes, as in wild-type cells. Alteration in the structure of the ER, 

without activation of ER stress, suggested that the ER enlargement might be due to GAG 

synthesis impairment in the Golgi. In fact, Golgi studies demonstrated an increase of cis and 

trans Golgi dimensions and an overexpression of Golgi structural proteins GM130 and Golgin-

97 in mutant chondrocytes, suggesting alteration in Golgi homeostasis. Indeed, TFE3 nuclear 
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localization demonstrated the activation of one of the three putative Golgi stress response 

pathways. To date, Golgi stress represents a still partially unexplored field. The study of 

molecular pathways underlying Golgi stress could lead to increasing knowledge of the 

molecular basis of many diseases, including Desbuquois dysplasia type 1, and might lead to the 

development of new therapies. 

Moreover, in this work, an in vitro model to further study Desbuquois dysplasia type 1 has been 

proposed; primary chondrocytes from the mouse model of DBQD1 were immortalized with a 

plasmid vector expressing the SV40 large and small T antigen. In fact, even if primary 

chondrocyte culture is a well-defined system, it has some limits since cells undergo de-

differentiation after few passages in culture [169, 192]. For this reason, immortalized cell lines 

are a useful tool, but since during the immortalization process they might develop a different 

phenotype from the cells of origin, it is important to deeply characterize them before use [168, 

184, 185]. Thus, in this work immortalized chondrocytes were characterized and validated as 

an additional in vitro model for DBDQ1. Results demonstrated the generation of stable cell 

lines of immortalized murine chondrocytes that express the differentiated phenotype similar to 

the one of primary chondrocytes based on PG synthesis, sulfation, and ECM deposition. Thus, 

the model should provide additional information on how the defect in PG biosynthesis could 

affect the organization of the ECM. This successful immortalization procedure could be applied 

to cells from other animal models to increase the tools available for physiopathological studies 

and drug discovery. 

The other skeletal dysplasia studied in this work is diastrophic dysplasia, which is caused by 

mutations in the SLC26A2 gene encoding for a sulfate/chloride antiporter on the cell membrane. 

Deep phenotyping of the dtd mouse, an animal model of the disorder, and molecular and 

biochemical studies in cartilage and cells from the patients [152] lead to the hypothesis that 

cysteine and other thiols might increase, through their catabolism, proteoglycan sulfation. In 

this thesis, the dtd mouse has been used to evaluate in vivo a potential pharmacological 

treatment for the disease with NAC that, through its catabolism, provides an alternative source 

of intracellular sulfate, improving PG sulfation [193] and ameliorating the skeletal phenotype 

[194, 196]. A long-term treatment with NAC of mutant mice after birth has been considered; in 

particular, mice were treated for the first 3 weeks of life, the key period for postnatal skeletal 

development and growth in mice. Biochemical and morphological analysis demonstrated an 

amelioration of PG sulfation and of the skeletal phenotype in dtd mice treated with NAC, 

compared with the placebo group. These results suggested that a potential pharmacological 
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treatment with NAC should be considered for diastrophic dysplasia, in order to increase the 

patients quality of life since, up to now, surgery and physiotherapy are the only available 

therapeutic approaches. 

In past decades, NAC has been widely used in many different clinical settings demonstrating 

that it is a well-tolerated and safe drug with mild side effects [197]. It is on the World Health 

Organization's List of Essential Medicines for adults 

(https://www.who.int/publications/i/item/WHO-MHP-HPS-EML-2021.02) and children 

(https://www.who.int/publications/i/item/WHO-MHP-HPS-EML-2021.03). 

The novel use of NAC to treat diastrophic dysplasia would be an example of drug repositioning, 

an alternative approach to drug development that allows to treat a disease with drugs already 

on the market for a different disorder [198]. This strategy reduces the time and costs required 

for drug development, allowing to skip the early phases of development. They can potentially 

win the approval in less than half the time and at one quarter of the cost compared to new 

molecules [199]. Moreover, these drugs are appealing for Pharma companies because they are 

already on the market and so they are easy and cheap to get, their safety profiles are well known 

and new formulations or applications to new disorders can be patented. Thus, drug repositioning 

is a promising strategy for patients affected by rare diseases including skeletal dysplasias. 
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Abstract: Proteoglycans (PGs) are macromolecules present on the cell surface and in the extracellular
matrix that confer specific mechanical, biochemical, and physical properties to tissues. Sulfate groups
present on glycosaminoglycans, linear polysaccharide chains attached to PG core proteins,
are fundamental for correct PG functions. Indeed, through the negative charge of sulfate groups,
PGs interact with extracellular matrix molecules and bind growth factors regulating tissue structure
and cell behavior. The maintenance of correct sulfate metabolism is important in tissue development
and function, particularly in cartilage where PGs are fundamental and abundant components of the
extracellular matrix. In chondrocytes, the main sulfate source is the extracellular space, then sulfate is
taken up and activated in the cytosol to the universal sulfate donor to be used in sulfotransferase
reactions. Alteration in each step of sulfate metabolism can affect macromolecular sulfation, leading
to the onset of diseases that affect mainly cartilage and bone. This review presents a panoramic view
of skeletal dysplasias caused by mutations in genes encoding for transporters or enzymes involved in
macromolecular sulfation. Future research in this field will contribute to the understanding of the
disease pathogenesis, allowing the development of targeted therapies aimed at alleviating, preventing,
or modifying the disease progression.

Keywords: sulfate metabolism; sulfotransferase; glycosaminoglycan; proteoglycan; cartilage;
genotype phenotype correlation; skeletal disorders

1. Introduction

Sulfated compounds include a wide array of substances, ranging in molecular weight from less than
103 Da to greater than 106 Da, that undergo striking changes in their physicochemical properties upon
the addition of the negatively charged sulfated groups. Sulfation increases electrostatic interactions,
water solubility, converts lipophilic molecules to amphiphiles, and can lead to conformational changes
both in low and high-molecular-weight molecules. Whereas phosphorylation is central to intracellular
signal transduction, sulfation modulates cell–cell and cell–matrix communication.

The highest density of sulfate groups is found in proteoglycans (PGs), a broad category of
macromolecules characterized by a core protein to which one to over one hundred glycosaminoglycan
(GAG) chains are attached [1]. PGs are present in the cell nucleus, in cytoplasm, and at the cell
membranes, but they are particularly abundant in the extracellular matrix (ECM) of connective tissues.
The highly acidic and hydrophilic properties of GAGs have a major influence on tissue hydration,
elasticity, and cation composition. Furthermore, they bind with high-affinity ECM proteins, growth
factors, enzymes, and cell surface receptors [2–4].
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Aside from PGs, many other molecules can be sulfated showing different effects; for instance,
sulfate moieties added to hormones influence their biological activity [5]. Sulfoglycolipids such
as sphingolipids and galactoglycerolipids are abundant in myelin as well as spermatozoa, kidney,
and small intestine [6]. Sulfation of tyrosine residues represents the prevalent posttranslational
modification of many secretory and membrane proteins and peptides that may significantly influence
their function [7]. Sulfation also has a significant role in the biotransformation of many endogenous
low-molecular-weight compounds including catecholamines and iodothyronines [8], cholesterol, bile
acids, and steroids [9–11].

These examples highlight that proper sulfation of endogenous molecules is a widespread
phenomenon so far poorly explored, although it is essential for growth and development. Indeed several
heritable disorders caused by defects in the biosynthesis and catabolism of sulfated compounds are
associated mainly with abnormal development of the skeleton [12].

Skeletal dysplasias are a huge and heterogeneous group of genetic disorders that affect mainly,
but not exclusively, cartilage and bone. Beyond orthopedic complications, neurological, auditory,
visual, cardiac, pulmonary, and renal problems could be present because the causative genes might
also have functional roles in tissues other than the skeleton [13,14]. Nowadays 461 disorders have been
characterized based on clinical, radiographic and molecular observations and 437 disease genes have
been identified [15]. Skeletal dysplasias show a wide range of severity from very mild phenotypes
compatible with life to fetal and neonatal lethality. Interestingly, mutations in different genes may cause
the same skeletal dysplasia or mutations in the same gene are related to different skeletal disorders [14].
Genes involved in skeletal dysplasias encode for different protein products including ECM proteins,
enzymes, cellular transporters, transcription factors, signal transducers, channel proteins, chaperones,
cytoplasmic proteins, cilia, proteins involved in cell cycle, and chromatin modifying enzymes [13,14].

This review deals with disorders of the biosynthesis of sulfated macromolecules, which are
associated mainly with abnormal development of the skeleton.

