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Abstract
Articular cartilage is a highly specialized avascular tissue and consists of
chondrocytes and two major components, a collagen‐rich framework and highly
abundant proteoglycans. The chondrocyte morphology and extracellular matrix
properties vary with the depth of cartilage. Some past studies have defined the zonal
distribution of a broad range of cartilage proteins in different layers. Based on the
variations within each layer, the extracellular matrix can be further distinguished to
pericellular, territorial and interterritorial regions. However, most of these studies used
guanidine‐HCl extraction that leaves an unextracted residual with a substantial amount
of collagen. The high abundance of anionic polysaccharide molecules from cartilage
adversely affects the chromatographic separation. Scatter oriented chondrocytes only
account for the small proportion of the whole tissue protein extraction. However, the
density of the cell varies with depth of cartilage as well. Moreover, the physiological
status may also altered the extracellular matrix properties. Therefore, a comprehensive
strategy to solve all these difficulties are necessary to elucidate the molecular structure
of cartilage.
In the present study, we used quantitative and qualitative proteomic analysis to
investigate various cartilage tissue processing protocols. We established a method for
removing chondrocytes from cartilage sections that minimized matrix protein loss.
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Quantitative and qualitative proteomic analyses were used to evaluate different
cartilage extraction methodologies. The addition of surfactant to guanidine‐HCl
extraction buffer improved protein solubility. Ultrafiltration removed interference from
polysaccharides and salts. The different extraction methods yielded different protein
profiles. For instance, an overwhelming number of collagen peptides were extracted by
the in situ trypsin digestion method. However, as expected, proteoglycans were more
abundant within the guanidine‐HCl extraction.
Subsequently we applied these methods to extract cartilage sections from
different cartilage layers (superficial, intermediate and deep), joint types (knee and hip),
and disease states (healthy and osteoarthritic). We also utilized lase capture microscopy
(LCM) to harvest cartilage sample from individual subregions (territorial and
interterritorial regions). The results suggested that there is more unique proteins existed
in the superficial layer. By removing the chondrocytes, we were able to identify more
extracellular matrix proteins. The phenotyping of cartilage subregions provided the
chance to precisely localize the protein distribution, such as clusterin protein. We
observed that the guanidine‐HCl extractability (guanidine‐HCl/ guanidine‐HCl + in situ
digestion extracts) of cartilage proteins. Proteoglycans showed high extractability while
collagen and non‐collagenous proteins had lower extractability. We also observed that
the extractability might differ with depth of cartilage and also disease states might alter
the characters as well.
v

Laser capture microscopy provides us the access to the cartilage subregions in
which only few studies have investigated because of the difficulties to separate them.
We established the proteomic analysis compatible‐protocol to prepare the cartilage
section for LCM application. The results showed that most of the proteoglycans and
other proteins were enriched in the interterritorial regions. Type III and VI collagens,
and fibrillin‐1 were enriched in the territorial regions. We demonstrated that this
distribution difference also varied with depth of cartilage. The difference of protein
abundance between subregions might be altered because of disease states.
Last we were looking for the post‐translational modification existed in these
subregions of cartilage. Deamidation is one of the modification without the enzyme
involved. Previous studies have showed that deamidation may accumulated in the
tissue with low turnover rate. Our proteomic analysis results suggests that abundance of
deamidated peptides also varied in different layers and subregions of cartilage.
We have developed the monoclonal antibody based immunoassay to quantify
the deamidated cartilage oligomeric matrix protein within cartilage tissue from different
joints (hip and knee) and disease states (healthy, para‐lesion, and remote lesion). The
results suggests that the highest concentration of deamidated COMP was identified in
arthritic hip cartilage.
The results of this study generated several reliable protocols to perform cartilage
matrix proteomic analysis and provided data on the cartilage matrix proteome, without
vi

confounding by intracellular proteins and an overwhelming abundance of collagens.
The discovery results elucidated the molecular architecture of cartilage tissue at different
joint sites and disease states. The similarities among these cartilages suggested a
constitutive role of some proteins such as collagen, prolargin, biglycan and decorin.
Differences in abundance or distribution patterns, for other proteins such as for cartilage
oligomaric matrix protein, aggrecan and hyaluronan and proteoglycan link protein,
point to intriguing biological difference by joint site and disease state. Decellularization
and a combination of extraction methodologies provides a holistic approach in
characterizing the cartilage extracellular matrix. Guanidine‐HCl extractability is an
important marker to characterize the statue of cartilage; however it has not been fully
understand. The protein distributions in matrix subregions may also serve as an index to
characterize the metabolic status of cartilage in different disease states. A large sample
cohort will be necessary to elucidate these characters.
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Chapter 1
Background and Literature Review

1.1 Overview of articular cartilage
Articular cartilage is the connective tissue that covers the ends of bones in
diarthrodial joint. Articular cartilage is avascular and nutrients are supplied by
diffusion from the synovial fluid (Sophia Fox, Bedi, and Rodeo 2009). The diffusion of
water through the cartilage helps move the nutrients from the synovial fluid through the
tissue, contributing to the nutrition of chondrocytes (Martel‐Pelletier et al. 2008).
Chondrocytes are the only cell type in the articular cartilage. The proteins generated
from the chondrocytes form the cartilage extracellular matrix (ECM) which includes
predominantly collagens, highly sulfated anionic proteoglycans, hyaluronan, and many
other important proteins but in minor amounts. Type II collagen is specific to cartilage
and is the primary collagen in this tissue (90–98% of the total tissue collagen) (Martel‐
Pelletier et al. 2008).
The articular cartilage ECM is heterogeneous in composition and structure.
Morphologically, articular cartilage can be characterized by its layers (superficial,
intermediate, and deep layers by distance from the surface), subregions (pericellular,
territorial, and interterritorial regions by distance from the chondrocyte), chondrocyte
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phenotypes, and ECM properties (Figure 1‐1)(Buckwalter, Mankin, and Grodzinsky
2005).

Figure 1‐1: Properties of normal joints
The articular cartilage matrix is organized into pericellular, territorial and
interterritorial regions, each of which is present at specific distance from the
chondrocytes. From the surface of the cartilage, the articular cartilage can be determined
as superficial, intermediate, and deep layer. This figure is adapted from (Heinegard and
Saxne 2011).
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1.1.1 Constituent macromolecules of articular cartilage
The articular cartilage contains several structural proteins, including collagens,
proteoglycans, and non‐collagenous proteins, which contribute 20% to 40% of the wet
weight of the cartilage. The molecular organization of cartilage extracellular matrix is
showed in Figure 1‐2. The three classes of proteins vary in their abundance within the
cartilage and in their contributions to the tissue properties (Buckwalter and Mankin
1998). The collagen forms the finest fibrils in the superficial layer and fibrils of larger
diameter in the deeper layer; however, the superficial layer actually has higher
concentration of collagens. The collagen forms the framework; the proteoglycans and
non‐collagenous proteins bind to the framework and attract the water to fill the space.
The water content is unevenly distributed within the cartilage. The highest
concentration (80%) is found in the superficial layer and decreases gradually with depth,
reaching about 65% in the deep layer (Martel‐Pelletier et al. 2008).
Type II ,IX, and XI collagen form the cross‐band fibrils together (Mendler et al.
1989) while type IX collagens are cross‐linked to the type II collagen fibril via aldimine‐
derived crosslinks (Wu, Woods, and Eyre 1992). The functions of Type IX and XI
collagen have not been fully elucidated, but presumably they help to form and stabilize
the collagen fibrils assembled primarily from type II collagen (Buckwalter and Mankin
1998). Besides the primary type II collagen, collagens III, VI, X, XII, and XIV also
contribute to the mature cartilage matrix (Reginato and Olsen 2002).
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Figure 1‐2: The molecular organization of normal articular cartilage
The cartilage matrix surrounding chondrocytes in healthy articular cartilage is
arranged into zones defined by their distance from the cell. The pericellular matrix lies
immediately around the cell and is the zone where molecules that interact with cell
surface receptors are located; for example, hyaluronan binds the receptor CD44. Next to
the pericellular matrix, slightly further from the cell, lies the territorial matrix. At largest
distance from the cell is the interterritorial matrix. The types of collagens and the
collagen‐binding proteins that form the matrices are different in each zone. This figure is
adapted from (Heinegard and Saxne 2011).
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Another predominant macromolecule is aggrecan. Aggrecan consists of a core
protein which contains three globular domains, G1, G2 and G3. The N‐terminus G1
domain is connected to the hyaluronan (HA) via link protein (HPLN1) and an
interglobular doman (IGD) separates the G1 and G2 domain (Figure 1‐3). This
proteoglycan aggregate can contain up to 100 aggrecan core proteins bound to one
hyaluronan molecule (Buckwalter and Mankin 1998). The G2 and G3 domains are
separated by a long glycosaminoglycan (GAG)‐attachment region which consists of a
keratan sulfate attachment site (KS) and two chondroitin sulfate attachment sites (CS1
and CS2). The sulfated character of the CS and KS provide the aggrecan with its high
anionic charge (Roughley and Mort 2014). This anionic charge attracts the mobile
counter ions, such as Na+ and therefore draws water into the tissue (Kiani et al. 2002).
Aggrecan is susceptible to cleavage by aggrecanases, enzymes that act upon
preferred cleavage sites located between the CS2 and G3 domain. Therefore, in the
cartilage ECM, G3 domain is commonly absent (Dudhia et al. 1996, Huang and Wu
2008). Meanwhile, each proteolytic cleavage activity leaves the G1 domain attached to
HA and ultimately yields proteoglycan aggregates that are enriched with aggrecan G1
domains (Roughley and Mort 1986).
A wide variety of non‐collagenous and glycoproteins exist within the cartilage;
however, the function of these proteins are not fully clear (Buckwalter and Mankin
1998). These proteins include cartilage oligomeric protein (COMP), annexin V (anchorin
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CII), fibronectin (FINC), and tenascin (TEN). COMP is a well‐known biomarker for
osteoarthritis. The level of serum and synovial fluid COMP is increased after joint injury
and in early osteoarthritis (Lohmander, Saxne, and Heinegard 1994, Hedbom et al. 1992).
Cartilage annexin V (anchorin CII) is a collagen binding chondrocyte surface protein and
has a key role in the organization of the cell‐extracellular matrix junction for the cartilage
(Mollenhauer et al. 1999). These non‐collagenous protein and glycoproteins are less
abundant than collagen and proteoglycans, but still have important role to organize and
maintain the matrix structure.

Figure 1‐3: Aggrecan core protein structure and aggrecanase cleavage sites
The schematic diagram shows the aggrecan core protein with globular G1, G2
and G3 domains. The core protein is substituted with chondroitin sulphate (CS) (wavy
lines) and keratan sulphate (KS) (straight lines) chains. Aligned aggrecanase cleavage
sites are shown for human (hum, black) and bovine (bov, grey). Numbered flags above
the boxed sequences denote the preferred order of enzymatic cleavage (IGD,
interglobular domain) This figure is adapted from (Huang and Wu 2008).
6

1.1.2 Extracellular matrix composition and zonal distribution of matrix
proteins
The superficial layer is the thinnest of the three layers and consists of two distinct
structural regions. In the uppermost layer, fine collagen fibrils are arranged in
tangential orientation and no cells are present (Buckwalter, Mankin, and Grodzinsky
2005). Beneath this, the chondrocytes exhibit a flattened ellipsoid shape, with a long axis
oriented parallel to the surface (Youn et al. 2006). The protein component in this layer
contains higher collagen concentration and lower proteoglycans. The dense mat of
parallel‐orientated collagen fibrils ,with diameter around 20nm, provides a nearly
frictionless bearing surface and enable cartilage to resist shear and the tensile and
compressive forces imposed by the movement (Martel‐Pelletier et al. 2008).
The superficial layer of cartilage contains several proteins that are specifically
enriched in this layer. The glycoprotein, lubricin (proteoglycan 4, PRG4), is present in
greatest abundance in this layer (Schumacher et al. 1994, Müller et al. 2014). Lubricin is
produced by chondrocytes in the superficial layer and functions to lubricate the joint
surface. Patients with a defective lubricin gene have accelerated progression of joint
degeneration because the articular surface is vulnerable to frictional damage due to the
absence of lubricin (Marcelino et al. 1999).
The intermediate layer represents 40–60% of the total cartilage depth and
contains higher proteoglycan concentrations compared to the superficial layer (Martel‐
Pelletier et al. 2008). The chondrocyte present in this layer is round in shape and has a
7

higher density of the cellular organelles. The cell density in the layer is lower than the
superficial layer. Collagen fibrils in this layer are larger in diameter and are organized
into radial bundles. However, the overall concentration of collagen is lower than in the
superficial layer (Buckwalter, Mankin, and Grodzinsky 2005).
The proteins enriched in the intermediate layer include mimecan and
thrombospondin‐1. These proteins were found to be enriched between 20% and 35% of
tissue depth and decreased towards the deeper layer, but not as much as the
predominantly superficial proteins (Müller et al. 2014). Cartilage intermediate layer
protein 1 (CILP‐1) is another protein suggested to be enriched in the intermediate layer
by immunolocalization assay and enzyme‐linked immunosorbent assay (ELISA)
(Lorenzo, Bayliss, and Heinegard 1998).
The chondrocytes in the deep layer have a similar shape to those in the
intermediate layer and are orientated perpendicular to the articular surface with lower
cell density. Collagen fibrils in this layer have the largest diameter, ranging from 70‐120
nm. This layer also contains the highest concentration of the proteoglycans (Buckwalter,
Mankin, and Grodzinsky 2005).

Proteoglycans, including aggrecan G1 domain (as well as the G2 and G3
domains), chondroadherin and osteoadherin, link protein, matrilin-3, and serine protease
HTRA1 were demonstrated to have a marked increase of protein content towards the
deep layer (Müller et al. 2014).
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1.2 Proteomic studies of cartilage tissue
Herein we summarize the reports from the last five years of proteomic analyses
related to joint tissue and focus on three different specimen sources, cartilage tissue,
cartilage explants, and chondrocyte proteins. A list of proteomic techniques, summary
of results, as well as phenotyping of sample cohorts tested in these studies are
summarized in Table 1.1.

1.2.1 Proteomic analysis of cartilage tissue in osteoarthritis
Cartilage consists of scattered chondrocytes and largely extracellular matrix
(ECM), which includes predominantly collagens, highly sulfated proteoglycans,
hyaluronan, and many other important proteins in minor amounts. Under normal
conditions, protein homeostasis is maintained through balanced degradation and
synthesis of the components of this highly organized tissue. The balance is disrupted by
various pathological conditions including OA. In order to clarify molecular events
during OA disease progression and to identify targets for treatment, cartilage proteomic
analysis is applied. However, the dynamic range of the amount of protein within
cartilage is problematic. Dominant collagen and aggrecan levels overwhelm the signals
from other proteins. Anionic macromolecules, including aggrecan and hyaluronan,
affect the peptide analysis. Cellular proteins from chondrocytes also hinder the
identification of extracellular matrix proteins. Cartilage tissue is a tight physical and
chemical network, which makes the protein extraction very difficult. The heterogeneity
9

of cartilage tissue with distance from the cartilage surface further complicates the
problem. To solve all these issues, well‐established tissue processing methods, sensitive
and reliable detection tools, and targeted strategies are imperative. Generally, a
combination of physical disruption and chemical extraction is required to extract
proteins from highly cross‐linked cartilage. There are some modifications added to
improve the efficiency of the experimental protocols. Hansen et al. conducted a study
comparing the efficiency of surfactant‐assisted, ultrasonication‐assisted, and
surfactant/ultrasonication‐assisted digestion combined trypsin for mass spectrometer
analysis (Hansen et al. 2009). The results suggested that all three modifications
improved the sequence coverage of collagen I, which was the material used for testing.
Another study examining ECM of vascular tissue proposed a three‐step method to
sequentially extract the loosely‐linked proteins, cellular proteins, and ECM proteins
(Didangelos et al. 2010). The vascular tissue was first pre‐washed with PBS, diced and
then treated with sodium chloride, which enabled the extraction of loosely associated
proteins, including newly synthesized proteins and degradation products. Cellular
proteins were extracted subsequently by 0.08% sodium dodecyl sulphate, which is
effective in solubilizing cytoplasmic and nuclear membranes and still below the critical
micelle concentration. The insoluble ECM‐enriched residue was then extracted by
guanidine‐HCl, a well‐developed method to extract strongly bound ECM components.
Another group applied a similar strategy to mouse pulmonary and aortic valves
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wherein tissue was microdissected and decellularized with 2% SDS (Angel et al. 2011).
Although they applied this technique to vascular tissue, this concept can be applied to
cartilage tissue to separate loosely linked ECM protein, including degraded fragments,
cellular components, and ECM of cartilage tissue. In contrast to the Diangelos and
Angel groups, who separated cells from matrix, Wilson et al. has developed a method to
process whole mouse cartilage for proteomic analysis (Wilson et al. 2012, Wilson,
Belluoccio, and Bateman 2008, Wilson and Bateman 2008). They conducted physical
disruption by pulverizing liquid nitrogen‐frozen tissue to enhance extraction efficiency.
Glycan moieties were removed by chondroitinase ABC to improve sequence coverage.
Sequential extractions were done by using NaCl to extract soluble proteins and
guanidine‐HCl to extract NaCl‐insoluble proteins. By analyzing these fractions using an
LC‐LTQ‐Orbitrap mass spectrometer, they identified a total of 703 proteins from whole
mouse cartilage tissue.
Although it is difficult to establish cartilage proteomic analysis methods, studies
in this field are still conducted. Guo et al. performed two‐dimensional gel
electrophoresis (2DE) on cartilage extractions from individuals with and without OA
respectively and observed over 1400 protein spots in each group (Guo et al. 2008). A
total of 16 differentially expressed protein spots were chosen for identification by linear
ion trap‐Fourier transform ion cyclotron resonance mass spectrometry (LTQ‐FT/MS).
Another study compared the proteome of cartilage from knee OA to healthy individuals
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(Wu et al. 2007). The cartilage extractions were fractioned by SDS‐PAGE and analyzed
by LC‐MS/MS. They identified a total of 814 proteins from all samples. Of these proteins,
59 proteins were found to be differentially expressed in OA cartilage compared to non‐
OA cartilage.
A broad range investigation of different cartilage tissues, including femoral head,
humeral head, knee medial tibial condyle, intervertebral disc, nucleus pulposus,
meniscus, and tracheal and rib cartilage, has been conducted to provide a background
detailed compositional analysis with relative quantification of extracellular matrix
proteins (Önnerfjord et al. 2012). This study used isobaric tags for relative and absolute
quantification (iTRAQ) to determine the relative quantity of ECM proteins from
cartilage tissues, which have been dissected, pulverized, and extracted by guanidine‐
HCl. Of note, they also collected the extraction residue and performed in situ trypsin
digestion and subsequent quantitative analysis. After manually filtering out intracellular
proteins, plasma proteins, and proteins quantified in <50% of all tissues, multivariate
analysis of 92 of the 340 identified proteins was performed to detect significantly
different protein expression in cartilage from different sites. The results revealed
different protein expression patterns between all kinds of cartilages, which may relate to
tissue mechanical properties and joint pathology. The investigation of the guanidine
extraction residue suggested that several proteins, such as CILP, COMP, and asporin
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remained partly unextracted, which indicated probable cross‐linking with the insoluble
residue.

