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Abstract

Dramatic alterations in mechanical properties have been documented for osteoarthritic (OA) 

cartilage. However the matrix composition underlying these changes has not been mapped and 

their etiology is not entirely understood. We hypothesized that an understanding of the cartilage 

matrix heterogeneity could provide insights into the origin of these OA-related alterations. We 

generated serial transverse cryosections for 7 different cartilage conditions: 2 joint sites (knee and 

hip), 2 disease states (healthy and OA) and 3 tissue depths (superficial, middle, and deep). By laser 

capture microscopy, we acquired ~200 cartilage matrix specimens from territorial (T) and 

interterritorial (IT) regions for all 7 conditions; a standardized matrix area was collected for each 

condition totaling 0.02±0.001 mm3 (corresponding to 20 μg tissue) from a total of 4800 

specimens. Extracted proteins were analyzed for abundance by targeted proteomics.

For most of proteins, a lower IT/T ratio was observed for disease state (OA) and joint type (knee). 

A major cause of the altered IT/T ratios was decreased protein abundance in IT regions. The 

collagenase derived type III collagen neo-epitope, indicative of collagen proteolysis, was 

significantly more abundant in OA cartilage. In addition, it was enriched a mean 1.45 fold in IT 

relative to T matrix.

These results are consistent with a dominant net proteolysis in IT regions in OA due to 

degenerative influences, originating from synovial tissue and/or produced locally by chondrocytes. 

These results provide direct evidence for dynamic remodeling of cartilage and provide a cogent 

biochemical template for understanding the alterations of matrix mechanical properties.
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Introduction

Articular cartilage is a highly organized tissue with a low-friction surface that acts to 

facilitate joint mobility; its tightly integrated structure withstands high mechanical load 

during movement (Bhosale and Richardson, 2008; Buckwalter and Mankin, 1998; Teeple et 
al., 2008). The articular cartilage above the tidemark can be separated into three distinct 

layers (superficial, middle, and deep layers) differing by histological characteristics, 

specifically, morphology and density of chondrocytes, collagen type, diameter, orientation, 

and matrix protein composition (Buckwalter et al., 2005). The structural organization of 

articular cartilage also differs regionally by the distance of the matrix from chondrocytes 

(pericellular, territorial and interterritorial) (Bhosale and Richardson, 2008; Buckwalter and 

Mankin, 1998; Guilak et al., 2006). Moreover, until recently, it was not realized that articular 

cartilage from different joint sites differ quite significantly in many of their protein 

constituents (Önnerfjord et al., 2012); these differences may have evolved in response to 

differences in the tissue mechanical environments or arisen secondarily, as a result of joint 

pathology.

Past studies evaluating the protein content of cartilage by depth have focused on only one or 

two cartilage components (DiCesare et al., 1995; Lorenzo et al., 1998; Pfister et al., 2001) or 

used laser capture microdissection (LCM) to evaluate regional differences in gene 

expression (Fukui et al., 2008a; Fukui et al., 2008b; Landis et al., 2003; Lui et al., 2015) but 

not protein. A comprehensive evaluation of the subregional differences of articular cartilage 

has not been performed and this may, in part, be due to the difficulties in distinctly 

separating subregions of cartilage tissue due to its stiffness and regional complexity. 

Dramatic alterations in mechanical properties have been documented for osteoarthritic (OA) 

cartilage (Wilusz et al., 2013) however, the protein matrix architecture underlying these 

changes has not been mapped and their etiology is not entirely understood. We hypothesized 

that an understanding of the cartilage protein matrix architecture by joint site, depth and 

disease state could provide insights into the origin of these OA-related alterations, Moreover, 

an understanding of human cartilage protein composition heterogeneity across layers, 

subregions, and joint type is important for elucidating the mechanisms of cartilage 

homeostasis and pathogenesis of OA in general. This information is also critical for 

recapitulation of native zonal architecture by tissue-engineering approaches. Our major goal 

was to gain a comprehensive understanding of the protein network and composition of 

articular cartilage. Combining separation techniques that included transverse sectioning and 

LCM, we undertook a decisive phenotyping of cartilage heterogeneity by region, joint type 

and disease state to gain an understanding of the location of sites with highest protein 

turnover.
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Material and Methods

Clinical cartilage specimen sources

Under Duke Institutional Review Board approval, all articular cartilages were collected from 

Duke University Hospital as waste surgical specimens. Full thickness cartilage specimens 

from perilesional regions of the load-bearing area of hip and knee joints were obtained from 

patients with end stage OA who had arthroplasty surgery. Full thickness healthy non-OA 

cartilage specimens were collected at the time of surgery for acute trauma; the absence of 

OA was determined by the surgeon and confirmed by macroscopic inspection upon 

acquisition of the sample in the laboratory. All specimens were snap frozen, by directly 

inserting tubes into dry ice, and stored at −80°C.