2. The Cellular Metabolism of Sulfate

Sulfation is mechanistically analogous to phosphorylation: in analogy to ATP, the phosphate
donor used by several kinases, there is a “universal” sulfate donor for different substrate specific
sulfotransferases. Studies in prokaryotes, yeast, liver, and cartilage tissue have demonstrated that
the universal sulfate donor for sulfotransferase reactions is 3′-phosphoadenosine 5′-phosphosulfate
(PAPS) [16–18]. Thus, in all mammalian tissues, intracellular sulfate is activated to PAPS through the
sulfate activation pathway in order to be used in sulfation reactions catalyzed by sulfotransferases
(Figure 1) [19,20].
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Figure 1. Schematic view of sulfate metabolism in cells. Intracellular level of sulfate depends
mainly on extracellular uptake through membrane transporters such as the solute carrier family
26 member 2 (SLC26A2). A small amount of sulfate comes also from the catabolism of sulfur-containing
amino acids and thiols or from sulfatase reactions in lysosomes. Once in cell, sulfate is activated to
3′-phosphoadenosine 5′-phosphosulfate (PAPS) by PAPS synthetase (PAPSS). PAPS represents the
universal sulfate donor and is used by cytosolic sulfotransferases (SULTs) for hormone and xenobiotics
sulfation or by Golgi sulfotransferases (STs) for the sulfation of macromolecules such as PGs. The solute
carrier family 35 member B2 (SLC35B2) and SLC35B3 transporters allow Golgi uptake of PAPS.
During sulfotransferase reactions, phosphoadenosine phosphate (PAP) is produced as a by-product and
is hydrolyzed to AMP and phosphate by a Golgi resident phosphoadenosine phosphate phosphatase
(gPAPP, also known as IMPAD1 or BPNT2).

2.1. The Origin of Intracellular Sulfate

Endogenous sulfate is essential for PAPS synthesis. The cytoplasmic sulfate pool may be either
derived from the extracellular fluids or from the catabolism of sulphur containing amino acids and
other thiols with production of sulfite, which is then oxidized to sulfate. Intracellular sulfate can also
come from the degradation of sulfated molecules through sulfatases [21].

In healthy adults, one third of sulfate is provided from the diet [22]; sulfate is adsorbed in the
small intestine and the plasma level, that in humans span a broad range (250–400 µM), is maintained by
renal reabsorption in proximal tubule through SLC13A1 and SLC26A1 transporters [21,23]. Age [24],
gestational period [25] and diseases [26] alter sulfate homeostasis affecting sulfate concentrations in
body fluids [22].

The transport of sulfate ions across cell membranes and epithelial tissues is mediated by
carrier proteins. Sulfate transporters function either as sulfate/chloride antiporters or sodium/sulfate
symporters [21,27–29]. Human sulfate transporters belong to different solute linked carrier families
such as SLC4, SLC13 and SLC26. Transporters of the same family, such as the SLC26 transporter
family, show similar structure and sequence, but mutations in each gene cause different phenotypes
due to different tissue distribution and exchanged anion [30]. For instance, SLC26A1 and SLC26A2
are both present in kidney and intestine, but the former is primarily expressed in hepatocytes, while
the latter in chondrocytes [31]. In the SLC13 family, SLC13A1 is mainly expressed in renal tissue [32],
while SLC13A4 in placenta [33].

Among sulfate transporters, SLC26A2 is also known as the diastrophic dysplasia sulfate transporter
(DTDST). The identification of this sulfate/chloride antiporter was the end result of a long-term project
aimed at elucidating the molecular basis of diastrophic dysplasia (DTD), a skeletal dysplasia particularly
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frequent in the Finnish population [34]. The hypothesis that DTD was associated with impaired sulfate
transport was confirmed by the reduced sulfate uptake in cultured fibroblasts from patients and by the
identification of mutations in the candidate gene in these individuals [34].

Despite the wide distribution of sulfate transporters in different organs, not all tissues use inorganic
sulfate as the main sulfate source. Kidney cells also use cysteine, N-acetylcysteine, and glutathione,
whereas in lung cells cysteine is the most efficient source of sulfate [35]. In human fibroblast cultures,
at less than physiological extracellular sulfate concentrations, cysteine is a major contributor to the
intracellular sulfate pool [36].

A small fraction of intracellular sulfate can come from lysosomal degradation of the carbohydrate
moiety of glycoproteins and GAGs that produces monosaccharides and sulfate which must efflux from
the lysosomes before re-entering biosynthetic pathways [37].

In conclusion, based on our knowledge it is likely that, the three distinct sources of sulfate work
together to maintain the intracellular sulfate pool, but with different prevalence in different cell types.

2.2. The Sulfate Activation Pathway

Sulfation reactions require PAPS as universal sulfate donor. Its concentration differs among tissues
and species; in humans it ranges between 3.6–22.6 nmol/g tissue [16].

The activation of sulfate to PAPS results from the concerted action of two enzymes ATP sulfurylase
and adenosine 5′-phosphosulfate (APS) kinase which are located on separate polypeptide chains in
bacteria, fungi, yeast, and plants, while in animals they are present in a bifunctional protein named PAPS
synthetase (PAPSS) [38]. The catalytic domain of APS kinase is located in the amino-terminal region,
whereas the ATP sulfurylase domain is in the carboxy-terminal part. The first step is catalyzed by ATP
sulfurylase and involves the activation of inorganic sulfate with ATP to form APS and pyrophosphate.
The second step, the conversion of APS and another molecule of ATP in PAPS and ADP, is catalyzed
by APS kinase. The first reaction is not energetically favoured and it is the rate limiting step in PAPS
formation; however, subsequent hydrolysis of pyrophosphate and the rapid utilization of APS in the
second reaction relieve the energy constraint of the overall reaction. PAPSS exists as two isozymes
encoded by genes located on separate chromosomes. The human gene for PAPS synthetase 1 (PAPSS1)
is located on chromosome 4q25–26 [39]; while the gene for human PAPS synthetase 2 (PAPSS2) has been
localized to chromosome 10q23–24 [40]. Interestingly the mouse and human PAPSS2 isozymes were
discovered through investigation of specific developmental dwarfism disorders, i.e., brachymorphism
in mice and a form of spondyloepimetaphyseal dysplasia in humans [40,41]. More recently, PAPSS2
has also been implicated in steroid metabolism [42], while mutations in PAPSS1 have not been linked to
any human pathology suggesting embryonic lethality since PAPSS1 is the main isoform in developing
nervous system [21,43].

In both human and mouse species, PAPSS1 and 2 are 76% identical [20], but the catalytic activity
of the PAPSS2 variant is 10- to 15-fold higher than that of PAPSS1 [44]. The two isoforms have
different cellular localization: PAPSS1 localizes mainly to the nucleus, while PAPSS2 to the cytosol [45].
Moreover the two isoenzymes differ also for tissue localization, since PAPSS1 is expressed in skin and
brain, whereas PAPSS2 in liver and cartilage [20].

PAPS is the universal sulfate donor for sulfation either in the cytosol or in the Golgi. In the cytosol
PAPS is used for sulfation of a wide variety of endogenous compounds including hormones and
neurotransmitters as well as drugs and xenobiotics. On the other hand, sulfation of carbohydrates,
peptides and proteins occurs in the Golgi; for this purpose PAPS is transported to the Golgi by
specific PAPS transporters (PAPSTs). Two different PAPST isoforms have been cloned, PAPST1 and
PAPST2 [46,47], also known as SLC35B2 and SLC35B3, respectively [48,49]. The two transporters are
closely related and show similar transport activity; they are both widely expressed among tissues,
in particular PAPST2 is highly expressed in colon [46]. Kinetic studies of PAPSTs have suggested
that PAPS transport occurs through an antiport mechanism that might involve phosphoadenosine
phosphate (PAP) or AMP [49]. So far, no human genetic disorders have been linked to mutations
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in SLC35B2 and SLC35B3 genes, but cartilage defects have been reported in slc35b2 null zebrafish
mutants [21,50].

2.3. The Sulfation Pathway

The transfer of sulfate from the activated donor, PAPS, to a variety of molecules is catalyzed by
sulfotransferases. Two classes of sulfotransferases are present in eukaryotes: cytosolic sulfotransferases,
that sulfate small molecules such as hormones, amines and xenobiotics including drugs, and Golgi
resident sulfotransferases that sulfate larger substrates involved in the secretory pathway [43,51].

In human genome 13 genes for cytosolic sulfotransferases (SULTs) exist and these enzymes are
classified in four families (SULT1, SULT2, SULT4 and SULT6) based on distribution and substrate
preference, even if SULTs may show overlapping substrate specificity [52]. SULT enzymes, with the
exception of SULT6, are soluble cytosolic proteins that form dimers thank to a 10 amino acid sequence
at the C-terminal end named KTVE motif [48,53].