1.2.2 Proteomic analysis of cartilage explants in osteoarthritis
In order to simulate the behavior of cartilage in a pathophysiological condition
and reduce the complexity, some studies have focused on the peptides released to the
culture medium when the cartilage explants were treated with cytokines or other
chemicals. One study showed the possibility of analyzing released proteins using two‐
dimensional gel electrophoresis after depleting anionic aggrecan with cetylpyridinium
chloride (Hermansson et al. 2004). Nineteen newly synthesized proteins were identified
by LC‐MS/MS (Q‐TOF) after cartilage explants were incubated with radiolabelled
culture medium. By comparing the protein pattern from OA to non‐OA cartilage, the
study concluded that type II collagen synthesis increased in OA and a novel cartilage
molecule, activin A, may be an anabolic factor in cartilage. To better simulate cartilage
degradation and monitor the released peptides, Zhen et al. digested cartilage tissue with
exogenous metalloproteinase enzymes, which are important components of the cartilage
degradation cascade in OA (Zhen et al. 2008). A wide variety of released peptides, such
as collagen, fibronectin, COMP, CILP, etc., were identified by LC‐MS/MS. (Zhen et al.
2008). By monitoring released peptides in vitro, this study provided insights into the
events and timing of cartilage degradation due to metalloproteinases.
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Another study quantified the selected secreted proteins in IL‐1β treated OA
cartilage explant culture media (Peffers, Beynon, and Clegg 2013). Knee OA cartilage
tissues were diced and incubated with medium supplemented with or without IL‐1β.
Comparative proteomic analysis of the OA cartilage secretome was performed by label‐
free LC‐MS/MS and a total of 252 proteins were identified. Of these, 9 proteins were
differentially expressed in the presence of the IL‐1β supplement. Proteins of interest
were selected for absolute quantification by QconCAT technology and LC‐MS/MS (triple
quadrupole) in selected reaction monitoring format (SRM). They found that the TIMP‐1
protein was significantly reduced by IL‐1β stimulation.
Clutterbuck et al. adopted a different strategy to investigate the role of
inflammatory mediators in a cartilage model system (Clutterbuck et al. 2011). They
compared the proteomic profile of cartilage explant culture media when treated under
three conditions, medium alone, presence of the inflammatory mediator IL‐1β, and IL‐1β
with the anti‐inflammatory drug, carprofen. The peptides within the culture media were
analyzed by qualitative LC‐MS/MS and lists of proteins within the media were
generated. The selected proteins were quantified by Western blotting. In discovery assay
many proteins were identified, including aggrecan core protein, COMP,
thrombospondin‐1 (TSP‐1), clusterin (CLU), matrix metalloproteinases MMP‐1 and
MMP‐3, to name a few. By quantitative assay, they found that IL‐1β increased MMP‐1,
MMP‐3 and TSP‐1 and decreased the CLU precursor released into the culture media. In
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a follow‐up study, Williams et al. demonstrated that the addition of carprofen inhibited
the release of MMP‐1, ‐3 and ‐13 in the IL‐1β treated equine cartilage explants (Williams
et al. 2013). Differences in the secretome from cartilage explants were also investigated
by Polacek et al and included stable isotope labeling with amino acids in tissue culture
media (SILAC) allowing them to target newly synthesized proteins in the culture media
where only 25‐30% of the proteins were labeled, indicative of matrix turnover (Polacek
et al. 2010).
Dakin et al. have investigated the proteomic profiling of injured tendon during
all stages of disease and focused on identifying specific cleavage patterns of COMP
(Dakin et al. 2014). They simulated tendon injury by stimulating tendon explants with
inflammatory mediators, IL‐1β and prostaglandin E2, to induce COMP protein
degradation and characterized the effect of this stimulation on the cleavage patterns of
COMP by LC‐MS/MS (Q‐TOF). They also quantified the COMP cleavage fragments by
quantitative proteomic analysis in multiple reaction monitoring format (MRM). IL‐1β
was found to enhance the proteolytic cleavage and release of COMP fragments from
explants. However, PGE2 showed no catabolic effect. They also identified two cleavage
fragments released in early stages of simulated tendon injury (presence of IL‐1β) that
could be used to develop a neo‐epitope based assay for tendon injury.
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1.2.3 Proteomic analysis of chondrocyte proteins in osteoarthritis
Besides cartilage tissue based and cartilage explant based studies, there are also
chondrocyte‐based studies, which reduce the complexity of the sample analysis.
Calamia et. al. developed a quantitative proteomic method applying stable isotope
labeling with amino acids in cell culture (SILAC) on human articular chondrocytes
(HACs) (Calamia et al. 2011). They used this technique to study the effect of the
proinflammatory mediator, interlukin‐1β, on in vitro cultured chondrocytes, and
analyzed the changes of the cellular proteome and secretome. In the HAC proteome,
they revealed a decreased expression of proteins involved in the actin cytoskeleton
structures. Meanwhile, a global increase of protein chaperones, including GRP78 and
HSP71, was also identified. In the secretome, they revealed the increase of three protein
clusters, including proinflammarory mediators and proteases, type VI collagen and
related molecules, and TGF‐β pathway related proteins. Another related study
published a year later by the same group investigated the effect of chondroitin‐sulfate
on IL‐β modulated HACs (Calamia et al. 2012). They identified 75 proteins from the
secretome and, of these, 18 proteins that were modulated by chondroitin‐sulfate.
Chondroitin‐sulfate intervention decreased the expression of several complement
molecules and led to overexpression of TNF‐α induced protein (Tumor necrosis factorinducible gene 6 protein, TSG6). They also revealed the decrease of MMP1 and MMP‐3
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activation related to TSG6 overexpression. Chondroitin‐sulfate also increased the
expression of an anti‐angiogenic molecule, thrombospondin‐1.
A different research topic related to cartilage is articular cartilage vesicles
(ACVs). ACVs are extracellular small organelles secreted by chondrocytes that have the
ability to generate calcium pyrophosphate dihydrate‐like crystal (Derfus et al. 1992).
ACVs also carry RNA for type II collagen, aggrecan and other molecules (Mitton et al.
2009). Such vesicles might be one method for chondrocytes to communicate with each
other. The latest study in this field conducted proteomic analysis on healthy non‐OA
and OA cartilage (Rosenthal et al. 2011). Articular cartilage vesicles were isolated by
serial centrifugation of collagenase treated cartilage. Proteomic analyses of isolated
ACVs identified approximately 170 proteins having >1 representative peptide per
protein and a false discovery rate ≤5%. Of these, 6 proteins were exclusively found in
healthy cartilage while 9 proteins were only found in OA cartilage. They also observed a
decrease of matrix proteoglycans and an increase of TGF‐ β related protein, βig‐H3,
vitronectin, and serine protease HtrA1.

1.2.4 Summary of proteomic studies of cartilage
In summary, current studies have focused on solving the difficulties involved
with performing proteomic analysis of cartilage tissue. A comprehensive and strategic
tactic should be considered for planning the study. Currently, several studies already
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reported the results of differential proteomic analysis of cartilage tissue in healthy and
OA patients. Tissue‐wide studies suggest that protein components are not always the
same. Tissue resources, different joints or different regions from the same joints, should
be considered for further studies. Explant model have reduced the complexity of
cartilage tissue studies. This system allows for manipulation of the cartilage explants
with inflammatory mediators and/or anti‐inflammatory drugs to demonstrate what may
happen during cartilage degradation. Chondrocyte‐based studies reduce the complexity
of sample analysis and can reveal the changes of the cellular proteome and secretome in
response to various interventions. However, a more comprehensive study design
should be considered to simultaneously evaluate concurrent events, not only in culture
media, but also the cartilage explant extractable and non‐extractable components.
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Table 1‐1: Summary of proteomic studies of cartilage tissue, cartilage explants, and chondrocytes
Material

Species

Healthy non-OA

OA

Age in years
(healthy/OA)

Method

Mass spectrometer
used

Number of proteins
identified

Note

Reference

Cartilage

Mouse

post-natal mice

-

-

Sequential extraction

LC-LTQ Orbitrap

703

Sequential extraction of proteins

Wilson et al., 2012

Human

individuals with no joint
disease history

patients who underwent knee
replacement

(37-45) / (59-62) 2-DE

LTQ-FT/MS

14

Identified >1400 protein spots; 16
Guo et al., 2008
spots were differentially expressed

Human

individuals with no joint
disease history

patients who underwent knee
replacement

NA / (50-82)

1D-SDS PAGE

LC-LTQ Ion Trap

814

59 proteins were differentially
expressed

Wu et al., 2007

Human

individuals with no joint
disease history

-

range 36-50

Off-line 2D-LC

Ion Trap/Q-TOF(iTRAQ) 340

Compared different cartilage
tissues

Önnerfjord et al., 2012

(22-86) / (53-83)

Proteoglycan precipitation,2DE

LC-Q-TOF

Radio label represented newly
synthesized proteins during
culture

Hermansson et al., 2004

Medium of cartilage
Human
explant culture

Articular cartilage
vesicles

19 labeled proteins

Human

tissue with no signs of OA

tissue with pathologic signs of
OA

35 & 64

-

LC-triple quadrupole/Ion
16 prominent proteins
Trap

Treated with exogenous MMPs
and analyzed proteolyzed
peptides

Zhen et al., 2008

Human

-

patients who underwent knee
replacement

range 69-84

1D SDS-PAGE

LC- LTQ/ LCTQ(QconCAT)

252

9 proteins were differetially
expressed by IL-1β; TIMP1 was
reduced by IL-1β

Peffers et al., 2013

Horse

marcroscopically healthy
tissue

-

-

-

LC-MS/MS (Ion Trap)

-

Explants were treated with IL-1β
and anti-inflammatory drug,
carprofen

Clutterbuck et al., 2011

Horse

-

tendon with known injury

-

-

LC-Q-TOF / LC-triple
quadrupole

-

Explants were treated with IL-1β
and PGE2; COMP fragments were Dakin et al., 2014
analyzed

Human

-

patients who underwent joint
replacement

range 57-80

1D-PAGE

LC-MALDI-TOF/TOF

368 (proteome) & 115
(secretome)

Standardized chondrocyte SILAC
protocol. Both cellular proteome
Calamia et al., 2011
and secretome were analyzed

Human

marcroscopically healthy
tissue with no joint
disease history

-

70, 73, & 78

0.2µm filter & protein
precipitation

LC-MALDI-TOF/TOF

75

CS treated chondrocytes. 18
proteins were modulated by CS

Calamia et al., 2012

Human

individuals with no joint
disease history

patients who underwent joint
replacement

-

serial centrifugation of
collagenase treated cartilage

LC-LTQ

170

6 proteins were only found in
healthy and 9 proteins were only
in OA

Rosenthal et al., 2011
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chondrocyte
culture

individuals who underwent
patients who underwent joint
trauma/amputations/autop
replacement
sies

2-DE: two-dimensional gel electrophoresis, LC: liquid chromatography, LTQ: linear trap quadrupole, FT/MS: Fourier transform ion cyclotron resonance mass spectrometer, TOF: Time of fight mass spectrometry, OA: osteoarthritis

This table is adapted from (Hsueh, Onnerfjord, and Kraus 2014)

Chapter 2
Methodology development of cartilage processing for
proteomic analysis

2.1 Introduction
Articular cartilage has unique properties contributed by chondrocytes and the
extracellular matrix (ECM) which predominantly consist of collagens, proteoglycans,
hyaluronic acid, and other important non‐collagenous proteins, albeit in minor amount
(Mow, Ratcliffe, and Poole 1992, Heinegård 2009, Schaefer and Schaefer 2010).
Morphologically, articular cartilage can be characterized by its layers (superficial,
intermediate, and deep), by distance from the surface, zones (pericellular, territorial and
interterritorial), by distance from the chondrocyte, chondrocyte phenotypes and ECM
properties. Fibrillar type II collagens form the basic framework structure of cartilage
tissue with copolymerized type XI collagens and surface cross‐linked type IX collagens.
This highly cross‐linked framework usually remains intact even after extraction. Type VI
collagens surround the chondrocytes and may facilitate chondrocyte‐matrix interactions
(Buckwalter and Mankin 1998, Eyre 2004). Proteoglycans, mainly aggrecan, fill in the
mesh and provide the durability to compression generated during movement. A variety
of other non‐collagenous proteins help to assemble and stabilize the extracellular matrix
e.g. by cross‐bridging collagen fibers.
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The commonly used guanidine‐HCl method extracts both extracellular and
cellular proteins simultaneously and leaves behind the insoluble collagens that make up
the collagen network. Generally, the investigation of the insoluble residue has focused
on the major components such as collagens and glycosaminoglycans (Hoemann et al.
2002). However, the composition of the insoluble collagen‐rich residue from highly
cross‐linked cartilage tissues has not been fully elucidated. Past studies evaluating the
zonal specificity of cartilage proteins have generally focused on only one or two
cartilage components (Lorenzo, Bayliss, and Heinegard 1998, DiCesare et al. 1995, Pfister
et al. 2001). Only a few studies have utilized proteomic methodology to more
comprehensively evaluate cartilage (Müller et al. 2014, Cillero‐Pastor et al. 2013, Zhang
et al. 2011).
Past proteomic studies of cartilage focus on whole cartilage tissue; results
therefore reflect both the intracellular and the extracellular proteome. Although studies
of other collagen‐abundant tissues, such as the heart and pulmonary tissue, have
successfully analyzed decellularized tissue (Angel et al. 2011, Didangelos et al. 2010,
Gilbert, Sellaro, and Badylak 2006), this methodology has not been utilized in proteomic
studies of cartilage. This may, in part, be due to the relative sparsity of chondrocytes in
cartilage and a perception that they contribute minimally to the tissue proteome in
comparison with the ECM. Although sparse, their contribution may be quite significant
when evaluating highly localized regions of interest, such as the territorial region of the
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ECM. In addition, cartilage decellularization may have been ignored to date due to
difficulties eliminating chondrocytes without significantly impacting the ECM. The
difficulties of conducting proteomic analysis of cartilage are summarized in Table 2‐1.
In this work, we developed a reproducible method for decellularizing cartilage with
minimal impact on the ECM. Applying this method to serial transverse cartilage
sections, we were able to map the cartilage zonal architecture of matrix proteins in
different joints (knees and hips) as well as different pathological conditions. To our
knowledge, this is the first study of the ECM specific proteome at different depths in
human articular cartilage from different joints and physiological conditions.
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Table 2‐1 Challenges of proteomic analysis of cartilage

2.2 Methods
2.2.1 Clinical cartilage specimen sources
Articular cartilage specimens were obtained from patients with OA who had
arthroplasties performed at Duke University Medical Center. All samples were collected
under Duke Institutional Review Board approval as waste surgical specimens. Arthritic
cartilage specimens were collected from perilesional regions to obtain the full‐thickness
cartilage instead of completely eroded cartilage. Cartilage specimens were washed by
phosphate based buffer (PBS) to remove residue blood cell and stored at ‐80°C.
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Specimens were embedded in Tissue‐Tek O.C.T. (Sakura, The Netherlands) for
cryosectioning. Serial frozen sections of 12μm thickness were generated.

2.2.2 Decellularization and monitoring
To eliminate chondrocyte protein interference in the ECM proteomic analysis, we
developed a procedure to separate the ECM and chondrocytes. The optimized
procedure relies on depletion of chondrocytes from frozen tissue sections based on their
sensitivity to change in osmotic pressure and ice crystal formation. A 12μm thick frozen
tissue section on a glass slide (VWR, Radnor, PA) was immersed in hypotonic solution
(deionized H2O) sufficient to cover the section; it subsequently underwent rapid freeze/
slow thaw cycles (the slide was placed on a metal pad, which directly contacted dry ice
followed by thawing at room temperature) for a total of four cycles. The hypotonic
solution was exchanged and collected after each cycle and analyzed for double stranded
DNA, glycosaminoglycans (GAGs) and total protein, to monitor the effect of the
decellularization procedure. Multiple cartilage sections have been conducted the same
freeze/thaw cycles to obtain the final value (n=7). This method also resulted in removal
of the aqueous embedding medium.
Double‐stranded DNA was quantified by Qubit® dsDNA HS kit per the
manufacturer’s instructions (Life technologies, Grand Island, NY). The
glycosaminoglycan concentration was measured by 1,9‐dimethylmethylene blue
(DMMB) assay as described previously (Chandrasekhar, Esterman, and Hoffman 1987).
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Protein concentration within the supernatant was determined by bicinchoninic acid
(BCA) assay per the manufacturerʹs instructions (Thermo, Waltham, WA).

2.2.3 Cartilage protein extraction by guanidine-HCl method
Cartilage protein extraction and preparation for mass spectrometric analyses
were performed as previously described (Müller et al. 2014). Briefly, frozen cartilage
sections were extracted using guanidine extraction buffer (4 M guanidine‐HCl, 50 mM
sodium acetate, 100 mM 6‐aminocaproic acid, 5 mM benzamidine, 5 mM N‐
ethylmaleimide, pH 5.8) for 24 h on an orbital shaker at 4°C. Extracts were collected after
centrifugation at 13,200g at 4°C for 30 minutes. The pellet (extraction residue) was
washed once with ammonium bicarbonate (AmBic) buffer and this AmBic solution was
combined with the extracted fractions for complete quantification of cartilage
components. In addition to the conventional extraction methods, we also tested a
combination of 0.2% RapiGest (Waters Corporation, Milford, MA) in 50mM AmBic, pH
8.5 with guanidine‐HCl buffer. The sample preparation and workflow are illustrated in
Figure 2‐2 (method 1).

2.2.4 Cartilage protein extraction by in situ trypsin digestion method
Cartilage tissue sections (the representative adjacent sections and extraction
residue) were immersed in 0.2% RapiGest (Waters Corporation, Milford, MA) in 50mM
AmBic, pH 8.5 and heated to 37°C for 10 minutes. Treated tissue sections were further

25

processed for mass spectrometry analysis. The sample preparation and workflow are
illustrated in Figure 2‐2 (method 2).