Cartilage dissection and laser capture microdissection

The sample preparation and workflow are illustrated in Figure 1a. Cartilage specimens were 

embedded in Tissue-Tek O.C.T. (Sakura, Alphen aan den Rijn, The Netherlands) for 

cryosectioning. The entire cartilage was sectioned transversely (12μm thick sections) 

starting from the cartilage surface and progressing to the deep zone. Tissue sections were 

mounted onto slides covered with polyethylene naphthalate (PEN)-membrane (ZEISS, 

Oberkochen, Germany) for LCM. Twenty adjacent sections were collected at different 

distances from the surface to represent the superficial (0–240 μm), middle (480–720 μm), 

and deep (960–1200 μm) layers. Twenty sections between each layer were skipped to avoid 

cross-contamination. Decellularization was performed as previously described to remove 

chondrocyte intracellular proteins from the cartilage extracellular matrix proteome (Hsueh et 
al., 2016). This step also resulted in the removal of the aqueous embedding media that can 

adversely affect the liquid chromatography step. Fixation was performed by dropping ice-

cold 70% ethanol onto the frozen sections for 5 seconds. For LCM, we obtained 

approximately 200 laser microdissected specimens from 10 sections for each distinct 

subregion (interterritorial and territorial matrix) at each cartilage depth (superficial, middle 

and deep) and derived from healthy and OA knees and hips. A total of 24 groups of sections, 

including 3 depths, 2 types of joints, 2 types of disease status and 2 types of subregions, 

were derived from the following subjects: a 56 year old female patient who had knee 

arthroplasty surgery; a 64 years old female patient who had hip arthroplasty surgery with 

end stage OA; a 48 year old female patient who had acute knee trauma surgery; and a 35 

year old male patient who had acute hip trauma surgery. In total, 4800 specimens were 

acquired by microdissection representing each joint site, region, depth and disease state. To 

distinguish the subregions of cartilage for purposes of laser microdissection, tissue sections 

were stained with toluidine blue dye for 1 min. Sections were dehydrated through exposure 

to increasing concentrations of ethanol (70%, 95% to 100%). Laser capture microdissection 

using a Zeiss PALM microbeam system (Zeiss, Oberkochen, Germany) provided the means 

to collect cartilage matrix from the territorial and interterritorial regions; these regions were 

distinguished by histological staining characteristics (Henrikson, 1997), i.e. an abrupt 

decline in toluidine blue staining demarcating the shift from territorial to interterritorial 

regions. The abrupt transition from dark to light toluidine blue occurred on average 27.4 

±9.6 μm from the cell void; this landmark was distinct in both healthy and osteoarthritic 

cartilage. The captured subregions of matrix were collected by the wet collection method. In 
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brief, ammonium bicarbonate (AmBic, Sigma-Aldrich, St. Louis, USA) buffer was added to 

the cap of a 600 μl microfuge tube that was held in place above the sections. The subregion 

samples were catapulted from the slide and captured by the wet inner surface of the cap. The 

same approximate volume of extracellular matrix (0.02±0.001 mm3 yielding approximately 

20 μg tissue) was collected for each specimen.