Carbohydrate sulfotransferases (STs) are membrane bound enzymes present in the Golgi; up to
now, 37 genes have been identified in humans [21]. STs are stereoselective and exhibit strict substrate
specificity [2]; the addition of a sulfate group can convert a common carbohydrate structural motif
into a unique recognition site for a specific receptor. Members of ST families show similar primary
structure and identical substrate specificity, but they are differently distributed [2].

In the Golgi also specific tyrosine residues of secreted proteins and peptides are sulfated by
tyrosylprotein sulfotransferases (TPST1 and TPST2) [54]. These two enzymes show 67% amino acid
identity and use PAPS as obligate sulfate donor. Tyrosine sulfation can determine the bioactivity of
several neuropeptides or expand the functions of some proteins. Moreover, sulfated tyrosines are
important to boost protein-protein or protein-biopolymer interactions [48,55].

PAPS-dependent sulfotransferase reactions produce PAP as by-product that can inhibit,
via negative feedback, sulfotransferases [48]. To prevent their inhibition, rapid degradation of
PAP in AMP and phosphate by a PAP phosphatase is important as demonstrated in chondrodysplasia
with joint dislocations gPAPP type caused by mutations in the IMPAD1 gene (recently renamed BPNT2,
3′(2′), 5′-bisphosphate nucleotidase 2), encoding for a Golgi resident PAP phosphatase (gPAPP) or in
the gene trap knock-out mice for the same gene [56–58].

Sulfatases, hydrolytic enzymes belonging to the alkaline phosphatase superfamily [48], play an
opposite role to that of sulfotransferases. Indeed, these enzymes are a highly conserved family of
proteins that catalyze the hydrolysis of sulfate ester bonds from a wide variety of substrates including
GAGs, sulfolipids and steroid sulfates [59]. Seventeen genes have been identified in the human
genome [21] encoding sulfatase enzymes, that share similar size, high glycosylation level, sequence
homology and similar active site. Based on their subcellular localization, sulfatases are grouped in two
main categories: those expressed in lysosomes, that act at acidic pH and are involved in catabolism,
and those present in the endoplasmic reticulum, Golgi apparatus and at the cell surface acting at
neutral pH and more likely involved in biosynthetic, rather than catabolic, pathways [59].

3. Sulfate Metabolism and Genetic Diseases

Genetic defects have been identified in several steps of PG biosynthesis, leading to a huge number
of diseases that primarily affect cartilage and endochondral bone [12]. The cartilage phenotype might
be explained by the high amount of sulfated PGs that are synthesized and deposited in the cartilage
ECM. Among these disorders, diseases involving sulfate uptake, metabolic activation, and sulfation of
GAGs are discussed in this review (Figure 2).
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Figure 2. Schematic diagram of the defects in the sulfation pathway causing skeletal dysplasias.
Mutations in genes encoding for transporter and enzymes involved in sulfate metabolism cause
several skeletal dysplasias (grey box). ACG1B, achondrogenesis type 1B; AO2, atelosteogenesis
type 2; DTD, diastrophic dysplasia; EDM4, recessive multiple epiphyseal dysplasia; SEMD,
spondyloepimetaphyseal dysplasia; BCYM4, brachyolmia type 4; BCYM1A, brachyolmia type 1,
Hobaek form; BCYM1B, brachyolmia type 1, Toledo form; SEDCJD, spondyloepiphyseal dysplasia
with congenital joint dislocations; EDSMC1, Ehlers–Danlos syndrome musculocontractural type 1 and
OCBMD, osteochondrodysplasia, brachydactyly and overlapping malformed digits.

3.1. Skeletal Dysplasias Linked to Proteins Involved in Sulfate Metabolism

SLC26A2 linked chondrodysplasias represent a heterogeneous group of skeletal diseases caused
by mutations in the SLC26A2 gene encoding for a sulfate transporter present on the cell membrane,
also known as diastrophic dysplasia sulfate transporter. There are currently four distinct phenotypes
associated to SLC26A2 mutations; this division is useful for differential diagnosis and prognosis, but has
no biological basis since the spectrum of diseases based on clinical and radiological criteria is continuous.
The four different conditions described in decreasing order of severity include: achondrogenesis type
1B (ACG1B, MIM 600972), atelosteogenesis type 2 (AO2, MIM 256050), diastrophic dysplasia (DTD,
MIM 222600) and recessive multiple epiphyseal dysplasia (EDM4, MIM 226900) [60]. Key clinical
features comprise lethality in the fetal period or immediately after birth (ACG1B and AO2), shortened
limbs (all but not EDM4), joint pain, joint contractures, “hitchhiker” thumb (AO2 and DTD), cystic
swelling of the external ear (DTD), cleft palate (DTD and AO2), scoliosis, clubfoot and double-layered
patellae (EDM4). Two other conditions originally described as distinct lethal skeletal dysplasias
based on radiographic findings, namely de la Chapelle dysplasia and McAllister dysplasia [61,62],
were proven to be related to AO2 based on biochemical and molecular data [63,64].

In these disorders the different clinical phenotypes have been linked to the mutation severity,
the residual activity of the sulfate transporter and the undersulfation level of cartilage PGs [60,65,66],
but it appears that the nature of the SLC26A2 mutations is not the only factor determining phenotypic
severity. Phenotypic differences have been observed between unrelated and even first-degree relatives
with the same mutation. In the dtd mouse, an animal model of human DTD, the skeletal phenotype
has been confirmed by the presence of reduced skeletal growth, deformities of long bones, reduced
toluidine blue staining of cartilage, chondrocytes of irregular size and delay in the formation of the
secondary ossification center. Interestingly impaired sulfate uptake was demonstrated in chondrocytes,
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osteoblasts, and fibroblasts, but significant PG undersulfation was detected only in cartilage, despite the
generalized sulfate uptake defect [67]. Studies on the growth plate of the animal model demonstrated
reduced chondrocyte proliferation due to altered Indian hedgehog (Ihh) signalling [68] and reduced
phosphorylation of the pocket protein p130 that inhibits transcription factors of the E2F family
leading to the block in the G1 phase of cell cycle progression [69]. Even if sulfate uptake from the
extracellular environment is crucial for PG sulfation in chondrocytes, an alternative source of sulfate,
namely intracellular thiol compounds, has been reported in the dtd mouse suggesting potential
pharmacological approaches to DTD [70]. Recently an over activation of fibroblast growth factor
receptor 3 (FGFR3) signalling has been described in a Slc26a2 knock-out mouse, an animal model of
ACG1B and AO2. This finding suggests the involvement of altered FGFR3 pathway in the pathogenic
mechanism contributing to the lethal phenotype [71].

Spondyloepimetaphyseal dysplasia (SEMD), Pakistani type has been described in a large family from
Pakistan by Ahmad et al. in 1998 [72]. The clinical phenotype includes short stature, short and bowed
lower limbs with enlarged knee joints, kyphoscoliosis, mild brachydactyly, delayed ossification of the
epiphyses and osteoarthritis [72]. In these patients mutations in the PAPSS2 gene, encoding for the
3’-phosphoadenosine-5’-phosphosulfate synthetase 2, have been identified [40,73]. PAPSS2 impairment
causes reduced intracellular synthesis of PAPS leading to reduced macromolecular sulfation. SMED
Pakistani type has been defined in OMIM as Brachyolmia type 4 (BCYM4, MIM 612847), even if this name
is obsolete and rarely used. Compound heterozygous mutations in PAPSS2 have been identified in a
girl with alteration of steroid metabolism as demonstrated by premature pubarche, hyperandrogenic
anovulation, very low dehydroepiandrosterone sulfate ester (DHEAS) levels, and increased androgen
levels [42]. This phenotype can be explained by the observation that PAPS is the sulfate donor not only
for macromolecular sulfation, but also for steroid hormones as androgens. Indeed PAPS is required for
the conversion of the androgen hormone precursor, dehydroepiandrosterone (DHEA), to its inactive
sulfate ester (DHEAS), reducing its conversion to an active androgen. Interestingly, the bone phenotype
does not present long bone epiphyseal or metaphyseal changes demonstrating that it is milder in this
patient compared to SEMD Pakistani type.

