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ADAMTS5 (TS5), as a member of the ADAMTS-aggrecanase family of 

proteases is considered to be largely responsible for the turnover of aggrecan 

and versican in vivo. Its ablation has been shown to protect murine cartilage from 

a variety of joint injury models, give rise to heart valve abnormalities and cause 

defective wound healing, as well as affect fibroblast-myofibroblast transition due 

to altered versican turnover. However, a potentially broader cell biological role for 

this protein in signal transduction to regulate extracellular matrix turnover during 

tissue homeostasis and regeneration is not well understood. We have previously 

reported that ADAMTS5 KO mice exhibit cartilage protection after joint injury due 

to reduced fibrosis of the joint capsule and synovium and enhanced articular 

cartilage deposition. Additionally, these mice display impaired wound healing of 
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the skin and tendons, and this is associated with aggrecan-rich deposits at the 

wound sites in vivo and altered TGFb signaling in fibroblasts in vitro. We 

hypothesize that the multi-tissue chondrogenic wound-healing response in 

ADAMTS5 KO mice is due to a nodal role of TS5 in regulating the differentiation 

of progenitor cells into fibroblastic cell types. To address this hypothesis, we 

have established monolayer cultures of adipose derived stromal cells (ADSCs) 

from wild type and two strains of ADAMTS5 KO mice and have shown their basal 

capacity in vitro for versican, aggrecan, hyaluronan and collagen type I synthesis. 

Aggrecan synthesis was stimulated by increased (10 mM) extracellular glucose, 

and this was more pronounced in TS5 KO cells, which exhibited enhanced 

glucose uptake, under both physiological (5 mM) and hyperglycemic (10 mM) 

conditions. 

We also investigated the catabolic turnover of aggrecan and versican in 

the stromal cell cultures. Both were degraded by ADAMTS-aggrecanases, and 

no qualitative or quantitative differences in their catabolism were detected 

between WT and TS5 KO cells. Notably, ADAMTS-cleavage of the core proteins 

occurred largely intracellularly during the secretory process, and took place both 

in the absence and presence of fetal bovine serum. Furthermore, a comparative 

analysis of aggrecan turnover in epiphyseal chondrocytes showed no differences 

in catabolic activity against the proteoglycan in WT and TS5 KO cells, we 

propose that ADAMTS5 is not essential for aggrecan cleavage in these two cells 

types. 
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In keeping with previous work on newborn skin fibroblasts we found that 

stromal cells from ADAMTS5 KO mice exhibited altered TGFb1 responsiveness, 

which in this study was shown by lack of TGFb1 stimulated hyaluronan synthase 

1 and 2 gene expression and collagen type I synthesis, in TS5 KO cultures 

compared to WT.  A non-proteolytic function for the TS5 protein was further 

underscored by our finding, that only fragments of TS5 were detectable in the cell 

associated matrix of WT stromal cells.  Their absence in TS5 KO cells, their lack 

of proteolytic activity (size of 30kDa and 40 kDa, by reactivity on western blot 

analyses with 2 peptide specific antibodies), and their altered abundance in cells 

treated with the endocytotic/endosomal trafficking inhibitors, Dynasore or 

Bafilomycin, indicates a novel cell-biological role for TS5 in modulating signal 

transduction mechanisms by regulating growth factor receptor endocytosis 

and/or endosomal recycling. 
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I. INTRODUCTION 

 

A. PHYSIOLOGY AND CELL BIOLOGY OF TISSUE REGENERATION 

 

The capacity for an organism to renew itself or part of itself is a necessary 

biological process essential for survival after disruption or damage from its 

environment. The proper regeneration of tissues requires a complex 

orchestration of events to restore function to a damaged tissue or organ. The 

most sophisticated and evolutionarily refined mechanisms for regeneration in 

mammalian species are dermal wound-healing [1], fracture healing [2] and 

mucus membrane regeneration [3].  All three processes involve recruitment and 

activation of neutrophils and macrophages from the peripheral immune system 

and endogenous multi-potent progenitor cells to the injury site. In combination, 

these cell types achieve protection from infectious agents, removal of damaged 

tissue and cell debris, and generate repair tissue, which in the adult animal is 

also defined as “scarring”. Tissue and organ regeneration involves spatially and 

temporally coordinated molecular responses, this sequential pathway being 

relatively conserved and known as the stages or ‘phases’ of regeneration, which 

include hemostasis, inflammation, proliferation and remodeling [4]. A brief 

summary of these stages is provided below.  
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1. Stages of Tissue Regeneration 

A primary response at the injury site is prevention of blood loss. This is 

achieved by platelets aggregating to form a clot made of fibrin, fibronectin and 

thrombospondin [5-7]. As a temporary matrix, this allows adherence of 

leukocytes, which secrete growth factors such as platelet derived growth factor 

(PDGF), fibroblast growth factor (FGF) transforming growth factor beta 1 

(TGFb1), epidermal growth factor (EGF), insulin-like growth factor-1 (IGF-1), and 

pro-inflammatory cytokines interleukin 1 and 6 (IL-1) and (IL-6), and further 

recruitment of neutrophils and macrophages [4,8], to eliminate bacteria and 

damaged tissue and cells. Secretion of TGFb1 by phagocytic cells induces 

further migration and proliferation of stromal progenitor cell populations [4,9], 

which embed themselves in a provisional ECM, composed of collagen types I 

and III, SLRP- proteoglycans [10,11], fibronectin and a hyaluronan proteoglycan 

network [12-15]. Prior to the production of new tissue (i.e. scar formation), 

remodeling of the granulation tissue is required. The residual cells are stimulated 

to perform ECM degradation and phagocytose fragments, and at the same time 

allow for activation of complex networks of autocrine stimulated signaling 

pathways [15-17], to induce the differentiation of stromal progenitor cells into 

tissue specific cell types.   

 

2. Role of Stromal Cells in Wound Healing 

Multipotent stromal cells, also known as Mesenchymal Stem Cells or 

(MSCs) are emerging as major regulators in nearly all parts of wound healing 



3 
 

from inflammation to the final repair stages [18]. They have been identified in 

essentially all tissues and organs, including; bone marrow, brain, kidney, liver, 

thymus, kidney glomeruli, muscle, lung, skin [19] and soft connective tissues [20] 

of the musculoskeletal system. Tissue specific activation pathways can transform 

those cells in vivo and in vitro to a differentiated phenotype to produce the 

appropriate repair tissue. This could be for example, a collagenous matrix 

(fibroblasts, dermal wound healing), a calcified ECM (osteoblast, fracture 

healing), an aggrecan/type II collagen-rich ECM (chondrocyte in fracture healing 

or cartilage repair), or a mucoid rich ECM (lining cells in airways and digestive 

system).   

In addition to their capacity to differentiate into tissue-forming cells, 

stromal cells have been shown to have an immune-regulatory function through 

suppressing T-cell, natural killer cell and macrophage activation and proliferation 

[21,22]. They also have the ability to secrete anti-inflammatory cytokines, 

interleukin-10 (IL-10) and IL-4 while suppressing pro-inflammatory cytokines, 

tumor necrosis factor alpha (TNF-α) and interferon-γ (IFN-γ) [22,23]. This 

capacity clearly contributes to dampening inflammation and activation of the 

peripheral immune system, thus allowing the healing to proceed to completion.   

Stromal cells have a low immunogenic profile, with very little expression of MHC 

(major histocompatibility complex) class I and lack of class II [23,24].  These 

characteristics have been shown to be of therapeutic values; for example, one 

study showed the down regulation of T-helper cell driven inflammation in a 

murine experimental model of colitis, when stromal cells both from human and 
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murine sources [25] were infused. In addition to their clinical use in Crohn’s 

disease, clinical trials are underway to test their therapeutic anti-inflammatory 

action in treatment of diseases such as, Graft Versus Host Disease and chronic 

non-healing wounds [26]. 

 

3. Stromal Cell Characteristics 

‘Stromal’ cells were originally described as a population of adult stem cells 

isolated from bone marrow, which adhered to plastic and formed colonies. In 

more recent years, attempts have been made (such as those by the International 

Society for Cellular Therapy [27]) to more clearly define this cell type, and 

expression of cell surface markers such as CD73, CD90 and CD105 have been 

frequently recommended as ‘marker molecules’. Furthermore, induction of 

osteoblastic, adipogenic, myogenic, fibrogenic and chondrogenic pathways by 

specialized culture media [28-30], have been used to support their ‘stem-like’ 

nature and multipotency [31,32]. In the undifferentiated form, they display a 

fibroblastic morphology that some describe as ‘spindle like’.  Indeed, several of 

the surface markers (CD44, CD90, and CD105) [33], multipotencies and 

immunomodulatory capacities are shared with fibroblasts [34,35]. A common 

feature for identification and localization in vivo is the so-called ‘niche’, which 

functionally could be defined as the ECM surrounding the stromal cells (Fig. 1). 

Typically, the ECM is composed of collagens I, III, IV and V, laminin, fibronectin 

[36], high molecular weight proteoglycans [37], HA [38-40], and SLRP-

proteoglycans biglycan and decorin [41]. Communication between stromal cells 
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and their ECM niche is important in determining cell survival, differentiation and 

self-renewal. These are in turn mediated via cell surface receptors, primarily 

integrins, and their linkage to signal transduction pathways involving focal 

adhesion kinase (FAK), phosphoinositide 3-kinase (PI3K), and TGFb receptors. 

Growth factor delivery is also mediated by the local ECM via metalloproteinases, 

which serve to cleave ECM components thereby releasing soluble signals that 

are taken up by adjacent cells [42]. Moreover, data reported in a recent study 

using umbilical cord mesenchymal stem cells in a model of congenital metabolic 

disorder mucopolysaccharidosis VII show that once activated and present at the 

wound site, these cells can avoid host rejection by synthesizing a robust 

pericellular matrix made up of HA and versican stimulated by macrophages [43]. 

Furthermore, it is clear now that stromal cells are highly active in the metabolic 

turnover (synthesis, proteolysis and clearance) of their surrounding niches.  

 

Figure 1. Schematic Diagram of Stem Cell Niche. Stems cells are surrounded by a 
pericellular ECM, or ‘niche’; made up of collagens, proteoglycans, and growth factors. 
They exhibit a highly dynamic turnover of matrix proteins, generating biologically active 
fragments that along with growth factors signal to the cell via cell surface receptors, 
ultimately affecting differentiation pathways. 
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4. Metabolic Regulation of Stromal Cells by Extracellular O2 and Glucose  

Another unique feature of any stem cell ‘niche’ is oxygen availability.  It is 

widely accepted that these multipotent progenitor cells reside in areas of the 

body with low oxygen concentrations (reviewed in [44]) and their role in wound 

healing requires them to function in low oxygen [45], with varying amounts of 

glucose and growth factors. In fact, culture conditions using hypoxic levels of 

oxygen (1-2%) versus room levels (~20%) have proven to be beneficial to 

stromal cell proliferation [46]. Studies using adipose-derived stromal cells under 

hypoxic conditions during cultivation [47] and expansion [46,48] report enhanced 

proliferation and differentiation capabilities. It has been shown that their ability to 

withstand hypoxic conditions may be due in part to anaerobic ATP production via 

glycolysis. A study using bone marrow derived stromal cells showed that as long 

as a sufficient glucose source is available, these cells can survive long term 

continuous hypoxia, without loss of proliferation or differentiation potential [49]. 

This idea was further solidified by a study showing that in the absence of oxygen, 

bone marrow derived stromal cells can survive on anaerobic ATP production, but 

glucose deprivation with glucose free media supplemented with 2-deoxyglucose 

induced rapid cell death [50]. Additionally this study suggested that glycolysis 

functions as a pro-survival mechanism, independent of cellular energy 

production, as cellular ATP levels dropped at a lower rate during glucose 

deprivation than they did under ischemic conditions.  
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5. Adipose Derived Stromal Cells express progenitor cell characteristics  

Classically, the bone marrow was used as a source of pluripotent stromal 

cells, but as research in this area transitioned rapidly to therapeutic uses of these 

cells in regenerative medicine [31], the invasive procurement and relatively poor 

yield of cells from bone marrow aspirates has led to a search for alternative 

sources for these cells.  To date, the most frequently used sources are umbilical 

cord blood and adipose tissue. Some studies even suggest that stromal cells 

isolated from adipose tissue display more robust multipotent differentiation 

capabilities than bone marrow or umbilical cord blood (reviewed in [51]). Thus, 

for both basic research and clinical studies, adipose-tissue provides investigators 

with a reliable and highly abundant source of stromal cells for in vitro use and cell 

based therapies in humans [52] and mice [53].  

 

B. ROLE OF PROTEOGLYCANS AND THEIR PROTEOLYTIC TURNOVER IN 

THE EXTRACELLULAR MATRIX 

 

1. Proteoglycans in ECM 

The extracellular matrix produced by cells in all tissues not only provides a 

support structure, but plays an important role in mediating cellular 

communication, including proliferation, differentiation and survival. It is comprised 

of fibrous proteins such as collagens, fibronectins, elastins, and laminins as well 

as proteoglycans. Proteoglycans are a special class of macromolecules 

characterized by long linear chains of glycosaminoglycans (GAGs), unbranched 
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repeating disaccharides made up of N-acetylated or N-sulfated hexosamine and 

either an uronic acid (glucuronic acid or iduronic acid) or galactose; covalently 

attached to the protein core [54-56]. Currently, proteoglycans are divided into 

three main classes: small leucine-rich proteoglycans, cell surface proteoglycans 

and modular proteoglycans. An intensely studied subfamily of modular 

proteoglycans are the hyalectans, made up of aggrecan, versican, neurocan and 

brevican. In addition to their GAG rich central domain and C-terminal lectin 

interacting domain, they share the ability to bind and aggregate on hyaluronan 

via their N-terminal globular domain [54,57]. Neurocan and brevican are brain 

specific, while aggrecan and versican are more widely expressed throughout 

mammalian tissues. 

 

2. Aggrecan and Versican: Large chondroitin sulfate proteoglycans with 

hyaluronan binding globular domains 

Aggrecan is the major proteoglycan component of cartilage, where it is 

found as large aggregates with hyaluronan and link protein [58,59] providing 

cartilage with resistance to compressive forces due to its highly anionic character 

and space filling domain. Although it has been studied most in the setting of 

cartilage, aggrecan is expressed in a variety of tissues including tendons 

[17,60,61], skin [15], brain [62-64], and adipose [65].  It has multiple functional 

domains (Fig. 2); the amino terminal globular domain (G1) is responsible for 

binding hyaluronan [66]. Between G1 and G2 is a short interglobular domain, and 

separating G2 and G3 is a long GAG attachment domain, consisting of 
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chondroitin sulfate and keratan sulfate [54]. Since depletion of aggrecan from 

articular cartilage is an essential marker of early osteoarthritis, studies have been 

directed towards investigating which enzymes may play a role in aggrecan 

catabolism.  

Versican has three major domains (Fig. 3); an N-terminal G1 domain for 

HA binding, one or both of two alternatively spliced, extended GAG attachment 

domains (GAGα and GAGβ) comprised of chondroitin sulfate, and a C-terminal 

G3 domain [67,68]. Four splice variants of versican have been characterized; V1 

(formerly known as V0 in PubMed database) contains GAGα and GAGβ, V2 only 

GAGβ, V3 GAGα only and V4 contains neither GAG domains and lacks 

chondroitin sulfate [69,70]. Versican isoforms V1 and V2 are expressed by 

fibroblasts and vascular smooth muscle cells [71,72], whereas V3 is primarily 

found in the brain [73]. Functionally, versican has been implicated in many 

processes including neural crest cell migration [74], limb development [75-77], 

and cardiac formation [78]. Again, similar to aggrecan, versican was originally 

thought to be degraded by MMPs and certainly MMPs can degrade versican 

[79,80], but interest has shifted to ADAMTS proteases due to findings using 

transgenically altered mice [81]. 



10 
 

 

Figure 2. Schematic Diagram of Aggrecan. Aggrecan diagram, showing functional 
domains, ADAMTS cleavage sites (arrows) and antibody binding sites used for western 
analysis. Globular domains consist of G1 (HA binding), G2 and G3. IGD is inter-globular 
domain. KS is keratan sulfate domain, CS1, 2 are chondroitin sulfate domains 1 and 2. 
 
 

 
 

Figure 3. Schematic Diagram of Versican Isoforms. Versican diagram showing 
isoforms V1-4, ADAMTS cleavage sites (arrows), functional domains and antibody 
binding sites used for western analysis. G1 (HA binding) and G2 are globular domains, 
GAGα/β chains are alternatively spliced CS-bearing protein cores. 

 

 



11 
 

3. ADAMTS-Aggrecanases 

Initially, it was thought that matrix metalloproteinases (MMPs) were 

responsible for the proteoglycan’s destruction. But it has been shown – and is 

now widely accepted – that the extracellular proteolysis of aggrecan in vivo is 

primarily catalyzed by one or more of the ADAMTS-aggrecanase (A Disintegrin 

And Metalloproteinase with ThromboSpondin motifs) group of proteinases. 

Similarly, to function properly and maintain tissue homeostasis, aggrecan and 

versican have to be enzymatically degraded. As mentioned above the primary 

group of enzymes responsible is the ADAMTS family of proteases. ADAMTSs 

belong to the metzincin superfamily of metalloendopeptidases. Their discovery is 

relatively recent, [82] and their substrates as well as their functions are widely 

diverse. They share common domains, from the amino terminal; a signal peptide, 

a pro-domain, a catalytic domain, a disintegrin-like domain, a thrombospondin 

domain, a cysteine-rich and a spacer domain, and besides ADAMTS4, they 

contain 1 or more thrombospondin domains following the spacer domain. The 

prodomain is cleaved by proprotein convertases, a process that is most likely 

requisite for activity, and has been shown to be necessary for ADAMTS4 [83] 

and ADAMTS5 [84].  ADAMTS-aggrecanases include ADAMTS1, 4, 5, 8, 9 and 

15. They have been shown to cleave aggrecan at five distinct sites along the 

core protein, one in the interglobular domain at the Glu(373)-Ala(374) bond, and 

four others in the CS rich domain at Glu(1480)-Gly(1481), Glu(1667)-Gly(1668), 

Glu(1771)-Ala(1772) and Glu(1871)-Leu(1872) bonds (bovine alignment) [85-87]. 