Specimen preparation for mass spectrometry analysis

By a quick spin of the microfuge tubes, groups of 200 LCM-harvested specimens for a 

particular region were pooled by immersion in 50mM AmBic containing 0.2% RapiGest 

(Waters Corporation, Milford, MA), 0.1 Unit Streptococcal hyaluronidase (Seikagaku, 

Tokyo, Japan), 100 mM 6-aminocaproic acid, 1 mM benzamidine, 1mM EDTA, and 5 mM 

N-ethylmaleimide, pH7 and heated to 37°C for 3 hours. The specimens were further 

processed by reduction with 4mM DTT at 56°C for 30 minutes and alkylation with 16 mM 

iodoacetamide at room temperature for 1h in the dark. Trypsin digestion was performed with 

2 μg of trypsin gold (Promega, Madison, WI) at 37°C for 16h. The tryptic peptides were 

subsequently diluted with 0.5M AmBic and filtered through a 30kDa filter (Pall Life 

Sciences, Port Washington, NY) followed by a reverse-phase C18 column (The Nest group, 

Southborough, MA) to remove peptides containing polysaccharide chains and residual salt.

Targeted mass spectrometry analysis

Targeted data acquisition using multiple reaction monitoring (MRM) was performed as 

previously described (Hsueh et al., 2016; Müller et al., 2014). In brief, processed sample 

aliquots were quantified using a TSQ Vantage triple quadrupole mass spectrometer (Thermo 

Scientific, Waltham MA). The mass spectrometer was operated with both Q1 and Q3 

settings at 0.7 Da resolution. The on-line reverse-phase chromatographic separation was 

performed on an Easy nano-LC system (Thermo Scientific, Waltham MA) using a linear 

binary gradient. A standard mixture of tryptic peptides was run between the samples to 

check the system performance. The monitored peptide sequence, transitions, and collision 

energies for MRM were as described previously (Müller et al., 2014). In the present study, 

we monitored a total of 45 proteins and obtained reliable (matching transitions and retention 

times) and detectable signals from 30 proteins.

Data analysis

MRM data were analyzed using the Skyline 2.0 software (MacCoss Lab Software, 

University of Washington). The peak area of MS2 fragment ions (MS/MS), within the 

expected retention time of the peak, ensured the identity of the peak as measured by 

synthetic peptides during optimization; MS2 fragment ions were summed for 3–5 transitions 

for each peptide for MRM experiments. When more than one peptide was available for a 

particular protein, the peak area of one peptide across the specimens was standardized and 

the mean standardized values of the peptides derived from one protein were used to 

represent the protein abundance (Z score). We calculated a ratio to quantify the relative 

abundance of protein in the interterritorial/territorial (IT/T) matrices; values were log-

transformed to achieve normality. For MRM, we compared the protein abundance across the 

specimens by relative quantification. Multivariable regression was performed with multiple 

independent factors (joint site - hip/knee), disease state (healthy/OA), depth (superficial, 
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middle, deep), subregions (territorial/interterritorial) and age of the cartilage to evaluate their 

association with the continuous outcome response variable (protein abundance). The model 

evaluated the predicted response due to each specific factor after controlling for the other 

four factors. We then conducted the Holm step-down procedure to examine the outcome 

measures controlling the Familywise Error Rate; the p values from the multivariable 

regression of all monitored proteins were sorted from low to high and then the lowest p 

value was tested first with a Bonferroni correction involving all tests, the second test was 

tested with a Bonferroni correction involving one less test and so on for the remaining tests 

(Abdi, 2010). Statistical significance of each factor and the overall model were reported at 

the 95% confidence level (p < 0.05). The multivariable analyses were performed using 

JMP® Pro 11.2 (SAS, Cary, NC). All the graphs were prepared in Microsoft Excel, 

PowerPoint 2013 or GraphPad Prism 5.

Results

Protein abundance distribution patterns in cartilage

Articular cartilage subregions were isolated using LCM; a representative cartilage section is 

illustrated in Figure 1b (left panel) along with microdissected samples from the territorial 

matrix (middle panel) and interterritorial matrix (right panel). The transition from territorial 

to interterritorial matrix was demarcated by an abrupt change in intensity of toluidine blue 

staining from dark to light which reflects the difference of sulfated glycosaminoglycans 

(Henrikson, 1997). The size of the territorial matrix could therefore be estimated by the 

radial distance of this change in staining intensity from the chondrocyte surface. The average 

radial extent (outer margin) of the territorial matrix from the cell surface was 26.1 ± 6.2 μm 

in healthy knee cartilage and was significantly less in OA knee cartilage (19.1 ± 8.8 μm). 