Brachyolmia type 1 including Hobaek and Toledo forms (BCYM1A and 1B, MIM 271530 and 271630,
respectively) is characterised by short trunk, platyspondyly, irregular and narrow intervertebral spaces,
scoliosis, precocious calcification of the costal cartilage and in some cases corneal opacities [74]. In the
Toledo form of brachyolmia abnormal chondroitin sulfation has been described as demonstrated by
chondroitin sulfate (CS) undersulfation in urine [74] and low activity of PAPS-chondroitin sulfate
sulfotransferase in serum [75]. In 2012, PAPSS2 mutations have been identified in brachyolmia type
1 patients [73], making this disorder allelic to the SEMD Pakistani type. Further studies involving
13 patients from 10 families identified PAPSS2 mutations in brachyolmia type 1 and confirmed that
brachyolmia type 1A, 1B and 4 are indeed the same disorder [76]. Despite PAPS involvement in
androgen metabolism, only a minority of these patients showed signs of androgen excess or increased
serum DHEA.

Chondrodysplasia with joint dislocations, gPAPP type (MIM 614078) is characterised by short stature,
chondrodysplasia with brachydactyly, congenital joint dislocations, micrognathia, cleft palate and
facial dysmorphism. It is caused by mutations in the IMPAD1 gene recently renamed BPNT2
encoding for gPAPP [56]. BPNT2 impairment reduces the hydrolysis of PAP, the by-product of
the sulfotransferase reactions, leading to its accumulation in the Golgi and to the inhibition of
sulfotransferase reactions via negative feedback. The final consequence of BPNT2 impairment is the
undersulfation of macromolecules. Unfortunately, cells or cartilage biopsies from patients were not
available, but through a gene trap approach two Impad1 knock-out mice have been generated and are
characterised by severe dwarfism, skeletal defects and abnormal joint formation. Even if they showed a
perinatal lethal phenotype, the impaired CS and heparan sulfate (HS) proteoglycan sulfation confirmed
that this condition is associated with defective synthesis of sulfated PGs. [57,58]. The overlapping
features of chondrodysplasia with joint dislocations, gPAPP type with Catel-Manzke syndrome and
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Desbuquois dysplasia type 1, other skeletal dysplasias caused by altered PG synthesis [12], represent
the complexity of specifically identify the different conditions in patients. For instance, BPNT2 gene
mutations have been detected in two patients previously described as Catel-Manzke syndrome [77].

3.2. Skeletal Dysplasias Linked to Proteins Involved in GAG Sulfation

Spondyloepiphyseal dysplasia with congenital joint dislocations, CHST3 type (SEDCJD, MIM 143095),
also named recessive Larsen syndrome, is due to biallelic variants in the CHST3 gene, encoding for
carbohydrate sulfotransferase-3, also known as chondroitin 6-sulfotransferase 1 (C6ST-1). Individuals
with CHST3 deficiency have dislocation of the knees and/or hips at birth, clubfoot, elbow joint
dysplasia with subluxation and limited extension, short stature, and progressive kyphosis developing
in late childhood with marked flattening of intervertebral spaces [78]. Since patients affected by this
disorder show knee dislocations at birth, the disorder is initially recognised as Larsen syndrome (MIM
245600). During childhood, features of spondyloepiphyseal dysplasia become more apparent and the
dislocations improve, both spontaneously and with surgical treatment, causing arthritis of the hips and
spine with intervertebral disc degeneration, rigid kyphoscoliosis and trunk shortening by late childhood.
At this stage, the clinical features are those previously identified as the Spondyloepiphyseal dysplasia,
Omani type [79]. In conclusion disorders previously designated as Spondyloepiphyseal dysplasia, Omani
type, Humerospinal dysostosis and recessive Larsen syndrome represent different age-related descriptions
of the same condition. The clinical spectrum underlies the wide mutational spectrum in the CHST3
gene [78–82]; the gene defects lead to functional impairment of C6ST1 that catalyzes sulfate transfer
from PAPS to C6 of N-acetylgalactosamine (GalNAc) residues. This biochemical defect is confirmed by
the almost complete depletion of 6-O-sulfated GalNAc residues in CS chains from patients’ fibroblasts
and urine [79–81]. In some patients, cardiac involvement with systolic murmur, and mitral, tricuspid
and aortic regurgitation has been reported [82–84]. This issue has not been well studied, but it seems
likely that involvement of the cardiac connective tissue may be a genuine, if not constant, feature of
CHST3 deficiency, and more attention should be payed to this aspect in the future.

Ehlers-Danlos syndrome (EDS) musculocontractural type 1 (EDSMC1, MIM 601776), formerly
EDS type VIB or adducted thumb-clubfoot syndrome, include distinctive craniofacial dysmorphism,
congenital contractures of thumbs and fingers, clubfeet, severe kyphoscoliosis, muscular hypotonia,
hyperextensible thin skin with easy bruisability and atrophic scarring, wrinkled palms, joint
hypermobility, atrial septal defects and ocular involvement [85,86]. The causative gene of this disorder
is CHST14 encoding for carbohydrate sulfotransferase-14 (also named dermatan-4-sulfotransferase-1,
D4ST1), that catalyzes the 4-O-sulfation of GalNAc residues in dermatan sulfate (DS) [85–87]. In patients’
fibroblasts, reduced 4-O-sulfation in GalNAc residues of DS chains, decreased DS and increased CS
chain synthesis was demonstrated. The CS increased synthesis is due to the conversion of DS to CS,
since the lack of 4-O-sulfation in GalNAc residues allows the reverse epimerization of iduronic acid
present in DS chains into glucuronic acid [87]. Thus, decorin DS chains are completely replaced by CS
chains leading to reduction of GAG chain flexibility, that in turn affects collagen fibril assembly [88,89].
The presence of congenital contractures in a disorder called “Ehlers-Danlos syndrome” appears to be
inappropriate, but the important role of PGs in the development of the skeletal-muscular function unit
may account for the phenotype.

Osteochondrodysplasia, brachydactyly and overlapping malformed digits (OCBMD, MIM 618167) has
been recently described in a Pakistani family and it is characterised by bilateral and symmetrical
skeletal defects affecting mainly the limbs and by hand and foot malformations such as short and
adducted thumbs, overriding fingers and broad halluces. Moreover, scoliosis, dislocated patellae and
fibulae, pectus excavatum and mild osteoarthritis have been reported. In this family a deletion in the
CHST11 gene encoding for carbohydrate sulfotransferase 11 has been detected [90]. The enzyme also
known as chondroitin-4-sulfotrasferase 1 (C4ST1) is a Golgi sulfotransferase responsible for sulfate
transfer to C4 of the GalNAc residues in CS chain. Three years earlier, a deletion spanning exon 2
of CHST11 gene and embedded microRNA MIR3922 was reported in a woman with short stature,
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brachydactyly with disproportionately short index finger and congenital malformations of hand
and feet digits and malignant lymphoproliferative disease [91]. Since combined skeletal phenotype
and lymphoproliferative diseases are rare, the involvement in tumour progression of CHST11 is
not clear, but it is likely that concomitant loss of MIR3922 or additional genetic and environmental
factors may be required [91]. The Chst11 knock-out mouse confirms the involvement of CHST11 gene
in the chondrodysplasia phenotype [92]. Indeed, homozygous mutant mice die within hours after
birth and show severe chondrodysplasia restricted to endochondral bones. Detailed analysis of the
cartilage growth plate demonstrated that loss of C4st1 disturbs the balance of CS and causes abnormal
CS localization leading to robust up-regulation of transforming growth factor β (TGF-β) signalling
with concomitant down-regulation of bone morphogenetic protein (BMP) signalling. These defects
result in abnormal chondrocyte differentiation and orientation within the growth plate causing severe
disturbances in growth plate morphogenesis [92].

The skeletal disorders which have been discussed in this session are summarized in Table 1.

Table 1. Skeletal dysplasias caused by defects in sulfate metabolism.

Pathology MIM/Inheritance Causative
Gene

Protein Product and
Function

Biochemical
Phenotype References

Achondrogenesis type
1B (ACG1B) 600972/AR SLC26A2

Sulfate/chloride
antiporter present on

cell membrane.

Severe cartilage PG
undersulfation;

reduced sulfate uptake
in fibroblasts.

[60,65,66,71,93]

Atelosteogenesis type
2 (AO2) 256050/AR SLC26A2

Sulfate/chloride
antiporter present on

cell membrane.

Severe cartilage PG
undersulfation;

reduced sulfate uptake
in fibroblasts.

[60,65,66,94]

Diastrophic dysplasia
(DTD) 222600/AR SLC26A2

Sulfate/chloride
antiporter present on

cell membrane.

Cartilage PG
undersulfation;

reduced sulfate uptake
in fibroblasts; in mice
altered sulfate uptake
in chondrocytes, and

osteoblasts; altered Ihh
signaling; reduced

chondrocytes
proliferation.

[34,60,65–70]

Recessive multiple
epiphyseal dysplasia

(EDM4)
226900/AR SLC26A2

Sulfate/chloride
antiporter present on

cell membrane.