2.2.5 Sample preparation for mass spectrometry analysis
The 100μl guanidine‐HCl extracts and processed sections were reduced with
4mM DTT at 56°C for 30 minutes on an orbital shaker and alkylated with 16 mM
iodoacetamide at room temperature for 1h in the dark. The Gu‐HCl extracts were
precipitated with ethanol (9:1) overnight at 4°C and collected after centrifugation at
13,200 g at 4°C for 30 minutes. The pellets were washed with ethanol for 4 h at ‐20°C to
remove residual salts. Samples were dried in a SpeedVac and suspended in 100μl of 0.1
M AmBic, pH 8.5. Trypsin digestion was performed with 2μg of trypsin gold (Promega,
Madison, WI) at 37°C on a shaker for 16h for both Gu‐HCl extracts and processed
sections. Subsequently, samples were diluted to 200μl with 0.5M AmBic and filtered
through a 30kDa filter (Pall Life Sciences, Port Washington, NY) by centrifugation at
2060 x g for 8 minutes. The filter was then washed with an additional 100μl 0.5M AmBic
buffer to optimize recovery. To test the effects of removing residual polysaccharides and
salts, the filtrates were then processed with and without ultrafiltration through a
reversed‐phase C18 column (The Nest group, Southborough, MA) according to the
manufacturer’s instructions.
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2.2.6 Non-targeted and targeted mass spectrometry
Non‐targeted mass spectrometry experiments were performed with an EasyLC
nanoflow high‐performance liquid chromatography (HPLC) (Proxeon Biosystems,
Odense, Denmark) connected to a LTQ‐Orbitrap Velos Pro mass spectrometer (Thermo
Fisher Scientific, Waltham, WA) equipped with a nanoEasy spray ion source (Proxeon
Biosystems, Odense, Denmark). The chromatographic separation was performed at 40°C
on a 15cm (75μm i.d.) EASY‐Spray column packed with 3μm resin (Proxeon Biosystems,
Odense, Denmark). The nanoHPLC intelligent flow control gradient was 5–20% solvent
B (0.1% (v/v) FA, 100% (v/v) acetonitrile in water) in solvent A (0.1% (v/v) FA in water),
during 120 min, and then 20%‐40% during 60 min followed with an increase to 90%
during 5 min. A flow rate of 300 nl/min was used through the whole gradient. An MS
scan (400–1400 m/z) was recorded in the Orbitrap mass analyzer set at a resolution of
60,000 at 400 m/z, 1×106 automatic gain control target and 500 ms maximum ion
injection time. The MS is followed by data‐dependent collision‐induced dissociation
MS/MS scans on the eight most intense multiply charged ions in the LTQ at 500 signal
threshold, 3 m/z isolation width, 10 ms activation time at 35 normalized collision energy
and dynamic exclusion enabled for 60 seconds. The general mass spectrometric
conditions were as follows: spray voltage, 2.0 kV; no sheath or auxiliary gas flow; S‐lens
60%; ion transfer tube temperature, 275°C.
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Targeted mass spectrometry analyses using multiple reaction monitoring (MRM)
were performed as previously described (Müller et al. 2014). Processed sample aliquots
were quantified using a TSQ Vantage triple quadrupole mass spectrometer (Thermo
Scientific, Waltham MA) equipped with an Easy nano‐LC system (Thermo Scientific,
Waltham MA). The peptide sequence used for MRM experiments are listed in Table 2‐2.

2.2.7 Data searching and data analysis
The database (UniProt, release on Feb, 2014) searches were performed using
MASCOT (version 2.2) MS/MS Ions Search. MASCOT search parameters were as
follows: trypsin as digestion enzyme, monoisotopic masses, ±10ppm peptide mass
tolerance, ±0.4Da fragment mass tolerance, maximum missed cleavages at 2, ion score
cut‐off at 20, only highest ranked peptide matches, and taxonomy Homo sapiens.
Decellularization experiments data were collected from seven independent
biological replicates. Targeted quantification data were collected from three independent
biological replicates for peak area and peak found ratio calculation. For non‐targeted
experiment, each group contains at least 5 independent cartilage sections. All the results
were analyzed using GraphPad Prism 5.0 (Graphpad, San Diego, CA, USA). Group
differences were assessed using one‐way analysis of variance (ANOVA) and Student
paired t test. Data for heatmap illustration was resulted from hierarchical cluster
analysis performed in the Cluster 3.0 8 and visualized in JAVA Treeview 9. All the
graphs were prepared in Microsoft Excel, PowerPoint 2013 or GraphPad Prism 5.
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Table 2‐2 Protein sequence monitored for targeted proteomic analysis
Accesion

ID

Collision
energy

Peptide sequence

Preursor
m/z

O15232

MATN3

26.2

AQASGIELYAVGVDR

774.9

1021.53 (y9)892.49 (y8)779.4 (y7)616.34 (y6)446.24 (y4)

O15232

MATN3

23.9

IIDTLDIGPADTR

700.38

957.5 (y9)844.42 (y8)729.39 (y7)616.3 (y6)559.28 (y5)

O15232

MATN3

20.2

VAVVNYASTVK

575.83

980.54 (y9)881.47 (y8)782.4 (y7)668.36 (y6)

O15335

CHAD

23.3

FSDGAFLGVTTLK

678.36

738.35 (b7)878.53 (y8)731.47 (y7)618.38 (y6)

O15335

CHAD

23.4

NQLSSYPSAALSK

683.35

1123.6 (y11)1010.52 (y10)923.48 (y9)836.45 (y8)673.39 (y7)

O15335

CHAD

23

SIPDNAFQSFGR

669.83

1138.53 (y10)1041.47 (y9)926.45 (y8)741.37 (y6)

O15335

CHAD

29.2

YLETLWLDNTNLEK

876.45

1132.56 (y9)946.48 (y8)833.4 (y7)

O75339

CILP1

18

ASVTFLDPR

503.27

847.47 (y7)748.4 (y6)647.35 (y5)

O75339

CILP1

19.7

FAPIVLTMPK

558.83

898.54 (y8)801.49 (y7)688.41 (y6)589.34 (y5)

O75339

CILP1

28

FNPNAIGVPQPYLNK

836.45

813.43 (b8)1015.56 (y9)859.47 (y7)634.36 (y5)

O75339

CILP1

18.3

FYQIEGDR

514.25

717.35 (y6)589.29 (y5)476.21 (y4)

O75339

CILP1

21.3

GTFTLHVPQDTER

500.92

520.28 (b5)844.42 (y7)745.35 (y6)520.24 (y4)

O75339

CILP1

19.4

IVGPLEVNVR

548.33

883.5 (y8)826.48 (y7)729.43 (y6)616.34 (y5)

O75339

CILP1

17.4

LVLTFVDR

481.79

750.41 (y6)637.33 (y5)536.28 (y4)

O75339

CILP1

20.3

TFLVGNLEIR

581.33

913.55 (y8)800.46 (y7)701.39 (y6)

O75339

CILP1

16.3

TGFLSNPR

446.24

733.4 (y6)586.33 (y5)473.25 (y4)

P02458

CO2A1

20.7

DVWKPEPCR

593.79

786.39 (y6)658.3 (y5)432.2 (y3)658.3 (y5)432.2 (y3)

P02458

CO2A1

23.9

GPPGPQGPAGEQGPR

701.35

1247.61 (y13)1150.56 (y12)1093.54 (y11)868.43 (y9)811.41 (y8)

P02458

CO2A1

34

SGDYWIDPNQGCTLDAMK

1035.95

837.34 (b7)1349.58 (y12)1234.56 (y11)895.4 (y8)

P02458

CO2A1

20.5

SLNNQIESIR

587.31

973.51 (y8)859.46 (y7)617.36 (y5)504.28 (y4)

P02751

FINC

26.1

SYTITGLQPGTDYK

772.39

1079.54 (y10)978.49 (y9)680.32 (y6)

P02751

FINC

23.2

WLPSSSPVTGYR

675.35

1050.52 (y10)953.47 (y9)866.44 (y8)692.37 (y6)

P02751

FINC

19

YEVSVYALK

536.29

908.51 (y8)779.47 (y7)680.4 (y6)494.3 (y4)

P07585

PGS2

18.1

NLHALILVNNK

416.92

436.23 (b4)549.31 (b5)587.35 (y5)474.27 (y4)

P07585

PGS2

19.7

VSPGAFTPLVK

558.33

929.55 (y9)832.49 (y8)775.47 (y7)704.43 (y6)

P07585

PGS2

21.4

VVQCSDLGLDK

617.31

1035.48 (y9)907.42 (y8)747.39 (y7)

P07996

TSP1

23.8

FVFGTTPEDILR

697.87

1148.59 (y10)1001.53 (y9)843.46 (y7)742.41 (y6)

P07996

TSP1

18.4

GPDPSSPAFR

515.75

761.39 (y7)664.34 (y6)577.31 (y5)490.28 (y4)

P07996

TSP1

21

SITLFVQEDR

604.32

1007.52 (y8)793.38 (y6)646.32 (y5)547.25 (y4)

P08493

MGP

22.1

NANTFISPQQR

638.33

875.47 (y7)728.4 (y6)615.32 (y5)528.29 (y4)

P08493

MGP

26.3

YAMVYGYNAAYNR

778.35

1091.49 (y9)928.43 (y8)871.41 (y7)708.34 (y6)

P09486

SPRC

20.4

APLIPMEHCTTR

475.9

1031.44 (y8)803.35 (y6)674.3 (y5)537.24 (y4)516.22 (y8)

P09486

SPRC

20.3

LEAGDHPVELLAR

473.92

797.49 (y7)700.44 (y6)601.37 (y5)589.32 (y11)

P09486

SPRC

19.5

NVLVTLYER

553.81

893.51 (y7)780.43 (y6)681.36 (y5)

P10451

OSTP

25.7

AIPVAQDLNAPSDWDSR

927.95

1474.66 (y13)1275.56 (y11)1160.53 (y10)1047.45 (y9)933.41
(y8)862.37 (y7)993.54 (b10)

P10451

OSTP

17.4

GDSVVYGLR

483.26

793.46 (y7)706.42 (y6)607.36 (y5)508.29 (y4)345.22 (y3)

P10451

OSTP

29.9

YPDAVATWLNPDPSQK

901.44

1256.63 (y11)1185.59 (y10)671.34 (y6)459.26 (y4)

P10915

HPLN1

16.6

DPTAFGSGIHK

377.19

745.4 (y7)598.33 (y6)541.31 (y5)454.28 (y4)

P10915

HPLN1

17.3

FYYLIHPTK

394.55

708.44 (y6)595.36 (y5)482.27 (y4)345.21 (y3)

P10915

HPLN1

18.2

VGQIFAAWK

510.29

920.5 (y8)735.42 (y6)622.33 (y5)475.27 (y4)

P12109

CO6A1

23.2

GLEQLLVGGSHLK

675.89

923.57 (y9)810.48 (y8)697.4 (y7)598.33 (y6)

P12109

CO6A1

18.6

LSIIATDHTYR

430.57

976.48 (y8)863.4 (y7)792.36 (y6)576.29 (y4)

P12109

CO6A1

24.6

TAEYDVAYGESHLFR

586.61

1079.53 (y9)1008.49 (y8)845.43 (y7)659.36 (y5)

P12111

CO6A3

24

LSDAGITPLFLTR

702.4

1017.61 (y9)960.59 (y8)847.5 (y7)746.46 (y6)

P12111

CO6A3

24.4

SDDEVDDPAVELK

716.33

985.52 (y9)886.45 (y8)771.42 (y7)656.4 (y6)

P12111

CO6A3

24.8

SLDEISQPAQELK

729.38

1257.63 (y11)1013.56 (y9)900.48 (y8)813.45 (y7)685.39 (y6)
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energy

Peptide sequence

Preursor
m/z

P13611

CSPG2

17.1

FTFEEAAK

471.73

795.39 (y7)694.34 (y6)547.27 (y5)

P13611

CSPG2

22.6

LATVGELQAAWR

657.86

1029.55 (y9)930.48 (y8)873.46 (y7)744.42 (y6)631.33 (y5)

P13611

CSPG2

19.1

LLASDAGLYR

539.8

852.42 (y8)781.38 (y7)694.35 (y6)579.32 (y5)

P13942

COBA2

18.7

DFSLLTVVR

525.3

787.5 (y7)700.47 (y6)587.39 (y5)474.3 (y4)

P13942

COBA2

19.1

ELECEGGQR

539.24

835.34 (y7)706.29 (y6)546.26 (y5)

P13942

COBA2

31

FLYEDQTGRPQPPSQPVFR

754.71

1152.62 (y10)927.5 (y8)830.45 (y7)1001.49 (y17)919.96 (y16)

P13942

COBA2

16.8

SPQQQPSR

464.24

743.38 (y6)615.32 (y5)487.26 (y4)359.2 (y3)

P16112

PGCA

18

ETWVDAER

503.24

775.37 (y6)589.29 (y5)490.23 (y4)

P16112

PGCA

16.3

GIVFHYR

446.25

721.38 (y5)622.31 (y4)475.24 (y3)

P16112

PGCA

20.4

LEGEVFFATR

584.8

1055.52 (y9)926.47 (y8)740.41 (y6)641.34 (y5)

P16112

PGCA

15.5

TIEGDFR

419.21

736.36 (y6)623.28 (y5)494.24 (y4)

P16112

PGCA

31.1

VSLPNYPAIPSDATLEVQSLR

757.41

1315.69 (y12)945.54 (y8)844.49 (y7)731.4 (y6)

P16112

PGCA

17.8

YEINSLVR

497.27

830.47 (y7)701.43 (y6)588.35 (y5)

P16112

PGCA

15.4

YPIVSPR

416.24

668.41 (y6)571.36 (y5)458.27 (y4)359.2 (y3)

P16112

PGCA

16.9

YTLDFDR

465.22

766.37 (y6)665.33 (y5)552.24 (y4)

P20774

MIME

17.5

ESAYLYAR

486.74

756.4 (y6)685.37 (y5)522.3 (y4)409.22 (y3)

P20774

MIME

18.5

LEGNPIVLGK

520.31

926.53 (y9)797.49 (y8)626.42 (y6)317.22 (y3)

P20774

MIME

30.1

LSLLEELSLAENQLLK

907.02

1128.66 (y10)1015.58 (y9)928.55 (y8)815.46 (y7)

P21810

PGS1

22.6

IQAIELEDLLR

656.88

1071.6 (y9)1000.57 (y8)887.48 (y7)758.44 (y6)

P21810

PGS1

18

LGLGHNQIR

504.29

724.38 (y6)667.36 (y5)530.3 (y4)

P21810

PGS1

16.8

VPSGLPDLK

463.27

666.35 (b7)826.47 (y8)729.41 (y7)642.38 (y6)472.28 (y4)

P21810

PGS1

19.7

VVQCSDLGLK

559.8

920.45 (y8)792.39 (y7)632.36 (y6)

P24821

TENA

16.8

AYAAGFGDR

464.22

693.33 (y7)622.29 (y6)551.26 (y5)494.24 (y4)

P24821

TENA

25.1

EEFWLGLDNLNK

739.37

1072.58 (y9)886.5 (y8)773.42 (y7)603.31 (y5)

P24821

TENA

29.3

GLEPGQEYNVLLTAEK

880.96

1461.76 (y13)1179.63 (y10)1050.58 (y9)887.52 (y8)674.41 (y6)

P24821

TENA

20.6

ITAQGQYELR

589.81

964.48 (y8)893.45 (y7)765.39 (y6)708.37 (y5)

P35443

TSP4

23.1

AFAGPSQKPETIELR

548.63

985.57 (y8)857.47 (y7)631.38 (y5)713.39 (y13)

P35443

TSP4

32.6

DVDIDSYPDEELPCSAR

990.93

808.34 (b7)1336.58 (y11)1173.52 (y10)703.36 (y6)590.27 (y5)

P35443

TSP4

28.1

SSATIFGLYSSTDNSK

839.4

1218.56 (y11)1071.5 (y10)901.39 (y8)738.33 (y7)

P35443

TSP4

23.2

YVPNSGQEDADR

675.8

1088.46 (y10)991.41 (y9)877.36 (y8)790.33 (y7)

P49747

COMP

21.7

DTDLDGFPDEK

626.27

920.44 (y8)807.35 (y7)692.32 (y6)488.24 (y4)

P49747

COMP

25.2

ELQETNAALQDVR

743.88

987.52 (y9)886.47 (y8)772.43 (y7)701.39 (y6)630.36 (y5)

P49747

COMP

22.6

LVPNPGQEDADR

655.82

1098.48 (y10)887.39 (y8)790.33 (y7)605.25 (y5)

P49747

COMP

18.4

SSTGPGEQLR

516.26

857.4 (b9)857.45 (y8)756.4 (y7)699.38 (y6)602.33 (y5)

P51884

LUM

18.3

FNALQYLR

512.78

877.49 (y7)763.45 (y6)692.41 (y5)579.32 (y4)

P51884

LUM

21.3

ISNIPDEYFK

613.31

1112.53 (y9)1025.49 (y8)798.37 (y6)

P51884

LUM

18.7

SLEDLQLTHNK

433.23

740.4 (y6)612.35 (y5)499.26 (y4)398.21 (y3)

P51888

PRELP

22.5

LENLLLLDLQHNR

530.97

1008.56 (y8)895.47 (y7)782.39 (y6)667.36 (y5)

P51888

PRELP

23.2

NQLEEVPSALPR

676.86

1110.62 (y10)997.53 (y9)868.49 (y8)739.45 (y7)640.38 (y6)

P51888

PRELP

22.6

VPTAIHQLYLDSNK

533.62

852.45 (y7)739.36 (y6)576.3 (y5)463.21 (y4)348.19 (y3)

P98160

PGBM

30.1

EVSEAVVDTLESEYLK

905.95

516.23 (b5)1196.6 (y10)1097.54 (y9)

P98160

PGBM

20.6

IAHVELADAGQYR

481.58

550.3 (b5)663.38 (b6)709.33 (y6)594.3 (y5)523.26 (y4)

P98160

PGBM

19.8

LEGDTLIIPR

563.83

884.52 (y8)827.5 (y7)712.47 (y6)611.42 (y5)

Q06828

FMOD

23.3

ELHLDHNQISR

681.35

982.51 (y8)869.42 (y7)754.4 (y6)617.34 (y5)

Q06828

FMOD

27.1

IPPVNTNLENLYLQGNR

652.35

736.4 (b7)750.39 (y6)587.33 (y5)474.24 (y4)

Q06828

FMOD

22.4

SAMPADAPLCLR

651.32

1012.52 (y9)844.43 (y7)729.41 (y6)658.37 (y5)

Q06828

FMOD

17.6

YLPFVPSR

489.77

702.39 (y6)605.34 (y5)458.27 (y4)359.2 (y3)
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energy

Peptide sequence

Preursor
m/z

Q07507

DERM

20

GATTTFSAVER

570.29

910.46 (y8)809.42 (y7)708.37 (y6)

Q07507

DERM

18.3

YFESVLDR

514.76

527.21 (b4)718.37 (y6)589.33 (y5)

Q8IUL8

CILP2

22.5

DLTSAASAPSDLR

652.33

974.49 (y10)816.42 (y8)745.38 (y7)658.35 (y6)587.31 (y5)

Q8IUL8

CILP2

20.8

EMSEAAQAQAR

596.27

931.46 (y9)715.38 (y7)644.35 (y6)573.31 (y5)445.25 (y4)

Q8IUL8

CILP2

22.7

FVDSDGELAPLR

659.84

1072.53 (y10)957.5 (y9)755.44 (y7)456.29 (y4)385.26 (y3)

Q8IUL8

CILP2

21.2

IQGPQEYMVR

610.81

979.47 (y8)922.45 (y7)697.33 (y5)568.29 (y4)

Q8IUL8

CILP2

23.3

LLESPATALGDIR

678.38

1129.58 (y11)1000.54 (y10)913.51 (y9)745.42 (y7)

Q8IUL8

CILP2

24

TTDWALPSAVGER

701.85

899.49 (y9)828.46 (y8)715.37 (y7)

Q8IUL8

CILP2

20.1

VFLVGNVEIR

573.34

899.53 (y8)786.45 (y7)687.38 (y6)

Q8IUL8

CILP2

19.6

VVAADSGEPLR

557.3

915.45 (y9)844.42 (y8)773.38 (y7)658.35 (y6)

Q92743

HTRA1

16.1

LPVLLLGR

440.8

767.51 (y7)670.46 (y6)571.39 (y5)458.31 (y4)

Q92743

HTRA1

22.5

VTAGISFAIPSDK

653.36

1105.59 (y11)864.45 (y8)777.41 (y7)446.22 (y4)

Q92743

HTRA1

20.9

YNFIADVVEK

599.31

920.51 (y8)773.44 (y7)660.36 (y6)