This landmark was also observed in hip cartilage; the average radial extent of the territorial 

matrix from the cell surface was 34.4 ± 10.6 and 26.2 ± 5.1 μm in healthy and OA hip 

cartilage, respectively and again was significantly less in OA cartilage. Overall, the radial 

extent (on average 30.6 ± 9.4 μm) observed in hip cartilage was greater than that in knee 

cartilage (on average 23.3 ± 8.1 μm).

Protein abundance by joint site—In contrast to all previous studies (Hsueh et al., 2016; 

Müller et al., 2014; Önnerfjord et al., 2012), the proteomic results represent protein 

abundance in uniformly sized cartilage samples (Table 1). Among the 30 proteins we 

monitored, joint site differences were observed in 19 proteins after controlling for other 

factors; 12 of them remained significant based on the Holm step-down procedure (Table 1). 

These proteins include aggrecan core protein (G1 and G2 domains) and cartilage oligomeric 

matrix protein (COMP)–both were significantly enriched in hip cartilage (Figure 2a). Other 

proteins enriched in hip cartilage included chondroadherin (CHAD), cartilage intermediate 

layer proteins 1-2, 2-1, and 2-2 (CILP1-2, CILP 2-1, CILP 2-2), type XI collagen (COBA2), 

versican core protein (CSPG2), dermatopontin (DERM), fibromodulin (FMOD), hyaluronan 

and proteoglycan link protein 1 (HPLN1), serine protease HTRA1 (HTRA1), matrilin-3 

(MATN3), matrix Gla protein (MGP), biglycan (PGS1) and thrombospondin-1, and -4 

(TSP1 and TSP4) (Table 1). In contrast to these proteins, one protein, mimecan (MIME), 

was significantly enriched in knee cartilage (Figure 2a).
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Protein abundance by depth—Based on results of the multivariable analyses, most of 

the proteins were enriched in the deep layer of cartilage, including CILP2-1, fibrillin-1 

(FBN1), MGP, aggrecan core protein subdomain (PGCA-3), PGS1, decorin (PGS2), 

prolargin (PRELP), Target of Nesh-SH3 protein (TARSH) and TSP1 (Figure 2B); CILP1-2, 

COMP, DERM, fibronectin (FINC), HTRA1, and aggrecan core protein subdomain 

(PGCA-1/2) were significant based on the Holm step-down procedure. In contrast to these 

proteins, MIME was significantly enriched in the superficial layer (Figure 2b).

Protein abundance by disease state—We also investigated cartilage protein 

composition by disease state. CILP1-2, HTRA1, PGCA-1/2, PGS2, TARSH, and TSP1 were 

all significantly less abundant within OA than healthy cartilage tissue (Figure 2c). COMP 

remained significantly less abundant within OA cartilage after the Holm step-down 

procedure. CHAD, MGP and COBA2 were significantly more abundant in OA cartilage 

tissue; CHAD and MGP were significant based on the Holm step-down procedure (Table 1).

Proteolytic neoepitope—The collagenase derived type III collagen neo-epitope (COL3-

neo, IAGITGAR (949–956)), indicative of proteolytic degradation of cartilage, was 

significantly more abundant in OA cartilage tissue (Healthy −0.67±0.16; OA 0.67±1.03 (Z 

score)) (Figure 2c) and was enriched a mean 1.45 fold in IT relative to T matrix. The COL3-

neo epitope was also significantly enriched in knee compared to hip cartilage (Knee 

0.35±1.20; Hip −0.35±0.63); it achieved significance for joint type and disease state based 

on the Holm step-down procedure. This neoepitoe was also significantly enriched in deep 

layers of cartilage (Superficial −0.37±0.72; Middle 0.11±1.13; Deep 0.26±1.11) (Table 1).

Protein abundance by cartilage subregion—Unique to this study, we directly 

investigated protein abundance by cartilage subregion (territorial and interterritorial regions). 

CILP1-2, HPLN1, MGP, PGCA-1/2, and PGS2 were significantly more abundant in the 

interterritorial compared to the territorial region (Figure 2d).