The versican V2 (formerly V1 in PubMed database) GAGβ domain has been 
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shown to be degraded at Glu (441)-Ala (442), and GAGα of the V1 (formerly V0 

in PubMed database) isoform at Glu (1428)-Ala (1429) by ADAMTS1, 4, 5, 9 and 

20 [88,89]. The GAGα of the V3 isoform can be degraded by ADAMTS4 [90]. 

These sites can be differentiated from ones generated by MMPs, or other 

proteases by the use of neo-epitope antibodies [87,91,92]. In mice, ADAMTS5 is 

thought to be the primary enzyme responsible for aggrecan degradation by 

investigating its ablation [93,94]. In humans, the primary aggrecanase has yet to 

be elucidated [95], it has been proposed that both ADAMTS4 and ADAMTS5 are 

responsible [96]. The regulation and specificity of ADAMTS4 and ADAMTS5 on 

the aggrecan substrate have been extensively investigated in vitro by using 

catabolic agents such as interleukin 1 alpha and beta (IL-1α, IL-1β), retinoic acid 

(RA), tumor necrosis factor-alpha (TNF-α) and oncostatin M on tissue explants 

and cell cultures [91,97,98]. Treatment with these catabolic agents has shown 

TS4 and TS5 to be differentially regulated. For example, some studies indicate 

stimulation of TS4 with IL-1 and TNF-α, but not TS5 [97]. Others show IL-1α 

together with oncostatin M (not independently) will upregulate TS4, but only IL-

1α, not oncostatin M will upregulate TS5 [98]. Conversely, studying 

aggrecanolysis by inhibition of ADAMTS4 and 5 is challenging due to the high 

homology of their catalytic domains, and indistinguishable cleavage fragments. 

Moreover, they are both inhibited by alpha-2-macroglobulin [99], an anti-protease 

readily found in serum. To differentiate these two aggrecanases and further 

investigate their roles in normal physiology, research has shifted its focus to their 
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localization, possible secondary functions via ancillary domains, and phenotypic 

abnormalities caused by their genetic deletion.  

 

4. ADAMTS5 

ADAMTS5 was first cloned in 1999 [100]. Like other aggrecanases, it 

possesses an N-terminal prodomain, a catalytic domain, a disintegrin domain, 

and two thrombospondin motifs on either side of a cysteine-rich domain and a 

spacer domain (Fig. 4). The active site (HEIGHLLGLSH) binds zinc via three 

histidine residues, which is necessary for catalytic function, and its crystal 

structure, resolved in 2007, shows two calcium binding sites thought to aid 

structural integrity [101]. In addition to catalytic activity, ADAMTS5’s ancillary 

domains also have key functions. In 2007, it was found that ADAMTS5 co-

localizes with HA in the pericellular matrix of clonal cell clusters in articular 

cartilage. This interaction can be disturbed by removal of HA by streptomyces 

hyaluronidase, suggesting ADAMTS5 has the ability to bind HA on its own [102]. 

This is thought to be mediated by a double HA- binding motif seen only in 

ADAMTS5 within the disintegrin domain located between the catalytic site and 

the first thrombospondin [102,103]. Previous analyses of the fate of the aggrecan 

products has indicated that the N-terminal globular domain (G1-NITEGE) 

remains bound to HA and that the HA itself can be immobilized by interaction 

with CD44. In support of this was the finding that the aberrant dermal repair in 

the ADAMTS5 KO mouse was corrected in the ADAMTS5/CD44 double 

knockout, apparently due to the inability to accumulate dermal aggrecan [15]. In 
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addition, studies with isolated chondrocytes [104] have indicated that the HA-

bound G1-NITEGE product can be endocytosed in a CD44-dependent process. 

Recently, ADAMTS5’s activity has been shown to be regulated by lipoprotein 

receptor related protein-1 (LRP-1) via interaction with the first thrombospondin 

and spacer regions. It is thought that subsequent endocytosis removes it from 

the extracellular space, thereby reducing proteoglycan catabolism [105].  

In the context of the current study, both ADAMTS5 protein and the G1-

NITEGE fragment of aggrecan have been identified in differentiating murine 

adipose [65], consistent with a role for these proteins in extracellular matrix 

(ECM) structure of adipose stromal cells. Additionally adipose contains other 

ECM macromolecules such as collagen types I [65], III [106], IV [107], V [108] 

and VI [109], thrombospondin-1 [110] laminin and fibronectin [106], all consistent 

with a supportive ‘niche’ within adipose tissue. 

 

 

 

Figure 4. Schematic Diagram of ADAMTS5. ADAMS5 diagram showing functional 
domains and antibody binding sites used for western analysis.  
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5. ADAMTS5 Knock Out Mouse Strains  

Four mouse strains with exon 2 or exon 3 deletions (encoding the active 

site) have been generated to date, and they are summarized in Table 1. It should 

be noted that the first suggested primary function of the ADAMTS5 was 

degradation of cartilage matrix aggrecan, and this was corroborated by reports 

that Adamts5 KO mice (ΔExon 3, generated by Lexicon Inc. with Wyeth Inc.) 

were protected against cartilage degradation in the DMM model of osteoarthritis 

[93], and another knockout strain (ΔExon 3, generated by Lexicon Inc. with 

Johnson and Johnson Inc.) was similarly protected against cartilage loss in 

antigen-induced inflammatory arthritis [94]. However, subsequent in vitro 

experiments using epiphyseal cartilage explants from these knockout strains 

showed that aggrecanolysis could proceed even in the absence of ADAMTS5 

[94,111]. Yet another strain of Adamts5 KO mice (ΔExon 2 generated by 

Deltagen Inc. with Jackson Labs), referred to here as ‘TS5J KO’, exhibit heart 

valve anomalies, and this is associated with changes in local versican turnover 

[112], though effects on aggrecanolysis were not examined in this study.  In our 

laboratory, we have found that when knee joints of wild type or yet another line of 

Adamts5 KO mice (ΔExon2, generated by Lexicon Inc. with Pfizer Inc., see 

[113]), referred to here as ‘TS5P KO’  were challenged with high doses of intra-

articular TGFb1 and mechanical overuse, knockout mice showed enhanced 

articular cartilage deposition despite ongoing cartilage aggrecanolysis. Most 

notably, when compared to wild types, the knockout mice showed diminished 

fibrosis in the joint capsule, the synovium and the menisci [114]. This strain of 
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mice has shown a generalized impairment of wound healing in skin and tendons 

[15,61], has enhanced susceptibility and lack of resistance in dextran-sulfate 

induced inflammatory bowel syndrome (De la Motte, Plaas et al, unpublished) 

and accelerated callus formation in fracture healing (Coleman, Li, Plaas, 

unpublished). In general, cell groups surrounded by an HA, versican and 

aggrecan-rich ECM accumulate at the injury sites, which is accompanied by a 

deficiency in collagen-rich scar tissue deposition [17]. Further, newborn 

fibroblasts from this knock-out strain show a diminished capacity for SMAD2/3 

phosphorylation with compensatory SMAD1/5/8 phosphorylation following TGFb1 

stimulation [15]. Based on these findings our lab proposed a general hypothesis 

that ADAMTS5 has a nodal role in the regulation of TGFb1-mediated responses 

in stromal progenitor cells during tissue regeneration, and is needed for post-

natal scaring.  

 

Table 1. ADAMTS5-Deficient Mouse Lines. Current list of ADAMTS5 deficient mouse 
lines, detailing location and type of deletion, resultant mRNA transcription and mutant 
protein translation along with major findings reported. 
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6. ADAMTS5 and TGFb1 signaling in wound healing and fibrosis 

The TGFb superfamily of growth factors controls a variety of cellular 

responses including migration, proliferation, inflammation, matrix production and 

degradation. They regulate gene expression mainly through SMADs and/or 

mitogen-activated protein kinases (MAPKs) and are widely studied in the field of 

wound healing, tissue fibrosis, and extracellular matrix regulation, where they 

have been linked to the expression of Col1a1, Col3a1 and Col5a2. In the same 

framework, TGFb1 overexpression is known to cause tissue fibrosis, by an over-

accumulation of fibrillar collagens [115]. Canonically, SMAD 2/3 signaling results 

in a fibrogenic cellular response while signaling through SMAD 1/5/8 results in a 

chondrogenic cellular response. The balance of these pathways is governed by 

the relative phosphorylation of either ALK1, directing signaling through SMAD 

1/5/8 or ALK5, directing signaling down the SMAD 2/3 pathway [116]. Factors 

that control signaling through ALK1 or ALK5 are unclear, although certain surface 

receptors are known to interact with these molecules and could possibly regulate 

their fate.  

 

7. Collagen synthesis and processing  

Type I collagen, the most abundant protein of the body, is synthesized 

mainly by the osteoblast and the fibroblast in bone, skin, and tendons. The 

expression of type I collagen in the form of fibrosis such as lung and liver is 

thought to be driven by TGFb1. Type I collagen is a heterotrimeric molecule 

consisting of two alpha 1(I) chains and one alpha 2(I) chain. Its synthesis (Fig. 5) 
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begins inside the endoplasmic reticulum. Shortly after translation, procollagen 

chains undergo proline and lysine hydroxylation by lysyl hydroxylases, a process 

critical for triple helical formation. Next, procollagen triple helices are secreted 

into the extracellular space, where their procollagen peptides (N and C terminal) 

are removed by proteases, in a process that yields must less soluble 

tropocollagen, which is then able to participate in higher order fibril assembly. 

Removal of C-terminal pro-peptides of fibrillar pro-collagens are carried out by a 

procollagen C-proteinase (PCP) [117] namely bone morphogenetic protein -1 

(BMP-1). N-terminal propeptides are removed by ADAMTS members 2, 3 and 14 

[118]. Lastly, fibrillar collagen must be cross linked by lysyl oxidase, to achieve 

physiological functionality [119].  Studies using growth factors show that 

regulation of collagen type I synthesis and deposition are controlled in an 

extracellular manner. [120] showed that TGFb1 stimulation had minimal effect on 

mRNA production, but exhibited a large increase in polypeptide synthesis and 

cell layer deposition of collagen type I in osteoblast cultures. This is supported by 

work done in gingival fibroblasts [121], showing that TGFb1 directly increases 

lysyl oxidase levels via connective tissue growth factor. Interestingly, lysyl 

oxidase activation by cleavage of its propeptide is catalyzed by BMP-1 as well.  

These suggest that TGFb1 affects extracellular enzymatic events that regulate 

the ultimate deposition of collagen type I rather than simply up regulating gene 

transcription of the procollagens.  
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Figure 5. Schematic Diagram for Collagen Type I Production, Processing and 
Degradation via Endosomal Pathway. Collagen type I is a heterotrimer molecule 
consisting of two alpha 1(I) chains and one alpha 2(I) chain. After translation procollagen 
chains nucleate then undergo proline and lysine hydroxylation by lysyl hydroxylases, 
afterwards procollagen triple helices are secreted and their procollagen peptides (N and 
C terminal) are removed by proteases. C-terminal propeptides are cleaved by 
procollagen C-proteinases PCP’s namely (BMP-1). N-terminal propeptides are removed 
by ADAMTS members 2, 3 and 14. Collagen is then cross linked by lysyl oxidase. Its 
degradation is achieved by an endocytotic/phagocytotic pathway, primarily by 
fibroblasts, where MT1-MMP functions to fragment collagen fibers before internalization 
and subsequent degradation via the lysosomal pathway. 
 

8. Regulation of Collagen Turnover 

Collagen degradation is a necessary step in many processes of growth 

and development, especially in tissue remodeling during wound healing. This is 

thought to be achieved by an endocytotic/phagocytotic pathway, primarily by 

fibroblasts [122,123], where MT1-MMP functions to fragment collagen fibers 

before internalization and subsequent degradation via the lysosomal pathway 

[124,125]. More recently, intracellular collagen degradation has been linked to 
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autophagy, [126], whereby investigators observed profibrotic effects (increased 

collagen deposition) by inhibiting autophagy with bafilomycin A1 and beclin-1 

ablation.  Moreover, they observed induction of both autophagy and collagen 

synthesis by TGFb1, further implicating this growth factor’s role in multiple 

mechanisms relating to collagen biosynthesis, processing and degradation. 

 

C. ENDOCYTOSIS IN REGULATION OF CELL FUNCTION 

 

Endocyotsis is a specialized mechanism whereby cells produce 

membranes made up of the phospholipid bilayer to internalize cell surface ECM 

proteins and fluid. The reverse of the process is known as exocytosis. These 

processes allow specific communication between the cell and the extracellular 

space, for example a main focus in this area of research has been the 

internalization and trafficking of transmembrane receptors and the subsequent 

effect on their signaling cascade [127]. Of particular relevance to this study is 

clathrin mediated endocytosis, a process by which clathrin nucleates at the 

plasma membrane to induce a curved deformation near particles to be 

internalized. Dynamin, a GTPase, constricts the vesicle and upon hydrolysis 

releases it into the cell [128,129]. Afterwards, the endosome can be trafficked to 

the lysosome for degradation, or recycled to the cell surface [130]. Additionally, 

clathrin mediated endocytosis, in conjunction with lipoprotein receptor related 

protein-1 (LRP-1), has been well established in the turnover of ECM 
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macromolecules and their proteases [131], allowing cells to coordinate the 

availability of ECM proteases on the cell surface. 

 

1. Endocytosis and TGFb Signaling 

While early work on TGFb signaling detailed a linear mechanism of ligand 

binding, receptor phosphorylation and subsequent signal propagation to gene 

expression, it is now understood that TGFb signaling is much more complex than 

originally thought. TGFb receptor internalization and trafficking play important 

roles in deciding the cellular response to TGFb [132]. TGFb receptor endocytosis 

via a clathrin-dependent pathway is thought to propagate SMAD2 signaling via 

SARA (Smad anchor for receptor activation) in the early endosome [133-135]. 

These receptors can then be returned to the cell surface for another round of 

recycling via Rab11 [136]. Conversely, receptors internalized in a membrane raft-

dependent pathway involving caveloin-1 are targeted for degradation [134,137]. 

 

2. Endocytosis and Protease Regulation 

MT1-MMP is the main membrane tethered matrix metalloproteinase 

responsible for proteolysis of pericellular ECM proteins (mainly collagen type I) 

and cell surface receptors [138] such as LRP-1 [139]. It is unique when 

compared to MMPs in that it is not secreted extracellularly as a soluble zymogen. 

Instead it is directed to the cell surface via a secretory pathway and is activated 

by furin and/or proprotein convertases in the trans-golgi network on its route to 

the cell surface [140,141]. It has been discovered that its activation is not furin 
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dependent, but it can be autocatalytically activated [142,143]. Furthermore, it has 

been shown that O-glycosylation of MT1-MMP regulates autocatalytic efficiency 

during the secretory pathway, as well its reuptake [144]. As mentioned above, 

ADAMTS5 is regulated by LRP-1 in a similar manner [105] suggesting that it has 

a unique role on the cell surface turning over a special pericellular pool of 

proteoglycans and/or modulates their endocytosis. 

 

3. Endocytotic Pathways in Stromal Cells 

Multiple studies provide evidence that stromal cells have an active 

endosomal pathway. Human bone marrow stromal cells were shown to 

aggregate fluorescent-labeled particles at the cell surface, then subsequently 

internalize them in compartments resembling endosomes [145]. Separately, rapid 

recycling of homing factor CXCR4 was demonstrated in fetal bovine bone 

marrow stromal cells where CXCR4 was found in early endosomes, recycling 

endosomes, and lysosomes. Upon treatment with dynasore, an endosomal 

recycling inhibitor, CXCR4 was increased 5 fold on the cell surface [146]. 

Additionally endocytosis was shown to be inducible by stimulation with highly 

sulfated hyaluronan [147]. Furthermore, one study successfully delivered 

microRNAs to bone marrow derived stromal cells via exosomes to downregulate 

TGFb Receptor II expression, through clathrin mediated endocytosis and 

macropinocytosis [148].  
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4. Endocytosis and Energy Metabolism 

Cellular glucose uptake from the blood stream is achieved through a 

family of cell membrane transporter proteins known as GLUTs. GLUT1 is the 

most widely expressed transporter across cell types and displays long life span 

at the cell membrane, whereas GLUT4 is regulated in response to glucose 

availability, and is expressed specifically in muscle and fat cells [149]. Both 

GLUT1 and GLUT4, and in turn glucose uptake are controlled by transporter 

availability at the cell surface, a process highly regulated by internalization and 

endosomal recycling [150,151] in a clathrin dependent and clathrin independent 

manner [152,153]. Interestingly, GLUT4 has a highly dynamic recycling process. 