Reduced sulfate
uptake. [60,65,95]

Spondyloepimetaphyseal
dysplasia, SEMD,
Pakistani type or

Brachyolmia type 4
(BCYM4)

612847/AR PAPSS2

PAPS synthetase 2,
enzyme that

synthesizes the
universal sulfate

donor (PAPS).

Macromolecular
undersulfation; signs
of androgen excess (in
a minority of patients);

very low DHEAS
levels and increased

androgen levels (in one
patient).

[40,42,72,73,76]

Brachyolmia type 1
(includes Hobaek form

and Toledo form,
BCYM1A and 1B

respectively)

271530/AR
271630/AR PAPSS2

PAPS synthetase 2,
enzyme that

synthesizes the
universal sulfate

donor (PAPS).

Undersulfation of CS;
low activity of

PAPS-CS
sulfotransferase; signs
of androgen excess (in
a minority of patients).

[73–76]

Chondrodysplasia
with joint dislocations,

gPAPP type
614078/AR BPNT2

Golgi resident PAP
phosphatase,
enzyme that

hydrolyzes PAP to
AMP and phosphate.

In mice impaired CS
and HS sulfation. [56–58,77]

Spondyloepiphyseal
dysplasia with
congenital joint

dislocations (SEDCJD
or SED Omani type)

143095/AR CHST3

Carbohydrate
sulfotransferase-3,

enzyme that
transfers sulfate to
GalNAc residues

of CS.

Depletion of
6-O-sulfated GalNAc
residues in CS chains

in fibroblasts
and urine.

[78–84]
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Table 1. Cont.

Pathology MIM/Inheritance Causative
Gene

Protein Product and
Function

Biochemical
Phenotype References

Ehlers-Danlos
syndrome

musculocontractural
type 1 (EDSMC1)

601776/AR CHST14

Carbohydrate
sulfotransferase-14,

enzyme that
transfers sulfate to
GalNAc residues

of DS.

Reduction of
4-O-sulfation in

GalNAc residues in DS
chains; decrease of DS

and increase of CS
chain synthesis.

[85–89]

Osteochondrodysplasia,
brachydactyly and

overlapping
malformed digits

(OCBMD)

618167/AR CHST11

Carbohydrate
sulfotransferase-11,

enzyme that
transfers sulfate to
GalNAc residues

of CS.

In mice abnormal CS
localization; strong

up-regulation of
TGF-β signaling and
down-regulation of

BMP signaling; altered
morphology of the

growth plate.

[90–92]

4. Alterations of Extracellular Matrix and Cell Homeostasis Due to Defects in PG Sulfation

PGs are fundamental components of ECMs and affect the biochemical, physical, and mechanical
properties of tissues. In particular, PGs are the most abundant ECM proteins in cartilage and they play
a pivotal role in the maintenance of cartilage homeostasis. Recent studies underline how altered PG
synthesis affects cartilage structure and development, leading to disorders that primarily affect the
skeleton [12].

Defects in the metabolism of sulfate and mutations in genes encoding for enzymes and transporters
involved in the sulfate activation pathway or in sulfotransferase reactions cause altered PG sulfation,
affecting PG synthesis and the cartilage ECM properties. The first evidence of impaired sulfate
metabolism due to reduced sulfate uptake, decreased PAPS synthesis, or reduced sulfotransferase
activity is the synthesis of undersulfated PGs. This condition may affect cartilage homeostasis at
different levels impairing the synthesis of whole GAG chains, altering the ECM structure, or the
cell behavior.

In DS biosynthesis, the 4-O-sulfation of GalNAc residue is important to prevent the reconversion
of DS chain in CS. CHST14 sulfotransferase impairment reduces the sulfation of GAG chains leading
to GAG biosynthetic defects as demonstrated by the complete replacement of DS chain with CS on
decorin core protein in fibroblasts from patients affected by EDSMC1 [86–88].

In the extracellular environment, PGs are fundamental for interactions with ions, small molecules
and proteins and for the organisation of the complex ECM network. For instance, the flexible DS chain
of decorin and biglycan allows the correct formation of collagen fibres. TEM analysis of a healthy skin
sample shows that the majority of GAG chains are curved and in close contact with the outer of collagen
fibres. Conversely, in skin biopsies of patients affected by EDSMC1, collagen fibres are dispersed and
GAG chains appear to be straight since DS is converted to CS [86,88,89]. In the bone trabeculae of the
animal model of diastrophic dysplasia, the dtd mouse, collagen fibres present a smaller diameter and
are less organised in the matrix compared with wild type animals. The undersulfation of CS-PGs, due
to impairment of SLC26A2 transporter, could cause defects in collagen fibres organisation leading to
an altered bone matrix [96].

PGs in ECM and on the cell membrane interact also with signalling molecules through the high
negative charge of their GAG chains. Among GAGs, HS is mainly present on the cell surface and it
works as co-receptor binding growth factors and making them closer to their receptors. On the other
hand, CS in the ECM binds growth factors protecting them from proteases and regulating their diffusion
in the matrix. For instance, Ihh signalling, a fundamental pathway for cartilage development, relies on
sulfated PGs for its activity as confirmed by the altered Ihh distribution in cartilage ECM of animal
models with PAPPS2 and SLC26A2 mutations, that causes reduced chondrocyte proliferation [68,97].
Moreover, alteration in Ihh distribution and expression of its downstream targets has been observed
also in the Impad1 knock-out mouse confirming the important link between sulfated PGs and Ihh [58].
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Defects in PG sulfation disrupt not only Ihh signalling, but may perturb also other signalling pathways
important for regulation of chondrocyte proliferation and differentiation. The downstream effector
of BMP signalling is reduced, while the TGF-β effector is increased in growth plate chondrocytes of
Chst11 knock-out mice demonstrating an altered balance between the BMP and TGF-β pathway when
PG sulfation is impaired [92].

5. Conclusions and Perspectives

Over the last few years, there have been significant advances in the skeletal dysplasia field leading
to the identification of the underlying genetic defects in more than 400 different skeletal disorders [15].
The above synopsis highlights the complexity of skeletal defects caused by mutations in genes encoding
for enzymes and transporters involved in sulfate metabolism. Progress in this field has been allowed
by next-generation genomic technologies, that are a first-line diagnostic resource. In this complex
scenario, patient derived biopsies, cell cultures, and animal models are fundamental to investigate the
pathogenesis and to analyze new aspects of the role of GAG in connective tissue biology.

Despite the great step forward in the identification of causative genes, genotype-phenotype
correlations are lacking and we are still far from a comprehensive view of the disease molecular
mechanisms. First, it is unclear how the tissue specificity and the redundancy of genes can determine
the phenotype. Defects in PG sulfation mainly affect cartilage and bone, but other tissues can be
involved as cardiac tissue in SEDCJD [82,84] or lymphoid tissue leading to tumour progression in
OCBMD [91]. The involvement of different tissues and its implications on the disease phenotype should
be carefully studied in the future. Moreover, mutations in different genes cause skeletal dysplasias
with overlapping features that may be wrongly diagnosed as occurs in condrodysplasia with joint
dislocation, gPAPP type, Catel-Manzke syndrome and Desbuquois dysplasia type 1. Nowadays we
cannot provide a full explanation why some classes of sulfated PGs are more affected by enzyme
deficiency than others. Even if the GAGs role depends on their physicochemical properties, it is difficult
to molecularly dissect the function of sulfated GAGs when they interact in the complex ECM network.
Lastly, the variability in the clinical phenotypes caused by mutations in the same gene suggests that
also environmental and epigenetic factors might play a role.

A deep understanding of the molecular mechanisms of these disorders is crucial to ultimately
pave the way for innovative therapies. Recently, significant advances in the development of therapeutic
approaches for some disorders have been achieved with the aim of alleviating, preventing or modifying
the disease progression [70,98–101]. This progress has been made thank to deep phenotyping of in vitro
and/or in vivo models that has allowed the identification of new molecules or already existing ones
through a drug repositioning approach. Moreover, molecular studies in different disorders could lead
to the identification of common pathogenic mechanisms resulting in common therapeutic strategies
that might be targeted to a range of individual phenotypes.

Author Contributions: C.P., C.G.T., A.S.-F., and A.R. analyzed the literature and co-wrote the review. C.G.T.
prepared the figures. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the European Community’s Seventh Framework Program under grant
agreement n. 602300 (SYBIL), MIUR “Progetti di ricerca di rilevante interesse nazionale” (PRIN 2015F3JHMB) and
MIUR “Dipartimenti di Eccellenza 2018–2022”.