Relative protein abundance of Interterritorial/Territorial regions is primarily related to 
disease state

To evaluate protein alterations in the horizontal plane from the chondrocyte surface, we 

evaluated the relative abundance of matrix proteins in the interterritorial versus the matched 

territorial regions as a ratio (IT/T ratio). The abundance of the aggrecan G1/G2 and G3 

domains was illustrative of major differences in IT/T ratios. The G1/G2 domain was 

enriched in the interterritorial matrix of healthy cartilage but was approximately equally 

abundant within interritorial and territorial subregions of OA cartilage (Figure 3a). The 

pattern of abundance of the aggrecan G3 domain was the reverse; G3 was enriched in the 

territorial matrix of healthy cartilage but in the interterritorial matrix of OA cartilage (Figure 

3b). Interestingly, the IT/T ratio of the aggrecan core protein did not differ by joint site (hip 

versus knee) or cartilage depth.

Multivariable regression analyses were used to take all biological factors into consideration 

simultaneously to identify the independent or specific associations of the biological factors 

with the protein alterations (Table 2). Generally, disease state and joint type were the 
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predominant factors affecting the IT/T ratio for most proteins. The IT/T ratios of only 3 

proteins were independently affected by cartilage depth (type IX collagen (CO9A1), FBN1, 

and PGS1). A reduced IT/T ratio in OA cartilage, as seen for HTRA1 and CILP2-2 (Table 

2), may be due to a reduction in protein abundance in the interterritorial matrix or by an 

increased abundance in the territorial matrix, or a combination of both factors. Direct 

quantification of protein abundance within these subregions revealed that a decreased 

protein abundance in interterritorial regions was the major cause of the altered IT/T ratios in 

OA (Figure 4a).

For some proteins, the IT/T ratio was also affected by joint type (Table 2). For instance, type 

VI collagen (CO6A3), CO9A1, FBN1, HTRA1, MGP, perlecan (PGBM), PGCA-3 and 

PGS1 were relatively enriched in the interterritorial compared to the territorial matrix of hip 

cartilage compared to the interterritorial matrix of knee cartilage (Table 2). Among these 

proteins, only HTRA1 remained significant based on the Holm step-down procedure. Direct 

quantification of protein abundance revealed that both CO6A3 and HTRA1 were enriched in 

hip interterritorial matrix (Figure 4b).

Discussion

Our newly developed methodology to comprehensively map protein abundance within 

articular cartilage tissue yielded some novel insights related to cartilage and alterations in 

OA. Unique to this study we used LCM, the only tool for separating the cartilage territorial 

and interterritorial matrix. To our knowledge, no prior study has investigated protein 

variation by cartilage subregion using LCM. Because extracellular proteins of both the 

territorial and interterritorial regions are generated by chondrocytes, it is impossible to 

identify the bona fide differences in these subregions based on genomic (gene expression) 

strategies alone that have been relied upon in the past to identify zonal differences (Fukui et 
al., 2008b; Grogan et al., 2013). We calculated the ratio of protein abundance in the 

interterritorial relative to the territorial region to evaluate the alteration of protein abundance 

between these two subregions with respect to joint type, disease state, and cartilage depth. 

Importantly, the ratio was determined from tissue specimens of equal volumes originating 

from the same horizontal plane thereby providing a means of direct comparison. 

Interestingly, the alteration of this ratio was primarily related to disease state and joint type. 

Namely, for most proteins, a lower absolute protein abundance in the interterritorial regions 

of OA and hip cartilages was responsible for the disease and joint site related changes to the 

IT/T ratio. In addition, based on toluidine staining, there was an overall diminution in the 

size of the territorial matrix (defined by intense staining) in OA, and an accompanying 

increase in the size of the interterritorial matrix (defined by less intense staining and 

reflecting proteoglycan depletion). These alterations are clear evidence of matrix protein 

reorganization due to disease.

Type III collagen molecules with unprocessed N-propeptides are present in the extracellular 

matrix of adult human and bovine articular cartilages as polymers extensively covalently 

crosslinked to type II collagen (Wu et al., 2010). By immunohistochemical staining with a 

monoclonal antibody specific to a conformational epitope in the globular N-propeptide 

domain (Eyre et al., 2006), type III collagen was predominantly concentrated in the 
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territorial matrix surrounding individual chondrocytes and chondrocyte clusters, strongly 

implying biosynthesis and deposition by the chondrocytes themselves (Hosseininia et al., 
2016). The degradation neo-epitope of type III collagen was first discovered in cartilage 

explants and their culture media upon treatment with injurious compression and exogenous 

cytokines (Wang et al., 2016). Our observation in this study confirmed that this type III 

collagen neo-epitope was generated in vivo in OA cartilage tissue. The cleavage neoepitope 

site is in a region containing repeats of the motif GXP; the cleavage occurs at the Gly-Ile 

bond, which is analogous to the ¾ - ¼ cleavage site for type II collagen (Howes et al., 2014; 