During low blood glucose levels it is kept intracellularly in a specialized cell 

compartment [154,155], until insulin (released upon feeding) stimulates the 

recycling of GLUT4 to the cell surface to transport glucose inside [156]. Since 

stromal progenitor cells under hypoxia need to have an efficiently controlled 

glucose uptake mechanism, GLUT expression and cell surface availability are 

very important to survival and differentiation. In fact, a study using human 

umbilical cord stromal cells, showed this sensitivity. Authors demonstrated that 

GLUT1 expression, glucose specific consumption and lactate production were all 

elevated in hypoxic conditions, a response thought to be mediated via hypoxia-

inducing factor-alpha (HIF-1α) [157]. 
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D. PURPOSE STATEMENT 

 

Based on the multi-tissue chondrogenic wound-healing response in 

ADAMTS5 KO mice (Pfizer), our lab proposed a general hypothesis that 

ADAMTS5 has a nodal role in the regulation of TGFb1-mediated responses in 

stromal progenitor cells during tissue regeneration, and is needed for post-natal 

scaring. Using adipose derived stromal cells (ADSCs) from wild type and two 

strains of ADAMTS5 KO mice, we aim to delineate ADAMTS5’s role in 

aggrecanolysis and versicanolysis, as well as characterize the ECM ‘niche’ 

surrounding these stromal cells, while investigating if ADAMTS5 plays a role in 

its regulation. This is to better understand the broader cell biological role for this 

protein in signal transduction as it relates to the regulation of extracellular matrix. 
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II. HYPOTHESES AND SPECIFIC AIMS 

 

Hypothesis 1: ADAMTS5 is required for the degradation of the glyco-ECM niche 

in stromal cells, to allow pro-fibrogenic signaling by TGFb1 and maturation of 

fibroblasts for robust scar formation and matrix contraction.  

Specific Aim 1.1: Develop methods for preparation of monolayer cultures of 

murine adipose derived stromal cells and perform characterization of Adamts5 

gene structure, mRNA and protein abundance in cultures from wild type and two 

Adamts5-deficient mouse strains.  

Specific Aim 1.2: Characterize the pericellular glyco-matrix synthesized in 

monolayer cultures of ADSCs prepared from wild type and Adamts5 KO mice. 

Production of aggrecan, versican and hyaluronan were determined using a 

combination of QPCR, western blotting, Fluorophore assisted carbohydrate 

electrophoresis and immunohistochemistry. 

Specific Aim 1.3: Examine the relationship between glucose utilization and 

glycomatrix synthesis in WT and ADAMTS5 KO ADSCs. Glucose concentrations 

in cell conditioned media were determined by coupled enzymatic assay using 

AmplexRed® reagent, and proteoglycan abundance were determined by western 

blotting. 

Specific Aim 1.4: Examine aggrecan and versican degradation in WT and 

ADAMTS5 KO ADSCs following serum depletion, to induce pro-catabolic 

pathways. Western blot analyses of versican and aggrecan degradation products 
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were performed using a panel of antibodies to intact core proteins and cleavage-

specific neo-epitopes generated by ADAMTS-aggrecanases. 

 

Hypothesis 2: The “profibrogenic activity of ADAMTS5” in TGFb stimulated 

ADSCs is due to its effect on modulation of endocytotic pathways associated with 

endosomal and lysosomal trafficking. Such a function is independent of its 

catalytic activity and may serve to ‘prime’ stromal cells in a wound environment to 

commit to a fibrogenic, rather than a chondrogenic, adipogenic, or osteogenic 

response.  

Specific Aim 2.1: Characterize TGFb1 responsiveness of stromal cell cultures 

from wild type and Adamts5 KO mice. TGFb signal transduction was monitored 

by QPCR assays for col1 (a1, a2), col3a and Has1 & 2 in the presence and 

absence of; TGFb-RI/II Kinase inhibitor, LY109761 (Selleckchem). Collagen type 

I synthesis, processing and secretion were assayed by western blot analyses of 

medium and cell extracts.  

Specific Aim 2.2:  Examine if the TGFb1 stimulation of WT ADSCs is altered by 

inhibition of ADAMTS5 catalytic activity with Batimastat, a broad spectrum MMP 

inhibitor and a specific ADAMTS5 inhibitor (Calbiochem).  

Specific Aim 2.3: Determine the effects of endosomal and lysosomal trafficking 

using inhibitors, Bafilomycin A and Dynasore, on the production and half-life of 

the cell-associated ADAMTS5 protein species.  
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III. MATERIALS AND METHODS 

  

Specialized Chemicals  

These include Human recombinant bFGF (R&D Systems); Human 

recombinant TGFb1 (Peprotech); TGFb-RI/II Kinase inhibitor, LY109761 

(Selleckchem); Bafilomycin A1  (Tocris Bioscience); BMP-7 (ProSpec); Dynasore 

(Sigma) ADAMTS5 specific inhibitor (CAS 929634-33-3, Calbiochem); Batimastat 

- MMP broad spectrum inhibitor (CAS 130370-60-4, Calbiochem); Human 

recombinant BMP1 (R&D Systems); Complete-Mini Protease Inhibitor Tabs 

(Roche)-1 tab/10mL is 1x. All other chemicals used were of the highest grade 

purity available.  

 

Cell Culture Supplies 

Culture Flasks (Corning); 60mm dishes (Corning); 12-well Plates 

(Corning); 8 well glass chamber slides (Nunc™ Lab-Tek™ II); Advanced MEM 

(Gibco) formulation includes ascorbic acid phosphate, transferrin, insulin, 

AlbuMAX® II and sodium pyruvate for enhanced ECM production and viability in 

low serum; DMEM no glucose (Gibco) supplemented with 1g/L D-Glucose 

(Sigma); CO2-independent medium (Gibco); Fetal Bovine Serum (Atlanta 

Biologics); Plasmocin (Invivogen); Pen/Strep (Gibco); Glutamine (Gibco); Trypsin 

(Gibco). 
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Molecular Biology Reagents 

RNeasy (Qiagen); First Strand cDNA (Invitrogen); iScript kit (Bio-Rad); 

Trizol (Ambion) Amplex® Red Glucose Assay (Molecular Probes via LifeTech 

Inc). 

 

Mouse strains  

The ADAMTS5 KO (Pfizer) ‘TS5P KO’, strain was obtained under an MTA 

with Pfizer Inc. ADAMTS5 KO (Jackson) ‘TS5J KO’; strains were supplied by Di 

Chen, Ph.D., Rush University Medical Center. Both strains were backcrossed 

into wild type C57/Bl6 colony used for this study, for at least 4 generations (see 

also Table 1) All experiments were performed in accordance with the Rush 

University Medical Center’s Institutional Animal Care and Use Committee under 

protocol # 11-025 and # 14-026. 

 

Antibodies 

Anti-DLS was generated with the peptide immunogen SGVEDLS and it 

has been shown to detect full-length aggrecan and aggrecan fragments 

containing one or more copies of this sequence in the CS-attachment region 

[158]. The ADAMTS-generated G1 product of aggrecan was detected with Anti-

NITEGE [15]. ADAMTS-generated fragments from CS region truncation at Glu 

(1480)-Gly (1481) and Glu (1667)-Gly (1668) were detected with a mixture of 

Anti-TASELE/Anti-TFKEEE [159,160], calpain generated aggrecan fragments 
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were detected with Anti-GVA [161]. Versican was detected with Ab1033 (EMD 

Millipore), which reacts with intact versican V1(NP_001074718.1, formerly V0)  

and V2 (NP_062262.2, formerly V1) as well as truncated forms of the core 

protein, containing some or all of residues 1360 to 1439 of versican V1 or the 

same residues (400-479) of versican V2. The ADAMTS-generated G1 product of 

versican V2 (known as G1-DPEAAE441) was detected with anti-DPE [161]. This 

product has been found to migrate as a single ~70 kDa species when extracted 

from human aorta [161] , human skin [162] or cultured granulosa cells [163,164]. 

ADAMTS5 was detected with Ab135656 from AbCam (raised against residues 

338-368 of the human catalytic domain), anti-KNG (raised against residues 636-

648 of the human cysteine rich domain) [102]. Collagen type I was detected by 

Anti-Type I Collagen (SouthernBiotech) [165]. Lane loading was checked by 

probing with antibody C4 to B-Actin (SantaCruz).  

 

Genotyping of WT, TS5P KO and TS5J KO mouse strains 

All mice used were 12 week male C57Bl/6. The TS5P KO (Pfizer) and 

TS5J KO (Jackson) strains were back-crossed into C57Bl/6 for at least six 

generations before use. Genomic DNA isolated from ADSCs of the three strains 

was analyzed as follows. Cell layers digested with 1 mg/mL proteinase K 

(Invitrogen) in 50 mM TrisHCl, 50 mM EDTA, 100 mM NaCl, and 1% SDS, 

incubated at 55 °C overnight. DNA was isolated by phenol/chloroform extraction 

and ethanol precipitation (Thermo Scientific). PCR was done using the following 

primers ‘P’ for Pfizer deletion:  Forward 5’–
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TTTGAATTTGTCTTTGGAAGGCCTC-3’, Reverse 5’- 

GACAGTGTTGACTCATCCGGGGATA-3’ and ‘J’ for Jackson/Deltagen deletion: 

forward 5’-GCATACCACTCCAAACTTAGAGAGG-3’, mutant neo 5’- 

GGGCCAGCTCATTCCTCCCACTCAT-3’ and reverse 5’- 

CGCAGCTGACTGCTCTTGTGCTTG-3’. 

 

ADAMTS5 mRNA characterization 

RNA was isolated from ADSCs of the three strains, and mRNA was 

purified with an RNeasy kit (Qiagen), and cDNA was prepared with an iScript kit 

(Bio-Rad). PCR was done using the following primers. Primer set ‘I’; 5’- 

GAGCACTACGATGCAGCCAT-3’, and 5’-CACAGACATCCATGCCAGGG-3’. 

Primer set ‘II’; 5’-TGTTCACCCGAGAGGGCATC-3’ and, 5’-

TGTCAAGTTGCACTGCTGGG-3’. Primer set ‘III’ 5’-

AGCAAGCATCCAGCTAGACTCA-3’ and 5’- 

TTTGTGCATTAGAGTAAACCACAGG-3’. Amplified PCR fragments were 

purified on QIAquick PCR purification columns (Qiagen) and cloned into pDrive 

plasmid vector (Qiagen). Five recombinant clones from each genotype were 

sequenced and compared to each other using ClustalW2 alignment (EMBL-EBI). 

 

Isolation and culture of murine adipose derived stromal cells  

ADSCs were prepared essentially as described [166]. Adipose tissue was 

combined from the abdominal and groin areas of five 10-12 wk male mice and 

digested with agitation in 3 mg/ml collagenase type II (Worthington) for 2 h at 37 
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°C in CO2-independent medium (Gibco). The digest was centrifuged at 300g for 

10 min, the adipocyte/lipid layer discarded, the pellet re-suspended in 50 mL 

PBS, transferred to a fresh tube and centrifuged. Red blood cells in the pellet 

were lysed in 1.5 mL lysis buffer (eBioscience, 00-4300-54), remaining cells 

washed once with 45 mL PBS and re-centrifuged at 300g. The pellet was 

suspended in 40 mL DMEM/ 1 g/L glucose/10% FBS containing 2 ng/mL bFGF 

and plated in a T175 flask. After 24 h, non-adherent cells were removed and 

fresh medium was added. Medium changes were performed every 48-72 h. Cells 

were expanded at ~90% confluency by trypsinization (1:3 split) and plated at ~ 

0.7 x 10^6 cells per T25 flask, cell morphology at each passage is shown in (Fig. 

6).  

 

 

Figure 6. Phase contrast images of Adipose Derived Stromal Cell (ADSC) and 
Chondrocyte (CHON) cultures. Top row, phase contrast images of ADSCs in 
successive passages, OP to P2, cells exhibit an elongated fibroblasts-like morphology. 
Original plating (OP) are adherent cells directly after adipose tissue digestion. Cells were 
expanded at ~90% confluency by trypsinization (1:3 split), experiments were carried out 
on passage 2 cells (P2). Bottom left, confluent chondrocytes at original plating. 10x 
magnification, scale bar =30µm. 
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Isolation and culture of murine epiphyseal chondrocytes  

Chondrocytes were from the cartilage at the epiphyseal ends of the tibia 

and femur of 7-10 day-old mice of mixed gender. Briefly, cartilage was washed in 

cold PBS, and to remove adherent soft tissue it was digested for 1 h at 37 °C in 

DMEM 1 g/L glucose, 3 mg/ml collagenase (Worthington, Type II). Cartilage was 

transferred to fresh DMEM 1 g/L glucose, 0.5 mg/ml collagenase and digested 

for 18 h at 37 °C. The undigested tissue was removed by filtration through a 70 

µm cell strainer (BD Biosciences), cells were then pelleted at 300g, washed twice 

with 40 mL PBS, suspended in Advanced MEM (Gibco), 10% FBS, 2 mM 

glutamine (Gibco), 100 units/ml penicillin (Gibco), 100 µg streptomycin (Gibco) 

and plated at 71,000 cells/cm^2 in 60 mm dishes (Corning). Cells were grown to 

~90% confluence (4 days) with daily medium changes. (Fig. 6) 

 

QPCR analyses of stem cell surface marker gene expression 

Gene expression for mesenchymal stem cell surface markers was done 

using Taqman probes (Life Technologies). Primer details are listed in Table 2, 

and they were targeted to exon 1-2 boundary for CD73 (5' nucleotidase), to exon 

2-3 boundary for CD90 (thymus cell antigen 1), and to exon boundary 8-9 for 

CD105 (endoglin).  QPCR reactions were performed as follows. 
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Table 2. List of Applied Biosystems Taqman Probes used for QPCR. All 
primer/probe sets are inventoried in Life Technologies Inc. database. With exception to 
Vcan V1 (custom designed). 
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Experimental design for analysis of glycomatrix production 

ADSCs and chondrocytes for analysis were grown to about 90% 

confluence in T-25 flasks and 60 mm dishes, respectively. The medium for ADSC 

cultures was changed into 3 ml DMEM:Advanced MEM, (3:1) containing 10% 

FBS and for chondrocyte cultures into 3 ml Advanced MEM/10% FBS 

respectively. After 24 h, cultures were terminated for T0 points for FACE, QPCR 

and Western blotting analyses (Fig. 7). To examine aggrecan and versican 

turnover in the two cell types, T0 cultures were changed into 3 ml 

DMEM/Advanced MEM (3:1) containing 1% FBS (ADSCs) or 3 ml Advanced 

MEM/1% FBS (Chondrocytes) and terminated at 2 and 6 hours for proteoglycan 

purification as described below (Fig. 8).  

 

 

Figure 7. Experimental Scheme for Analysis of Glycomatrix Production. ADSCs 
and chondrocytes were grown to 90% confluence in T-25 flasks and 60 mm dishes, 
respectively. ADSC cultures was changed into 3 ml DMEM:Advanced MEM, (3:1) 
containing 10% FBS and chondrocyte cultures into 3 ml Advanced MEM/10% FBS. 
Incubated for 24 h then harvested for FACE, Immunohistochemistry and Western 
analysis. 
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Figure 8. Experimental Scheme for Analysis of ADAMTS-mediated Aggrecan and 
Versican Cleavage. To examine aggrecanase mediated turnover of proteoglycans, 0 h 
cultures were changed into 3 ml DMEM/Advanced MEM (3:1) containing 1% FBS 
(ADSCs) or 3 ml Advanced MEM/1% FBS (Chondrocytes) and terminated at 2 and 6 
hours for analysis. 
 

Preparation of proteoglycans synthesized and secreted ADSCs and 

Chondrocytes for Western Blot Analyses 

Cultures were terminated at 0, 2 and 6 h time points by placement on ice. 

Media were removed and adjusted to 6 M urea and 1x protease inhibitors (PIs).  

10 x protease inhibitor solution is 150 mM benzamidine, 50mM 

ethylenediaminetetraacetic acid (EDTA), 1 mM 4- benzenesulfonyl fluoride 

hydrochloride, 50 mM iodoacetimide, 5 µg/mL pepstatin and 10 µg/mL leupeptin 

in ddH20, all supplied by Sigma. Cell layers were pretreated with 300 µL of 10x PI 

solution for 3 min and then dissolved in 3 mL 7 M urea, 50 mM TrisAcetate, pH 

8.0. Cell extracts were transferred to 15 mL centrifuge tube and insoluble 

material removed by centrifugation, (14,000g for 5 min). Media and cell extracts 

were stored at -20 C until further analyses. To purify proteoglycan components, 
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media and extracts were fractionated by ion exchange chromatography. Columns 

consist of 1.2 mL of a 1:1 mixture of pre-swollen diethylaminoethyl cellulose 

(DE52 Whatman) and ddH20. Samples were poured over column, and bound 

fractions were washed 5x with 5 mL 7 M urea, 50 mM TrisAcetate, pH 8.0, then 

recovered with 2 mL of the buffer, containing 1.5 M sodium chloride. Eluates 

were dialyzed against multiple changes of deionized water for 8 hours, dried by 

Speedvac and digested with chondroitinase ABC (Seikagaku) before Western 

analysis [15]. In some cases they were also digested with N-glycanase 

(Prozyme) as described in [167]. Each lane was loaded with medium or cell 

extracts from one T25 flask, approximately 2.8 x 10^6 cells for ADSCs and ½ 60 

mm dish approximately 1.6 x 10^6 cells for chondrocytes. In previous 

experiments using new born fibroblasts [15] and in a preliminary study done with 

chondrocytes and ADSCs, it was found that >90% of the immunoreactive 

proteoglycan species, including the G1-bearing catabolic products were 

recovered in the DE52-bound fraction.  

 

Western Blot Analysis of Aggrecan, Versican and ADAMTS-generated 

digestion fragments 

After chondroitinase ABC digestion, samples were Speedvac evaporated, 

brought up in 30 µL sample buffer and boiled at 100 °C for 5 min. Samples were 

electrophoresed on 4-12% Tris-Glycine gels (Novex) for 2.5 h at 100V at 4C in 

running buffer comprised of 50 mM Tris, 0.4M glycine, 0.2% SDS, pH 8.0. 