Q92954

PRG4

20

DAGYPKPIFK

568.31

949.55 (y8)729.47 (y6)632.41 (y5)504.32 (y4)

Q92954

PRG4

23.5

DQYYNIDVPSR

685.32

1126.55 (y9)963.49 (y8)800.43 (y7)359.2 (y3)

Q92954

PRG4

27.7

GLPNVVTSAISLPNIR

825.98

1170.68 (y11)1071.62 (y10)812.5 (y7)699.41 (y6)

Q92954

PRG4

20.7

KPDGYDYYAFSK

485.23

676.29 (b6)839.36 (b7)615.31 (y5)452.25 (y4)

Q92954

PRG4

25.9

RPALNYPVYGETTQVR

622

911.51 (b8)953.47 (y8)790.41 (y7)733.38 (y6)

Q99983

OMD

16.6

IDYGVFAK

456.74

799.4 (y7)684.37 (y6)521.31 (y5)

Q99983

OMD

20.2

LLLGYNEISK

575.33

923.48 (y8)810.4 (y7)753.38 (y6)590.31 (y5)

Q9BXN1

ASPN

20.6

ISTVELEDFK

590.81

980.49 (y8)879.45 (y7)780.38 (y6)651.33 (y5)

Q9BXN1

ASPN

27.4

LYLSHNQLSEIPLNLPK

660.37

856.43 (b7)1185.59 (b10)1010.59 (y9)794.51 (y7)681.43 (y6)

Q9BXN1

ASPN

26.2

SLYSAISLFNNPVK

776.92

1031.59 (y9)918.5 (y8)831.47 (y7)718.39 (y6)343.23 (y3)

Q9BXN1

ASPN

22.8

YWEMQPATFR

664.81

979.47 (y8)850.42 (y7)719.38 (y6)591.32 (y5)
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Product m/z

2.3 Results
2.3.1 A single freeze/thaw cycle efficiently separated chondrocytes
from cartilage sections
Figure 2‐1 A depicts the concept of eliminating chondrocytes from cartilage utilizing
serial freeze/thaw cycles in hypotonic (deionized water) solution. The majority of
double‐stranded DNA, which represents the intracellular contents of chondrocytes, was
released in the first cycle (Figure 2‐1 B). During serial freeze/thaw cycles, potential
artifactual loss of soluble proteins was monitored by measuring the concentrations of
total protein and glycosaminoglycans (GAGs) within the hypotonic solution (Figure 2‐1
C and D). Less than 3.5% GAGs and very limited amounts of protein were lost from
cartilage sections after the first freeze/thaw cycle. Retention of proteoglycans within the
section, monitored by toluidine blue staining, suggested no apparent loss of
proteoglycans as a result of one freeze/thaw cycle (Figure 2‐1 E). Hematoxylin staining
after the first freeze/thaw cycle showed that the majority of chondrocytes were depleted
in the first freeze/thaw cycle (Figure 2‐1 F). Taken together, these results suggest that one
freeze/thaw cycle in hypotonic solution effectively depleted the majority of
chondrocytes from a cartilage section with minimal effect on the ECM components. We
subsequently applied this decellularization process to all our cartilage sections in this
study.
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Figure 2‐1: One freeze/thaw cycle is sufficient for removing chondrocytes
without negatively impacting the cartilage extracellular matrix
A) Schematic representation showing the decellularization protocol. A 12μm
thick frozen tissue section was immersed in hypotonic solution (deionized H2O) and
subsequently underwent rapid freeze/ slow thaw cycles (between ‐20°C and 25°C). The
supernatant was collected in order to monitor the material released from the section due
to each freeze/thaw cycle. B‐D) Double stranded DNA (dsDNA), glycosaminoglycans
(GAGs) and total protein within the supernatant (n=7) were quantified to determine the
efficiency and effect of the decellularization protocol. The majority of dsDNA, indicative
of the cellular component of cartilage, was released after one freeze/thaw cycle. Only
3.5% of total GAG was released after one freeze/thaw cycle. Taken together, these results
33

suggested that one freeze/thaw cycle was sufficient to separate cartilage cellular
components from the ECM without significant loss of the loosely linked GAGs.
Compared to the total section, the protein lost during this protocol was only 0.04%. E)
Toluidine blue stained tissue section after one freeze/thaw cycle indicating by the degree
of blue stain that the majority of GAGs was retained. F) A haematoxylin‐eosin (HE)
stained and decelluarized section demonstrating that most chondrocytes were
eliminated from the tissue section by hypotonic solution. Together panels E and F
demonstrate the efficiency and matrix preserving characteristics of our decellularization
protocol.
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2.3.2 Surfactant increased cartilage protein extraction efficiency
Substantial amounts of cartilage residue remained after guanidine‐HCl extraction. To
further improve the extraction efficiency and analytical performance of
chromatography, we tested several modifications of this protocol and monitored the
effects using MRM analysis. The workflow of quantitative proteomic analyses is
summarized in Figure 2‐2 (method 1). For each modification, we performed on three
adjacent tissue sections to represent the biological replicate. Each lane in Figure 2‐3
represent the average results of three sections. Of the total 135 peptides we monitored,
111 peptides were detectable from the fraction treated with surfactant whereas the
conventional guanidine‐HCl method without surfactant only generated 103 detectable
peptides (6% less). Comparing the peak areas of the peptides detectable by both
methods (see heatmap Figure 2‐3 A), surfactant supplementation yielded higher peak
areas (3.4 ± 2.4 fold, mean ± stdev) for all 103 peptides. The average peak found ratio (a
measure of quantified transitions over desired transitions) of all targeted peptides was
also improved significantly by surfactant supplementation (P<0.05).

2.3.3 Ultrafiltration removed interference from extraction
High abundance anionic polysaccharide molecules from cartilage tissue significantly
affect the chromatography as they can be trapped in the analytical column and possibly
interact with basic peptides thereby affecting their retention. In order to achieve optimal
analytical performance by mass spectrometry, it is necessary to reduce the amount of
35

polysaccharide molecules, i.e. peptides modified with glycosaminoglycan chains.
Ultrafiltration after trypsin digestion was tested to determine the effect on proteomic
analysis (Figure 2‐2, method 2). The results suggested that this modification tended to
increase the identified peptide number (n=78 to 110 identified peptides for a 41%
increase). Ultrafiltration also increased the peak area (1.5 ± 0.7 fold, mean ± stdev) by the
improved chromatographic performance (Figure 2‐3 B). The peak found ratio was also
improved by ultrafiltration (P<0.001).
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Figure 2‐2: Workflow of cartilage tissue proteomic analysis
Cartilage sections were generated for methodology development. Chondrocytes
were removed by a single freeze/ thaw cycle in hypotonic solution. Cartilage proteins
were extracted by guanidine‐HCl extraction buffer with/without surfactant (method 1).
Extracts were treated by ultrafiltration to remove interfering GAGs and the residual salt
was removed by reverse‐phase (RP) spin column. Adjacent decellularized sections were
extracted by the in situ trypsin digestion method with surfactant (method 2). Extracted
peptides were treated with/without ultrafiltration. For each of these methods, proteomic
analysis was performed by LC‐Orbitrap MS (qualitative proteomics) and LC‐triple
quadrupole MS (quantitative MRM proteomics).
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Figure 2‐3: Quantitative mass spectrometry by Multiple Reaction Monitoring
(MRM) to assess the affects of surfactant, ultrafiltration, and different extraction methods
on proteomic analyses
A) Adjacent sections of cartilage were extracted by methods 1 and 2 (described in Figure
2‐2). By MRM we monitored 135 peptides representing 38 proteins. Each row represents
an identified peptide; the color of a band in a column ranges from blue (‐1) representing
an amount below the mean obtained by the 4 extraction methods, black (0) representing
values equal to the mean and yellow (+1) representing amounts above the mean. Adding
surfactant to the guanidine‐HCl extraction buffer improved the signal intensities an
average 3 fold based on peptide peak areas. A similar magnitude of improvement was
achieved by adopting ultrafiltration to remove the interference from GAGs with signal
intensities increased an average 1.6 fold based on peptide peak areas. Comparison of the
two extraction methods demonstrated compelling differences. B) A representative
chromatogram of a TSP1 peptide (FVFGTTPEDILR) showed a significant improvement
in the chromatogram upon sample ultrafiltration after digestion. The arrow indicates the
correct transitions, which became dominant after ultrafiltration.
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2.3.4 Extraction method as a tool for identifying differences in
cartilage proteome
In order to understand the composition of cartilage protein components, we developed
an in situ digestion protocol (method 2) to directly release peptides from cartilage. On
the same amount of cartilage tissue we compared results from in situ digestion with
ultrafiltration to results from conventional guanidine‐HCl extraction with surfactant
(method 1). The proteins extracted by the two different methods were analyzed
qualitatively by nanoLC‐Orbitrap mass spectrometry analysis (Thermo Velos Pro). We
also quantified selected proteins in the cartilage ECM by MRM. The peptides identified
using the two extraction methods are summarized in Figure 2‐4. Guanidine‐HCl
extraction resulted in detection of 1670 peptides representing 169 proteins. About 23% of
the detected peptides belonged to the collagen super family (mainly collagen types 2, 3,
6, and 1). In situ trypsin digestion of adjacent sections of cartilage tissue identified more
than 2100 peptides, however, representing only 87 proteins; collagen related peptides
constituted about 70% of the total identified peptides. Fibronectin, aggrecan G1 domain,
and COMP related peptides constituted 6.0%, 5.2%, and 4.2% respectively of the total
identified peptides from guanidine‐HCl extraction; whereas, the peptides related to
these three proteins constituted 7.2%, 2.4% and 2.5% respectively of the total peptides
identified by in situ digestion. Other important proteins, albeit in minor amounts,
constituted 61.5% of the total identified peptides from guanidine‐HCl extraction in
contrast to 18.4% from the in situ digestion method.
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2.3.5 Identifying the collagen associated proteome
Besides qualitative proteomic analysis, we also performed a quantitative MRM assay to
more precisely quantify the amount of specific proteins of interest extracted by these
two different methods (Figure 2‐3 A). Comparing the peak areas of the 135 peptide
transitions, 58 peptides were more abundant within the guanidine‐HCl extract,
including for instance, aggrecan core protein, COMP, thrombospondin‐1, mimecan,
lumican, biglycan, and decorin (Table 2‐3). Interestingly, 56 peptide transitions,
including for instance, the collagen superfamily, tenascin, fibronectin, and perlecan,
were more abundant within the extract generated by in situ digestion. These results
indicated that the residue remaining after guanidine‐HCl extraction contained not only
collagen proteins but also other proteins. These proteins, although detectable within the
guanidine‐HCl extract, were even more abundant within the in situ digestion and were
likely to represent the collagen‐associated proteome. These results also suggested that
the quantification based on the conventional guanidine‐HCl method underestimated
these collagen–associated proteins.
Of the proteins we quantified, cartilage intermediate layer protein (CILP)
presented a distinct distribution pattern. Peptides derived from the CILP1 C1 subunit
were enriched in guanidine‐HCl extracts while the peptides derived from the CILP1 C2
subunit were enriched in the in situ digestion extracts (Figure 2‐5 A). Similarly, the
CILP2 C2 subunit was enriched in the in situ digestion extracts (Figure 2‐5 B). Overall,
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from the in situ digestion extracts we identified more distinct peptides from C2 subunits
of CILP1 and CILP2 than C1 subunits (Figure 2‐5 C).

Figure 2‐4: Discovery proteomic analyses of decellularized cartilage sections

extracted by two methods
Discovery proteomic analysis was performed by LC‐Orbitrap MS on guanidine‐
HCl extracted (A) and in situ trypsin digested (B) cartilage tissue sections (methods 1
and 2 respectively as described in Figure 2‐2). Guanidine‐HCl extracted cartilage yielded
23% collagen peptides (CO1A1, CO1A2, CO2A1, CO3A1, CO6A1, CO6A2, and CO6A3),
abundant fibronectin, aggrecan and COMP proteins, and 61% of peptides from other
cartilage proteins present in minor amounts. The in situ digestion method yielded more
than 60% collagen peptides and similar amounts of fibronectin, aggrecan and COMP
compared with guanidine‐HCl. However, the direct digestion method yielded only 18%
of peptides from other more minor cartilage proteins. The peptide count by in situ
digestion method reflected the predominance of the collagen superfamily of proteins
within cartilage tissue. These results suggested that the in situ digestion method was not
appropriate for identifying lesser abundant proteins within cartilage since the peptides
from high abundant proteins generally dominated the analytical performance of the
system.
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Table 2‐3: Peptide number and quantity by quantitative proteomics of cartilage
extracted by guanidine-HCl and in situ digestion
These results were generated by extraction using methods 1 and 2 (as described
in Figure 2‐2).The bars with enclosed numbers indicate the total number of different
peptides identified by discovery proteomics from only in situ digestion (black), both
methods (dark gray), or only by guanidine‐HCl (light gray). The bars (dark gray) related
to specific peptides depict the ratio (fold difference) of numbers of peptides identified by
the two methods as quantified by MRM. A dark gray bar toward the left means the
peptide was eniched in the in situ digestion extracts; a dark gray bar toward the right
means the peptide was enriched in the guanidine‐HCl extracts.
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Figure 2‐5: Cartilage intermediate layer protein (CILP) abundance and localization
demonstrated by quantitative proteomics of tissue extracted by guanidine-HCl and in situ
digestion.
The differential patterns of extraction of CILP1 (A) and CILP2 (B) by two
methods were demonstrated by quantitative proteomics. Horizontal lines above and
below the bars indicate the peptides identified within the protein and whether the
peptides were enriched in guanidine‐HCl extracts (lines below) or in situ digestion (lines
above) extracts; the numbers associated with the lines indicate the fold enrichment of
one method of extraction over the other. The horizontal bars in panel (C) summarize the
numbers of peptides identified by each extraction method from only in situ digestion
(black), both methods (dark gray), or only by guanidine‐HCl (light gray). The number
associated with each peptide identifies the amino acid position of the peptide quantified
by MRM.
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2.4 Discussion
We have developed a method of extracting and analyzing minute quantities (1‐2
mg) of cartilage to identify and quantify the cartilage ECM proteins of decellularized
tissue. Using different extraction methods, we investigated the composition of the
guanidine‐HCl extractable proteome and the non‐extractable residual proteome. We
tested the utility of deionized water to lyse chondrocytes based on their known
sensitivity to hypoosmotic pressure. We combined hypoosmotic treatment with the
frequently used snap freezing method to achieve complete decellularization. In this
study we successfully decellularized cartilage tissue and specifically evaluated the
cartilage ECM proteome without the confounding of intracellular proteins. Through
careful serial monitoring of the dsDNA, GAGs and total protein content of cartilage
sections, we demonstrated that we avoided loss of the ECM but still achieved
decellularization.
Decellularization has been performed on a variety of tissues, including cardiac,
vascular, and pulmonary tissue (Gilbert, Sellaro, and Badylak 2006, Didangelos et al.
2010, Welham et al. 2013, Elder, Kim, and Athanasiou 2010). Most of these studies were
focused on tissue engineering applications with the goal of recapitulating a tissue
scaffold with the appropriate native constituents, compressive properties and durability.
Microscopy in one decellularization study suggested that the meshwork structure was
maintained, however, only 25% of GAGs and 70% of collagen were retained (Pati et al.
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2014). Another study, focused on developing a decellularized replacement for facet joint
cartilage, completely decellularized cartilage based on a histological assessment, using
2% SDS for 8 hours; this protocol also resulted in significant depletion of the GAG
content (Elder, Kim, and Athanasiou 2010). We aimed to minimize or prevent the loss of
ECM components for our proteomic analyses. We therefore ruled out use of SDS,
commonly used to solubilize cytoplasmic and nuclear membranes, as it removed GAGs
and damaged collagens (Didangelos et al. 2010, Angel et al. 2011). We also considered
the sequential extraction method of Wilson et al. using sodium chloride (NaCl) and
guanidine‐HCl (Wilson et al. 2012, Wilson and Bateman 2008, Wilson, Belluoccio, and
Bateman 2008) to process whole mouse cartilage. However, NaCl mainly extracts
loosely‐linked protein and degraded protein products. As shown here, hypotonic
solution with snap freezing minimized these confounds and proved suitably reliable for
preserving cartilage extracellular matrix.
Our goal was to develop methods of cartilage extraction for proteomic
analysis that would allow a holistic characterization of the various components. This
required dealing with the challenges of the overwhelming abundance of the two major
constituents of cartilage, collagen and aggrecan that obscure the identification of other
less abundant proteins. This also required exploring methods to analyze the highly
cross‐linked collagen components and dealing with the anionic polysaccharide
molecules, such as hyaluronan, chondroitin sulfate, and keratan sulfate that affect the
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chromatographic separation. Finally, the method had to be suitable for the common
situations of restricted amounts of cartilage available for analysis, often less than 1g of
material or even as little as milligram quantities for regional analyses. Notable features
of our recommended method include the addition of surfactant at the beginning of
sample processing with guanidine‐HCl extraction buffer to increase the protein
solubility. Our results suggested that surfactant was compatible with the guanidine‐HCl
extraction buffer and could improve the extraction efficiency. In contrast to other studies
(Hansen et al. 2009, Nirmalan et al. 2011, Liu et al. 2012, Braakman et al. 2012, Little et al.
2014), we avoided sample heating to prevent artificial protein modification and
activation of endogenous enzyme activity within cartilage tissue.
In this study, we found that results from conventional guanidine‐HCl
extraction complemented those from in situ trypsin digestion; the two methods together
provided a more holistic characterization of the cartilage. Guanidine‐HCl can extract
strong non‐covalently bound ECM proteins from cartilage tissue (Wilson et al. 2012, Guo
et al. 2008, Wu et al. 2007, Önnerfjord et al. 2012) and incompletely cross‐linked collagen,
but leaves unextracted, a substantial amount of a collagen‐rich residue; therefore, it is
not suitable for evaluating proteins forming the collagen framework. For instance,
guanidine‐HCl has been shown to extract 90% of the available aggrecan, asporin, and
decorin but only 10% of the collagen content (Önnerfjord et al. 2012). Even cartilage
treatment with 2% SDS for 8 hours is insufficient for extracting collagen (Elder, Kim, and
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Athanasiou 2010). For collagen extraction, enzymatic digestion is required. Direct
digestion with trypsin yielded almost 30% more peptides with the increase accounted
for by the collagen superfamily. Although this method may not allow full
characterization of the collagen associated minor protein components, it nevertheless
provided some intriguing insights into these components that hitherto were not possible
with guanidine‐HCl extraction alone.
Of particular interest was the fact that within a protein, different domains
could be extracted by one versus another extraction method. This suggested that one
part of the molecule might be bound to collagen and provided therefore a method of
mapping the interactions (molecular architecture) of proteins within cartilage. For
instance, the cartilage intermediate layer proteins 1 and 2 (CILP1 and CILP2) presented
distinctly different patterns of protein localization revealed by differential extraction by
guanidine‐HCl versus in situ digestion. CILP1 is a basic non‐collagenous protein
synthesized by articular chondrocytes. Immunohistochemical analysis suggests that
CILP1 is generated by chondrocytes and deposited in the interterritorial region of the
intermediate layer of cartilage (Lorenzo, Bayliss, and Heinegard 1998). The CILP2
isoform shares 50.6% identity with CILP1 and appears to be localized in the deep
intermediate layer (Bernardo et al. 2011, Johnson et al. 2003). CILP1 and CILP2 have
central furin endoprotease consensus cleavage sites predicted to cause release of two
chains (Bernardo et al. 2011, Lorenzo, Bayliss, and Heinegard 1998). Recent proteomic
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evaluation showed that CILP1‐1 was enriched in the deep layer while CILP1‐2 was
deposited in the intermediate layer. Both variants of CILP2 were distributed similarly in
the intermediate layer (Müller et al. 2014). In our work, CILP1‐2 and CILP2‐2 were most
abundant in the in situ digestion extracts while CILP1‐1 was most abundant in the
guanidine‐HCl extract (Figure 2‐5). These data reveal that the two variants of CILP have
distinctly different distributions within the cartilage ECM and imply that CILP1‐2 and
CILP2‐2 cross‐link with the collagen framework while CILP1‐1 and CILP2‐1 have less or
no cross‐linking to collagen. This example illustrates how differential extraction
efficiency by these two methods can yield new insights into the localization of ECM
proteins within cartilage tissue; namely, guanidine‐HCl extraction can provide
information on the highly soluble proteome whereas in situ digestion can provide
additional information on the collagen framework including collagen‐associated
proteins.
In summary, our results demonstrated that cartilage could be decellularized with
minimal loss of ECM components to obtain specific data on the matrix proteome
without the confounding by intracellular proteins. Surfactant could be utilized together
with guanidine‐HCl to improve cartilage extraction efficiency. Ultrafiltration was
successfully adapted for eliminating larger polysaccharide molecules from cartilage
extracts and improved the analytic performance of the proteomic evaluation. Guanidine‐
HCl extraction was suitable for analysis of soluble matrix proteins. However, in situ
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digestion with trypsin provided the ability to evaluate collagen and the collagen‐
associated proteome. Together, these two methods can be utilized to gain holistic
insights into the distribution of proteins within cartilage.
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Chapter 3
Proteomic application 1: evaluation of differences by
extraction methods, disease states and joint sites