Wang et al., 2016). According to the MEROPS database (Rawlings et al., 2010) and 

consistent with the literature (Billinghurst et al., 1997; Zhen et al., 2008), this epitope is 

generated by metallopeptidases (MMP-1,-8,-12 and -13). From our previous published work, 

MMP-1 and MMP-13 were both identified in these specimens (Hsueh et al., 2016). 

Therefore, the presence of this peptide indicates regions of high proteolytic activity. The 

higher collagenase derived type III collagen neo-epitope (COL3-neo) that we observed in 

OA interterritorial regions could contribute to a loss of ECM mechanical properties in OA 

cartilage. Our data were remarkably consistent with previous studies that have spatially 

mapped the in situ biomechanical properties of articular cartilage (normal human, porcine 

and murine) via atomic force microscopy. In healthy cartilage, the elastic modulus of the 

pericellular matrix (PCM) is significantly lower than that of the ECM (Darling et al., 2010). 

However, in early OA human articular cartilage, the elastic modulus of both the PCM and 

ECM was reduced by 30% and 45%, respectively (Wilusz et al., 2013). These results are 

consistent with our observations that the protein abundance varied in the horizontal plane 

from the chondrocyte surface, with greater declines further from the chondrocyte surface. 

Our results, therefore, provide potential insights related to the specific protein alterations 

responsible for the change in mechanical properties in OA.

Mechanical overload can lead to maladaptive cellular responses and cartilage degradation, in 

part mediated by mechanosensitive ion channels such as PIEZO 1 and 2 (Lee et al., 2014). 

Mechanical overload in conjunction with proinflammatory mediators, originating from 

chondrocytes or the milieu of the joint, such as production by synoviocytes, can activate 

signaling pathways that release chondrocytes from growth arrest and lead to their production 

of inflammation-related genes, including nitric oxide synthase-2, cyclooxygenase-2, and 

cartilage proteases such as MMPs-1, 3, and 13, and ADAMTS-4 and 5 (Goldring et al., 
2011). Intriguingly, the altered load on osteoblasts and osteocytes also leads to 

metalloproteinase production (MMPs-3 and -13) by chondrocytes production mediated by 

bone production of 14-3-3epsilon (Priam et al., 2013). Increased matrix-degrading 

proteinases generate protein fragments, which can promote further inflammation and 

cartilage catabolism contributing to the onset or progression of OA (Goldring, 2012). The 

collagenase derived type III collagen neo-epitope, indicative of collagen proteolysis, was 

significantly more abundant in OA cartilage tissue and tended to be enriched in the 

interterritorial matrix. Moreover, this neoepitope was enriched in the deep layer of cartilage 

tissue. According to our previous work, metallopeptidases capable of generating this 

neoepitope (MMP-1) tended to be enriched in the deep layer whereas metalloproteinase 

inhibitors (TIMP1 and 2) tended to be enriched in the superficial layer (Hsueh et al., 2016). 

Our current results suggest that excess matrix catabolism dominates within the 
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interterritorial and deep regions and are consistent with a dominant proteolytic influence 

originating from local aberrantly loaded chondrocytes and/or bone cells. For instance, matrix 

catabolism originating from proteases in the synovial fluid or chondrocytes may have a 

predominant effect on the interterritorial regions to generate more neoepitope. Alternatively, 

the collagen degradation neoepitope may be preferentially cleared in the territorial region by 

cell-associated mechanisms. A scenario of increased degradation in OA, combined with 

insufficient protein synthesis, particularly in the interterritorial region would, as we 

observed, increase the IT/T ratio of the type III collagen neo-epitope and reduce the IT/T 

ratio of the majority of the other matrix components as an end-result of matrix proteolysis.