Proteins were transferred to 0.2 µM nitrocellulose (BioRad) for 2.5 h at 25V at 



37 
 

room temperature in transfer buffer comprised of 25 mM Tris, 192 mM glycine 

and 20% methanol v/v. Membranes were blocked with 10 mL 5% nonfat milk  in 

1x TBST, Tris Buffered Saline (BioRad)/0.1% Tween-20 (Fisher), for 1 h at room 

temperature with gentle rocking. Primary antibody incubation was in 5% milk 

TBST, overnight at 4 °C with gentle rocking. Using α-DLS for aggrecan core at 1 

µg/mL, α-NITEGE for aggrecanase generated aggrecan-G1 product at 1 µg/mL, 

α-TASELE/TFKEEE for CS region aggrecanase cleavage at 1 µg/mL, α-GVA for 

calpain generated aggrecan cleavage at 1 µg/mL, Ab1033 (AbCam) for versican 

core at 1:1000, and α-DPEAAAE for the aggrecanase generated versican-G1 

product at 1 µg/mL. Membranes were washed 3x with 15 mL TBST by gentle 

rocking at room temperature for 15 min/wash. Secondary antibody (goat anti-

rabbit HRP) AP307P (Millipore) was incubated in 5 % milk/TBST at 1:4000, at 

room temperature for 1 h, then washed the 3x again. Membranes were then 

incubated with Immobilon Western Chemiluminescent HRP Substrate (Millipore) 

for 10 min at room temperature with gentle rocking, covered in polyvinyl chloride 

wrap and exposed to autoradiography film (Denville Scientific) for times ranging 

from 1 sec to 30 min. 

 

Western Blot Analysis of ADAMTS5 Protein in Tissue Extracts, Cell 

Cultures and Fetal Bovine Serum 

For analysis of ADAMTS5 protein gastrocnemius muscle, ~100 mg, was 

harvested immediately after sacrifice from 3 12 wk old male mice, into ice cold 

PBS containing 1X PIs, then rinsed in fresh PBS +PIs to remove blood products. 
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They were then frozen in liquid N2 and processed in a Bessman pulverizer. The 

powdered tissue was collected into 300 µL Laemmli sample buffer (BioRad) with 

1X PIs, vortexed, boiled for 10 min, centrifuged at 14,000g for 15 min and 10 µl 

of the clear supernatant (equivalent to about 3 mg of muscle) used for Western 

analyses. ADSC cell layers were lysed in 100 µl of 50 mM Tris HCl pH 7.5, 150 

mM sodium chloride, 5 mM EDTA, 1% NP-40, 10 mM sodium fluoride, 100 mM 

sodium orthovanadate with 1x Roche PIs (Roche PIs are cOmplete -Mini tablets 

from Roche Inc., and a 1x concentration was obtained when 1 tablet is dissolved 

in 10 ml of solution), scraped down and collected into a 1.5 mL microcentrifuge 

tube, vortexed, and kept on ice for 15 min.  Lysates were cleared by 

centrifugation, 14,000g for 15 min, and a 5 µl aliquot (containing extracted protein 

from ~ 2x 10^4 cells) was loaded on a 4-12% Tris-Glycine gel and processed by 

Western analysis as described above. Fetal bovine serum batches used for the 

study were also assayed for presence of ADAMTS5 protein. For this, 0.2 µl 

(diluted 10x from 2 µl) of FBS batches E1101, B12027, H12120, A13005 (Atlanta 

Biologics) were mixed with sample buffer.  Western analysis was done as 

described above. Using antibodies against ADAMTS5 catalytic domain, α-cat, 

Ab135656 (AbCam) at 0.25 µg/mL, and ADAMTS5 cysteine rich domain, α-cys, 

at 2 µg/mL (Anti-KNG) [102]. 

 

FACE Analyses of Chondroitin/Dermatan Sulfate and Hyaluronan 

The hyaluronan and chondroitin/dermatan sulfate contents of ADSC 

cultures were determined by fluorophore-assisted carbohydrate electrophoresis 
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as described [168]. Briefly, medium was digested with 100 µg/mL of proteinase K 

(Invitrogen) at 37 °C, and cell layers were solubilized with 1 mL PBS containing 

500 µg proteinase K, 100 mM ammonium acetate, 0.01% SDS for 1 h at 37 °C. 

Samples were ethanol precipitated, proteinase K was inactivated at 100 °C for 5 

min and then chilled on ice, digested with chondroitinase ABC and hyaluronidase 

SD at 37 °C overnight, ethanol precipitated and inactivated again. Samples were 

then incubated with 2-aminoacridone (Molecular Probes) at 37 °C for 18 h in the 

dark, before being run on polyacrylamide (Glyko monosaccharide) gels. 

Fluorescent bands were imaged using a CCD camera and quantified by ImageJ 

(NIH). 

 

Immunohistochemistry for Hyaluronan, Aggrecan and Versican 

IHC was performed on cells in 8 well chamber slides (Nunc™ Lab-Tek™ 

II). Cells were grown to ~ 90% confluency, and maintained for 24 h in fresh basal 

medium. The medium was removed, and cell layers were rinsed twice with PBS 

before fixation in Histochoice (Amresco). Cell layers were stained for hyaluronan 

with biotinylated HAPB at 1 µg/mL [159,169], aggrecan with α-DLS at 1 µg/mL 

and versican with ab1033 (AbCam) at 1 µg/mL [15], antibody binding was 

visualized with the ABC kit from Vector labs, and cell nuclei were counterstained 

with methyl green. Streptomyces hyaluronidase treatments were done as 

described [15]. Non-immune controls were treated with a 1 µg/mL non-immune 

rabbit IgG, as the primary antibody.   
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Treatment of Cultures with Growth Factors 

P2 ADSCs were plated into 12 well plates (Corning) and grown for 24 h-48 

h in DMEM/1 g/L glucose/10% FBS/2 ng/mL bFGF, to bring the cultures to ~ 90% 

confluency. Media were then changed to Advanced MEM/10% FBS for 24 h. 

Cultures were then changed into AMEM containing 10% FBS with or without 10  

ng/mL TGFb1 (Peprotech) or where indicated with 50 ng/mL BMP-7 (ProSpec). 

To illustrate TGFb1 dependent effects, some TGFb1 containing media were 

additionally supplemented with TBRI/II Kinase inhibitor, LY109761 5 µM 

(Selleckchem). Incubation with growth factors and RI/II inhibitor was done as 

described in (Fig. 9).  

 

Figure 9. Experimental Scheme for Collagen Type I and ADAMTS5 Protein 
Analysis in ADSCs. P2 ADSCs were plated into 12 well plates and grown for 24 h-48 h 
in DMEM/1 g/L glucose/10% FBS/2 ng/mL bFGF, until ~ 90% confluency. Media was 
then changed to Advanced MEM/10% FBS for 24 h. Cultures were then changed into 
treatment media, as indicated in Methods, consisting of Advanced MEM/10% FBS 
supplemented with the one of following; 10 ng/mL TGFb1, 50 ng/mL BMP-7, 10 ng/mL 
TGFb1+ 5 µM TGFb RI/II Inhibitor, 80 µM Dynasore, 10 µM Bafilomycin A1, Batimastat 
(1, 3 or 9 µM), ADAMTS5 inhibitor (TS5i) (1, 3 or 9 µM), or Control (10% FBS only). 
Cultures were terminated at 4 and 24 h intervals, with fresh media changes every 24 h. 
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Treatment of Cultures with Protease Inhibitors 

P2 ADSCs were treated with ADAMTS5 specific inhibitor (CAS 929634-

33-3, Calbiochem) and MMP broad spectrum inhibitor-Batimastat (CAS 130370-

60-4, Calbiochem), as illustrated in (Fig. 9). Concentrations used were 1, 3 and 9 

µM and reflect the concentration range recommended by the supplier. The 

‘activity’ and specificity were assessed by effects on pro-collagen processing and 

formation of the versican and aggrecan neoepitope. Potential cell toxicity side 

effects were determined by glucose uptake assay. 

 

Treatment of Cultures with Bafilomycin A1 and Dynasore 

P2 ADSCs were also treated with inhibitors for clathrin-mediated 

endocytosis, and lysosomal degradation, Dynasore 80 µM (Sigma), and 

Bafilomycin A1 10 µM (Tocris Bioscience) respectively, as illustrated in (Fig. 9). 

Concentrations used were according to the manufacturer’s recommendations, 

and cell toxicity side effects were determined by glucose uptake assay.  

 

Analyses of collagen processing and secretion in ADSC cultures  

P2 ADSCs grown in 12 well plates, as described above, were terminated 

at the indicated time points by removing the media. The cell layers were briefly 

washed with 100 µL PBS, then extracted with 100 µL lysis buffer; 50 mM Tris 

HCl pH 7.5, 150 mM sodium chloride, 5 mM EDTA, 1% NP-40, 10 mM sodium 

fluoride, 100 mM sodium orthovanadate + 1 Roche PIs. Extracts were collected 
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on ice, vortexed and centrifuged for 15 min at 14,000g to pellet cell debris. The 

media were centrifuged at 14,000g for 3 min to remove floating cell debris and 

supernatants frozen. 40 µL aliquots were Speedvac evaporated before analysis. 

Portions of the cell layer extract (5 µL) and dried media (40 µL) were mixed with 

30 µL of sample buffer, heated at 100 °C (for 5 min) and western blotted as 

described above using  primary antibody Type I Collagen (SouthernBiotech) at 

0.4 µg/mL and secondary anti-Goat HRP (Vector Labs PI-9500) at 1:4000. Lane 

loading was checked by anti-b-actin, C4 (SantaCruz) at 1:1000, with secondary 

goat anti-mouse (ThermoScientific # 31430) at 1:2000. 

 

BMP-1 Treatment of Secreted Collagen 

For BMP1 digestion of pro-collagen, confluent ADSCs were changed into 

phosphate-free DMEM (Gibco) supplemented with L-ascorbic acid 2.5 mg/L 

(Sigma) and sodium pyruvate 110 mg/L (Sigma) and cultured for 24h. Media 

were collected, as described above and stored at -20 °C. Samples were thawed 

on ice, and identical aliquots were supplemented with 5 mM CaCl2 (Fisher) and 

digested with rhBMP-1/PCP (R&D Systems) at 37 °C for 6 h. Digests were 

terminated with 10 mM (EDTA) to inactivate BMP-1, controls received 10 mM 

EDTA only. 

 

QPCR Assay for Gene Expression 

Total RNA was isolated from cell layers with TRIzol® reagent (Ambion) 1 

mL/T25 or 60 mm dish and purified to remove protein and DNA as per 
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manufactures guidelines. The RNA enriched pellet was suspended in 100 µl 

RNase/DNase free water (Gibco) and further purified using the RNeasy kit 

(Qiagen).  RNA purity and yield were determined from the 260 nm/280 nm ratio 

using Synergy Mx Monochromator-Based Multi-Mode Microplate Reader 

(BioTek) using the Gen5™ software. cDNA was synthesized from 1 µg RNA 

using the First-Strand Synthesis Kit (oligo dT method). Kit contains; dNTPs, oligo 

dT primer, 5x reaction buffer, and superscript reverse transcriptase RTII. cDNA 

was diluted 10-fold and combined with Taqman Gene Expression Master Mix 

(Applied Biosystem, Inc). QPCR was on a 7300 System (Applied Biosystems, 

Inc) with the Taqman platform (Life Technologies). Details of murine primers are 

given in Table 2. Data are presented as apparent mRNA abundance relative to 

Gapdh, calculated as (2^-ΔCT)*1000 (arbitrary units). 

 

DNA Assay 

Cell layers were digested in 1 mg/mL proteinase K (Invitrogen), 100mM 

ammonium acetate, 0.01% SDS for 1 h at 37 °C, digest collected, vortexed 10-15 

sec and stored at -20 °C until fluorometric analysis using Hoechst 33258 

(Invitrogen) as described [170], on a LS50 B Luminescent Spectrometer (Perkin 

Elmer) equipped with FL WinLab Software. A standard curve, ranging from 0.375 

to 7 µg was constructed, with each assay based on a calf thymus DNA (Sigma) 

standard. 
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Glucose Uptake Assay 

Glucose contents of culture media before and after addition to cell cultures 

were determined with Amplex® Red kit A22189 from LifeTech Inc. Kit contains; 

glucose standard, 5x reaction buffer, horseradish peroxidase, hydrogen peroxide, 

DMSO, glucose oxidase and Amplex® Red reagent. Briefly, 0.1 µL media 

(serially diluted from 10 µL) from a total of 800 µl of medium from approximately 

0.4 x 10^6 of cells was measured in a total reaction volume of 100 µL. 

Fluorescence was determined using a Synergy Mx Monochromator-Based Multi-

Mode Microplate Reader (BioTek) using the Gen5™ software set at 530nm for 

excitation and 590 nm for emission. A standard curve was measured ranging 

from 0.25 µM to 11.5 µM glucose. Glucose was measured in fresh medium and 

medium collected from cells after 24 h in culture. Glucose concentrations were 

then calculated from the standard curve, and uptake was calculated as (glc at 0 h 

- glc at 24 h) and expressed as a µmoles of glucose consumed per µg DNA per 

24 h. 

 

Statistical Methods 

Group differences (Mean +/- SD (n=6)) were evaluated with Students t-

test and p-values are shown.   
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IV. RESULTS  

 

Genotyping and mRNA analysis of wild type, TS5-deficient mice 

To confirm the nature of the Adamts5 gene modification for two different 

knock out strains, Lexicon generated, (for Pfizer Inc) TS5P KO [113] and 

Deltagen generated (for Jackson Labs) TS5J KO [112], DNA was isolated from 

confluent cultures of ADSCs prepared as described in the Methods, from WT, 

TS5P KO and TS5J KO male mice.  

Using the primers pairs outlined in the Method section and (Fig. 10A), the 

PCR product generated from WT DNA was 642bp, the product generated from 

TS5P KO DNA was 374bp and no product was detected from TS5J KO (Fig. 

10A,D) confirming deletion of exon 2 in both KO strains. For the TS5J KO strain, 

deletion of exon 2 and the insertion of a LacZ+Neo cassette into the genome was 

confirmed using primers and conditions provided in Jackson Lab protocols (Fig. 

10A, E).   

Analysis of mRNA transcripts in ADSCs from all three genotypes were 

also performed using primers targeting exon 1 and 4 (Fig. 10B, primer set ‘I’), 

This PCR reaction showed the expected product in WT cells, it absence in the 

TS5J KO, but also showed a transcript in TS5P KO cells. Such a product would 

arise (Fig. 10C,F) if the KO resulted in an in-frame deletion of exon 2 in TS5P 

KO, not reported in the initial description of this KO strain [112]. This was 

confirmed,  when we performed an additional PCR reaction using primers 

targeted to an overlapping sequence generated by fusion of exon 1 and 3, (Fig. 
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10C,F, primer set ‘II’). In comparison, PCR assay for transcripts in TS5J KO 

cells, with primer set ‘II’ gave no product, consistent with the reported out-of-

frame deletion in this KO strain (Fig. 10C, F). Further analysis of TS5P KO 

mRNA using primers for exon 1 and 8 (Fig. 10C, G, primer set ‘III’), also showed 

the presence of a full length transcript lacking exon 2 in ADSC cultures. 

Identification of these PCR products was confirmed by sequencing (Fig. 11). 
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Figure 10. Genotyping and mRNA analysis of wild type and TS5-deficient ADSC 
cultures. (A) Diagram of ADAMTS5 gene showing genotyping primer locations for 
genotyping Pfizer generated ‘P’ and Jackson generated ‘J’ knockouts. (B) Diagram of full 
length WT Adamts5 mRNA showing locations of primer set ‘I’, targeting exons 1 and 4. 
(C) Diagram of proposed mutant mRNA missing exon 2, showing locations of primer set 
‘II’ targeting an overlapping sequence of exons 1/3 and exon 4 and primer set ‘III’ 
targeting exons 1 and 8.  (D) PCR products from genotyping ADSCs with Pfizer primers 
‘P’, WT product 642bp, TS5P KO 374bp, confirming exon 2 deletion in TS5P KO, TS5J 
KO shows no amplification due to LacZ-neo insert. (E) PCR products from genotyping 
ADSCs with Jackson primers ‘J’, WT and TS5P KO product is 271bp, TS5J KO product 
is 424bp confirming exon 2 deletion and LacZ+Neo cassette insertion in TS5J KO only. 
(F) PCR products amplified from ADSC cDNA synthesized from mRNA, using primer set 
‘I’ and ‘II’. Primer set ‘I’ shows predicted amplification product in WT and smaller product 
in TS5P KO ADSCs, consistent with an ‘in-frame’ modification and mRNA transcription 
with exon 2 deleted, no product was seen in TS5J KO ADSCs, consistent with an out of 
frame mutation. Primer set ‘II’ shows amplification of TS5P KO, not WT or TS5J KO, 
confirming mutant mRNA in TS5P KO ADSCs is missing exon 2 and has a fusion of 
exon 1 and 3 (G) PCR products amplified from TS5P KO ADSC cDNA using primer set 
‘III’, showing mutant mRNA transcript missing exon 2 is a full length transcript reaching 
from exon 1 to exon 8. 
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Figure 11. Sequence confirmation of mutant transcript in TS5P KO mice. Six 
recombinant clones ‘S1-6’ from TS5P KO ADSC samples were sequenced and 
compared to WT and each other using ClustalW2 alignment program, confirming exon 2 
deletion in TS5P KO mutant mRNA. 
 