3.1 Introduction
Articular cartilage is a highly organized tissue that has a low‐friction surface
which acts to facilitate joint mobility and a tightly interacted structure to withstand
mechanical load during movement (Buckwalter and Mankin 1998, Bhosale and
Richardson 2008, Teeple et al. 2008). The structural organization of articular cartilage
tissue differs by the distance from the cartilage surface as well as the distance from the
chondrocytes (Figure 1‐1) (Buckwalter and Mankin 1998, Bhosale and Richardson 2008,
Guilak et al. 2006). The articular cartilage above the tidemark can be separated into
three distinct layers in which the histological characteristics differ, specifically,
morphology and density of chondrocytes, collagen type, diameter and orientation,
matrix protein compositions, etc. (Buckwalter, Mankin, and Grodzinsky 2005).
The superficial layer contains flattened ellipsoid‐shaped chondrocytes oriented
parallel to the major axes of the articular surface and dense collagen fibrils provide
tensile strength and resistance to shear force. The collagen fibrils lie parallel to the joint
surface and have the thinner diameter comparing to the deeper layers. The superficial
layer is also rich in collagens and low in proteoglycans relative to the other layers. The
intermediate layer contains spheroid‐shaped chondrocytes aligned between horizontal
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and perpendicular and collagen fibrils with larger‐diameter. The deep layer contains
spheroid‐shaped chondrocytes aligned in columns perpendicular to the joint surface,
largest diameter of collagen fibrils and highest amount of proteoglycans (Buckwalter
and Mankin 1998, Bhosale and Richardson 2008, Youn et al. 2006). This matrix
homeostasis can be altered by chondrocytes in response to mechanical injury or
disturbance and lead to the impaired ability to withstand mechanical loading (Hunziker,
Quinn, and Hauselmann 2002). Studies have shown that chondrocytes in the superficial
layers could be more active and initiate matrix degeneration at the articular surface
(Hollander et al. 1995, Lark et al. 1997).
The cartilage extracellular matrix can be described as three discrete subregions:
pericellular, territorial, and interterritorial matrix (Figure 1‐1). The pericellular and
territorial matrix facilitate communication between the chondrocyte membrane and the
matrix while the main function of the interterritorial matrix is to provide mechanical
properties of the cartilage (Buckwalter, Mankin, and Grodzinsky 2005). Maroudas, et al
have reported the existence of different proteoglycan pools within the cartilage
(Maroudas et al. 1998) and suggested that this was a reflection of regional differences
throughout the tissue. Further evidence of regional differences was demonstrated by the
observation of radiolabeled newly synthesized aggrecan presenting in the territorial
regions (Handley et al. 2002). However, a systematic evaluation of the regional
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differences of articular cartilage has not been performed and this may, in part, be due to
the difficulties in distinctly separating the tissue.
In order to obtain a more comprehensive understanding of each layer and
subregion of articular cartilage, a precise sample harvesting strategy is required.
Transverse sectioning enabled the separation of cartilage tissue into distinct layers by
distance from the cartilage surface. To separate the territorial and interterritorial matrix,
laser capture microdissection (LCM) was used to achieve a comprehensive cartilage
subregion phenotyping. Currently, only a few studies have applied LCM to the study of
cartilage (Fukui, Miyamoto, et al. 2008, Fukui, Ikeda, et al. 2008, Landis et al. 2003, Lui et
al. 2015), however, these studies have been focused on gene expression, not the
compositions or post‐translational modification of proteins. This may, in part, be due to
the stiffness of cartilage tissue which creates difficulties in applying LCM techniques.
Using these two separation techniques, we have developed a method that allows for a
more comprehensive phenotyping of the cartilage zonal heterogeneity which will result
in major advances in understanding cartilage tissue compositions.

3.2 Methods
3.2.1 Clinical cartilage specimen sources
Perilesional articular cartilage specimens from hip and knee joints were obtained
from patients with OA who had arthroplasties performed at Duke University Medical
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Center. Healthy non‐OA cartilage specimens were collected at the time of surgery for
acute trauma from patients; absence of OA was determined by the surgeon and
confirmed by macroscopic inspection upon acquisition of the sample in the laboratory.
All samples were collected under Duke Institutional Review Board approval as waste
surgical specimens. Cartilage specimens were frozen and stored at ‐80°C. Specimens
were embedded in Tissue‐Tek O.C.T. (Sakura, The Netherlands) for cryosectioning.
Serial transverse frozen sections of 12μm thickness were generated at different depths
from the cartilage surface. The first 20 sections were collected and categorized as
representing the superficial layer. The subsequent 20 sections were skipped, then 20
collected to represent the intermediate layer, 20 again skipped and the 20 subsequent
sections collected to represent the deep layer.

3.2.2 Decellularization
To eliminate chondrocyte protein interference in the ECM proteomic analysis, we
developed a procedure to separate the ECM and chondrocytes. The optimization of the
protocol has been described in previous section (Chapter 2.2.2). Briefly, this optimized
procedure relies on depletion of chondrocytes from frozen tissue sections based on their
sensitivity to change in osmotic pressure and ice crystal formation. A 12μm thick frozen
tissue section on a glass slide (VWR, Radnor, PA) was immersed in hypotonic solution
(deionized H2O) sufficient to cover the section; it subsequently underwent one rapid

54

freeze/ slow thaw cycle. This method also resulted in removal of the aqueous
embedding medium.

3.2.3 Laser capture microdissection processing
For preparing the laser capture microdissection (LCM), the frozen sections were
mounted onto the special slides, covered with polyethylene naphthalate (PEN)‐
membrane. The fixation was done by dropping ice‐cold 70% ethanol on the frozen
sections for 5 second. In order to distinguish the subregions of cartilage, the tissue
sections were stained by toluidine blue dye for 1 min. Dehydration was done
subsequently by increasing concentration of ethanol from 70%, 95% to 100%. The laser
capture microdissection was done by using Zeiss PALM microbeam system
(Oberkochen, Germany). Each cartilage section was divided into territorial and
interritorial regions based on histological characteristics. The separated subregions were
collected by wet collection method. AmBic buffer was added to the cap of the 600 μl
microfuge tube which was held and placed above the sections. The subregion sample
was catapulted from the slide and captured by the wet inner surface of the cap. At each
tissue section, approximately the same surface area (2mm2) of sample was collected.

3.2.4 Cartilage protein extraction by guanidine-HCl method
Cartilage protein extraction and preparation for mass spectrometric analyses
were performed as previously described (Müller et al. 2014) and previous section
(Chapter 2.2.3). Briefly, frozen cartilage sections were extracted using guanidine
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extraction buffer (4 M guanidine‐HCl, 50 mM sodium acetate, 100 mM 6‐aminocaproic
acid, 5 mM benzamidine, 5 mM N‐ethylmaleimide, pH 5.8) with 0.2% RapiGest (Waters
Corporation, Milford, MA) for 24 h on an orbital shaker at 4°C. Extracts were collected
after centrifugation at 13,200g at 4°C for 30 minutes. The extraction residue was washed
once with ammonium bicarbonate (AmBic) buffer and this AmBic solution was
combined with the extracted fractions for complete quantification of cartilage
components. Subsequently, the guanidine‐HCl extracts were reduced with 4mM DTT at
56°C for 30 minutes on an orbital shaker and alkylated with 16 mM iodoacetamide at
room temperature for 1h in the dark. The extracts were precipitated with ethanol (9:1)
overnight at 4°C and collected after centrifugation at 13,200 g at 4°C for 30 minutes. The
pellets were washed with ethanol for 4 h at ‐20°C to remove residual salts. Samples were
dried in a SpeedVac and suspended in 100μl of 0.1 M AmBic, pH 8.5. Trypsin digestion
was performed with 2μg of trypsin gold (Promega, Madison, WI) at 37°C on a shaker for
16h. The processed samples were further processed for mass spectrometry analysis.

3.2.5 Extraction residue protein extraction by in situ trypsin digestion
method
The extraction residues from guanidine‐HCl method were immersed in 0.2%
RapiGest (Waters Corporation, Milford, MA) in 50mM AmBic, pH 8.5 and heated to
37°C for 10 minutes. The processed sections were further reduced with 4mM DTT at
56°C for 30 minutes on an orbital shaker and alkylated with 16 mM iodoacetamide at
room temperature for 1h in the dark. Trypsin digestion was performed with 2μg of
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trypsin gold (Promega, Madison, WI) at 37°C on a shaker for 16h to release tryptic
peptides from tissue sections directly. The processed samples were further processed for
mass spectrometry analysis.

3.2.6 Sample preparation for mass spectrometry analysis
The tryptic peptides from Gu‐HCl extracts and extraction residues were
subsequently diluted to 200μl with 0.5M AmBic and filtered through a 30kDa filter (Pall
Life Sciences, Port Washington, NY) by centrifugation at 2060 x g for 8 minutes to
remove residual polysaccharides. The filter was then washed with an additional 100μl
0.5M AmBic buffer to optimize recovery. To remove residual salts, the filtrates were then
processed through a reversed‐phase C18 column (The Nest group, Southborough, MA)
according to the manufacturer’s instructions. The sample preparation and workflow are
illustrated in Figure 3‐1.
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Figure 3‐1: Workflow of sequential cartilage extraction and proteomic analysis
Method 3 represents sequential surfactant assisted guanidine‐HCl extraction (with ultrafiltration) and in situ digestion
(residue) of cartilage sections from all layers (superficial, intermediate and deep), different joints (knees and hips), and different
physiological conditions (healthy and OA).

3.2.7 LCM sample protein extraction by in situ trypsin digestion
method
The protein within laser capture microdissected cartilage samples were extracted
by in situ trypsin digestion directly as described above (Chapter 3.2.5). The in situ
digestion extracts were processed for proteomic analysis as described in Chapter 3.2.6.
The workflow is presented in Figure 3‐2.

Figure 3‐2: Workflow of laser capture microdissected cartilage extraction and

proteomic analysis
Here represents surfactant assisted in situ digestion of laser capture
microdissected cartilage sections from all layers (superficial, intermediate and deep),
different joints (knees and hips), and different physiological conditions (healthy and
OA).
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3.2.8 Non-targeted and targeted mass spectrometry
Non‐targeted mass spectrometry experiments were performed as described
previously (Chapter 2.2.6). Briefly, the experiments were performed with an EasyLC
nanoflow high‐performance liquid chromatography (HPLC) (Proxeon Biosystems,
Odense, Denmark) connected to a LTQ‐Orbitrap Velos Pro mass spectrometer (Thermo
Fisher Scientific, Waltham, WA) equipped with a nanoEasy spray ion source (Proxeon
Biosystems, Odense, Denmark). The chromatographic separation was performed at 40°C
on a 15cm (75μm i.d.) EASY‐Spray column packed with 3μm resin (Proxeon Biosystems,
Odense, Denmark). The MS is followed by data‐dependent collision‐induced
dissociation (CID) MS/MS scans on the eight most intense multiply charged ions in the
LTQ at 500 signal threshold, 3 m/z isolation width, 10 ms activation time at 35
normalized collision energy and dynamic exclusion enabled for 60 seconds.
Targeted mass spectrometry analyses using multiple reaction monitoring (MRM)
were performed as previously described (Müller et al. 2014). Processed sample aliquots
were quantified using a TSQ Vantage triple quadrupole mass spectrometer (Thermo
Scientific, Waltham MA) equipped with an Easy nano‐LC system (Thermo Scientific,
Waltham MA). The peptide sequence used for MRM experiments are listed in Table 2‐2.
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3.2.9 Data searching and data analyis
The database (UniProt, release on Feb, 2014) searches were performed using
MASCOT (version 2.2) MS/MS Ions Search. MASCOT search parameters were as
follows: trypsin as digestion enzyme, monoisotopic masses, ±10ppm peptide mass
tolerance, ±0.4Da fragment mass tolerance, maximum missed cleavages at 2, ion score
cut‐off at 20, only highest ranked peptide matches, and taxonomy Homo sapiens.
Non‐targeted quantification of MS1 precursor ions and MRM data were
analyzed using the Skyline 2.0 software (MacCoss Lab Software, University of
Washington). The MS1 precursor isotopic import filter was set to a count of three, (M, M
+ 1, and M + 2) at a resolution power of 60,000 at 400 m/z. Skyline used the spectral
library established on discovery proteomic results to select precursors using the
following criteria: precursor charge state 2, 3, 4; retention time windows of 5 minutes of
MS/MS IDs. The precursor peak areas (M, M + 1, M + 2) of a peptide were to represent
the amount of this peptide. MS2 fragment ions from MRM experiments were summed
for 3‐5 transitions for each peptide. Both targeted and non‐targeted quantification results
have been normalized to the section surface area.

3.2.10 Data annotation
Gene ontology (GO) analysis was performed to identify the cellular component,
molecular function, and biological process associated with the identified proteins by a
web‐based browser, QuickGO provided by European Bioinformatics Institute (EBI).
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3.3 Results
3.3.1 Integrative discovery proteomic results
The combination of modifications described above (see Chapter 2) provided a
comprehensive evaluation of the ECM of cartilage and allowed us to explore the
collagen‐associated proteome in addition to the guanidine extractable proteome and
collagen residue (Figure 3‐1). Protein extraction by guanidine‐HCl allowed a holistic
approach for discovering proteins from cartilage tissue without their being obscured by
the overwhelming abundance of collagens. With tissue decellularization, surfactant and
ultrafiltration, we identified a total of 526 proteins from all layers, joints, and different
physiological conditions from guanidine‐HCl extracts (Figure 3‐3). Around 200 proteins
were identified in each section. Although the superficial layer yielded a higher number
of identified proteins, this was not significantly different compared to other layers after
correcting for decellurized section area (Figure 3‐3A). No significant differences in
numbers of identified peptides were discerned by joint type (knee vs hip) or
physiological condition (Non‐OA vs OA). However, more unique proteins were
identified in the superficial layer than the other two layers (Figure 3‐3B). A total of 211
proteins (40%) were common to all three layers (superficial, intermediate and deep) of
cartilage tissue. A total of 278 proteins were shared between the superficial and
intermediate layers (57% of 489 proteins in total) whereas, 246 proteins were shared
between the intermediate and deep layers (62% of 398 proteins in total).
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Comparing hip and knee healthy non‐OA to OA cartilage (Figure 3‐2C), 184
(35%) of all the 526 identified proteins were identical between the three groups. Hip and
knee OA samples shared 47% (192 proteins of total 410 proteins) identical proteins. Hip
and knee OA had similar amounts of identified proteins with healthy non‐OA donor
tissue, 52% and 50% respectively. By Gene Ontology (GO) analysis, the 526 identified
proteins represented over 6000 GO IDs (Figure 3‐4). As expected, extracellular,
intracellular and other subcellular proteins were identified. Of these, 54% of GO IDs
indicated proteins originating from the extracellular matrix; a similar proportion of
extracellular matrix proteins was obtained by in situ digestion (method 1). These results
represent a significant enrichment of ECM protein identifications compared with past
studies.
This approach also enabled us to evaluate the relative abundance of specific
proteins and their peptide coverage by site and tissue depth. For example, clusterin was
identified in all cartilage layers. Overall seventeen different peptides derived from
clusterin were identified with a sequence coverage of 35.4%. These peptides were
distributed across the entire protein. Comparing the precursor ion intensity
chromatogram from full scan mass spectral data (MS1) acquired during non‐targeted
discovery experiments, we found that clusterin was consistently enriched in the
intermediate layer of cartilage (Figure 3‐5). The total number of identified clusterin
peptides in the different layers also supported this observation (data not shown).
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Figure 3‐3: Identified protein numbers and protein composition in different

cartilage layers and joint types
A) By Orbitrap mass spectrometry, we analyzed cartilage tissues from knee and
hip joints, both healthy non‐OA and OA specimens. Sections were categorized according
to the distance from the tissue surface as originating from the superficial, intermediate
or deep layer. The identified protein number from each sample is depicted here.
Approximately 200 proteins were identified from each sample. Overall, the superficial
layer yielded the highest number of identified proteins. No significant difference was
observed by joint type (hip vs knee) or disease state (non‐OA vs OA). Differences in
protein composition were evident comparing layers (B) and disease state and joint site
(C). The numbers indicate the total number of proteins identified in each sample.
Sharing of proteins across different locations or joint types is indicated by bars aligned
vertically. These results suggest that a more detailed “phenotyping” of patients as well
as cartilage tissue itself is necessary to precisely depict the cartilage architecture of
different joints.
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Figure 3‐4: Gene ontology based classification of total proteins from cartilage

by guanidine-HCl extraction
The pie chart depicts the putative protein type based on gene ontology IDs. This
demonstrates that cartilage decellularization prior to extraction yields a majority (54.4%)
of extracellular proteins representing a great enrichment over prior methods yielding
maximum of only 20.8% extracellular matrix proteins.
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Figure 3‐5: Clusterin distribution pattern at different depths within cartilage
Clusterin distribution within different layers of cartilage from different joints and
physiological conditions: (A) hip, (B) Knee). Five peptides were identified within each
sample and noted to behave similarly. The MS peak area of a peptide within a sample
was first normalized to the section area. This value was then normalized to the sum of
peak areas for this peptide in all samples and expressed as a proportion. The y‐axis
represents the proportion of peptide relative to the sum of the recalculated peak areas
for each of 5 peptides. Each color represents a different peptide showing a striking
enrichment of clusterin in the intermediate layers of the cartilage ECM of healthy hip,
and to a lesser extent, OA hip. There was an apparent enrichment also in the
intermediate layer of healthy and OA knee cartilage.
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3.3.2 Proteoglycan proteins have high extractability in guanidine-HCl
To explore the composition of articular cartilage tissue, proteins were
sequentially extracted by guanidine‐HCl and in situ digestion; both extracts were
assessed by targeted quantitative proteomic analysis. Tissue samples were obtained
from both healthy and OA knee joints and separated to different layers by cryosection.
The extractability was calculated based on the quantification of multiple peptides
derived from the same protein. The quantification results were normalized to the section
area before the further analysis. As expected, many proteoglycan proteins were readily
extracted by guanidine‐HCl methods (Figure 3‐6). The average extractability of aggrecan
core proteins was 92 ± 5.3% from healthy knee cartilage tissue and 96 ± 6.7% from OA
knee cartilage. Hyaluronan link protein 1 (HPLN1) showed a 93 ± 3.5% and 99 ± 1%
extractability in healthy and OA knee cartilage tissue respectively. Other proteoglycans,
including biglycan (PGS1), decorin (PGS2), lumican (LUM), asporin (ASPN), PRELP,
etc., were 90 ± 4.3%, 86 ± 7.6%, 90 ± 6.3%, 81 ± 17%, and 92 ± 4.9% extractable from
healthy knee cartilage and 96 ± 2%, 96 ± 2.5%, 98 ± 1.8%, 94 ± 5% and 97 ± 2.5% from OA
knee cartilage, respectively.
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Figure 3‐6: Proteoglycan proteins have high guanidine‐HCl extractability
Most of the proteoglycan proteins were readily extracted from both healthy and
arthritic cartilage by guanidine‐HCl. The extractability was calculated as the fraction of
protein within the guanidine‐HCl extracts compared to the sum of the protein
concentration in both guanidine‐HCl extracts and in situ digestion extracts. The protein
concentration was determined by multiple peptides derived from the same protein. The
error bars represented the standard deviation of these peptides.