Among the unexpected and noteworthy findings was the fact that type VI collagen (CO6A3) 

was present in the interterritorial domain of both healthy hip and knee cartilage and equally 

abundant or even slightly enriched in deep layers. These results are in striking contrast to the 

data in the literature, generated by antibody-based immunohistochemistry, showing that 

collagen VI is exclusive to the pericellular and territorial matrix (Guilak et al., 2006; Soder 

et al., 2002). Of note, these prior immunohistochemistry data were all generated without 

antigen retrievals, such as hyaluronidase or chondroitinase treatment, to reduce the static 

hindrance due to a dense matrix which could potentially influence the results. Since CO6A3 

is believed to be enriched in the chondrocyte territorial, i.e. pericellular matrix, the higher 

abundance of CO6A3 in the superficial region has been attributed to the higher cellularity of 

this region. However, our results are based on proteomic analyses of a standardized volume 

of cartilage matrix, excluding cells, thereby reflecting absolute abundance in the matrix. We 

know from our previous study that in situ digestion of cartilage yields ~3 fold more type VI 

collagen than guanidine-HCl extraction suggesting that a large proportion of type VI 

collagen may be associated with a guanidine-HCl resistant collagen framework (Hsueh et 
al., 2016). Given that this collagen framework is likely much less accessible to antibody 

penetration than the proteoglycan component, prior reports of CO6A3 localization seem to 

have underestimated total CO6A3, instead identifying a more accessible subpopulation of 

CO6A3 associated with proteoglycans in the superficial layer (Hsueh et al., 2016; Müller et 
al., 2014).

Many studies have made efforts to understand articular cartilage protein heterogeneity using 

proteomic methods. Even though the strategies used have been different, the results are 

consistent. For instance, we observed enrichment of the aggrecan G3 domain in the 

interterritorial matrix of OA cartilage compared with enrichment in the territorial matrix of 

healthy cartilage. These observations are consistent with previous studies reporting matrix 

reorganization; these studies included the existence of different proteoglycan pools within 

the cartilage (Maroudas et al., 1998), the observation of radiolabeled newly synthesized 

aggrecan in the territorial regions in control bovine cartilage explant cultures (Handley et al., 
2002), and the redistribution of the radiolabeled newly synthesized aggrecan into the 

interterritorial regions upon exposure to retinoic acid that leads to cartilage degradation 

(Handley et al., 2002). Our findings that HPLN1 and CHAD were enriched in hip compared 

to knee cartilage are also consistent with past studies, which showed more than two-fold 

enrichment in hip compared to knee cartilage (Hsueh et al., 2016; Önnerfjord et al., 2012).
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Our finding that mimecan was the only protein demonstrating a significant enrichment in 

knee cartilage agrees with a past quantitative study showing mimecan to be the most 

enriched protein in knee cartilage (four-fold more compared to hip cartilage) (Önnerfjord et 
al., 2012). Mimecan, also known as osteoglycin or osteoinductive factor, belongs to the 

family of small leucine rich proteoglycans (SLRPs) which are abundant in the bone matrix, 

cartilage cells, and connective tissues, and are thought to regulate cell proliferation, 

differentiation and adhesion (Hamajima et al., 2003). Consistent with our observation of 

enrichment of mimecan in the articular cartilage superficial zone, Zone-specific DNA array 

analysis demonstrates enrichment of mimecan in superficial compared with deep zones of 

human and bovine articular cartilage (Grogan et al., 2013).

The LCM system we used consists of a highly-automated microscope platform and a pulsed-

UV laser system. The system generated a laser microbeam able to cut cartilage matrix along 

any desired path with a focal point less than 1 μm diameter. This high-resolution laser (<1 

μm) enabled the collection of ultrapure, selected material from heterogeneous regions of 

interest for downstream applications. Given the high resolution of the laser, this method can 

be applied to the isolation of cartilage tissue from multiple species, both large and small, 

including bovine (Landis et al., 2005), human (Fukui et al., 2008a; Fukui et al., 2008b), rat 

(Mori et al., 2014) and murine (Landis et al., 2003; Yamane et al., 2007) species. However, 

none of these studies evaluated the subregional differences; rather, all these studies focused 

on genomic profiling and expression differences by depth within cartilage. In our present 

study, we demonstrated the feasibility, even with very limited material (0.02±0.001 mm3), of 

evaluating the subregional composition of the extracellular matrix by combining LCM and 

proteomic methodology. This methodology is very applicable to small animal tissues since 

the laser focal point (<1 μm) is much smaller than the thickness of their cartilage tissue (e.g. 