Characterization of ADAMTS5 protein species in muscle tissue extracts, 

ADSC cultures and serum   

Total protein extracts were prepared from skeletal muscle of WT, TS5P 

KO and TS5J KO male mice as described under Methods. Portions were 

analyzed by Western blotting using antibodies raised against residues 338-368 

(Cat domain, α-Cat) and 636-648 (Cys-domain, α-Cys), (Fig. 12A). WT but not 

TS5P KO or TS5J KO samples gave a protein species migration with an 

apparent mwt of ~40 kDa that reacted with both antibodies consistent with its 

identification as a proteolytically processed form of ADAMTS5. Since the 

antibodies were raised against residues 338-368 (Cat domain) and 636-648 

(Cys-domain), we interpret the size data to mean that WT muscle contains a 

species, that has an N-terminus in the catalytic domain and a C-terminus within 

the Cys domain. This 40 kDa species is most likely identical to that reported by 
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us as the major ADAMTS5 form present in fresh extracts of human OA cartilages 

[102] and equine tendon [171].  

Analyses of extracts from ADSC cell layers showed two additional 

ADAMTS5 fragments that were detected only in WT samples (Fig. 12B). One 

species migrated at ~40 kDa, (fragment ‘B’, see Fig. 13) and, unlike the muscle 

product; it was only detected with the α-Cat antibody. The second migrated at 

~30 kDa (fragment ‘C’, see Fig. 13), and it was only detected with the α-Cys 

antibody. Neither of those products were detected in ADSCs from TS5P KO (Fig 

12B) or from TS5J KO (data not shown). In addition, a ~75 kDa species, 

(fragment ‘D’, see Fig. 13),  which reacted with the α-Cys domain antibody, but 

not  α-Cat domain antibody, was present in ADSC cultures from both wild-type 

and TS5P KO mice (Fig. 12B).  

The presence ADAMTS5 fragments in both KO cell layers and also in 

portions of their culture media analyzed by western blotting (data not shown), 

raised the possibility that those were derived from fetal bovine serum, used in the 

culture medium. Indeed analyses of several batches of serum used in the current 

study showed a ~64 kDa species reactive with α-Cat (fragment ‘E’ see Fig. 13) 

and a ~75 kDa species, (fragment ‘D’ see Fig. 13), reactive with the α-Cys 

(Fig.12C). A schematic summary of the putative structures of the ADAMTS5 

fragments identified in this study are shown in Fig. 13. 
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Figure 12. Western analysis of ADAMTS5 in muscle, ADSC cultures and fetal 
bovine serum. ADAMTS5 protein abundance was analyzed in WT and Adamts5

 

KO 
mice, in vitro and in vivo, details described in Methods. Western blots of skeletal muscle 
extract, ADSC cell layers and FBS used for cell culture were probed with antibodies 
raised against the catalytic domain (α-cat) or cysteine rich domain (α-cys) of human 
ADAMTS5. (A) Analysis of muscle extracts of WT, but not TS5P KO or TS5J KO mice 
detected an ADAMTS5 fragment of ~40 kDa, which reacted with both α-cat and α-cys 
antibodies, this presumably contains the N-terminal catalytic domain and C-terminal 
cysteine rich domain. (B) Analysis of ADSC cell layers show a ~40 kDa product reactive 
with α-cat, and a ~30 kDa product reactive with α-cys, in WT cultures which are not 
present in TS5P KO cultures. (C) Analysis of fetal bovine serum supplement used for 
cell culture shows a ~75 kDa product reactive with α-cys, and a ~64 kDa product 
reactive with α-cat. These products are seen in both WT and TS5P KO cultures (B), as it 
is serum derived. Asterisk (*) denotes non-specific bands. 
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Figure 13. Proposed Structures of ADAMTS5 Fragments. Schematic diagram of 
proposed ADAMTS5 fragments found in ADSC cultures, with antibody reactivity and 
amino acid range. Fragments A (45 kDa), B (40 kDa) and C (30 kDa) are derived from 
ADSCs, whereas fragments D (75 kDa) and E (64 kDa) are serum derived. 

 

 

Characterization of ADSC Cultures by expression of “mesenchymal stem 

cell” marker genes  

The expressions of putative marker genes for mesenchymal stem cells 

(CD73, CD90, and CD105), phagocytotic cells (F4/80, Mac-1) and the HA 

receptor (CD44) were detected in ADSCs genotypes (Table 3). WT ADSCs 

expressed those genes in the following order of abundance; 

CD44>CD90>CD105>CD73>>F4/80>Mac-1. 

Interestingly the same panel of genes was also assayed in epiphyseal 

chondrocytes, grown in high density monolayers and readily detected.  In fact 

chondrocytes displayed a higher level of expression of CD73 and F4/80, 
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relatively similar expression of CD90, CD105 and CD44 compared to ADSCs. 

The finding that chondrocytes express these markers may be related to our 

finding that these types of cultures contained a flattened elongated cell type that 

was similar in morphology to the ADSCs in monolayer (Fig. 6). 

Some minor, yet statistically significant changes were seen when 

comparing expression of the marker genes between cells from different 

genotypes. For example, expression levels of CD73 and CD90 were lower 

inTS5J KO than in either WT or TS5P KO cultures; CD105 and CD44 were 

higher in TS5P KO than WT or TS5J KO cultures.   

Genotypic differences were also seen in chondrocyte cultures, with CD90 

higher in TS5J KO than WT and TS5P KO cells and F4/80 expression higher in 

both TS5J KO and TS5P KO than WT cells. 
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Table 3. mRNA transcript abundance for cell surface markers in ADSC and CHON 
cultures. Expression of mesenchymal marker genes; CD73, CD90 and CD105, 
phagocytotic marker genes; Mac-1 and F4/80 and HA binding CD44 were assayed in 
ADSC and Chondrocyte (CHON) cultures from WT and TS5-deficient mice using taqman 
based QPCR. Values are given as relative mRNA abundance (+/- SD, n=6 individual 
cultures), which was calculated as (2^∆Ct)*1000 (arbitrary units), ∆Ct relative to Gapdh. 
Not Detected = (Ct value of 35 or greater). Comparisons with statistical significance 
p<0.05 are displayed as bolded values with asterisk (*). P-values, were determined by 
student’s t-test * WT vs TS5P KO, ** WT vs TS5J KO, *** TS5P KO vs TS5J KO. 
 

 

Expression of ECM genes in ADSCs from WT and TS5-deficient mouse 

strains 

To further describe the fibroblastic nature of undifferentiated ADSCs vs 

differentiated chondrocytes,   we compared the expression of a range of ECM 

genes (Col1a1, Col1a2, Col3a1 and Col2a1), aggrecan, versican, Has1, 2 and 3, 

and link proteins 1 and 3 between the two cell types (Tables 4 and 5). ADSCs 

showed a high abundance of transcripts for Col1a1 and a2, Col3a1 as well as 

Has1 and 2, and essentially undetectable levels of  transcripts for ‘chondrocyte’ 

specific genes such as Col2a1, Acan, Hapln1, Hapln3 (link proteins 1 and 3)    



54 
 

Notably, for epiphyseal chondrocytes, in addition to the robust expression of 

Col2a1, Acan, link proteins 1 and 3, both, Col1a1 and Col3a1 were also highly 

expressed, with Col1a1 about 5-fold higher in the chondrocytes (5249.7+/-980.3) 

than in ADSCs (1749.6+/-228.3), supporting the presence of ‘fibroblastic’ cells in 

these cultures.   

Genotypic differences in ECM gene expression were particularly notable 

for the collagen genes between genotypes. In ADSCs, Col1a1 and Col3a1 were 

highest in WT (1749.6+/-228.3 and 240.73+/-56.81 respectively) relative to TS5P 

KO (1172.7+/-484.3 and 125.90+/-59.52 respectively) and TS5J KO cells 

(1103.0+/-194.3 and 106.20+/-26.07 respectively). Moreover, TS5J KO cells 

exhibited higher expression of Col1a2 (503.4+/-32.0) than WT (142.01+/-50.0) 

and TS5P KO (141.0+/-37.0). As expected, transcripts for Col2a1 were present 

only in epiphyseal chondrocytes, and were highest in WT (49.25+/-23.67), 

compared to TS5P KO (21.04+/-1.36) and TS5J KO (16.01+/-3.83).  

Statistically significant differences in the expression of glyco-matrix genes 

were seen for Hapln3, Has1 and Has2, which were elevated in TS5P KO ADSCs 

(0.16+/-0.03, 12.8+/-0.95 and 6.18+/-2.13 respectively) relative to WT (0.06+/-

0.01, 0.46+/-0.09 and 1.80+/-0.43) and TS5J KO (0.06+/-0.01, 0.13+/-0.07 and 

1.81+/-1.04) ADSCs. It should be noted that expression of the Has3 isoform was 

below the level of detection for ADSCs using this QPCR assay method.   
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Table 4. mRNA transcript abundance for fibrillar collagens in ADSC and CHON 
cultures. Expression of collagen type I, alpha 1 and alpha 2, collagen type II alpha I and 
collagen type III alpha I chains were assayed in ADSC and Chondrocyte (CHON) 
cultures from WT and TS5-deficient mice using taqman based QPCR. Values are given 
as relative mRNA abundance (+/- SD, n=6 individual cultures), which was calculated as 
(2^∆Ct)*1000 (arbitrary units), ∆Ct relative to Gapdh. Not Detected = (Ct value of 35 or 
greater). Comparisons with statistical significance p<0.05 are displayed as bolded values 
with asterisk (*). P-values, were determined by student’s t-test * WT vs TS5P KO, ** WT 
vs TS5J KO, *** TS5P KO vs TS5J KO. 
 

 

Table 5. mRNA transcript abundance for glyco-matrix components in ADSC and 
CHON cultures. Expression of aggrecan (Acan), versican (Vcan) isoforms V1 and V2, 
link proteins 1 and 3 (LP), and hyaluronan synthases (Has) 1, 2 and 3 were assayed in 
ADSC and Chondrocyte (CHON) cultures from WT and TS5-deficient mice using taqman 
based QPCR. Values are given as relative mRNA abundance (+/- SD, n=6 individual 

cultures), which was calculated as (2
-∆Ct

)*1000 (arbitrary units), ∆Ct relative to Gapdh. 
Not Detected = (Ct value of 35 or greater). Comparisons with statistical significance 
p<0.05 are displayed as bolded values with asterisk (*). P-values, were determined by 
student’s t-test * WT vs TS5P KO, ** WT vs TS5J KO, *** TS5P KO vs TS5J KO. 
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CS/DS and HA production by ADSCs from WT and TS5-deficient mice 

Cell layers and media from confluent WT, TS5P KO and TS5J KO ADSC 

cultures were processed for quantitation of CS/DS and HA content by 

fluorophore-assisted carbohydrate electrophoresis (FACE) as described in the 

methods (Fig. 14A). For all three genotypes, CS/DS secreted into the medium or 

deposited in the cell layers was predominantly (>80%) 4-sulfated with the 

remainder 6-sulfated. By comparison with either WT or TS5J KO, ADSCs from 

TS5P KO mice produced CS/DS with a higher proportion of 6-sulfated 

disaccharides (TS5P KO= 12.5ng/ug DNA +/-4.4 vs WT=4.4+/-1.1 and TS5J KO 

4.1+/-1.3). We observed however, that TS5P KO cells accumulated more HA in 

cell layers (TS5P KO= 43.9ng/ug DNA +/-4.5 vs WT=29.0+/-3.0 and TS5J KO 

19.3+/-8.5) and medium (TS5P KO= 44.9ng/ug DNA +/-4.7 vs WT=24.0+/-5.0 

and TS5J KO 27.5+/-6.3). The increased production of in HA was accompanied 

by an increased [~3-fold] expression of both, Has2 and Has1 in this cell type (see 

Table 5). No statistically significant differences between genotypes were 

detected in the total amounts of CS/DS deposited in cell layers (~ 60 ng/µg DNA 

over a 3-4 day culture period) or secreted into the media (~ 25 ng/µg DNA over a 

24 h period). 

HA and CS-PG deposition in the ECM of ADSC cultures was confirmed by 

immunostaining as described in the methods (Fig. 14B). In cultures, from all 

three genotypes, HA was localized in the ECM of the fibroblastic cell layers, and 

was also detected as strongly stained ‘capped structures’ in close association 

with cells of an epithelioid morphology. It was also noted, that TS5P KO cultures 
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contained stained ‘cable-like’ structures extending between cell groups, and this 

could explain the increased HA content seen by FACE analyses in such cultures.  

  Versican (localized with Ab1033) showed a widespread matrix-staining, 

mostly organized into dense fibrillar aggregates, in a similar staining pattern that 

had been previously reported for fibronectin accumulation in fibroblastic cells 

[172-174]. 

On the other hand, aggrecan (localized with anti-DLS) showed a very 

different staining pattern. Firstly it was essentially undetectable in the 

predominantly fibroblastic areas of the cultures, but showed a selective strong 

staining in the epithelioid cell groups (which also had the distinct HA-capping 

staining).  

Pretreatment of the cell layers with Streptomyces hyaluronidase 

essentially removed matrix HA and versican reactivity from the fibroblastic 

regions of the cultures, but did not affect the HA or aggrecan staining with the 

epithelioid cells suggesting that those two molecules are present intracellularly in 

this cell population (data not shown).   
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Figure 14. Identification of glyco-matrix by FACE and immunohistochemistry. (A) 
Media and cell layers of ADSC cultures from WT and TS5-deficient mice were analyzed 
for glycosaminoglycan content using FACE. Hyaluronan (HA), and chondroitin/dermatan 
sulfate (CS/DS) were analyzed. 4-sulfated (4S) open bars and 6-sulfated (6S) black filled 
bars.  Data presented as the mean ng GAG/µg DNA, for n = 4 cultures. Error bars are 
+/- SEM, p-values are displayed. TS5P KO ADSCs show increased HA abundance in 
media and cell-associated compartments as well as increased 6-sulfated GalNAc in the 
cell-associated compartment. (B) Cell layers were also immunostained for hyaluronan 
with biotinylated HAPB, aggrecan (Agg) with anti-DLS and versican (Vers) with Ab1033. 
Cell nuclei were counterstained with methyl green.  No large differences between 
genotypes are apparent. HA staining appears to be widely distributed in the ECM, as 
well as associated with circular ‘epithelioid’ cells. Versican staining distributed in the 
ECM, unlike aggrecan staining  that only appears associated with epithelioid cells, and is 
virtually absent in the ECM. Scale bar= 30µm. 
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Versican synthesis by ADSC from WT and TS5-deficient mouse strains 

Medium and cell extracts from ADSC (Fig. 15A, B) and chondrocytes 

(Fig. 15C, D) were also analyzed for versican V1 and V2 with Ab1033. ADSCs 

from all three genotypes, showed multiple products in the cell-associated and 

medium fractions of cells grown to confluency in 10% serum (Fig. 15A). Similar 

amounts of versican product accumulated in the cell layers and were released 

into the medium over 24 h. This is distinct from the distribution of aggrecan in 

such cultures, where after 24 h in the 10% serum, a very high proportion (~90%) 

of aggrecan was recovered in the medium.  

Based on the electrophoretic mobility, the high molecular weight form, 

~450 kDa, most likely represents full-length versican, whereas the bands 

migrating with apparent molecular weights of ~140 kDa, ~120 kDa, ~110 kDa 

and ~75 kDa would be C-terminally truncated forms and which, with the 

exception of the 75 kDa species, are substituted with CS/DS (Fig. 15B, compare 

+/- chondroitinase treatment). The identity of proteolytically processed species 

was not further investigated in the current study; however their presence in 

cultures with 10% serum suggests that they are generated in an environment 

protected from serum proteinase inhibitors, i.e. in the biosynthetic/secretory 

pathway, as was also the case for aggrecan (see below). Products with 

essentially identical electrophoretic migration at those seen in ADSC cultures 

were also found in the cell-associated and medium fractions from primary 

chondrocyte cultures from WT and TS5P KO mice (Fig. 15C), and chondroitin 

sulfate substitution, as assessed by sensitivity to chondroitinase ABC was also 
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similar in the two cells types and no differences seen between genotypes (Fig. 

15D). 

 

 

Figure 15. Western analysis of Versican core protein of ADSC and CHON cultures 
from WT and TS5-deficient mice. Versican isoforms V1 and V2 detected by Ab1033 
(A) Cell-associated and media compartments from WT, TS5P KO, TS5J KO ADSCs, 
arrows indicate major reactive bands; full length ~450 kDa, and truncated ~140 kDa, 
~120 kDa, ~110 kDa and ~75 kDa. (B) Portion of samples analyzed in (A) run +/- 
Chondroitinase ABC to determine CS-substitution, all but ~75 kDa fragment are CS-
substituted. (C) WT and TS5P KO chondrocyte cell-associated and media 
compartments, showing similar banding as ADSC cultures. (D) Portion of samples 
analyzed in (C) run +/- chondroitinase ABC, showing similar CS-substitution as ADSC 
cultures.  
 

 

 



61 
 

Aggrecan synthesis by ADSC from WT and TS5-deficient mouse strains 

Medium and cell-layers of ADSCs were processed by Western analysis for 

aggrecan with anti-DLS, as described in the Methods section. Portions of DE52 

purified material were electrophoresed with and without chondroitinase ABC 

digestion, and a typical set of blots is shown in (Fig. 16A).The DLS-positive 

aggrecan core proteins species present in ADSC cultures from all three 

genotypes were similar, as was their distribution between medium and cell 

associated pool, where roughly 90% of the aggrecan core proteins were 

recovered in the medium (Medium membranes exposed for ~1 sec, Cell-

Associated membranes exposed for ~30sec).  

The blots showed three major species migrating with a molecular weight 

of ~ 148 kDa, ~ 110 kDa and ~ 65 kDa, all of which were substantially smaller 

than the 250 kDa species purified from articular cartilage as A1A1.  For all three 

genotypes, the electrophoretic mobility of the cell layer associated aggrecan was 

largely unaffected by glycosidase digestion, only minor increases in the 

abundance of the 148 kDa species were seen. By comparison, the 148 kDa 

species secreted into the medium was extensively substituted with chondroitin 

sulfate, as its abundance on the western blot was greatly enhanced by 

chondroitinase ABC digestion.  