3.3.3 Collagens and other proteins have lower extractability
In addition to proteoglycans, articular cartilage is composed of collagens and
other proteins. In contrast to the proteoglycans, collagens were less extractable from
cartilage tissue (Figure 3‐7). Collagen type six alpha 1 (CO6A1) was 67 ± 17% extractable
from healthy knee cartilage and 62 ± 19.8% from OA knee cartilage. Collagen type six
alpha 3 (CO6A3) was 60 ± 10.1% and 56 ± 7.5% extractable from healthy and OA knee
cartilage, respectively. Collagen type 3 alpha 1 was less extractable from healthy and OA
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knee cartilage (8 ± 2.1% and 8 ± 3.8%, respectively). Fibrillin‐1 (FBN1) was only 2 ± 1.5%
and 3 ± 2.5% extractable from healthy and OA knee cartilage. These results were
consistent with previous findings that collagens were not easily extracted by Gu‐HCl
methods, but also suggested that performing in situ digestion of the extraction residue
could enhance the extraction of these proteins and provide valuable information that
was previously unavailable.

Figure 3‐7: The guanidine‐HCl extractability of the proteins other than
proteoglycans.
Cartilage matrix proteins were less extractable than proteoglycans by guanidine‐
HCl in both healthy and arthritic cartilage. Proteins, such as CO3A1 and FBN1, had less
than 10% extractability, which indicated most of these proteins remained within the
residue after conventional guanidine‐HCl extraction. In most cases, these proteins
demonstrated higher extractability in arthritic cartilage compared to the healthy
cartilage. The error bars represented the standard deviation of these peptides.
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3.3.4 Extractability may differ by distance from the surface
Given the heterogeneity of full thickness articular cartilage, it followed that the
extractability of proteins from the cartilage tissue might not be homogenous across the
whole depth of cartilage tissue. The extractability of various proteins was examined
throughout the full thickness in both healthy and OA cartilage and differences were
observed with respect to the layers of cartilage health status of the sample (Figure 3‐8).
For example, the extractability of fibromodulin (FMOD) decreased in healthy cartilage
from 88 ± 4.4% in superficial layer to 68 ± 7.7% in deep layers. However, in the OA knee
cartilage, we observed the opposite pattern; the extractability was increased from 74 ±
8.5% in the superficial layer to 95 ± 4% and 88 ± 12.7% in the intermediate and deep
layers respectively. The extractability of serine protease HTRA1 (HTRA1) decreased
from 83 ± 4.9% in the superficial layer to only 38 ± 7.2% in the deep layer of healthy knee
cartilage. The extractability of superficial zone enriched protein asporin (ASPN) was
determined as 96 ± 5.2% in the healthy knee superficial layer and decreased to 58 ± 14.2%
in the deep layer whereas the extractability in OA cartilage was determined as 87 ± 3.9%
and 93 ± 4.5% in the superficial and deep layers, respectively. Interestingly, the
enrichment of asporin in the superficial layer was not contributed by the higher
extractability in the superficial layer, but rather, the total amount of asporin was indeed
more abundant in the superficial layer compared to the deep layer in both healthy and
OA cartilage.
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Figure 3‐8: Protein extractabilities vary with the depths of cartilage
The guanidine‐HCl extractability of proteins varies with the depths of cartilage. The upper half of each graph represent the
guanidine‐HCl extractability and the lower half represents the protein abundance. In healthy cartilage, FMOD, HTRA1, and ASPN
all had the higher protein extractability in the superficial layer which gradually decreased with depth. However, the protein
extractability was not influenced by the protein abundance. HTRA1 was less abundant in the superficial layer and more abundant in
the deeper layers. ASPN had a decreased extractability from the superficial layer concomitant with a decrease in protein abundance.
H=Healthy; OA=Osteoarthritis; GU=guanidine‐HCl extracts; All=Sum of guanidine‐HCl extract and in situ digestion extract.
The protein concentration was determined by multiple peptides derived from the same protein. The error bars represented the
standard deviation of these peptides.

3.3.5 Osteoarthritis may alter the composition of cartilage and
increase the extractability
In arthritic cartilage, a significant increase in extractability was identified for
several proteins, including COMP, fibronectin (FINC) and cartilage acidic protein 1
(CRAC1) (Figure 3‐9). Although these proteins showed high extractability from arthritic
knee cartilage, the protein abundance of these three proteins were distinctly different.
COMP protein showed higher extractability (average 59 ± 12.6% and 81 ± 7.6%,
respectively) but lower protein abundance in arthritic cartilage comparing to healthy
tissue. The abundance of fibronectin in healthy and arthritic tissues was similar, but it
was more readily extracted from OA tissue compared to healthy tissue (average 67 ±
9.1% and 39 ± 5.7%, respectively). Therefore, there were more fibronectin within
guanidine‐HCl extraction from OA tissue. The extractability of cartilage acidic protein 1
was significantly increased in arthritic cartilage (95 ± 3.3%) comparing to healthy tissue
(56 ± 7.3%). Meanwhile, the protein abundance was also increased in arthritic cartilage.
Taken together, these results indicate that protein abundance retained within residual
residues may vary with the depth and disease states. Interpreting the results by
extractability provide the initial parameter and the protein abundance within soluble
fractions and residues are both important and should also be considered.
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Figure 3‐9: Osteoarthritis may alter the cartilage matrix protein extractabilities.
The extractability of several proteins was different between healthy and arthritic cartilage. For COMP, FINC, and CRAC1, the
extractabilities were higher in the arthritic cartilage compared to healthy cartilage.
H=Healthy; OA=Osteoarthritis; GU=guanidine‐HCl extracts; All=Sum of guanidine‐HCl extract and in situ digestion extract.
The protein concentration was determined by multiple peptides derived from the same protein. The error bars represented the
standard deviation of these peptides.

3.3.6 Protein distribution in subregions of cartilage
A comparison of healthy and OA tissue from both knee and hip was explored. In
addition to separating the cartilage by depth, we also separated the cartilage by distance
from the chondrocytes. By laser capture microscopy (LCM), we collected approximately
the same amount of cartilage tissue (2 mm2) from territorial and interterritorial regions
respectively (Figure 3‐10) and determined the protein distribution patterns throughout
the different depths of cartilage. Figure 3‐11 depicts the ratio of interterritorial over
territorial regions of several proteoglycan proteins we investigated within cartilage. As
we expected, aggrecan G1 and G2 domains demonstrated higher abundance in the
interterritorial regions compared to the territorial regions. Additionally, other proteins
including PGS1, PGS2, mimecan, COMP, PRELP, CHAD, TSP1, etc., all demonstrated
the interterritorial region‐enriched patterns in both healthy knee and hip cartilage we
investigated. In contrast, aggrecan G3 domain demonstrated the accumulation in the
territorial regions in both healthy knee and hip cartilage. We also investigated proteins
other than proteoglycans and the results suggested that collagen type 3 alpha 1 (CO3A1)
protein was abundant in territorial regions in deeper layers in healthy knee and hip
cartilage (Figure 3‐12). Collagen type 6 alpha 3 (CO6A3) was enriched in territorial
region in healthy knee cartilage; however, it was abundant in the interterritorial region
in the healthy hip cartilage. Fibrillin 1 (FBN1) protein showed consistently enrichment in
the territorial region in both healthy hip and knee cartilage.
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We also investigated the change of the protein distribution in subregions in
arthritic cartilage. In the cartilage sample we investigated, most of the proteins
demonstrated the alteration that the ratio of interterritorial/territorial regions decreased.
Not only proteoglycans, but also other proteins showed the same pattern. This alteration
was the same in both knee and hip arthritic cartilage.
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Figure 3‐10: Laser capture microscopy dissected cartilage sample.
The cartilage sections stained with toluidine blue dye and marked the territorial
and interterritorial regions (upper left). Microscope examination of the territorial regions
(upper right) and interterritorial regions (bottom left) are shown here. The cap of a 600μl
tube to collect the microdissected samples are shown. The purple dots on the cap
showed where the microdissected samples were (bottom right).
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Figure 3‐11: Proteoglycan protein distribution in territorial and interritorial region of cartilage
Most of proteoglycan proteins accumulated in the interterritorial regions of different depths of cartilage. In contrast, aggrecan G3
accumulated in the territorial regions of healthy and OA knee tissue and healthy hip but not in OA hip cartilage. A comparison of
healthy and arthritic cartilage revealed that the accumulation of these proteoglycans in interterritorial region were decreased in
arthritic tissue and accumulate more in territorial regions. Need to put in a key to identify proteins above
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Figure 3‐12: Protein distribution in territorial and interritorial region of cartilage
Proteins other than proteoglycans also showed the accumulation in interterritorial regions in healthy cartilage and decreased
accumulation in the interterritorial regions in arthritic cartilage. CO3A1, CO6A3 and FBN1 however had distinct distribution
patterns and tended to accumulated in territorial regions instead in both healthy and arthritic knee cartilage. Interestingly, these
three proteins had different distribution pattern of accumulation in arthritic hip cartilage.

3.4 Discussion
We have developed the approach to investigate the proteins extracted by
guanidine‐HCl and the remaining within the residue by in situ trypsin digestion. To
further understand the outcome this approach can generate, we applied the method to
healthy and arthritic cartilage from different joints by qualitative and quantitative
proteomic analyses. We also separate the cartilage tissue further to different layers
(superficial, intermediate and deep) and distinct subregins (territorial and interterritorial
regions) to obtain the distribution pattern in detail.
The total protein number identified per unit surface area in different layers was
not significant different. However, the unique proteins identified in each layers was
actually significantly different. More unique proteins identified from the superficial
layers comparing to the deeper layers (intermediate and deep layers) but no difference
between the bottom two layers. This may indicate that cartilage matrix protein
components in the superficial layer is more distinctly different than the other layers.
This may also due to the fact that the superficial layer is exposed to the synovial fluid
which contains proteins from surrounding synovial tissue and also plasma proteins
exuded from blood.
By qualitative analysis, guanidine‐HCl extraction of decellularized tissue yielded
a total of 54% gene ontology IDs associated with the extracellular matrix; this represents
a marked increase from 21% extracellular matrix IDs identified in a previous published
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study that used guanidine‐HCl to extract non‐decellularized cartilage (Wu et al. 2007).
This result, demonstrates the success of the decellularization method to enrich the ECM
components of extracts.
Proteomic analysis of the clusterin protein also yielded novel insights into its
distinct distribution pattern in different layers of cartilage. Compared with previous
studies reporting enrichment of clusterin within the superficial layers of knee cartilage
(Malda et al. 2010, McCarthy et al. 2013), we observed enrichment of clusterin in the
intermediate layers of the cartilage ECM of healthy and OA hip cartilage and also
healthy knee cartilage. Clusterin was enriched and in roughly equivalent amounts in the
intermediate and deep layers of OA knee cartilage. Prior results were based on
immunohistochemical (IHC) analysis and may have been confounded by the difficulty
of antibodies to penetrate the tight collagen framework in the deep layers; alternatively,
the epitope to which the antibody was developed may have represented a clusterin
isoform only present in the superficial layer or the particular cartilages they studied, or
something was present that blocked the epitope in the deep layers. In our study,
peptides derived from two domains of clusterin were identified across different cartilage
layers with a protein coverage rate of up to 35.4%; five peptides identified across all
layers behaved similarly, i.e. were enriched in the intermediate layer of cartilage. Our
proteomic method avoided the challenge of antibody penetration since we investigated
trypsin‐released peptides, which were derived from proteins extracted from cartilage
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tissue. This example demonstrates the advantages of combining HPLC and mass
spectrometry for studying protein distribution and also reveals the actual protein
abundance and localization pattern of clusterin within cartilage ECM. To further
validate our proteomic results, a second method, such as Western blot or enzyme‐linked
immunosorbent assay, on protein extracts from distinct cartilage layers to prove the
distribution of clusterin within cartilage will be helpful.
In the present study, we investigated the guanidine‐HCl extracts and in situ
trypsin digestion extracts from different layers of healthy and arthritic knee cartilage to
understand the extractability and protein abundance in these distinct samples. Most
studies of cartilage have focused on guanidine‐HCl extraction which extracts aggrecan
and proteoglycans efficiently. However, collagen has been retained within the residue
due to cross‐linking. A study on matrilin‐1 (cartilage matrix protein) in bovine tracheal
cartilage suggested that an increasing proportion of this protein resists guanidine‐HCl
extraction and remains with the residue with the increasing of age (Paulsson, Inerot, and
Heinegard 1984).
This methodology provided novel information about the heterogeneity of
articular cartilage tissue. Using this technique, we examined the distribution and
extractability of COMP in articular cartilage tissue. The extractability of COMP was
higher in arthritic cartilage compared to the healthy cartilage and generally similar in
each layer. However, the protein abundance in arthritic cartilage was much less
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compared to healthy cartilage. A previous study reported that increased amount of
COMP fragments are released into synovial fluid after injury to either the anterior
cruciate ligament or meniscus of the knee and the release of COMP fragments also
occurs in an osteoarthritic knee joint (Lohmander, Saxne, and Heinegard 1994). Another
study performed in tendon explants characterized protein fragments released from the
explants and found that proinflammatory factor interlukin‐1β enhanced the release of
COMP fragments into culture medium (Dakin et al. 2014). Together with our results, this
methodology provides a unique opportunity to elucidate the structural changes in
articular cartilage at a protein level that occur with disease and result in the release of
cartilage components, including the soluble COMP and the proportion that resists
extraction.
We have shown that the guanidine‐HCl extractability of proteins varies with the
depth of cartilage. Generally, cartilage can be separated into superficial, intermediate
and deep layers. A thin calcified cartilage separates the deep layer and the underneath
subchondral bone. Collagen proteins form the tight framework; other proteins fill the
space and assist this interaction. The diameter of the collagen fibrils increases with the
depths of the cartilage (Buckwalter, Mankin, and Grodzinsky 2005). These structural
differences may account for the variability of guanidine‐HCl extractability of proteins
from cartilage. This variation in extractability illustrates the distinct differences between
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the cartilage layers and emphasizes the importance of considering protein abundance
within the cartilage when interpreting data derived from proteomics.
We have conducted label‐free quantification on discovery data and also targeted
quantification by triple quadrupole mass spectrometry in MRM mode. Because of the
heterogeneity of cartilage, we did not normalize the quantification result to the protein
amount. Instead, we normalized our result to the section surface area. The goal of the
study is to elucidate the protein distribution within cartilage. Therefore, we did not
combine heavy labeled peptide standard to facilitate the absolute quantification.
However, comparing the abundance of the same peptide throughout cartilage was still
feasible.
In the present study, we also utilized laser capture microdissection to separate
the territorial and interterritorial regions of each layer and quantify the protein
abundance in each distinct region to characterize the distribution patterns. Most of the
proteins accumulated in the interterritorial regions, however, we identified several
proteins, CO6A3, CO3A1, and FBN1, that showed opposite trend, accumulating in the
territorial region. The Collagen type 6 chains form beaded filamentous networks, instead
of fibrillar collagen (Wiberg et al. 2002), in the pericellular matrix which was separated
together with territorial regions in our study. The accumulation of CO6A3 in the
territorial regions in the present study are consistent with the well‐known knowledge;
this also proves the feasibility of our methodology. Comparing the distribution pattern
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of healthy and arthritic cartilage, proteoglycans, especially aggrecan G1 and G2
domains, showed a higher accumulation in interterritorial regions in healthy cartilage.
However, in arthritic cartilage this tendency was less apparent. Taking into account the
protein abundance results, this change was actually due to the loss of protein from the
arthritic cartilage instead of newly synthesized proteins accumulating in the territorial
regions.
An additional protein, fibrillin‐1 (FBN1) showed some distinct characteristics in
this study. This protein has been reported to be associated with matrix microfibrils that
are cross‐linked (Keene et al. 1997, Yu and Urban 2010). This was corroborated by our
findings since Fibrillin‐1 had extremely low guanidine‐HCl extractability in both healthy
and arthritic cartilage. In contrast to many other proteins, fibrillin‐1 was detected mostly
in the territorial regions. However, in arthritic hip cartilage, this protein showed higher
accumulation in interterritorial regions and the protein abundance in arthritic cartilage
was similar to healthy cartilage.
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Chapter 4
Proteomic application 2: cartilage protein turnover
evaluated by the posttranslational modification
deamidation