Conflicts of Interest: The authors declare no conflicts of interest.



Int. J. Mol. Sci. 2020, 21, 2710 12 of 17

Abbreviations

ACG1B achondrogenesis type 1B
AO2 atelosteogenesis type 2
APS adenosine 5′-phosphosulfate
BCYM1A brachyolmia type 1 Hobaek form
BCYM1B brachyolmia type 1 Toledo form
BCYM4 brachyolmia type 4
BPNT2 3′(2′) 5′-bisphosphate nucleotidase 2
C4ST chondroitin-4-O-sulfotransferase
C6ST chondroitin-6-O-sulfotransferase
CS chondroitin sulfate
D4ST dermatan-4-O-sulfotransferase
DHEA dehydroepiandrosterone
DHEAS dehydroepiandrosterone sulfate ester
DS dermatan sulfate
DTD diastrophic dysplasia
DTDST diastrophic dysplasia sulfate transporter
ECM extracellular matrix
EDM4 recessive multiple epiphyseal dysplasia
EDSMC1 Ehlers-Danlos syndrome musculocontractural type 1
GAG glycosaminoglycan
GalNAc N-acetylgalactosamine
gPAPP Golgi resident phosphoadenosine phosphate phosphatase
HS heparan sulfate
IMPAD1 inositol monophosphatase domain-containing protein 1
OCBMD osteochondrodysplasia brachydactyly and overlapping malformed digits
PAP phosphoadenosine phosphate
PAPS 3′-phosphoadenosine 5′-phosphosulfate
PAPSS PAPS synthetase
PAPST PAPS transporter
PG proteoglycan
SEDCJD spondyloepiphyseal dysplasia with congenital joint dislocations
ST carbohydrate sulfotransferase
SULT cytosolic sulfotransferase
TPST tyrosylprotein sulfotransferase
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Chapter 11

Analysis of Aggrecan Glycanation by Western Blot
in Cell Culture

Chiara Gramegna Tota, Alessandra Leone, Antonio Rossi,
and Chiara Paganini

Abstract

Several experimental protocols are available to study the synthesis and secretion of proteoglycans in health
and diseases, but there are few methods to analyse the intracellular processing of these macromolecules. We
report a western blot analysis on medium and cell layer of primary chondrocyte culture to determine the
glycanation status of aggrecan. Using a specific antibody against the aggrecan core protein and digesting an
aliquot of sample with chondroitinase ABC, it is possible to analyse the whole aggrecan macromolecule and
the core protein in order to evaluate defects in aggrecan glycanation.

Key words Aggrecan, Proteoglycan, Glycosaminoglycan, Western blot, Cell processing, Secretion,
Chondrocyte

1 Introduction

Proteoglycans (PGs) are among the most abundant macromole-
cules of the extracellular matrix (ECM) in many tissues. They are
composed of a core protein to which glycosaminoglycans (GAGs),
linear polysaccharide chains, are attached. GAGs are constituted of
repeated disaccharide units that can be sulphated, and they vary in
size and composition [1]. PGs can bind many other ECM compo-
nents forming a matrix network and interact with growth factors
and cell surface receptors regulating cell behaviour [2]. Among
different types of PGs, aggrecan is the major PG of cartilage, but
it is also present in intervertebral disks and brain [2]. It represents
the most glycanated PG since the aggrecan core is bound to over
100 GAGs, in particular chondroitin sulphate and keratan sulphate
chains. In cartilage aggrecan is fundamental to confer load-bearing
properties to the tissue forming a hydrated gel with hyaluronan and
link proteins and attracting water [3, 4].
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The synthesis of PGs is a complex process composed of several
steps. First, the core protein is synthetised by ribosomes of the
endoplasmic reticulum. Then, the core protein moves to the
Golgi apparatus where GAG chain synthesis and sulphation occur,
and finally newly synthetised PGs are secreted in the extracellular
space. Since PGs are fundamental in cartilage and bone develop-
ment, alterations in their metabolism cause several skeletal dyspla-
sias [5, 6].

Due to the important role of PGs in health and diseases, several
experimental protocols are available to study the synthesis and
secretion of PGs. The 1,9-dimethylmethylene blue or safranin O
colorimetric assays allow the PG content measurement in tissues
and in cell cultures [7, 8]. When few cells from patients or animal
models are available, more sensitive methods using radioactive
labelling with 35S-sulphate could be used [9]. However, little is
known about intracellular PG processing and their quality control.

Here we describe an innovative method to study the processing
of aggrecan in cell cultures. The level of aggrecan glycanation is
determined in medium and cell layer by western blot using an
antibody against the aggrecan core protein. By analysing the sample
without and with chondroitinase ABC digestion to remove GAGs,
we can observe the aggrecan core protein (not glycanated form) or
total aggrecan (glycanated and not glycanated forms), respectively.
For this analysis an aggrecan antibody that binds only the core
protein is mandatory. Thus, differences in the aggrecan glycanation
process could be observed. The method has been set up in primary
murine chondrocytes, but it could be extended to other cell types
and cell lines.

2 Materials

Prepare all solutions using Milli-Q water and analytical grade
reagents. Follow waste disposal regulations for all waste materials.
Protect yourself wearing gloves and personal safety devices when
necessary.

2.1 Cell Culture 1. Dulbecco’s Modified Eagle Medium (DMEM): 13.5 g/L
DMEM, 3.7 g/L sodium bicarbonate (NaHCO3), 1× antibi-
otic solution (penicillin/streptomycin 100×) and 10% foetal
bovine serum (FBS) heat inactivated. Weight 13.5 g DMEM
and 3.7 g NaHCO3 and transfer in a cylinder. Add water and
dissolve powder. Make up to 900 mL and filter to sterilise the
solution. Under the laminar flow hood, add 10 mL of sterile
penicillin/streptomycin 100× solution and 100 mL FBS. Store
at 4 °C.
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2. 1× phosphate buffer saline (PBS): 137 mM NaCl, 2.7 mM
KCl, 8.1 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.4. Weight
8 g NaCl, 0.2 g KCl, 1.15 g Na2HPO4 and 0.2 g KH2PO4.
Add water and dissolve the powder. Adjust the pH to 7.4
adding diluted phosphoric acid or NaOH and make up to
1 L. Filter to sterilise the solution and store at 4 °C.

2.2 Cell Layer and

Medium Processing

1. RIPA buffer: 150 mM NaCl, 1% IGEPAL CA-630, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulphate (SDS),
50 mM Tris(hydroxymethyl)aminomethane hydrochloride
(Tris-HCl), pH 8.00. Weight 0.30 g Tris-HCl, 0.44 g NaCl
and 0.25 g sodium deoxycholate. Add water and dissolve the
powders. Adjust the pH to 8.00 adding diluted HCl or NaOH.
Then, add 0.5 mL IGEPALCA-630 and 0.5 mL 10% SDS.Mix
well and make up to 50 mL. Aliquot the solution in Eppendorf
tubes and store at -20 °C.

2. Protein inhibitors 10×: 0.1 M benzamidine, 19.98 mM N-
ethylmaleimide (NEM) and 40mM ethylenediaminetetraacetic
acid (EDTA). Weight 1.20 g benzamidine, 2.5 g NEM and
1.17 g EDTA and dissolve the powders in water. Make up to
100 mL and split the protein inhibitor solution in 10 mL
aliquots. Store at -20 °C.

3. 0.2 M phenylmethylsulfonyl fluoride (PMSF) in 96% ethanol.
Weight 0.70 g PMSF and add 96% ethanol. Dissolve the pow-
der and make up to 20 mL. Store at -20 °C (see Note 1).

4. 0.1 M ammonium acetate pH 7.35. Weight 0.77 g ammonium
acetate and add water. When the powder is dissolved, adjust the
pH to 7.35 with diluted acetic acid or ammonia. Make up to
100 mL and store at -20 °C.

5. Pierce bicinchoninic acid (BCA) protein assay kit.

6. Amicon Ultra 0.5 mL centrifugal filter unit 10 K (Millipore)
and Amicon Ultra 4 mL centrifugal filter unit 10 K (Millipore).

7. Chondroitinase ABC (AMSBIO) (see Note 2).

8. Sample buffer: 62.5 mM Tris-HCl, 2% SDS, 10% glycerol,
0.01% bromophenol blue and 5% β-mercaptoethanol, pH 6.8.
Weight 5 mg bromophenol blue and add 6.25 mL Tris-HCl
0.5 M pH 6.8 and 10 mL 10% SDS. Dissolve the powder and
add 5 g glycerol. Mix well and add 2.5 mL β-mercaptoethanol.
Make up to 50 mL and aliquot in 1 mL Eppendorf tube; store
at -20 °C.