To further identify the structure of the DLS-reactive aggrecan core protein 

species in ADSCs, western blotting of portions was also performed with 

antibodies to the C-terminal aggrecanase neo-epitopes TAS and KEEE 

(Glu(1480)-Gly(1481) and Glu(1667)-Gly(1668) respectively) and the calpain 
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neoepitope GVS (Fig. 16B). These results showed that bands, 1 (mwt ~ 250 

kDa), 2 (mwt ~ 148 kDa) and 4 (mwt ~ 65 kDa) are aggrecanase generated 

fragments, and band 3 (mwt ~ 100 kDa) is a calpain generated fragment. Since 

the electrophoretic properties and the immunoreactivity of these truncated 

species is consistent with ADAMTS-aggrecanase-mediated cleavage of 

aggrecan within the CS-attachment regions, much as seen in cartilage [160] and 

chondrocyte cultures [86],  the data strongly suggest that C-terminal truncation of 

aggrecan occurs in the presence of 10% serum in these cells, but that ADAMTS5 

is not required for such cleavages.  

To confirm the identification of aggrecan species in ADSCs, media and 

cell extracts were also prepared from WT and TS5P KO chondrocyte cultures 

and analyzed by western blotting (Fig. 16C). Interestingly, the four major 

aggrecan species identified in ADSCs were also present in these cultures, and 

no major differences observed between genotypes. It was noted however that on 

a per cell basis, chondrocytes produced ~ 3-4 times more aggrecan than ADSCs. 

Chondroitin sulfate substitution of aggrecan in chondrocytes was also examined 

by digestion with and without chondroitinase ABC (Fig. 16C), no major difference 

between ADSCs and chondrocytes were observed except that chondrocytes 

secreted a higher proportion of CS substituted high molecular weight core protein 

(arrows in +chondroitinase lanes, Fig. 16C).  
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Figure 16. Identification and analysis of CS-substitution of Aggrecan core protein 
products by western blot. (A) Proteoglycans from cell-associated and medium 
compartments of ADSCs from WT and TS5-deficient mice were run +/- chondroitinase 
ABC to determine the degree of CS-substitution; aggrecan core protein was detected by 
anti-DLS. Enhanced reactivity upon chondroitinase digestion was only seen in the 
polydisperse band 2 of the media compartment indicating CS-substitution. (B) Portions 
of WT ADSC samples were run + chondroitinase and probed with a mixture of anti-
TAS/anti-KEEE to detected CS-region aggrecanase neo-epitopes and separately with 
anti-GVA to detect calpain mediated aggrecan cleavage. This shows bands 1, 2 and 4 
are CS-region aggrecanase neo-epitopes and band 3 is a calpain generated fragment. 
(C) Proteoglycans from cell-associated and medium compartments of chondrocyte 
cultures from WT and TS5P KO mice were run +/- chondroitinase ABC to determine the 
degree of CS-substitution; aggrecan core protein was detected by anti-DLS. All bands 
except band 4 were CS-substituted, the greatest of which was a high molecular weight 
band (small arrows). A1A1 lane is 10 µg A1A1 purified human aggrecan as positive 
control. 
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Aggrecan synthesis by ADSCs is stimulated by increased extracellular 

glucose, but not by TGFb1 or BMP-7 

Multiple studies have shown that supplementing media with TGFb1 or 

BMP-7 results in increased production of a sulfated GAG rich ECM in multipotent 

stromal cells [175-178], and this is largely due to increased production of CS-

substituted aggrecan. We therefore supplemented ADSCs from all three 

genotypes with the two growth factors, but did not detect any changes in the 

amount of aggrecan deposited in the cell layers or secreted into the medium 

(Fig. 18A), the same was seen for chondrocytes (Fig. 18B). 

However, increasing the extracellular glucose concentration from 5 to 10 

mM, (Fig. 17A) resulted in a notable increase in aggrecan secretion in all three 

genotypes. Products in both medium and cell layer pools were more highly 

substituted with CS and also enriched in a >250 kDa core protein species that 

was essentially absent in ADSCs grown in 5 mM glucose, but abundant in 

epiphyseal chondrocytes cultures maintained at the lower glucose concentration 

(see Fig. 16C). The enhanced aggrecan synthesis was more pronounced in TS5-

deficient cells, and this may be related to their enhanced glucose uptake relative 

to WT cells (Fig. 17D). Thus, at the physiological (5 mM) concentration, TS5P 

KO ADSCs had a significantly increased uptake (0.53 +/-0.01 µmoles glucose 

/µg DNA/24h) compared to WT cultures (0.26 +/-0.03 µmoles glucose /µg 

DNA/24h) or TS5J KO (0.38+/-0.11) cultures. Moreover, under mildly 

hyperglycemic (10mM) conditions, all cultures showed a proportional increase in 

glucose uptake, with the TS5 deficient cells remaining more active at (1.07+/-
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0.07 µmoles glucose /µg DNA/24h for TS5P KO  and 1.03+/-0.02 for TS5J KO 

µmoles glucose /µg DNA/24h) than WTs (0.73+/-0.05 µmoles glucose /µg 

DNA/24h) cultures. Additionally, increased medium glucose caused ADSCs from 

all three genotypes to deposit more ‘Full Length’ (~450kDa) versican into the cell 

layer and medium compartments, similarly to aggrecan this was more 

pronounced in TS5 KOs (Fig. 17C). 

 

Figure 17. Aggrecan and Versican Synthesis are stimulated by extracellular 
glucose concentration in ADSCs from WT and TS5-deficient mice. (A) Western 
analysis of aggrecan core protein products generated in ADSC cultures after 24 h 
maintenance in medium supplemented with either 5 or 10 mM glucose, detected by anti-
DLS. (B) Western blot assay for CS substitution of aggrecan core protein after 24 h 
maintenance in medium supplemented with 10 mM glucose, with and without 
chondroitinase ABC pretreatment of DE52 purified material (anti-DLS). (C) Western 
analysis of versican core protein products generated in ADSC cells after 24 h 
maintenance in medium supplemented with either 5 or 10 mM glucose (Ab1033). (D) 
Glucose uptake by ADSCs maintained in medium supplemented with 5 or 10 mM 
glucose. Glucose was measured in fresh medium and medium collected from cells after 
24 h in culture, uptake was calculated as [glc at 0 h - glc at 24 h]. Assays were 
performed on n=3 individual cultures, and data are shown as µmol of glucose consumed 
per µg DNA per 24 h. Statistical significance (<0.05) was determined by students t-test. 
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Figure 18. Aggrecan synthesis and secretion by ADSC and CHON cultures from 
WT and TS5P KO mice is not altered by addition of TGFb1 or BMP-7. (A) Western 
analysis of aggrecan core protein products generated in ADSC cultures after 24h 
maintenance in medium supplemented with either 10ng/mL TGFb1, 50ng/mL BMP-7 or 
10% FBS only, detected by anti-DLS.  T0 is Cell-Associated pretreatment.  (B) Western 
analysis of aggrecan core protein products generated in chondrocyte cultures, same 
treatment as (A). 
 

 

Aggrecan catabolism in serum deprived ADSCs from WT and TS5-deficient 

mouse strains 

To examine if ADSCs have the capacity for ADAMTS-mediated cleavage 

of aggrecan, confluent cultures were washed in serum free medium and 

incubated in the 1% serum containing medium to promote matrix degradation 

(see Fig. 8 and Methods for details). Analysis of the cell-layers prior to culture in 

low serum (Fig. 19A, 0 h) showed that all three genotypes had already 

accumulated the aggrecanase generated 60 kDa G1-NITEGE product, consistent 

with aggrecanase activity in the ADSC cultures even in the presence of 10% 

serum.  Since serum α-2-macroglobulin is inhibitory for ADAMTS-aggrecanases 

[97], it is likely that the ADAMTS-mediated core protein cleavage occurs in an 

environment that is not accessible to the α-2-macroglobulin, which is most likely 

inside the cell, during the secretory process.  



67 
 

At 2 h and 6 h culture in low serum (Fig. 19A), cell layers of all three 

genotypes accumulated a 120 kDa NITEGE-reactive species. Furthermore, 

analyses of the culture medium collected during the ‘catabolic’ period showed 

that the majority of the dimeric G1-NITEGE product was retained in the cell–

associated fraction in all three genotypes, and thus, as for the higher molecular 

weight aggrecanase fragments shown in (Fig. 16B), ADAMTS5 is not required 

for their generation in ADSCs. Validation of the identity of these species as 

aggrecan-derived G1 fragments was obtained from western analyses of products 

seen in catabolically stimulated epiphyseal chondrocyte cultures (Fig. 19B). 

Membranes in (Fig. 19A) were re-probed with anti-DLS (Fig. 19C), which 

confirmed the presence (at 0h only) of the 125 kDa-250 kDa forms in the cell 

layer of all genotypes (as in Fig. 16A), and these species disappeared from the 

cell layer and accumulated (to some extent) in the medium.  

This higher molecular weight form of the aggrecanase G1 product is not 

due to aberrant glycosylation, since N-glycanase pre-treatment prior to western 

analysis did not alter the migration of the ~120 kDa NITEGE positive band (Fig 

19D). It is highly likely that this represents the same “dimeric” form of G1-

NITEGE, which had been previously reported by  Yasumoto, T et al. ORS 1999, 

[179]) to be present in human cartilage extracts. Moreover, the formation of this 

dimeric form of G1-NITEGE, was not altered in cultures maintained in 10mM 

glucose (Fig. 19E), suggesting that the enhanced high molecular weight (>250 

kDa) aggrecan deposition seen in 10 mM glucose cultures is not simply due to an 

impairment of aggrecanase-mediated catabolism. 
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Figure 19. Western analysis of aggrecan catabolism in ADSC and CHON cultures 
from WT and TS5-deficient mice. Catabolic conditions were induced by changing 
cultures into media supplemented with only 1% serum and terminated at points indicated 
in Fig.8 and in the Methods. (A) anti-NITEGE (ADAMTS-generated G1 fragment) of cell 
associated products at 0, 2 and 6 h and media products at 2, 6 h from WT, TS5P KO, 
and TS5J KO ADSCs. (B) anti-NITEGE western blot of chondrocyte cell extracts, 
showing the presence of multimeric aggrecanase G1 products. (C) anti-DLS (aggrecan 
core protein) re-probe of panel (A) membrane showing catabolism of polydisperse 
aggrecan core protein upon serum starvation, with only a fraction recovered in the 
medium compartment at 2 and 6 h. (D) anti-NITEGE of separate cell-associated WT 
ADSC samples treated +/- N-glycanase, shows that electrophoretic mobility of 
aggrecanase G1 multimers is not affected by N-glycanase treatment. (E) anti-NITEGE of 
cell-associated products of WT and TS5KO ADSCs maintained in 5 mM or 10 mM 
glucose for 24h, shows that 10mM glucose does not affect the formation of aggrecanase 
G1 multimers. 
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Versican catabolism in serum deprived ADSCs from WT and TS5-deficient 

mouse strains 

To examine the effect of a the low serum induced catabolic culture 

condition on versican degradation, media and cell extracts from ADSC cultures 

were examined by Western analysis with anti-DPE (Fig. 20A), followed by a re-

probe of the membranes with Ab1033 (Fig. 20B). A single product of ~60 kDa 

(consistent with G1-DPEAAE) was detected in the cell-associated fraction at 0 h 

for all genotypes, showing that as for aggrecan G1-NITEGE, it was also formed 

in 10% FBS, and therefore perhaps generated intracellularly. The abundance of 

this product was not markedly altered during the 2 h or 6 h in 1% FBS, and 

remained distributed evenly between the cell-associated and medium 

compartments (unlike the G1-NITEGE which remained largely cell associated 

(Fig. 19A)). A re-probe of these membranes with Ab1033 (Fig. 20B) showed that 

in all genotypes the bulk of the ~450 kDa, ~140 kDa and ~120 kDa products 

were retained by the cell layer over this period, whereas the 110kDa (and ~75 

kDa) products were distributed between the two compartments.  
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Figure 20. Western analysis of versican catabolism in ADSC cultures from WT and 
TS5-deficient mice. Catabolic conditions were induced by changing cultures into media 
supplemented with only 1% serum and terminated at points indicated in Fig. 8 and in the 
Methods. (A) anti-DPE (ADAMTS-generated G1 fragment) of cell-associated and media 
compartments from WT, TS5P KO, TS5J KO ADSCs. Distinct ~60 kDa G1-DPEAAE 
band is generated in all genotypes in 10% serum and is evenly distributed in cell layers 
and medium. ~60 kDa G1-DPEAAE generation does not appear to be affected by serum 
starvation. (B) Ab1033 reprobe of (A), ~450 kDa, ~140 kDa and ~120 kDa products 
retained in the cell layer, ~110 and ~75 kDa products are distributed in cell layer and 
medium, all of which are unaffected by serum starvation. 
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Figure 21. Gene expression of aggrecanases ADAMTS-1,-4,-5,-8,-9 and -15 in acute 
response to low serum in ADSCs from WT and TS5-deficient mice. Confluent 
cultures were changed to basal medium containing 1% serum and at 0 h, 2 h and 6 h, 
mRNA was isolated and QPCR done as described in ‘Methods’. Data are plotted as 
relative mRNA abundance, error bars are standard deviation, relative abundance was 

calculated as (2
-∆Ct

)*1000 (arbitrary units), ∆Ct relative to Gapdh. Not Detected had Ct 
values of 35 or greater, n = 3. Adamts5 expression is the highest out of all other 
aggrecanases in WT ADSCs followed by Adamts4. No compensatory up-regulation of 
other aggrecanases was detected in TS5-deficient ADSCs upon serum starvation. 
 

 

Effect of TGFb1 stimulation on transcript abundance of Has1, Has2, Col1a1, 

Col1a2 and Col3a1 in ADSCs from WT and TS5P KO mice 

To determine the response of ADSCs to TGFb1 stimulation, confluent 

monolayers were treated for 24 h in DMEM/10% FBS supplemented with TGFb1 

alone or TGFb1 with TGFb RI/II Kinase inhibitor for 24 h after the ‘T0’ stage (see 

Fig. 9 and Methods Section). TGFb1 signaling was assessed by determining 

changes in expression of  previously reported TGFb1-sensitive genes such as 

Col1, [180,181], Col3 [182] and Has1 and 2 [183]. To focus the scope of this 
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study, the following experiments included only TS5P KO ADSCs to determine the 

effects of TS5 ablation. 

Our results showed that transcript abundance of Has1 and Has2 was a 

sensitive and reproducible indicator of the TGFb1 responsiveness of the ADSC 

(Table 6). Transcripts abundance for Has1 and Has2 in unstimulated (FBS only 

control, ‘None’) WT ADSC was 0.755 +/-0.08 and 6.44 +/-1.70 respectively and 

following TGFb1 treatment, these levels were increased ~ 4 and 3 fold 

respectively. This increase was essentially completely inhibited by the inclusion 

of TGFb RI/II kinase inhibitor. 

Surprisingly, Col1a1 transcripts were largely unaffected in WT ADSCs 

treated withTGFb1, and inclusion of the TGFb1+ RI/II inhibitor also had not 

effect. Furthermore, transcript for Col1a2 and Col3a were decreased in TGFb1 

by 40 and 26 %, respectively, and RI/II inhibitor, indicating the involvement of 

other signaling pathways in the control of gene expression for these two collagen 

alpha-chains.  

We next compared the response of ADSCs from TS5P KO mice to TGFb1 

stimulation, and found several statistically significant changes between 

genotypes in the HAS1 and 2 responses. Has1 transcript abundance was 

increased only 1.7 fold in the KO cells and Has2 levels, which were already 

elevated the TS5 KO cells, were not further increased by TGFb1 stimulation. 

Moreover in TS5P KO cultures treated with TGFb1 and RI/II inhibitor, Has2 

abundance dropped below FBS control ‘None’ levels (3.34+/-0.13).  



73 
 

 Interestingly, the effect of TGFb1 on Col1 and Col3 transcript abundance 

was similar to that in WT cells, in that transcript levels for all three Col alpha 

chains assayed decreased, but this was not mediated directly by the signaling of 

TGFb1 through the RI/II pathways.  

 

 

Table 6. Effect of TGFb1 on Fibrillar Collagen and Hyaluronan Synthase Gene 
Expression in WT and TS5P KO ADSC cultures. WT and TS5P KO ADSCs were 
treated with TGFb1, TGFb1 +RI/II Inhibitor or FBS only control (None) for 24 h and 
harvested for QPCR analysis as described in Methods. Values are mRNA abundance, 
calculated as (2^-∆Ct)*1000 arbitrary units, +/- standard deviation, fold change was 
calculated by comparing treatment groups to ‘None’ using 2^(-∆∆Ct) method, ∆Ct 
relative to Gapdh. n=3. p values are relative to ‘None’ within each genotype. 
 