4.1 Introduction
Extracellular matrix integrity in cartilage is maintained by homeostasis of specific
matrix proteins synthesized by chondrocytes. During aging (Sandy 1986) and joint
damage, this equilibrium is disrupted and the catabolic activity may increase;
meanwhile the rate of new protein synthesis is insufficient to maintain tissue
homeostasis. Although it is assumed that certain matrix proteins are maintained in low‐
turnover states, the turnover rates in different cartilage locations are not uniform but are
believed to vary with distance from the articular cartilage surface (Maroudas 1975).
Moreover, the matrix proteins in the region adjacent to the chondrocytes are believed to
have more rapid turnover rates compared to the proteins in the interterritorial region
which is more distant from the cells (Handley et al. 1986, Mok et al. 1994). Since there is
very slow turnover within the interterritorial matrix, the matrix proteins in this region
are believed to be the longest‐lived proteins and are thereby the most susceptible to age‐
related post‐translational modification.
Under physiological conditions, proteins are susceptible to various non‐
enzymatic covalent modifications such as oxidation, nitration, glycation, racemization,
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isomerization, and deamidation. These modifications may affect the structure, function,
charge, and stability of proteins. Some enzymes have repair systems that can ameliorate
possible adverse effects and some enzymes can even reverse these modifications.
However, one of these modifications, deamidation, defined asthe hydrolysis of the
amide group on the side chain of Asn or Gln to form Asp and Glu (Figure 4‐1), has no
enzymatic repair system in cartilage extracellular matrix (Cloos and Christgau 2002).
Since deamidation occurs spontaneously at a regular rate, monitoring the accumulation
of deamidated proteins in a time‐dependent manner could function as a molecular clock.
The deamidation rate is influenced by multiple factors, including protein sequence,
structure, microenvironment, and protein half‐life. Deamidation half‐lives vary from
about four hours to more than a century (Robinson and Robinson 2004), a range which
includes the typical lifespans of proteins. However, deamidation can only be observed
when it occurs within the lifespan of a protein because newly synthesized proteins
eventually replace deamidated proteins. Proteins with slow turnover rates accumulate
greater proportions of the deamidated epitopes (Figure 4‐2). Currently, deamidation has
been shown to occur in aged proteins, such as crystalline, and has been demonstrated to
have biological consequences in some tissues (Bloemendal et al. 2004, Wilmarth et al.
2006, Lampi et al. 1998).
Articular cartilage has an abundant extracellular matrix and consists of many
proteins having long half‐lives. To date, the method of estimating protein half‐life based
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on racemization has been applied to aggrecan (range 3‐25 years: 3 years for the A1D1
component and 25 years for the G1 domain) (Maroudas et al. 1998, Maroudas, Palla, and
Gilav 1992), and collagen (range 100‐400 years, mean 117 years) (Maroudas, Palla, and
Gilav 1992, Verzijl et al. 2000). These studies have nevertheless shown that aggrecan and
collagen within cartilage have half‐lives which are long enough for these proteins to
accumulate non‐enzymatic modifications, including deamidation.
The mass shift due to deamidation is, on average, 0.984 Da and this change can
be detected by mass spectrometric analysis (Yang and Zubarev 2010, Robinson,
Robinson, and Merrifield 2001, Perez Hurtado and O’Connor 2012). The identification
of the deamidated residue makes it possible to generate antibodies or other target‐
specific technologies to distinguish deamidated epitopes from native epitopes. This
could lead to the development of a sensitive, specific, and more accessible immunoassay
and circumvent the requirement of measurement by mass spectrometry (Catterall et al.
2012).
In the present study, we identified the deamidated residues from cartilage matrix
proteins by qualitative proteomic analysis. Of these identified deamidated residues, we
developed one monoclonal antibody against one deamidated residue derived from
cartilage oligomeric matrix protein (COMP), a pentameric molecule located in the
interterritorial extracellular matrix of articular cartilage shown to be a marker of
cartilage degradation (Lohmander, Saxne, and Heinegard 1994). The deamidation of this
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COMP peptide within cartilage tissue extraction was quantified by sandwich enzyme‐
linked immunosorbent assay (ELISA). To further understand the distribution of this
peptide within the full thickness of the articular cartilage, we evaluated the deamidation
within cartilage from different layers (superficial, intermediate and deep), subregions
(territorial and interterritorial regions), disease states (healthy and osteoarthritic), and
joint types (knee and hip).
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Figure 4‐1: Deamidation occurs at asparagine and glutamine
Deamidation can only occur at asparagine (Asn) and glutamine (Gln) residues.
The side‐chain amine group is replaced by carboxy group. This introduces a mass shift
of, on average, 0.984 Da and also a native charge. When deamidation occurs, Asn is
converted to aspartate (Asp) and Gln is converted to glutamate (Glu). The figure is
adapted from (McCudden and Kraus 2006).
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Figure 4‐2: Deamidation and protein turnover
Deamidation is a non‐enzymatic process that occurs spontaneously. During
aging, deamidated proteins will accumulate in the tissue. During repair, the increase in
newly synthesized protein will dilute the elder protein, resulting in a decrease in the
ratio of deamidated to native protein (D/N). In a non‐repairing tissue, the deamidation
ratio will remain the same or increase as more peptides become deamidated.

4.2 Methods
4.2.1 Clinical cartilage specimen sources
Cartilage specimens collected for subregion evaluation were processed as
described before (see Chapter 3.2.1)
Waste articular cartilage specimens collected for ELISA assay were obtained
from randomly selected total knee (n = 15, mean age 66.5 ± 8.9, 54–88 years) and total
hip (n = 11, mean age 77.3 ± 11.3, 57–90+ years) arthroplasties performed at Duke
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University Medical Center to alleviate symptoms of OA. From each arthritic joint,
cartilage was harvested from around the lesion (lesion cartilage) and for comparison
cartilage remote from the lesion (remote cartilage). Nonarthritic control samples (n = 11)
were obtained from National Disease Research Interchange (Philadelphia) or at the time
of reconstructive surgery for trauma from patients without evidence of OA as
determined by the surgeon and macroscopic inspection of the specimens. Samples were
collected under Duke Institutional Review Board approval as waste surgical specimens.

4.2.2 Decellularization
Chondrocyte elimination from cartilage sections was described as before (see
Chapter 2.2.2)

4.2.3 Laser capture microdissection processing
Laser capture microdissection was performed as described previously (see
Chapter 3.2.3)

4.2.4 LCM sample protein extraction by in situ trypsin digestion
method
The protein within laser capture microdissected cartilage samples were extracted
by in situ trypsin digestion directly as described above (Chapter 3.2.5). The in situ
digestion extracts were processed for proteomic analysis as described in Chapter 3.2.6.

4.2.5 Sample preparation for mass spectrometry analysis
Sample preparation was conducted as described previously (see Chapter 3.2.6)
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4.2.6 Non-targeted and targeted mass spectrometry
Non‐targeted mass spectrometry experiments were performed as described
previously (Chapter 2.2.7). Briefly, the experiments were performed with an EasyLC
nanoflow high‐performance liquid chromatography (HPLC) (Proxeon Biosystems,
Odense, Denmark) connected to a LTQ‐Orbitrap Velos Pro mass spectrometer (Thermo
Fisher Scientific, Waltham, WA) equipped with a nanoEasy spray ion source (Proxeon
Biosystems, Odense, Denmark). The chromatographic separation was performed at 40°C
on a 15cm (75μm i.d.) EASY‐Spray column packed with 3μm resin (Proxeon Biosystems,
Odense, Denmark). The MS is followed by data‐dependent collision‐induced
dissociation (CID) MS/MS scans on the eight most intense multiply charged ions in the
LTQ at 500 signal threshold, 3 m/z isolation width, 10 ms activation time at 35
normalized collision energy and dynamic exclusion enabled for 60 seconds.
Targeted mass spectrometry analyses using multiple reaction monitoring (MRM)
were performed as previously described (Müller et al. 2014). Processed sample aliquots
were quantified using a TSQ Vantage triple quadrupole mass spectrometer (Thermo
Scientific, Waltham MA) equipped with an Easy nano‐LC system (Thermo Scientific,
Waltham MA).

4.2.7 Data searching and data analysis
The database (UniProt, release on Feb, 2014) searches were performed using
MASCOT (version 2.2) MS/MS Ions Search. MASCOT search parameters were as
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follows: trypsin as digestion enzyme, monoisotopic masses, ±10ppm peptide mass
tolerance, ±0.4Da fragment mass tolerance, maximum missed cleavages at 2, ion score
cut‐off at 20, only highest ranked peptide matches, and taxonomy Homo sapiens.
MRM data were analyzed using the Skyline 2.0 software (MacCoss Lab Software,
University of Washington). MS2 fragment ions from MRM experiments were summed
for 3‐5 transitions for each peptide. Targeted quantification results have been
normalized to the section surface area.

4.2.8 Extraction of Soluble Cartilage Proteins
Cartilage was pulverized under liquid nitrogen and extracted in 4 M guanidine
HCl in sodium acetate buffer, pH 4.0, with protease inhibitor mixture (Sigma) at a ratio
of 2 ml of guanidine‐HCl extraction buffer per 1 g of wet weight cartilage. Cartilage was
extracted for 24 h at 4 °C with gentle mixing, followed by centrifugation and collection
of the supernatant. The remaining cartilage was extracted a second time with guanidine‐
HCl extraction buffer for a further 24 h. Both the first and second guanidine‐HCl
extractions were combined and stored at ‐80 °C until needed. A 200 μl aliquot of the
extract was buffer‐exchanged on an AKTA purifier 10 (GE Healthcare) using a HiTrap
desalting column (GE Healthcare) into PBS and stored at ‐80 °C. Proteoglycan content
was determined using the dimethylmethylene blue assay as described
previously(Chandrasekhar, Esterman, and Hoffman 1987). Protein concentrations were
determined using the Bradford protein assay (Thermo Scientific) to allow normalization
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of values. To confirm the efficiency of our guanidine‐HCl extraction protocol, we
performed five sequential guanidine‐HCl extractions in triplicate with brief water
washes between two specimens, a hip (non‐OA, female, 69 years) and a knee (non‐OA,
male, 77 years). These analyses showed that the method we used routinely, that of two
serial guanidine‐HCl extractions, was highly efficient and extracted between 99.3% (as
estimated by glycosaminoglycan) and 100.0% (as estimated by protein) of the soluble
proteins from cartilage.

4.2.9 Enzyme-linked immunosorbent assay (ELISA) for deamidated
COMP (D-COMP) and total COMP
The D‐COMP sandwich ELISA was based upon capture with the D‐COMP‐
specificmAb6‐1A12 and detection with 17‐C10, a mAb to total COMP (specificity for
COMP irrespective of deamidation state) (Vilim et al. 2002). The method was the same
as for the competitive ELISA above with a few exceptions as follows: 96‐well plates were
coated with the 6‐1A12 D‐COMP‐specific mAb; samples or standard was diluted in 0.1%
w/v BSA in PBS as required prior to incubation of 50 μl of sample or standard overnight
at 4 °C; and unbound sample was discarded and the plate washed with PBS/Tween
wash buffer before incubation with the biotinylated 17‐C10 total COMP detection mAb
(a gift from Dr. V. Vilim). Unbound 17‐C10 was discarded, and the plate was washed.
Because of the lower levels of D‐COMP, the D‐COMP ELISA sensitivity was increased
using avidin poly‐horseradish peroxidase (poly‐HRP, Thermo Scientific), added for 30
min at room temperature with gentle mixing. Excess avidin‐HRP was discarded; the
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plate was washed, and signal was detected using tetramethylbenzidine (Sigma) reagent
after stopping with 2 M HCl and detection at 450 nm. Total COMP was measured using
the 16‐F12 and 17‐C10 mAbs as described previously (Vilim et al. 2002) with several
modifications. For this project, we used avidin‐HRP and tetramethylbenzidine as the
detection system so that the total COMP and D‐COMP methods were as similar as
possible.

4.2.10 D-COMP standard for ELISA
D‐COMP concentrations by sandwich ELISA were determined using a COMP
standard derived by pooling guanidine‐HCl extracts from hip cartilage as follows:
extracts from a 76‐year‐old normal hip specimen, and extracts from lesioned and remote
cartilage regions of 75‐yearold knee OA and 72‐year‐old hip OA specimens. The mean
quantity of D‐COMP in these samples was estimated as 0.95% the quantity of total
COMP based on the relative mean abundance of D‐COMP and total COMP within the
same mass spectrometry trace for each sample (% D‐COMP in standard = Asp64 peak
intensity/Asn64 peak intensity*100).

4.2.11 Western blot
PBS‐dialyzed guanidine‐HCl cartilage extract and precision plus prestained
protein standards (5 μg/well, Bio‐Rad) were separated under reducing conditions on a
10% SDS‐PAGE. Proteins were transferred to a nitrocellulose membrane. After transfer,
the membrane was blocked with 3% w/v milk proteins for 2 h at room temperature. The
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blocked membrane was incubated with 6‐1A12 or 17‐C10 mAbs in PBS 1% w/v milk
proteins overnight at 4 °C. Excess mAb was discarded, and the membrane was washed
with 0.1% v/v PBS/Tween before incubation with anti‐mouse HRP‐conjugated secondary
antibody (Promega, Madison, WI) in 1% w/v milk proteins for 30 min. Excess antibody
was discarded, and the membrane was washed before signal development with ECL
Plus reagent (GE Healthcare) using Hyperfilm ECL x‐ray film (GE Healthcare).
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4.3 Results
4.3.1 Discovery proteomic analysis identified deamidated peptides
derived from cartilage matrix proteins
In order to obtain an overview of the deamidation that occurs within cartilage
proteins in general, we have performed non‐targeted discovery proteomic analysis to
identify the deamidated peptides within the cartilage matrix. The results indicated that
out of a total of 5998 precursor peptides identified, 1273 precursors (21.2%) contained
the deamidated residue. These peptides were derived from 250 human proteins,
including cartilage matrix specific proteins and proteins originated from blood. The
cartilage matrix proteins with deamidated peptides are listed in Table 4‐1 and included
type II collagen, aggrecan, fibronectin and COMP.
We have utilized a previously developed algorithm (Robinson and Robinson
2001c, b) to identify putative deamidation residues within COMP and estimate the
deamidation half‐life of these residues. This algorithm used inputted crystal structure
and amino acid composition of the protein to predict Asn residues susceptible to
deamidation. As the crystal structure for human COMP was not available, we used the
two partial rat Protein Data Bank structural files 1fbm and 1vdf (Guo et al. 1998,
Malashkevich et al. 1996) which both span the amino‐terminal region of rat COMP
between Gly27 and Gly72. Asparagine residue 63 (Asn64 designated in human COMP) was
one of the residues identified. To determine whether the predicted deamidated
asparagine 64 residue of human COMP occurs in vivo, we searched the results of non‐
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targeted proteomic analysis. We were able to confirm the presence of the native Asn64
tryptic peptide (64NTVMECDACGMQQSVCR) and the deamidated Asp64 peptide
(64DTVMECDACGMQQSVCR) of COMP in both hip and knee cartilage (both healthy
and arthritic cartilage).

Table 4‐1: Partial list of proteins with deamidated peptides identified from cartilage
guanidine‐HCl extracts.
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4.3.2 Antibody generation and validation
In order to extend the size of our sample cohorts, establishing a more accessible
assay to circumvent the requirement of mass spectrometry was necessary. Therefore we
generated an antibody specific for the Asp64 residue of COMP and developed an
enzyme‐linked immunosorbent assay (ELISA) to distinguish deamidated from native
residues (Catterall et al. 2012). We developed the Asp64 deamidation‐specific 6‐1A12
mAb and confirmed its specificity and affinity through evaluation of its binding to
different coating concentrations of both the native and deamidated BSA‐conjugated
COMP peptides (Figure 4‐3). The 6‐1A12mAb showed a high specificity for the
deamidated Asp64 BSA peptides but had no affinity for the native Asn64 BSA peptides. To
further confirm that the 6‐1A12 mAb recognized cartilage derived COMP and not just a
COMP sequence peptide, we performed a reduced Western blot of guanidine‐HCl
extracted OA hip cartilage (Figure 4‐4). The deamidation specific 6‐1A12 mAb detected a
110‐kDa protein that corresponded to a band of similar molecular mass detected by the
established anti‐COMP mAb 17‐C10 (Vilim et al. 1997) and that corresponded to the size
of monomeric COMP.

4.3.3 Concentrations of D-COMP in hip cartilage exceeded those of
knee cartilage
To quantify the amount of deamidated COMP (D‐COMP) and native COMP in
cartilage, we investigated guanidine‐HCl extracts from OA hip (n = 12) and knee
cartilage samples (n = 16) collected as waste surgical tissue at the time of joint
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arthroplasty. We compared D‐COMP and total COMP levels from regions of hip and
knee cartilages adjacent to OA lesions and from regions of the same joint remote from
the OA lesion. We also evaluated the ratio of D‐COMP/total COMP as a measure free
from the confoundings of extraction efficiencies and dialysis variations. For comparison,
we included age‐matched non‐OA hip (n = 4, mean age 73.5 years ± 6.9, range 67–82
years) and knee (n = 7, mean age 60.6 years ±14.5, range 52–83 years) cartilage collected
as waste trauma or cadaveric tissue.
Total COMP in cartilage did not vary by joint site (lesion or remote) or joint
group (knee or hip) (Figure 4‐5 A). In contrast, D‐COMP was significantly higher in hip
versus knee lesion cartilage (mean ± S.D., 9.26 ± 7.30 and 1.57 ± 2.01 ng of D‐COMP/μg of
protein extracted, respectively, p = 0.0003), and a similar but not significant trend was
observed for D‐COMP in hip remote versus knee remote cartilage (mean ± S.D., 3.72 ±
5.10 and 0.96 ± 0.68 ng of D‐COMP/μg of extracted protein, respectively, p = 0.14)
(Figure 4‐5 B). D‐COMP was significantly higher in the hip lesional cartilage compared
with the hip remote cartilage (p = 0.007) and compared with non‐OA hip cartilage (p =
0.02) and remote knee cartilage (p = 0.0001) as follows: mean ± S.D. of 9.26 ± 7.3, 3.72 ±
5.06, 0.47±0.17, and 0.96 ± 0.68 ng of D‐COMP/μg of extracted protein, respectively.
There were no significant differences in D‐COMP levels between non‐OA hip and knee
cartilage samples. These data confirm that the D‐COMP epitope is more abundant in OA
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hip than in either OA knee cartilage or non‐OA cartilage and is enriched at the site of
OA lesions in the hip.
To better understand the turnover of COMP at the different sites, we evaluated
the ratio of aged D‐COMP/total COMP (Figure 4‐5 C). The D‐COMP/total COMP ratio
was highest in hip OA lesional cartilage compared to cartilages from other sites and
higher at the hip lesion versus any of the other regions, namely versus the hip remote (p
= 0.001), knee remote (p = 0.0001), or knee lesion (p = 0.0003) cartilage (mean ± S.D., 29.96
± 38.18 hip lesion, 9.58 ± 18.59 hip remote, 1.30 ± 0.78 knee remote, and 2.47 ± 2.84 knee
lesion). We also observed a significantly higher D‐COMP/total COMP ratio between hip
remote and knee remote cartilage (mean ± S.D., 9.58 ± 18.59 and 1.30 ± 0.78 D‐
COMP/total COMP, respectively, p = 0.017). Relative to non‐OA hip cartilage, hip lesion
OA cartilage had significantly higher (p = 0.012) extractable concentrations of D‐COMP
as a proportion of total COMP (mean ± S.D., 1.84 ± 0.5 and 2.47 ± 2.1 respectively, Figure
4‐5 C).
As we have no evidence to suggest preferential cross‐linking in the OA knee
cartilage, we believe that these results suggest lower turnover and older COMP proteins
in hip OA lesions. Interestingly, we observed the reverse in knee OA. Relative to non‐
OA knee cartilage (mean ± S.D., 6.73 ± 4.9), knee OA had significantly lower
concentrations of D‐COMP as a proportion of total COMP at both remote (p = 0.004, 2.47
± 2.8) and lesion (p = 0.009, 1.30 ± 0.9) sites. These results suggest that the COMP in knee
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OA cartilage is newer and turning over faster. Non‐OA hip and knee cartilages were
statistically similar with respect to D‐COMP as a proportion of total COMP suggesting
that non‐OA hip and knee cartilages have similar turnover and that the joint response to
OA is quite different by hip versus knee joint site. Taken together, these data are
consistent with a model positing lower rates of cartilage COMP synthetic repair in hip
OA, and particularly at hip OA lesions, compared with normal hip and non‐OA and OA
knee.