30 μm for mouse distal femoral articular cartilage and 300 μm for guinea pig tibial articular 

cartilage) (Aigner et al., 2010). However, because these small animal articular cartilages are 

more hypercellular than human tissue, it is to be expected that more time and cost may be 

involved in collecting sufficient samples for analysis. This methodology could be applied to 

analyze the therapeutic efficiency of drugs or cartilage repair strategies in OA animal model 

systems and thereby, in the long run, advance treatments for human OA.

This study was limited in its approach due to its focus on candidate proteins, albeit a larger 

number studied than in previously published work, and few patient specimens, although all 

results were adjusted for specimen age. Among the surprising results provided by the 

proteomic analysis was the clear evidence of collagen VI protein expression beyond the 

territorial matrix. Unfortunately, no robust method, such as a well-validated ELISA, was 

available to confirm these intriguing collagen VI proteomic results. Expanding this 

paradigmatic investigation to the whole proteome by non-targeted proteomic approaches will 

be advantageous in future to gain an even more detailed understanding of cartilage 

compositional changes due to joint site, disease, depth, and subregion.

In this study, we utilized a comprehensive methodology of profiling the composition of 

cartilage across subregions by combining laser capture microscopy and proteomics. This 

protocol provides a direct and thorough means of investigating cartilage that overcomes 

some inherent difficulties of analyzing this matrix rich tissue. Targeting multiple important 

Hsueh et al. Page 10

Eur Cell Mater. Author manuscript; available in PMC 2018 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



matrix proteins provided a paradigm for a holistic investigation of cartilage tissue 

composition. This study revealed that degradation of the interterritorial region of articular 

cartilage is one of the main consequences of OA.
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Figure 1. Workflow of laser capture microdissected cartilage tissue proteomic analysis
a) Sections were generated parallel to the articular cartilage surface. Chondrocytes were 

removed by a previously reported method (Hsueh et al., 2016). Desired subregions were 

collected separately by laser capture microscopy (LCM). Microdissected samples were 

collected in the caps of microfuge tubes with AmBic buffer. LCM-harvested sections were 

treated by in situ trypsin digestion method with surfactant as previously described (Hsueh et 
al., 2016). Extracts were treated by ultrafiltration to remove interfering GAGs and the 

residual salt was removed by reverse-phase (RP) spin column. Proteomic analyses were 

performed by LC-triple quadrupole MS (quantitative MRM proteomics). b) The transition 

from dark to light toluidine blue dye staining marked the regions designated as territorial vs 

interterritorial, respectively (left). Microscopic examination of (in cap of collection tube) 

laser captured territorial (middle panel) and interterritorial (right panel) matrix.
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Figure 2. Cartilage matrix protein abundance distribution patterns
Representative proteins demonstrate the a) distribution patterns categorized by joint type, b) 

distribution patterns categorized by depth of cartilage, c) distribution patterns categorized by 

disease state, and d) distribution patterns categorized by subregion (interterritorial (IT) vs 

territorial (T)).
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Figure 3. Interterritorial (IT)/Territorial (T) matrix ratio of cartilage matrix proteins
The IT/T ratios of a) aggrecan G1/G2, and (b) G3 proteins categorized by disease state, joint 

type, and depth of cartilage. The IT/T ratio of aggrecan G1/G2 was significantly higher in 

healthy cartilage; in a reverse pattern, the ratio of aggrecan G3 was significantly lower in 

healthy cartilage (P <0.05 by t test). The IT/T ratio of the aggrecan core protein did not 

differ by joint site (hip versus knee) or cartilage depth. Sup: superficial layer. Mid: middle 

layer. Deep: deep layer.
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Figure 4. Abundance patterns of proteins with significant IT/T ratio differences by disease state 
and joint type
Protein abundance distribution categorized by a) disease state, and b) joint type. The 

abundance of CILP2-2 and HTRA1 proteins within the IT subregion was consistent with a 

dramatic level of protein degradation or loss in OA. CO6A3 was enriched in the hip 

interterritorial domain in a different pattern than the knee. HTRA1 was also enriched within 

the hip interterritorial region.
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