 

 

 

 



74 
 

Synthesis, secretion and processing of collagen type I in ADSCs from WT 

mice 

Collagen type I protein was assayed by Western blot using  anti-Collagen 

type I (Southern Biotech), a rabbit polyclonal antibody raised against human 

collagen type I. This high affinity antibody has been used by a number of 

investigators in western blot analyses for collagen type I, and due to its reactivity 

with multiple epitopes on the collagen molecule it is a useful reagent to detect 

biosynthetic products in cell cultures [165]. The usefulness of this antibody for 

our studies is illustrated in (Fig. 22). A portion of 24 h conditioned medium from 

WT ADSCs, corresponding to the product of roughly ~ 5 x 10^3 cells  was 

analyzed by Western blot and showed six immunoreactive species (left hand 

lane). These were identified based on their molecular sizes and sensitivity to 

BMP-1 digestion (Fig. 22, middle and right lanes). The ~148 kDa species 

represents pro-Col I a1 (containing both, proC and proN peptides); the ~125 kDa 

species is a mixture of proC-and proN-peptide containing Col Ia1 (pC/pN); the 

115 kDa species is the fully processed Col Ia1; the 100 kDa species is the 

processed Col Ia2, the 35 and 25 kDa species are the Pro-C and Pro-N peptides, 

respectively.  
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Figure 22. Western analysis of collagen type I from of ADSC cultures, digested 
with BMP-1. Media taken from ADSC cultures were digested with 0, 0.1 or 1.0 µg BMP-
1 prior to western analysis as described in methods. Membranes were probed with anti-
Collagen Type I, which reacts with 6 distinct bands (arrows); Procollagen (148 kDa), pro-
C peptide containing alpha 1/pro-N containing alpha 1 mixture (125 kDa), Alpha 1 (115 
kDa), Alpha 2 (98 kDa), single pro-C peptide (36 kDa) and single pro-N peptide (30 
kDa). BMP-1 digest effectively cleaved the Pro-C peptide from the full collagen chains in 
a concentration dependent manner. Lanes are from a single gel, cut from different 
positions. 
 

 

Effect of TGFb1 on the synthesis, secretion and processing of collagen 

Type I in ADSCs from WT and TS5P KO mice 

Confluent ADSCs from WT and TS5P KO were maintained in DMEM 

medium, which does not contain ascorbate. The Western blot data of media and 

cell layers cultured in that medium confirmed that ascorbate is essential for 

collagen type I production and secretion in both, WT and TS5P KO ADSCs (Fig. 

23A, lanes 1&2) 
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In the presence of ascorbate, (Fig. 23A) WT  cells (lane 3) secreted 

significantly higher amounts Collagen I into the media and cell layers than the 

TS5P KO  cells (lane 6), and this was most notable for the unprocessed pro-

collagen and the fully processed alpha-1 chains. Those differences were not due 

to decreased cell numbers in the TS5P KO cultures, as seen by the roughly 

equivalent Western blot reactivity with anti-B-Actin of the cell extracts.  

Addition of TGFb1 to the ADSC cultures had no major effect on the 

secretion of collagen I species into the culture medium. However TGFb1 

markedly increased the amount of procollagen and pC/pN mixture in cell layers 

of WT, but not TS5P KO cultures (Fig. 23A, lanes 4&7).  Addition of TGFbRI/II 

inhibitor only minimally affected the TGFb1 induced changes, suggesting that 

additional crosstalk between TGFb1 and other signaling networks (such as 

connective tissue growth factor (CTGF), and/or platelet derived growth fact 

(PDGF)) may be involved in the regulation of  collagen type I  synthesis and 

processing in the ADSCs.  

Total collagen produced/unit cells/24 h was quantified by densitometry 

(using Image J (NIH) software), from band intensities of each collagen species 

normalized to B-Actin from the 0-24 h gels, and is shown in (Fig. 23B). TS5P KO 

cultures accumulate less collagen type I in both the media and cell-associated 

compartments, and TGFb1 induced increase in collagen type I production in WT 

ADSCs cell layers was not detected in TS5P KO ADSCs. 

 



77 
 

 

Figure 23. ADAMTS5 deletion affects TGFb1 induced collagen type I synthesis and 
secretion in ADSCs. (A) Media and cell associated compartments were harvested for 
western analysis with anti-Collagen Type I, from WT and TS5P KO ADSC cultures 
treated with FBS only control, TGFb1 and TGFb1+RI/II inhibitor as described in 
Methods. Cell associated membranes were reprobed with anti-B-Actin to ensure equal 
loading. (B) Densitometry of ‘Total’ collagen normalized to B-Actin. 
 

 

Effect of MMP and ADAMTS5 protease inhibitors on collagen type I 

processing and secretion 

To examine whether the lack of TGFb1 induced increases in cell 

associated collagen type I production in TS5P KO ADSCs could also be 

achieved in WT ADSCs through inhibition of the ADAMTS5 protease activity, WT 

cultures were incubated with 1, 3 and 9 µM Batimastat (BTM), a broad spectrum 

MMP inhibitor or with 1, 3 and 9 µM specific ADAMTS5 inhibitor (TS5i). Cells 

were pretreated for 60 min with the inhibitor, changed into media with ascorbate 

and TGFb1, and with the individual protease inhibitors for a 24 h culture period. 

Media and cell layers were analyzed by western blotting using anti- Collagen 



78 
 

type I (Fig. 24).  BTM treatment resulted in the accumulation procollagen l in the 

media and cell extracts (compare lane 1 with lanes 2-4), however, a parallel 

decrease in Pro-C and Pro-N peptides (~35, ~25 kDa) was not observed. This 

effect of BTM is most likely due to its inhibitory effect against  ADAMTS 2, 3 and 

14 all of which are known to cleave  the  collagen type I proN-peptide at a  Pro-

Gln bond [43,184].  

The addition of TS5i to ADSC cultures did not affect the amount or type of 

collagen type I species secreted into the medium (Fig. 24 lane 1 compared to 

lanes 5-7). The presence of the inhibitor did however produce an increase in 

procollagen and the pC/pN mixture in the cell associated compartment and also 

resulted in appearance of lower mwt fragments (of 50 and 55 kDa, Fig. 24 lanes 

5-7) in the cell layers in a concentration dependent manner. Although we did not 

further identify these species, it is likely that they represent products of 

intracellular degradation (possibly lysosomal) of newly synthesized collagens. 

The interpretation of the gels was further confirmed with densitometry analysis of 

single bands (Fig. 25) and total collagen type I (Fig. 26) normalized to B-Actin. 

The distinct effects on collagen processing that arise from chemical 

inhibition of ADAMTS5 protease activity and those seen due to ablation of the 

Adamts5 gene in KO cells suggest that the catalytic site and the other domains of 

the protein (see Fig. 13) may have separate biological functions.     
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Figure 24. Effect of MMP and ADAMTS5 inhibitors on collagen type I synthesis 
and secretion in WT ADSCs. (A) Media and cell associated compartments were 
harvested for western analysis with anti-Collagen Type I, from WT ADSC cultures 
treated with TGFb1 and either Batimastat or TS5i at 0, 1, 3 or 9 µM as described in 
Methods. Cell associated membranes were reprobed with anti-B-Actin to insure equal 
loading. 
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Figure 25. Quantitation of single anti-collagen type I reactive bands of MMP and 
ADAMTS5 inhibited WT ADSC cultures. Densitometry of single anti-collagen type I 
bands in Fig. 24, normalized to B-Actin. 
 

 

Figure 26. Quantitation of total anti-collagen type I reactive bands of MMP and 
ADAMTS5 inhibited WT ADSC cultures. Densitometry of ‘Total’ collagen (summation 
of all bands) in Fig. 24 normalized to B-Actin. 
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Detection of ADAMTS-fragments in WT ADSC cultures  

 Figs. 12 and 13 showed the presence of a range of proteolytically 

processed forms of ADAMTS5 protein in confluent monolayers of WT ADSCs. To 

examine the time course of formation of these fragments in both proliferating and 

confluent cultures, cell extracts were prepared at 24, 48, and 72 h post plating 

(see details in Methods). Extracts were analyzed by western blotting using the 

two anti-ADAMTS5 antibodies (α-Cys and α-Cat) (Fig. 27a), and abundance of 

the species relative to cell number (as B-Actin) was quantified using densitometry 

(Fig. 27b). It should be noted that ADAMTS5 protein secreted into the culture 

medium was not assayed due to the high content of endogenous ADAMTS5 

protein and albumin in the fetal bovine serum.   

All three cell-derived ADAMTS5 species (A, B, C) were generated in both, 

proliferating (0-24h, 24-48h) and post confluent cells (48-72 h), with fragment B 

being the most abundant species. All three were formed in the presence of 10 % 

fetal bovine serum. On a ‘per cell basis”, the abundance of fragment A remained 

fairly constant throughout the culture period, whereas fragments B and C were at 

the highest levels in proliferating cultures (24 and 48 h respectively) and then 

decreased notably in post-confluent cultures (72 h). Since we did not assay the 

medium compartment (see above) it is unknown whether the decreased contents 

of species B and C in post-confluent cultures is due to the diffusion into the 

medium compartment of clearance by further proteolysis and/or endocytosis.  

We also examined the localization of fragments B and C to intra-cellular 

(trypsin-resistant) and extracellular (trypsin-sensitive) compartments (Fig. 28a, 
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b). Western blot analyses showed that at 4 h after plating, species B was only 

partially removed by trypsin digestion, suggesting both intra-and extracellular 

location of that fragment. By 24h post plating, fragment B was completely 

sensitive to trypsin, confirming its extracellular location. However fragment C 

remained only partially sensitive to trypsin even at that prolonged culture period, 

suggesting its association both outside the cells (cell surface or ECM) and inside 

the cells within the secretory [84,185,186] and/or endocytotic pathway [105].     

To confirm the effectiveness of trypsin in removal of extracellular proteins 

in these experiments, the extracts were also assayed by western blot with anti-

collagen Type I (Fig. 28c). The extensive removal by trypsin, of secreted 

procollagens from the cell layers under the conditions used, confirmed that that 

the conditions used here, allowed for effective enzymatic activity of the trypsin.  
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Figure 27. Western analysis of ADAMTS5 protein in proliferating and confluent 
ADSCs. (a) WT ADSCs were harvested throughout the culture period to determine 
ADAMTS5 abundance at the following time points post plating; 0-24 h (proliferating), 24-
48 h (proliferating) and 48-72 h (confluent). Membranes were probed with anti-
ADAMTS5 antibodies, directed towards the catalytic domain (α-cat) or the cysteine rich 
domain (α-cys), and then reprobed with anti-B-Actin to ensure equal loading. (b) 
Densitometry of individual fragments, normalized to B-Actin. Arrows indicate predicted 
fragments (A, B, C, D and E) based on Fig.13. Asterisk (*) denotes non-specific bands. 
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Figure 28. ADAMTS5 fragments are in an extracellular compartment. (a) ADSC 
cultures at 0-4 h and 24-28 h time points were digested +/- trypsin, supernatant 
discarded, and cell layers lysed as described in Methods prior to western analysis with 
anti-TS5 antibodies. Membranes were then reprobed with anti-B-Actin to ensure equal 
loading. Fragments A, B and C are denoted with arrows and refer to predicted species 
outlined in Fig. 13. (b) Densitometry of fragments B and C normalized to B-Actin. (c) α-
cat membrane from (a) was reprobed with anti-collagen type I.  
 

 

Effect of Protease Inhibitors on cell associated ADAMTS5 

To determine if the formation of the ADAMTS5 fragments are generated 

by autocatalytic cleavage, as has been reported for other ADAMTS proteinases 

[187] or through the action of other MMPs, WT ADSCs were treated with TS5 

inhibitor or the broad spectrum MMP inhibitor Batimastat as indicated in (Fig. 29a 

and in Methods).  Western blot analyses of cell extracts (Fig. 29b) and 

densitometry analysis (Fig. 29c) showed that there was no significant decrease 

in the abundance of fragments A or B, when the inhibitors were added to the 

cultures at the 3 concentrations shown. However, the presence of either inhibitor 
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resulted in an apparent accumulation of the both fragments, and that was most 

notable for fragment A in the presence of TS5i. The mechanism for this 

accumulation is currently unknown but could arise from decreased clearance via 

proteolysis to smaller fragments (such as conversion of A to C, see Fig. 13), 

diffusion into the medium or endocytotic removal from the pericellular space. A 

potential role of MMP-mediated proteolysis in the generation of fragment C is 

shown in Fig. 29b, right hand panel), where both inhibitors decreased the 

abundance of this fragment relative to untreated cultures. Together with the 

accumulation of fragment A (Fig. 29b, left hand panel) this could indicate a 

precursor product relationship between those two species.   
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Figure 29. Effect of protease inhibitors on cell-associated ADAMT5 fragments. (a) 
Treatment timeline, confluent WT ADSCs were treated with Batimastat or TS5i at 0, 1, 3 
or 9 µM for 24 h after a 1 h inhibitor pretreatment. (b) Cultures were terminated for 
western analysis with anti-TS5 antibodies. Membranes were then reprobed with anti-B-
actin to ensure equal loading. Arrows indicate predicted fragments (A, B, C, D and E) 
based on Fig.13. Asterisk (*) denotes non-specific bands. (c) Densitometry of individual 
fragments normalized to B-Actin, horizontal dotted line represents control (0 µM).  
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TGFb1 treatment of WT ADSCs has no effect on cell associated ADAMTS-

fragments  

Since TS5KO fibroblasts [15] and the ADSCs used in this study displayed 

altered TGFb1 responsiveness, we tested the possibility that TGFb1 itself may 

alter the abundance of the cell associated TS5 fragments. Thus, cells were 

treated with growth factor using identical conditions that had resulted in the 

altered collagen production between WT and TS5-deficient cells (see Figs. 23 & 

24). Western blot analyses of cell layers (Fig. 30 a, b) however showed no effect 

of TGFb1 on abundance of any of the cell generated TS5 species.  

            

Figure 30. Western analysis of ADAMTS5 protein in confluent ADSCs stimulated 
with TGFb1. (a) Separate cultures were treated with or without TGFb1 at 48-72 h and 
72-96 h time points, and harvested for western analysis using the same antibodies as in 
(Fig. 27A) (b) Densitometry of individual fragments, normalized to B-actin. Arrows 
indicate predicted fragments (A, B, C, D and E) based on Fig.13. Asterisk (*) denotes 
non-specific bands. 
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Effect of inhibitors of endosomal and lysosomal trafficking on abundance 

of ADAMTS5 fragments in WT ADSCs  

ADAMTS5 has previously been reported to interact with LRP-1 on the cell 

surface [105] through the thrombospondin1 motif. Furthermore, the study also 

reported that Dynasore, a potent inhibitor of the clathrin-mediated endocytosis 

pathway in which LRP-1 participates [188], inhibited the uptake of exogenously 

added ADAMTS5 protein in articular cartilage.  Since all three fragments 

detected in the ADSC cultures (A, B and C) carry the LRP-1 binding site, we 

have investigated whether these fragments interact with the endocytotic pathway 

in these cells.   

In control cultures, all three fragments were detected (Fig. 32 a, b), and as 

shown above, fragment B was the most abundant and accumulated with 

increasing culture time (see Fig. 27a). When cultures were treated with 

Dynasore for 4 h and 24 h, and equal portions of the extracts examined by 

Western blotting, the accumulation of fragment B was completely inhibited, a 

similar effect was seen on fragment C, whereas changes were not detected for 

fragment A. Treatment of cultures with Bafilomycin A1, a broad spectrum inhibitor 

of endosomal/lysosomal acidification and trafficking, enhanced the accelerated 

accumulation of fragment B, relative to control conditions. 

Together, these observations strongly suggest that the generation and/or 

accumulation of the ADAMTS5 fragments involve one or more components of the 

endosomal/lysosomal compartments. Whether such processes are merely 

required to remove the protein from the extracellular space, or whether the 
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specific fragments play a regulatory role in the functionality, (similar to the 

inactive processed form of MT1-MMP [189]) of the endosomal recycling process 

of cell surface receptors, including those of the TGFb-receptor family [134-

136,148] remains to be determined.  

 

 

Figure 31. Abundance of ADAMTS5 fragments is altered with endocytosis and 
endosomal inhibitors. (a) ADSC cultures were treated with Dynasore, Bafilomycin A1 
(BafA) or FBS only control, as described in Methods and harvested for western analysis 
using anti-TS5 antibodies at 0-4 h and 0-24 h time points. Membranes were then 
reprobed with anti-B-actin to ensure equal loading. Fragments A, B and C are denoted 
with arrows and refer to predicted species outlined in Fig. 13. (b) Densitometry of 
individual fragments normalized to B-actin. 
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Figure 32. Proposed pathway of ADAMT5’s function in progenitor cells. ADAMTS5 
fragments denoted by ‘X’ interact with LRP-1 at the cell surface, working to regulate the 
endocytotic and lysosomal activity of progenitor cells, thereby affecting TGFb signaling 
and/or glucose transport and ultimately downstream differentiation pathways. 
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V. DISCUSSION 

 

Characterization of ADSC cultures from WT and TS5 KO mice 

To confirm the genetic deletions in both ADAMTS5 KO mouse strains 

used for this study, we genotyped ADSC cultures from WT and KO adipose 

tissue, using the standard genotyping primer sets for WT, TS5P KO [113] and 

TS5J KO (as per Jackson Labs). PCR analysis showed the expected absence of 

exon 2 in both KO strains and the additional LacZ+neo cassette insertion for the 

TS5J KO cells (Fig. 10D, E). Furthermore, the deletion designed for the TS5J KO 

had indeed resulted in an out-of-frame reading sequence in the mutated gene, as 

no mRNA transcripts of the mutated gene were detected [112]. However, 

although it was reported that the TS5P KO deletion was also designed to 

generate an out-of-frame mutation [113], we detected abundant mRNA 

transcripts for the mutated gene. These were devoid of exon 2 (Fig. 10C, F and 

G), which is indicative of an in-frame-deletion of the exon. We were however not 

able to detect secreted translated protein in the TS5P KO cells (Fig. 12B), which 

might result from degradation of either the mRNA or the mutated protein inside 

the cell. Whether this contributes to some of the differences observed between 

ADSCs from the two KO strains (e.g. HA production, cell surface marker 

expression) remains to be determined. In the same context, it is unknown as to 

what extent these mutations in the Adamts5 gene can affect transcriptional 

regulation of other genes involved in fibrogenesis, which then independently or 
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cumulatively give rise to the multiple connective tissue phenotypes in these mice 

(Table 1). 