2.3 Western Blot

Analysis

1. 4–15% Mini-PROTEAN TGX Stain-Free Protein Gel.

2. Running Buffer 10×: 250 mM Tris-HCl, 1.92 M glycine and
1% SDS. Weight 15.14 g Tris-HCl, 72.07 g glycine and 5 g
SDS. Add water and dissolve the powders. Make up to 500 mL
and store at 4 °C.
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3. Transfer buffer 10×: 200 mM Tris-HCl and 1.5 M glycine.
Weight 12.11 g Tris-HCl and 56.30 g glycine. Add water and
dissolve the powders. Make up to 500 mL and store at 4 °C (see
Note 3).

4. Tris-buffered saline (TBS) 5×: 100 mM Tris-HCl and 2.5 M
NaCl, pH 7.5. Weight 12.11 g Tris-HCl, 146.10 g NaCl and
add water. When the powders are dissolved, adjust the pH to 7.5
with diluted HCl or NaOH. Make up to 1 L and store at 4 °C.

5. TBS 1×: 20 mM Tris-HCl and 500 mM NaCl, pH 7.5. Dilute
TBS 5× by adding 800 mL water to 200 mL TBS 5×. Store at
4 °C.

6. TBS-T: 20 mM Tris-HCl, 500 mMNaCl and 0.1% Tween-20,
pH7.5. Add 0.5mLTween-20 to 500mLTBS 1× (seeNote 4).
Store at 4 °C.

7. Blocking solution: 5% bovine serum albumin (BSA) and 0.05%
Tween-20 in TBS 1×. Weight 2.5 g BSA and add TBS 1×.
When the powder is dissolved, make up to 50 mL with TBS
1× and add 25 μL Tween-20 mixing vigorously. Store at 4 °C
(see Note 5).

8. Polyvinylidene difluoride (PVDF) membrane.

9. Protein ladder Sharpmass VI.

10. Swift Membrane Stain.

11. Anti-aggrecan polyclonal antibody (Millipore).

12. Anti-actin monoclonal antibody.

13. Anti-rabbit IgG, HRP-linked antibody.

14. Anti-mouse IgG, HRP-linked antibody.

3 Methods

3.1 Cell Culture and

Sample Harvest

1. Plate 1.5 × 106 cells in a 60 mm diameter petri dish in 5 mL of
DMEM with 10% FBS and incubate at 37 °C in 5% CO2.

2. After 48 h, wash the cells once with 4 mL PBS and once with
4 mL DMEM without FBS (see Note 6).

3. Incubate cells in 5 mL DMEM without FBS at 37 °C in 5%
CO2 for 24 h (see Note 7).

4. Harvest the medium in a 15 mL Falcon tube and centrifuge at
2000 rpm for 10 min (see Note 8).

5. Transfer the supernatant in a new tube and freeze immediately
the medium at -20 °C.

6. Wash the cell layer twice with 5 mL PBS (see Note 9).

7. Scrape the cells in 1 mL PBS.
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8. Harvest the cell solution in a 2 mL Eppendorf tube.

9. Wash the petri dish with 700 μL of PBS and transfer in the same
tube of the cell solution.

3.2 Cell Layer

Processing

1. Centrifuge the cell layer sample at 12,000×g for 5 min at 4 °C.

2. Remove the supernatant.

3. Resuspend the pellet in 100 μL RIPA buffer with protein
inhibitors (see Note 10) and lyse the cells with three cycles of
freezing and thawing (see Note 11).

4. Centrifuge the cell lysate at 12,000×g for 5 min at 4 °C.

5. Harvest the supernatant in a new tube (see Note 12).

6. Collect an aliquot of 10 μL to determine the protein content by
the BCA protein assay (see Note 13).

7. Dilute the cell layer sample with 200 μL of 0.1 M ammonium
acetate, pH 7.35, and load the samples on Amicon Ultra
0.5 mL centrifugal filter unit 10 K previously washed with
water (see Note 14).

8. Centrifuge the sample in Amicon Ultra 0.5 mL unit at 9000×g
for 5 min and discard the flow through.

9. Wash twice the Amicon Ultra 0.5 mL unit with 400 μL o
0.1 M ammonium acetate, pH 7.35, and centrifuge at
9000×g for 4 min each time discarding the flow through.

10. To recover the concentrated sample, remove the Amicon Ultra
0.5 mL filter device, place it upside down in a new collection
tube and centrifuge at 10,000×g for 5 min.

11. Wash twice the filter unit with 200 μL of 0.1 M ammonium
acetate, pH 7.35, and centrifuge each time the filter unit upside
down at 10,000×g for 5 min in the same collection tube.

12. The cell layer sample with an approximate volume of 550 μL is
lyophilised.

3.3 Medium

Processing

1. Thaw the medium on ice.

2. Load 3 mL of medium sample on Amicon Ultra 4 mL centrif-
ugal filter unit 10 K previously washed with water (see Note
15).

3. Centrifuge the Amicon Ultra 4 mL filter unit at 4200×g for
about 11 min and discard the flow through.

4. Add the remaining 2 mL of medium sample on Amicon Ultra
4 mL filter unit and centrifuge the columns at 4200×g for
about 10 min.

5. Discard the flow through.
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6. Wash twice the Amicon Ultra 4 mL filter unit with 2 mL of
0.1 M ammonium acetate, pH 7.35, centrifuge at 4200×g for
10 min each time and discard the flow through.

7. Transfer the concentrated sample (approximately 250 μL) in a
new Eppendorf tube.

8. Wash twice the filter membrane with 200 μL of 0.1 M ammo-
nium acetate, pH 7.35, and recover the solution with a Pasteur
pipette in the same tube of the medium sample.

9. The medium sample with an approximate volume of 650 μL is
lyophilised.

3.4 Chondroitinase

Digestion and Sample

Preparation

1. Lyophilise cell layer and medium samples in order to concen-
trate proteins.

2. Resuspend the lyophilised samples (both the medium and the
cell layer) in 400 μL of 0.1 M ammonium acetate, pH 7.35.

3. Divide each sample in two aliquots 200 μL each.

4. Digest one aliquot with chondroitinase ABC adding 40 mU of
chondroitinase ABC in 45 μL of 0.1 M ammonium acetate,
pH 7.35 (see Note 16).

5. The second aliquot is not digested with chondroitinase ABC;
thus add 45 μL of 0.1 M ammonium acetate, pH 7.35.

6. Incubate both aliquots (with and without chondroitinase
ABC) at 37 °C overnight (see Note 17).

7. After overnight incubation, lyophilise both aliquots.

8. Resuspend samples with 150 μL of sample buffer (see
Note 18).

9. Denature all samples at 90 °C for 10 min.

10. Cool samples at room temperature, vortex and rapidly spin
them (see Note 19).

11. Store samples at -20 °C until western blot analysis.

3.5 Western Blot

Analysis

1. Load denatured samples on 4–15% acrylamide gel (see Notes
20 and 21).

2. Carry out electrophoresis in running buffer 1× (seeNote 22) at
80 V at room temperature (see Note 23).

3. At the end of electrophoresis, turn off the power supply,
recover the gel and equilibrate in transfer buffer 1× (see
Note 24).

4. Activate the PVDF membrane in methanol for 10 s by constant
shaking. Then, wash it twice in Milli-Q water and equilibrate in
transfer buffer 1×.
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5. Wet two foam pads and some pieces of Whatman N. 3 MM
paper in transfer buffer 1×.

6. Assemble the gel-membrane sandwich laying a wet foam pad,
two or three sheets of Whatman paper, the gel, the PVDF
membrane, two or three sheets of Whatman paper and wet
foam pad (see Note 25).

7. Place the gel-membrane sandwich in the blotting apparatus
placing the gel side at the negative electrode of the apparatus.
Fill the apparatus with transfer buffer 1×.

8. Transfer the proteins from the gel to the PVDF membrane at
100 V for 2 h at 4 °C (see Note 26).

9. After blotting rapidly rinse the membrane in TBS-T (see
Note 27).

10. Incubate the membrane with the blocking solution at constant
shaking for 2 h at room temperature (see Note 28).

11. Then, incubate the membrane with primary antibody against
aggrecan core protein diluted 1:500 in blocking solution in
constant shaking at 4 °C overnight (see Note 29).

12. Remove the antibody solution and wash the membrane three
times, 5 min each, in TBS-T at constant shaking at room
temperature.

13. Incubate the membrane with the secondary anti-rabbit anti-
body diluted 1:2000 in 5% milk in TBS at constant shaking at
room temperature for 1 h (see Note 29).