Figure 4‐3: Monoclonal antibody specificity of mAbs raised to the COMP
deamidated epitope Asp64
The 6‐1A12 mAb preferentially reacted against deamidated COMP peptide and
not the native COMP sequence. To test the affinity of the 6‐1A12 mAb for both native
and deamidated COMP, different concentrations of either the D‐COMP Asp64 specific
TFLKD64TVMEC‐BSA or the native COMP‐specific Asn64 TFLKN64TVMEC‐BSA were
coated onto a 96‐well plate in a direct ELISA. A standard curve with an appropriate dose
response was generated for 6‐1A12 and the deamidated COMP Asp64‐BSA construct; 6‐
1A12 did not recognize the native Asn64‐BSA construct. The figure is adapted from
(Catterall et al. 2012)
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Figure 4‐4: Western blot demonstrating D‐COMP mAb binding to COMP from
guanidine‐HCl extract of hip articular cartilage
Protein extracts were prepared from osteoarthritic hip cartilage harvested from
lesioned and remote regions of OA cartilage. Prior to SDS‐PAGE separation on a 10%
gel, samples were dialyzed into PBS, protein levels were determined and 5 μg of protein
loaded per lane. Samples were separated under standard conditions and transferred to
nitrocellulose membrane blocked with 3% milk proteins prior to mAb incubation and
detected by electrochemiluminescence (ECL). D‐COMP was immunolocated with mAb
6‐1A12 specific for deamidated COMP (left) and total COMP was immunolocated with
mAb 17‐C10 (right). For the purposes of comparison, the membrane immunostained for
total COMP was exposed for a shorter time period (30 s), although the membrane
immunostained for D‐COMP, due to it lower levels, required a longer exposure (5 min).
The figure is adapted from (Catterall et al. 2012)
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Figure 4‐5: Enrichment of D‐COMP in hip cartilage and OA lesion sites
Total COMP (a) and D‐COMP (b) were measured by sandwich ELISA and
normalized to total protein to correct for variations in the extraction and dialysis
efficiency. The ratio of D‐COMP/total COMP(c) was calculated as a measure that is
independent of technical variations due to protein extraction and dialysis efficiency.
Data were plotted on a logarithmic scale for clarity, and statistical differences were
determined on non‐logarithmically transformed data using nonparametric statistics.
This figure is adapted from (Catterall et al. 2012).

4.3.4 Deamidated peptides distribution within cartilage
From previous studies, we have identified deamidated peptides in several
cartilage matrix proteins. We also generated an antibody for the purpose of developing a
specific ELISA assay to measure D‐COMP and total COMP in cartilage guanidine‐HCl
extracts. In order to characterize the distribution of these deamidated peptides, we
applied targeted proteomic analysis of extracts from distinct subregions of different
depths of cartilage to precisely quantify the abundance of deamidated peptides. By laser
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capture microscopy (LCM), we collected approximately the same amount of cartilage
tissue (2 mm2) from territorial and interterritorial regions respectively (Figure 3‐10).
Because of the extremely limited material, we chose to utilize in situ digestion to extract
proteins from the LCM sample. As a proof of concept and getting stable results, we
selected one peptide from the aggrecan core protein and one peptide from the COMP
protein as the targets for the quantification assay. The deamidation ratio (deamidated
peptide/deamidated+non‐deamidated peptide) of COMP specific peptide was increased
with the depth (from superficial to deep) in both healthy and arthritic knee cartilage
(Figure 4‐6). However, in arthritic hip cartilage, the highest deamidation ratio was in the
superficial layer, suggesting the presence of more aged COMP protein. The deamidation
ratio of aggrecan specific peptide was similar throughout the different depths of both
healthy and arthritic knee cartilage. Similar to the deamidation ratio of COMP specific
peptide, the highest ratio was in the superficial layer of arthritic hip cartilage and
decreased with the depth.

105

106
Figure 4‐6: COMP deamidated peptide distribution in distinct regions of different cartilage
The ratio of deamidated to total (deamidated+native) COMP and aggrecan in the different layers and subregions of healthy and
arthritic knee and hip cartilage. T: territorial region, IT: interterritorial region.

4.3.5 Estimation of protein half-life based on deamidation
We have identified the deamidation residues within COMP by utilizing the
algorithm (Robinson and Robinson 2001c, b) and crystal structure of partial rat COMP
structures. In order to predict the deamidation residue and estimate the deamidation
half‐life of aggrecan, we need the protein structure for inputting to the algorithm. As the
crystal structure for human aggrecan was not available at the time, we utilized the I‐
TASSER platform (Roy, Kucukural, and Zhang 2010, Zhang 2008) generating the protein
structures by iterative threading assembly technique. The simulated aggrecan core
protein structures are listed in Figure 4‐7. The primary amino acid sequence specific
deamidation rate (Robinson and Robinson 2001b) and the simulated structures have
been inputted to the algorithm with the refined structural observation weight factors to
obtain the estimation of deamidation half‐life and coefficient.
Based on the work of estimation of protein half‐life depended on racemization
(Maroudas et al. 1998, Sivan et al. 2006b), the accumulation of deamidated residues can
be described as:
d(CAsn/Gln(D/D+N))/dt = Kid CAsx/Glx (N/D+N) – KT CAsx/Glx (D/D+N) (Eq. 1)
where CAsn/Gln is the molar concentration of Asn or Gln in the protein and
D/(D+N) and N/(D+N) represent the fractions of the deamidated and non‐deamidated
native protein. To solve for KT to determine residue half‐life, Equation 2 can be
rewritten as Equation 3:
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KT = (Kid (N/D+N) – d(D/D+N)/dt) / (D/D+N) (Eq. 2)
The term d(D/D+N)/dt is determined experimentally as the linear fit of D/D+N
data as a function of a wide range of donor age. Meanwhile, the absolute deamidation
rate, kid = ln2/t1/2 where t1/2 has been derived from the Robinson algorithm from our
simulated protein structures.
Quantifying the proportion of a particular peptide that is deamidated has been
shown in previous sections based on the methodology we established. To complete the
estimation, we will analyze cartilage tissue of a wide range of ages to established the
linear fit of D/D+N as a function of age and obtain the slope at the age of experimental
samples.

108

Figure 4‐7: Aggrecan protein structures generated from I‐TASSER
The automated protein structure prediction platform, I‐TASSER, has been
utilized to predict aggrecan protein structure since the crystal structures were not
available at the time. For each protein sub‐domain, multiple predicted models were
obtained and here listed only the one with the highest possibility score. The labels next
to the prediction model are the protein sub‐domains. The numbers below are the
confidence score (C‐score) for estimating the quality of predicted models by I‐TASSER.
C‐score is in the range from ‐5 to 2, where a C‐score of higher value signifies a model
with a high confidence.
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4.4 Discussion
In the present study, we conducted a global investigation of deamidation within
cartilage soluble proteins. We demonstrated the downstream application of generating
specific monoclonal antibody against the deamidated peptide and developed a
sandwich ELISA assay to measure the deamidation peptides abundance within whole
cartilage plug (Catterall et al. 2012). Further, we separated the cartilage to more detailed
subregions (territorial and interterritorial regions), layers (superficial, intermediate, and
deep layers) and demonstrated the methodology to investigate the deamidation within
distinct subregions. We also utilized the automated protein structure prediction
platform (Roy, Kucukural, and Zhang 2010, Zhang 2008)to generate the protein
structures that were used to derive the deamidation half‐life. This information will be
applied to the equations that we integrated from multiple publications (Robinson and
Robinson 2004, Robinson et al. 2004, Maroudas et al. 1998, Sivan et al. 2006a) to estimate
the protein turnover.
Deamidation is a common non‐enzymatic post‐translational modification.
Previously, the deamidation of protein was considered an artifact introduced by the
protein purification process. Until a series of studies demonstrated the deamidation of
cytochrome c in vivo (Flatmark 1966b, a, Flatmark and Sletten 1968), this modification
was considered an in vitro process. Robinson and Robinson conducted a series of
experiments to establish an automatic computerized technique for the quantitative
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estimation of the deamidation rates of protein. They measured the primary amino acid
sequence of? related deamidation rates in pentapeptides, including almost 400
asparagine‐containing combination (Robinson and Robinson 2001b). They selected a
group of proteins with known crystal structure as training group to establish an
algorithm for predicting the deamidation half‐life of asparagine and glutamine residue
based on the primary sequence and 3D‐ structure (Robinson and Robinson 2001c). The
computation method is more than 94% reliable in predicting relative deamidation rates
of Asn residues within a single protein as well as being useful for the prediction of the
absolute deamidation rate (Robinson and Robinson 2001a). They also applied this
algorithm to 13,335 proteins and established the deamidation half‐life database.
However, variations were observed when we applied the algorithm to these protein
structures. This may, in part, be due to the update of describing the protein structure
and therefore effecting the observation factors used in the algorithm.
Articular cartilage has abundant extracellular matrix and many long‐lived
proteins. Theoretically, cartilage is an ideal model for observing deamidation in protein.
We performed LC‐MS/MS analysis to investigate the deamidation in soluble cartilage
proteins and the results suggest that around 22% identified precursor peptides
contained deamidated residue. These peptides were assigned to around 38% of all
protein types we have identified. Interestingly, in the list of the proteins containing
deamidated residues ranked by the numbers of deamidated peptides, matrix proteins

111

occupied the top of the list. This may, in part, support the concept that cartilage is ideal
for observing the deamidation.
Although liquid chromatography and mass spectrometry are powerful tools to
investigate the deamidation, the cost and the tedious sample processing works still limit
the feasibility of investigating deamidation in larger sample cohorts. Developing
antibody and ELISA assay provide a chance to do this type of assay. We investigated the
deamidated COMP within healthy and arthritic cartilage from both hip and knee joints
by deamidated COMP specific ELISA. The results suggest higher D‐COMP
concentrations in arthritic hip cartilage which suggests that COMP turnover rate is
slower in arthritic hip cartilage than knee cartilage. Moreover, the higher concentrations
of D‐COMP and D‐COMP/total COMP ratio in lesional arthritic cartilage compared to
remote regions supports that serum D‐COMP level was associated with hip OA
(Catterall et al. 2012).
Due to the limited sample size, conclusions could not be drawn about whether
superficial layer or deep layer of cartilage accumulated more deamidation proteins.
However, we did observe the variation throughout the cartilage specimen. Interestingly,
in arthritic hip cartilage, we observed the higher deamidation ratio of COMP peptide
and aggrecan peptides in the superficial layer. This observation is in contrast to previous
work of proteoglycan studies in cartilage in which radiolabeled proteoglycan studies
have shown that cartilage matrix turnover is greatest in the superficial zone whereas the
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matrix becomes older and the protein turnover rate decreases deeper into the cartilage
(Maroudas 1975). This identification fits the deamidation ratio of other cartilage
specimens that we observed. Recent studies on osteochondral grafts may provide some
explanations for higher deamidation in the superficial layer of cartilage. These studies
have shown that repopulation of chondrocytes moved from subcondral bone to deep
layer was shown over the course of 2 months (von Rechenberg et al. 2003, von
Rechenberg et al. 2004, Waselau et al. 2005). The repopulation of chondrocytes was seen
only in the deep layer close to the calcified cartilage zone and the tide mark. This
repopulation may introduce the protein synthesis in the deep layer and therefore dilute
the deamidation ratio.
In the present study, we have established a stable methodology to quantify the
deamidation protein in extremely limited cartilage subregions throughout the full
cartilage. We also generated the deamidated residue specific antibody and develop the
ELISA assay to quantify larger sample cohorts. We have developed an algorithm to
estimate the protein turnover rate based on deamidation. Once we have obtained the
solid results from a larger sample cohorts, we will be able to obtain the protein turnover
rate.
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Chapter 5
Conclusion and future directions

5.1 Thesis conclusions
In order to correctly characterize the cartilage proteome, we established a
comprehensive strategy to extract proteins from cartilage and utilized this approach to
characterize the proteome of cartilage regions, including different layers and subregions,
from different joints and physiologic conditions.
In the first part of the project, we modified the existed methodologies to target
different challenges and successfully combined these approaches into one integrated
protocol. We established a protocol to eliminate the chondrocytes from the cartilage
sections. To our knowledge, this is the first study to successfully target the cartilage
extracellular matrix. By monitoring the supernatant of the procedure, we proved that
only minimum loss of proteins and proteoglycans have been introduced. We combined a
surfactant, which is usually used for improving enzyme digestion efficiency, with
conventional guanidine‐HCl extraction buffer to improve the extraction efficiency. We
utilized the ultrafiltration to remove the glycans that suppress the ionization and
adversely affect the chromatogram separation from the extracts. We demonstrated that
the guanidine‐HCl soluble cartilage proteome and cartilage proteome generated by
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direct in situ digestion were different in both protein types and protein abundance.
Therefore, we established a comprehensive approach that includes a guanidine‐HCl
extraction method to extract soluble proteins and an in situ digestion method to extract
insoluble proteins.
In the second part of the study, we applied this approach to different layers of
healthy and arthritic cartilage from hip and knee joints. Additionally, a laser capture
microdissection techniques was utilized to separate the territorial and interterritorial
regions in each layer. This holistic approach of phenotyping the cartilage tissue has
allowed for a comprehensive characterization of articular cartilage that will serve as the
guide for further analyses. The qualitative analysis of the cartilage proteome within
different layers of cartilage was completed by liquid chromatogram coupled with mass
spectrometry. The results suggest that eliminating the chondrocytes improves the
identification of extracellular proteins. We also demonstrated that more unique proteins
were identified in the superficial layers. This discovery assay also provided new insights
into the protein distribution within the cartilage. We demonstrated that clusterin protein
was not enriched in the superficial layer but actually more enriched in the intermediate
and deep layers.
Quantitative proteomic analyses were performed in guanidine‐HCl extracts and
in situ digestion extracts from knee cartilage. The extractability of proteins using
guanidine‐HCl varied with the depth of the cartilage and the zonal variation did not
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correlate with the protein abundance. Additionally, osteoarthritis appears to alter the
protein extractability. Of the many proteins, the protein extractabilities of the arthritic
cartilage that we have investigated were higher than the extractabilities of the healthy
cartilage. These results pointed out a biological aspect that varies across different layers
of cartilage. However, the comprehensive investigation and underlying mechanism have
not been fully elucidated yet.
Besides separating cartilage into distinct zonal layers, the cartilage was separated
by the distance from the chondrocytes; territorial and interterritorial regions. However,
due to various limitations of the technique, these two regions cannot be separated.
Therefore, previous investigations of these subregions were conducted by electron
microscopy and immunohistochemistry. In this study, we have utilized the modern
technique of laser capture microscopy to separate the cartilage subregions for proteomic
analysis. We demonstrated that proteoglycans and most of other proteins we monitored
were more enriched in the interterritorial regions while aggrecan G3 domain, CO6A3,
and FBN1 were more enriched in the territorial regions. We also demonstrated that the
ratio of proteins present in interterritorial/territorial regions were decreased in arthritic
comparing to the healthy cartilage. Together with the results of protein abundance in
distinct subregions, we concluded that the protein loss from the cartilage caused the
decrease of the interritorial/territorial ratio.
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In the third part of the study, we investigated the post‐translational modification,
deamidation, within the cartilage subregions. From qualitative proteomic analysis, we
identified the deamidated peptides in cartilage matrix proteins. Based on the specific
deamidated peptides in COMP, we developed the monoclonal antibody as well as a
sandwich ELISA to quantify the deamidated COMP within whole cartilage tissue. From
this novel assay, we determined that arthritic hip cartilage had the highest deamidated
COMP concentration and the highest deamidated COMP /total COMP ratio. To further
analyze the distribution of the deamidated peptides within cartilage, we performed
proteomic analysis on cartilage from distinct subregions. These analyses confirmed that
arthritic hip cartilage had the highest ratio of deamidated peptides/total peptides.
Interestingly, the COMP protein in superficial layer contributed to this escalation.

5.2 Future direction
We describe herein a sequential protocol that includes guanidine‐HCl extraction
for soluble proteins and treats the extraction residue with digestion enzyme to extract
proteins resistant to guanidine‐HCl extraction for a more comprehensive analyses of the
proteins residing within articular cartilage. However, there are still proteins retained in
the trypsin‐digested residue. In order to analyze what is retained in this residue, there
are several methods that may be considered. First, we plan to utilize a strong reduction
reagent to break down the cross‐link structure. Sonication coupled with in situ digestion
has been suggested as a useful tool to increase protein coverage rate and the identified
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peptide numbers of collagen (Hansen et al. 2009). Since we already are able to extract
proteoglycans by guanidine‐HCl extraction and other proteins by performing in situ
digestion on the residue, the non‐specific peptide fragments and abundant collagen
fragments generated by sonication would not affect the identification of these readily
extracted proteins. However, these fragments may still affect the analysis of the proteins
retained in the digestion residue. Another potential modification is supplementing
trypsin with Lys‐C digestion enzyme which can addresses trypsin proteolytic
inefficiency at lysine sites without effecting the tryptic peptides.
In the second and third part of our study, we investigated different layers of
cartilage as well as the territorial and interterritorial regions of each layer of cartilage.
The methodology required to separate these distinct samples is tedious and multiple
analyses are required to evaluate one single cartilage plug. In order to confirm the
findings of our study, it will be necessary to increase the number of samples despite the
tremendous work involved. In these two parts of our study, we removed the
chondrocytes from the cartilage sections. However, these chondrocyte proteins are also
very interesting and are worthy to focus on. Although cellular proteins contribute
minimally to the context of total protein, they represent the major contribution to the
proteome complexity. A further comparison of total cartilage proteome (non‐
decellularization), decellularized cartilage proteome and chondrocyte proteome
(depleted from the cartilage section) should provide more precise information about the
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degree of intracellular proteome interference to the ECM proteome identification as well
as the chondrocyte proteome associated with different cartilage layers, joints and
healthy vs OA tissue.
In this study, we performed label‐free quantification from MS1 discovery data.
We normalized the quantification results to the section surface area instead of protein
amount because of the highly heterogeneous characteristic of cartilage. For the future
studies, we will include the stable isotope labeled peptide standards to conduct the
absolute quantification which can increase the accuracy of our results. We will also
combine the exogenous protein, such as yeast alcohol dehydrogenase protein, with the
label‐free discovery experiments as an internal control. Furthermore, the study to look
for the “housekeeping protein” within cartilage tissue will be necessary to improve the
quantitative experiments within cartilage.
Finally, we investigated the amount of deamidated COMP within cartilage
tissue and demonstrated the zonal variations in distribution. Previous studies have
suggested that deamidation can be effected by many factors, including protein
conformation and microenvironments surrounding the protein (Robinson and Robinson
2001a, c, b). In addition, there is the potential for artifactual deamidation to be
introduced during the trypsin digestion process which could confound results (Li et al.
2008). Thus, precise methodology is required to characterize the deamidation of proteins
in cartilage tissue. Several studies have proposed that 18O2 labeling could be a potential

119

solution to monitor the artifactual deamidation. For our future studies, we will develop
a protocol to distinguish the native from artifactually deamidated proteins within
cartilage and will expand the panel of deamidated peptides to increase our knowledge
regarding the process of deamidation of proteins within articular cartilage. Meanwhile,
in order to determine the protein half‐life by deamidation, we will measure the
deamidation rate in cartilage tissue from a wide range of ages.
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