A common approach in studies using pluripotent cell population derived either 

from peripheral connective tissues (muscle, adipose tissue, synovium, bone 

marrow, umbilical cord, blood etc.), is the characterization of cell surface 

markers. In the context of this study, where we utilized progenitor cells from  a 

‘mesenchymal’ lineage and pluri-potential for differentiation into connective tissue 

producing cells, we have assayed for CD73, CD90, and CD105 which were 

described as relevant markers for such cells by the International Society for 

Cellular Therapy [9,27]. As has been reported previously for murine adipose 

derived stromal cells [20,190], ADSCs used in study also expressed these 

markers (Table 3). Although expression levels for these markers were similar 

between cells from all three genotypes, we observed a difference in expression 

of CD105. This gene was more highly expressed inTS5P KO cells than either WT 

or TS5J KO cells. Notably, CD105 or endoglin is a TGFb1/3 co-receptor that 

associates with TGFb type II receptor [191]. It has been previously reported that 

CD105-rich cell populations derived from human adipose derived stromal cells 

exhibited a more robust “chondrogenic” potential [192], whereas cells with low or 

deficient CD105 expression will more readily differentiate into an osteogenic 

phenotype  [193,194]. This is in support of our previous research detailing the 

robust chondrogenic response in tendons [17], skin [15], and joints [114] after 

injury in these mice.  
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It is worth noting that we also detected robust expression of the three 

progenitor cell markers in primary cultures of epiphyseal chondrocytes. One 

possible explanation for these results could be the observation (Fig. 6) that such 

cultures always contain, in addition to the typically polygonally shaped 

chondrocytes, a population of cells with more elongated morphologies, which 

could represent the co-isolation of progenitor-cells from the epiphyseal growth 

cartilage used here [195]. Alternatively, the expression of CD73, CD90 and 

CD105 could be attributed to the presence of fibroblastic cells derived from 

adherent perichondrium, not removed in the first digestion period, as these 

markers have been previously reported to be abundantly expressed on 

‘differentiated’ skin and lung fibroblasts in culture [33]. 

 

ECM gene expression and synthesis in ADSC cultures 

ADSCs ECM gene expression profiling confirmed their fibroblastic 

characteristics [34,35], based on the high abundance of transcripts for Col1a1, 

Col1a2 and Col3a1, Vcan V1 (formerly V0) and V2, Has1 and Has2 as well as 

Halpn3 (link protein 3) (Tables 4 and 5). Expression for chondrogenic genes 

such as Acan, Col2a1 and Hapln1 (link protein 1) [28] were robustly expressed in 

our chondrocyte cultures (Tables 4 and 5) but were essentially undetectable in 

the ADSC cultures. In keeping with ‘fibroblastic’ cells in the epiphyseal 

chondrocyte cultures used in this study, mRNA transcripts for this cell type, 

namely Col1a1, Col3a1, Vcan V1, Vcan V2 and Halpn3 were readily detectable. 
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 In all of the cultures analyzed for gene expression (n=6), we noted that 

both TS5KO strains had significantly lower levels of mRNA transcript abundance 

for Col1a1 and Col3a1, as had been observed for both skin and skin fibroblasts 

[15,114]. We also observed that the TS5P KO cells had increased Has1, Has2 

and Hapln3 expression compared to either WT or TS5J KO cells, and that this 

unique effect could be related to the difference in the mutated gene between the 

two KO stains (Fig. 10). 

In concurrence with the mRNA transcript abundance, versican synthesis 

and secretion was also readily detected in the ADSC and chondrocytes cultures, 

using Western blots with antibody Ab1033, which reacts with epitopes in the 

beta-GAG domain (see Fig. 3). The majority of immune-reactive versican in both, 

medium and cell layer compartments was in proteolytically processed fragments, 

with only a minor portion recovered as the intact core protein (mwt >250 kDa). All 

immunoreactive species were substituted with chondroitin sulfate (Fig. 15B) in 

keeping with the AB1033 epitope location in the CS-substituted region of the core 

protein. There were no significant qualitative or quantitative differences between 

the three genotypes. Moreover, equivalent analyses of versican in chondrocyte 

cultures showed there to be great similarity in synthesis and processing of this 

proteoglycan between the two cell types. 

Immunostaining of ADSC cell layers with Ab1033 showed the localization 

of versican throughout the ECM.  We believe this is in association with HA, since 

immunoreactivity was greatly diminished after Strep. Hyase digestion (data not 

shown). Although we did not assay for link protein in this manner, the lack of 
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mRNA transcripts for link proteins 1 and 3 in ADSC cultures might suggest that 

versican is not link-stabilized in association with HA, but could be associated with 

a cross-linked HA network [196,197] generated by heavy chain transfer from the 

inter-alpha-inhibitor (I-alpha-I) present in the fetal bovine serum growth 

supplement. Alternatively, IHC staining pattern as fibrillar structures, may indicate 

that versican is co-localized to the fibronectin network in the ECM of the 

fibroblastic cells [198,199]. 

Collagen type I synthesis and secretion by ADSCs from all three 

genotypes was assayed by Western blot and was readily detected in both media 

and cell associated compartments with the majority of the immunoreactive 

protein recovered in the media. We detected unprocessed forms (procollagen 

(~148 kDa), proC/proN mixture (~125 kDa)) as well as alpha I (~115 kDa) and 

alpha 2 (~98 kDa) chains (Figs. 22-24). Furthermore, western blot analyses 

showed that the lower mRNA transcript abundance for Col1a1 in the TS5P KO 

cells, relative to the WT cells, was accompanied by a decreased synthesis and 

secretion of the protein in these cells (Fig. 23A). 

Previous reports from our lab [15,200] have shown that fibroblasts 

synthesize and secrete aggrecan, despite a very low level of transcripts for the 

proteoglycan core protein. It has also been widely reported that ‘non-

differentiated’ mesenchymal progenitor cells lack transcripts for aggrecan [32], 

but that treatment of such cells with chondrogenic media (i.e. supplementation 

with dexamethasone and TGFb/BMPs) will induce gene expression and 

production of this proteoglycan [201,202]. The absence (or very low abundance) 



96 
 

of Acan transcripts was also seen in the ADSC cultures used in the present study 

(Table 5). However, western analyses of medium and cell extracts from these 

cultures showed the production of abundant amounts of aggrecan in an 

undifferentiated state, the majority of which was secreted into the media and 

substituted with CS [203,204]. The small amount of cell-associated aggrecan 

represents an intracellular pool of core protein as confirmed by IHC staining (Fig. 

14B middle row) and the lack of CS substitution (Fig. 16A). As seen for 

versican, the majority of the aggrecan present in the ADSC cultures was in a 

proteolytically processed form, due to ADAMTS and calpain activities. The 

finding that the fragmented aggrecan and versican core proteins are generated in 

cultures containing fetal bovine serum, which contains potent protease inhibitors, 

such as α-2-macroglobulin suggests that ADSCs (as well as murine 

chondrocytes) display very active proteolysis of aggrecan and versican core 

proteins inside the cell, and that the enzymes responsible for the processing are 

co-localized in the secretory compartment of these proteoglycans, as has been 

reported for calpain [205]. Alternatively, the proteolytic step could occur at the 

cell surface in a compartment that might be inaccessible to the serum derived 

protease inhibitors [206].    

The functional significance of aggrecan production by undifferentiated 

stromal cells and fibroblasts is unclear, since it is not required for building or 

maintaining an extracellular matrix, as is the case for chondrocytes. However, we 

considered the possibility that aggrecan core protein is an effective acceptor for 

the high energy (ATP) consuming synthesis of chondroitin sulfate. It is well 
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known that pluripotent cells at a wound site are exposed to a large number of 

‘stress’ and ‘survival’ signals that may also alter metabolic pathways inside the 

cells that would include glycolysis and the ATP production. We considered the 

possibility that a pool of intracellular aggrecan core protein may serve as a 

regulator for elimination of excess intracellular ATP through CS substitution and 

secretion into the extracellular space. Therefore, we exposed ADSCs to an 

increased concentration of glucose and determined the relationship between 

glucose uptake into the cells and aggrecan production. As shown in Fig. 17, for 

WT ADSCs, a doubling of the medium glucose concentration from 5 mM  to 10 

mM resulted in an equivalent (~2 fold) increase of its uptake by WT ADSCs and a 

notable increase in secretion of CS substituted aggrecan in both cell associated 

and medium pools. In addition, full length unprocessed core protein was readily 

detected under increased glucose utilization. ADSC cultures from both TS5 KO 

strains also showed the proportional increase in glucose uptake and subsequent 

increased secretion of aggrecan. The stimulated aggrecan production was more 

pronounced in the KO cells, and this correlated strongly with the higher amounts 

of glucose taken up by the KO cells, compared to WT cells, under the same 

extracellular glucose concentrations. Notably, enhanced glucose uptake also 

modified versican accumulation, and this was seen predominantly as the high 

molecular weight unprocessed core protein.  

Because glucose uptake is largely dependent on GLUT availability on the 

cell surface and since the activity of GLUT 1 and 4 are regulated by endosomal 

recycling pathways, including a wide range of other cell surface transporters and 
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receptors [150-153],  ADAMTS5 may play a role in the normal turnover of 

glucose transporters, possibly via an endocytotic mechanism. Therefore, without 

ADAMTS5, GLUTs are left on the cell surface, leading to enhanced glucose 

uptake, resulting in increased aggrecan deposition. 

Cumulatively, the data indeed support the idea that aggrecan and potentially 

versican core protein serve a specialized function in these cells, i.e. to stabilize 

the ATP levels under stimulated glucose transport into the cells.  These findings 

need to be taken into consideration for interpreting ‘chondrogenic’ differentiation 

responses in pluripotent cells. Thus, assay of sulfated GAG accumulation as a 

chondrogenic differentiation indicator maybe misleading, as the cells under study 

may still be in a transition or even an undifferentiated state, and only display a 

transient response to increased glucose concentrations in the medium and/or 

supplementation with factors that enhance the glucose transport system. 

 

Aggrecan and Versican Processing during ECM turnover in ADSCs  

In WT ADSCs and CHONs, maintained in 10% FBS supplemented medium, 

ADAMTS generated fragments of both aggrecan and versican were present. For 

aggrecan the cleavages occurred in both the CS-domain and the interglobular 

domain sites, generating fragments with the C-terminal neo-epitopes 

KEEE/TASELE and some NITEGE respectively, that have been previously 

shown [159,160,167]. Proteolytic fragments of versican, including the ADAMTS-

generated G1 fragment with the C-terminal neoepitope sequence DPE were also 

abundantly present.  
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Removal of serum from the culture medium resulted in an increase in the 

ADAMTS generated aggrecan product of ~120 kDa tentatively identified as a 

dimer of the established aggrecanase-G1 product, previously reported in extracts 

of human cartilage [179] and suggest that this type of reaction is not simply a 

culture artefact but actually represents a set of aggrecan processing reactions 

that occur in vivo.   

It was also noted that the ADAMTS cleavages took place in the presence of 

10% serum, in contrast to previous reports on aggrecanolysis in cultures of rat 

chondrosarcoma cells [86,160], where degradation could only be seen in serum 

free conditions, presumably due to the presence of alpha-2-macroglobulin in 

serum, which has been shown to be a potent inhibitor of the ADAMTS-

aggrecanases [99]. 

The most likely explanation for this discrepancy is that under basal culture 

conditions, ADAMTS cleavage occurs inside the cell, possibly in the secretory 

pathway after ADAMTS pro-domain removal by furin [84]. In this context, 

intracellular processing of aggrecan core protein by the ER/Golgi associated 

enzyme calpain has also been described [205]. 

ADAMTS mediated versican processing also appeared to be intracellular in 

ADSCs as it readily occurred in serum supplemented cultures. Unlike for 

aggrecan, subsequent maintenance in low serum did not result in an increase the 

abundance of the versican G1 (anti-DPE ~60kDa) or other proteolytic products, 

suggesting that there is no broadly distributed ADAMTS-aggrecanase activity in 

these cultures, and that the enhanced action of ADAMTS-aggrecanases to 
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generate the aggrecan G1-NITEGE fragment occurs in a distinct spatial 

localization, potentially inside the cell or at the cell surface, as only minor 

amounts of the NITEGE product are recovered in the medium.  

Most notable was the finding that the types of fragments and their 

abundances were essentially identical in chondrocyte and ADSC cultures derived 

from the two TS5 KO strains, confirming our previous report [114] that the 

proteolytic function of ADAMTS5 as an aggrecanase and versicanase is largely 

redundant in the murine ADSCs and chondrocytes in vitro.  We examined the 

possibility that the lack of ADAMTS5 might induce other ADAMTS-aggrecanases, 

but QPCR assays of transcript abundance for those proteases did not reveal any 

compensatory increases in their expression in ADAMTS5-deficient ADSCs (Fig. 

21).  

 

A non-catalytic role for ADAMTS5 in ADSCs 

 A possible biological role for other domains within the ADAMTS protein, 

especially the thrombospondin motif with binding activity for LRP-1 [105], was 

supported by our observation that the predominant immunoreactive ADAMTS5 

species associated with the cells were proteolytic fragments with apparent mwts 

of 45, 40 and 30 kDa. Based on the location of the epitopes recognized by the 

two anti-ADAMTS5 antibodies used here and in published studies [207], only the 

45 kDa fragment contains an intact catalytic domain (Fig. 13).  Interestingly, the 

40 and 30 kDa fragments are extracellular, as established by their sensitivity to 

trypsin digestion, whereas the 45 kDa fragment was not. 
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We were unable to assay ADAMTS5 species in the medium, due to high 

background from the ~75 kDa and ~64 kDa serum derived species. Notably, this 

species also accumulated in cell layers (Figs. 13 and 27), indicating that there 

must be a receptor/binding partner in the cell layer/cell surface.  

It remains to be determined which protease is responsible for the generation 

of ADAMTS5 fragments and which cytokine or growth factor signaling pathway 

that controls these steps. Thus, neither the broad spectrum MMP inhibitor 

Batimastat, nor the ADAMTS5 specific inhibitor blocked the formation of the 

fragments (Fig. 29). We were, however, able to demonstrate that disruption of 

endosomal or lysosomal trafficking and acidification by Dynasore or Bafilomycin 

A1, altered the abundance of the fragments (Fig. 31), confirming a recently 

published observation [105] that ADAMTS5, can bind to LRP-1 through its 

thrombospondin motif and thus become cargo for the clathrin mediated 

endocytosis pathway. It should be noted that this vesicular trafficking pathway 

has been implicated in regulation of abundance and thus activity of cell surface 

receptors and transporters. Amongst those are TGFb receptors I and II and the 

glucose transporters, the activities of which have been found to be altered in the 

TS5 KO cells [15] (Fig. 17).  Future experiments designed to specifically alter 

LRP-1 expression on the cell surface in WT cells might alter the abundance and 

distribution of the ADAMTS5 fragments and shed light on the mechanism by 

which the non-catalytic domains of the ADAMTS5 protein can affect multiple 

cellular activities in the fibrogenic repair pathway. 
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 We confirmed in this study the previous observation from our lab that 

TGFb signal transduction is impaired in the absence of ADAMTS5 protein. Using 

a different cell type (ADSCs, instead of fibroblasts) and downstream ‘reporter’ 

genes for TGFb1 stimulation, Has 1 and Has 2 [165,177,197-200], we found a 

total lack of stimulation of those two genes by TGFb1 in the TS5P KO ADSCs, 

and this lack of response was also seen when TGFb RI/RII inhibitor was included 

during TGFb1 treatment of WT ADSC cultures.  Furthermore, when we examined 

TGFb1 stimulated collagen I secretion in ADSCs from WT and TS5P KO mice, 

TS5P KO cells were deficient in their response relative to WT cells. Addition of 

ADAMTS5 inhibitor (TS5i) during TGFb1 stimulation in WT ADSCs did not mimic 

the TS5P KO phenotype, which lends further support to our current hypothesis, 

that regulation of pro-fibrogenic TGFb1 signaling by ADAMTS5 is not primarily 

dependent on a functional catalytic domain of the protein. We did however, find 

that cell layer extracts of TS5i-treated WT cultures showed an abundance of 

lower mwt fragments (50-60 kDa) of collagen type I (Fig. 24), which are most 

likely of lysosomal origin [124,126] (Fig. 5). This observation is further support of 

our hypothesis for a close link between ADAMTS5 protein and 

endosomal/lysosomal function.     

 

Summary and Future Directions 

We are reporting two major new findings: Firstly, undifferentiated pluripotent 

ADSCs synthesize and secrete CS-substituted aggrecan into their medium 

compartment and, on a per cell basis, in amounts similar to that secreted by 
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chondrocytes. The correlation between the amount of glucose taken up by these 

cells and the synthesis of CS bearing aggrecan and versican suggests that 

sulfated GAG substitution on aggrecan and versican core proteins represent a 

convenient way to utilize excess ATP that may arise in the highly active 

environment of a healing wound. 

 The second major finding is the redundancy of ADAMTS5 as an 

aggrecanase and versicanase during the ECM turnover of the adipose derived 

stromal cells, as ADAMTS-generated fragments are quantitatively and 

qualitatively identical in WT and TS5-deficient cultures. Moreover, accumulation 

of a unique set of ADAMTS5 fragments in vivo and in vitro – which all contain the 

LRP-1 binding domain – favors a major functional role of the ADAMTS5 protein 

in regulating endosomal and lysosomal recycling and degradation of cell surface 

associated receptors and transport proteins (Fig. 32). Such a function would be 

entirely in keeping with range of observations linking the role of ADAMTS5 to a 

robust fibrogenic response required for soft tissue maintenance and regeneration 

(Table 1). 

Future work will be directed towards confirming the functional association 

between ADAMTS5 fragments and LRP-1 mediated pathways in ADSCs. A study 

of such pathways in regulation of the multilineage differentiation capabilities 

ADSCs should shed further light on effective healing and regeneration of fibrous 

connective tissues such skin, tendon and ligaments. 
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