14. Remove the antibody solution and wash the membrane five
times, 5 min each, in TBS-T at constant shaking at room
temperature.

15. Incubate the membrane with appropriate volume of ECL
chemiluminescent reagent to develop the blot and get the
image with an imaging system (i.e. ImageQuant LAS 4000)
(Fig. 1).

16. Wash rapidly the membrane with TBS-T.

17. For cell layer samples, incubate the membrane with primary
antibody against actin diluted 1:1000 in blocking solution in
constant shaking at 4 °C overnight (see Notes 29 and 30).

18. Remove the antibody solution and wash the membrane three
times, 5 min each, in TBS-T in constant shaking at room
temperature.

19. Incubate the membrane with secondary anti-mouse antibody
diluted 1:2000 in blocking solution in constant shaking at
room temperature for 1 h (see Note 29).
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Fig. 1 Western blot analysis of aggrecan from murine chondrocytes. (a) The cell layer sample was divided in
two aliquots to study the glycanated status of aggrecan. Using a specific antibody against the aggrecan core
protein, a band of total aggrecan (glycanated form and core protein) is observed in the aliquot digested with
chondroitinase ABC (ChABC), while in the not digested aliquot, the band represents only the core protein
without any GAGs (non-glycanated form). Densitometric analysis of the two lanes (not digested and digested
with ChABC) demonstrates that the bands show the same intensity. This data suggests that the aggrecan
inside the cell is mainly present in the non-glycanated form (core protein) and, probably, once glycanated it is
immediately secreted. The aggrecan band is normalised to the actin band. (b) The medium sample was
divided in two aliquots to study the glycanated status of secreted aggrecan using a specific antibody against
the core protein. In the aliquot digested with chondroitinase ABC (ChABC), a band is observed, while the not
digested aliquot does not show any band. This result demonstrated that normal chondrocytes secrete in the
medium only glycanated aggrecan and not the core protein since without chondroitinase digestion no
aggrecan band is observed. Aggrecan band is normalised to membrane staining with Swift Membrane
Stain. STD = cartilage aggrecan standard digested with chondroitinase ABC

20. Remove the antibody solution and wash the membrane five
times, 5 min each, in TBS-T in constant shaking at room
temperature.

21. Incubate the membrane with appropriate volume of ECL
chemiluminescent reagent to develop the blot and get the
image with an imaging system (i.e. ImageQuant LAS 4000)
(Fig. 1).

22. Wash rapidly the membrane with TBS-T and store in TBS 1× at
4 °C for further experiments, if necessary.

23. Perform densitometric analysis by ImageJ software. In medium
samples, the aggrecan band is normalised to total protein gel
staining, while in cell layer samples, the aggrecan band is nor-
malised to the actin band.
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4 Notes

1. At -20 °C PMSF solution does not freeze, but PMSF precipi-
tates. Before using it, thaw the PMSF solution at room tem-
perature and be sure that it is completely dissolved. Vortex the
solution to allow PMSF resuspension.

2. Chondroitinase ABC is lyophilised. The enzyme is resuspended
in Milli-Q water and split in appropriate aliquots. The aliquots
are immediately lyophilised and stored at -80 °C. This step is
necessary because the enzyme is not stable if stored in solution.

3. When transfer buffer 10× is diluted to 1×, it is necessary to add
methanol up to 20%. Thus, mix 100 mL transfer buffer 10×,
200 mL methanol and 700 mL water.

4. Tween-20 is a detergent with high viscosity. Thus, pay atten-
tion adding it to TBS and vigorously mix the solution to
completely resuspend the detergent.

5. While BSA is dissolving, the volume of the solution could
increase. Thus, add a small volume of TBS 1× to dissolve BSA
powder and then make up to the final volume.

6. This step is necessary to remove all residual serum from the
petri dish.

7. The incubation of cells in DMEM without FBS is necessary to
remove all serum proteins from the medium sample to avoid
western blot overloading.

8. Centrifugation is useful to remove all cell debris, if any, present
in the medium before going on with the experiment. This step
is important since the cell debris in the medium could clog the
centrifugal filter unit.

9. The wash of the cell layer with PBS is necessary to remove all
medium traces in order to avoid contamination between
medium and cell layer.

10. Thaw an aliquot of RIPA buffer and add the protein inhibitors
diluting the protein inhibitors 10× in order to reach a final
concentration of 10 mM benzamidine, 1.998 mM NEM,
4 mM EDTA and 1 mM PMSF. For example, to prepare
1 mL RIPA buffer with protein inhibitors, add 100 μL protein
inhibitors 10× and 5 μL 0.2 M PMSF to 900 μL RIPA buffer.

11. Freeze and thaw cycles lyse the cells. To make the freezing step
faster, it is possible to use dry ice. Once the cell sample is
thawed, it is vortexed and refrozen immediately.

12. At this step, if necessary, cell layer samples can be frozen at -
20 °C, and it is possible to go on in the following days.
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13. Collect 10 μL of cell layer and measure the protein content by
BCA protein assay using bovine serum albumin (BSA) as stan-
dard in the working range 5–250 μg/mL.

14. Before use, Amicon Ultra 0.5 mL centrifugal filter units are
washed with 400 μL of Milli-Q water and centrifuged at
9000×g for 4 min. Then the flow through is discarded.

15. Before use, Amicon Ultra 4 mL centrifugal filter units 10 K are
washed with 2 mL of Milli-Q water and centrifuged at 4200×g
for approximately 9 min. Then the flow through is discarded. It
is important that the filter membrane stays wet. If the filter
units are not used immediately, they can be stored in Milli-Q
water to cover the filter membrane.

16. The digestion with chondroitinase ABC is necessary to remove
the chondroitin/dermatan sulphate GAGs linked to the PG
core protein. This step is necessary to unmask the epitope on
the aggrecan core protein for the aggrecan antibody. In west-
ern blot analysis, the aggrecan band in samples digested with
chondroitinase ABC points to total aggrecan, while the pres-
ence of an aggrecan core band in the aliquots that are not
digested with chondroitinase ABC points to the not glycanated
aggrecan (core protein without GAGs).

17. To examine if the chondroitinase ABC enzyme works properly,
it is useful to check its activity. Two samples, negative and
positive controls, are prepared. The positive control is made
by 500 μL of 1 mg/mL chondroitin sulphate C, 455 μL o
0.1 M ammonium acetate, pH 7.35, and 45 μL chondroitinase
ABC (40 mU) in 0.1 M ammonium acetate, pH 7.35. The
negative control is made of 500 μL 1 mg/ml chondroitin
sulphate C and 500 μL 0.1 M ammonium acetate, pH 7.35.
The two samples are immediately read in a spectrophotometer.
The absorbance is recorded at 232 nm. The rise of absorbance
within few minutes in the positive control points out that the
enzyme works properly and digests GAGs to disaccharides.

18. The volume of sample buffer used to resuspend cell layer
samples is determined based on results from the BCA protein
assay. The optimum protein concentration for western blot
analysis is approximately 1 μg/μL. For medium samples the
volume of sample buffer is fixed at 150 μL.

19. The centrifuge is necessary to mix the bubbles on the cap of
tubes with whole sample.

20. Load the aliquot digested with chondroitinase ABC and the
aliquot not digested in adjacent wells. Load 5 μL of protein
ladder in the first well of the gel.

21. If possible, 20 μg of proteins are loaded for each sample in a
maximum volume of 20–25 μL.
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22. Running buffer 1× is obtained by diluting running buffer 10×.
Add 100 mL of running buffer 10× to 900 mL of Milli-Q
water and mix well.

23. The electrophoresis is performed until the dye front reaches
the bottom of the gel. It takes approximately 2 h.

24. Transfer buffer 1× is obtained by diluting transfer buffer 10×
and adding methanol. Thus, mix 100 mL of transfer buffer
10×, 200 mL of methanol and 700 mL of Milli-Q water. After
blotting, the transfer buffer can be recovered and reused twice.

25. Once the sandwich is obtained, press with a serological pipette
to remove all air bubbles present between the different sand-
wich layers. The presence of air bubbles between gel and PVDF
membrane does not allow protein transfer and compromises
the analysis.

26. To maintain 4 °C during transfer, the blotting apparatus is
dipped in an ice tray.

27. The coloured protein ladder on membrane points to correct
protein transfer from the gel to the membrane.

28. For medium samples it is necessary to perform a membrane
staining by Swift Membrane Stain following the manufac-
turer’s instructions to reveal total proteins and use them for
normalisation. This step is performed before blocking the
membrane with blocking solution.

29. It is necessary to optimise the antibody dilutions for all specific
antibodies.

30. The actin is used in cell layer samples as housekeeping protein
for normalisation.
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