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A B S T R A C T   

Bone biomineralization is a complex process in which type I collagen and associated non-collagenous proteins 
(NCPs), including glycoproteins and proteoglycans, interact closely with inorganic calcium and phosphate ions to 
control the precipitation of nanosized, non-stoichiometric hydroxyapatite (HAP, idealized stoichiometry 
Ca10(PO4)6(OH)2) within the organic matrix of a tissue. The ability of certain vertebrate tissues to mineralize is 
critically related to several aspects of their function. The goal of this study was to identify specific NCPs in 
mineralizing and non-mineralizing tissues of two animal models, rat and turkey, and to determine whether some 
NCPs are unique to each type of tissue. The tissues investigated were rat femur (mineralizing) and tail tendon 
(non-mineralizing) and turkey leg tendon (having both mineralizing and non-mineralizing regions in the same 
individual specimen). An experimental approach ex vivo was designed for this investigation by combining 
sequential protein extraction with comprehensive protein mapping using proteomics and Western blotting. The 
extraction method enabled separation of various NCPs based on their association with either the extracellular 
organic collagenous matrix phases or the inorganic mineral phases of the tissues. The proteomics work generated 
a complete picture of NCPs in different tissues and animal species. Subsequently, Western blotting provided 
validation for some of the proteomics findings. The survey then yielded generalized results relevant to various 
protein families, rather than only individual NCPs. This study focused primarily on the NCPs belonging to the 
small leucine-rich proteoglycan (SLRP) family and the small integrin-binding ligand N-linked glycoproteins 
(SIBLINGs). SLRPs were found to be associated only with the collagenous matrix, a result suggesting that they are 
mainly involved in structural matrix organization and not in mineralization. SIBLINGs as well as matrix Gla 
(γ-carboxyglutamate) protein were strictly localized within the inorganic mineral phase of mineralizing tissues, a 
finding suggesting that their roles are limited to mineralization. The results from this study indicated that 
osteocalcin was closely involved in mineralization but did not preclude possible additional roles as a hormone. 
This report provides for the first time a spatial survey and comparison of NCPs from mineralizing and non- 
mineralizing tissues ex vivo and defines the proteome of turkey leg tendons as a model for vertebrate 
mineralization.  

Abbreviations: B, rat bone; BSP, bone sialoprotein; DCN, decorin; E, EDTA extract; ECM, extracellular matrix; G, guanidine-HCl-only extract (for non-mineralizing 
tissues); G1, first guanidine-HCl extract; G2, second guanidine-HCl extract; Gla, gamma-carboxylated glutamic acid; MGP, matrix Gla protein; MT, turkey miner
alizing tendon; NCP, non-collagenous protein; NMT, turkey never-mineralizing tendon; NT, turkey not-yet-mineralized tendon; OCN, osteocalcin; OPN, osteopontin; 
SIBLING, small integrin-binding ligand N-linked glycoprotein; SLRP, small leucine-rich proteoglycan; T, rat tail tendon; TLT, turkey leg tendon (gastrocnemius); 
TNAP, tissue-nonspecific alkaline phosphatase. 
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1. Introduction 

Type I collagen accounts for the major portion of the extracellular 
matrix (ECM) in most mineralizing tissues of vertebrates (Weiner and 
Dove, 2003; George and Veis, 2008; Beniash, 2011; Nair et al., 2013). 
Non-collagenous proteins (NCPs), including glycoproteins and pro
teoglycans (PGs), are also present in the ECM of such tissues and it has 
been hypothesized that collagen in association with NCPs is important in 
regulating the mineralization process (Beniash, 2011). Similar to bone, 
vertebrate tendon is predominantly comprised of type I collagen (Aslan 
et al., 2008) with its matrix containing small amounts of NCPs (Kannus, 
2000; Silver et al., 2001; Thorpe et al., 2013). Some tendons in certain 
avian species, such as turkeys, mineralize normally in their legs and 
wings (Landis, 1986; Landis and Song, 1991; Landis et al., 2002; Landis 
and Silver, 2002). Specific tendons in turkey legs have been previously 
used as models of vertebrate mineralization (Landis et al., 1993; Landis 
et al., 1996; Landis and Silver, 2002). These tendons, such as the 
gastrocnemius or Achilles tendon, mineralize along their length as the 
turkey matures. They do so in a progressive and sequential manner, 
which allows the deposition of mineral to be carefully followed both 
spatially and temporally. Thus, certain distal-to-proximal regions of 
these tissues may be identified by light and electron microscopy as 
respectively containing relatively older, more mature mineral; younger, 
less mature mineral; and no mineral. The latter regions will eventually 
mineralize with the age of the animal. Several features, such as type I 
collagen, specific NCPs, and apatite crystals formed in these tendons 
resemble those observed in bones (Berthet-Colominas et al., 1979; 
Landis and Silver, 2002). The presence of both mineralizing and non- 
mineralizing aspects in avian tendon tissue also provides a link be
tween mineralization and distributions of NCPs. 

Other vertebrate species have tendons that never mineralize, as for 
example, the rat tail tendon. Curiously, mineralization of rat tail tendon 
collagen differs when studied with calcium phosphate solutions ex vivo 
versus in vitro. Dissected tendon with its native arrangement of collagen 
fascicles does not mineralize ex vivo, whereas collagen fibrils extracted 
and reconstituted from the native tail tendon do mineralize (Glimcher 
et al., 1957; Zhang et al., 2003). Previous literature suggests that a loss 
of calcification inhibitors during the extraction and reconstitution pro
cedure might be responsible for collagen mineralization observed in vitro 
(Glimcher, 2006). Thus, rat and turkey represent useful models to study 
regulation of tissue mineralization by NCPs, because rat bone and tail 
tendon, as well as mineralizing and non-mineralizing regions of turkey 
tendons, each consist of the same basic ECM proteins (largely type I 
collagen) but present different mineralization characteristics. The 
unique distribution of NCPs in each tissue could provide insights into the 
specific functions that NCPs may play in various mineralization stages. 

Multiple studies have attempted to define functions of NCPs in bone 
mineralization in vivo and in vitro using different techniques but did not 
reach unequivocal conclusions (George and Veis, 2008). The described 
functional roles range from influencing bone cell activities to interacting 
directly with calcium and phosphate ions and minerals (Hunter et al., 
1996; Murshed et al., 2004; George and Veis, 2008; O’Young et al., 
2011). NCPs are commonly highly charged, being enriched in negatively 
charged amino acid residues. Several of these acidic NCPs belong to the 
family of small integrin-binding ligand N-linked glycoproteins (SIB
LINGs) (George and Veis, 2008). The presence of negative charges on 
these proteins has been linked to their role in mediating biominerali
zation (Boskey, 1989; Ryuichi and Yoshinori, 1991; Gorski, 1992; 
Pampena et al., 2004; Staines et al., 2012). Specific mechanisms by 
which they regulate apatite formation in mineralized and non- 
mineralized tissues, however, remain elusive. Investigations of the 
localization of NCPs in mineralized tissue such as bone have principally 
concerned bone-related NCPs, whereas studies of non-mineralized tis
sues such as tendon have primarily focused on PGs (George and Veis, 
2008; Thorpe et al., 2013). Some of the PGs investigated belong to the 
family of small leucine-rich proteoglycans (SLRPs), which are often 

associated with type I collagen in both bone and tendon (Schaefer and 
Iozzo, 2008; Chen and Birk, 2013). Studies in vitro have reported 
inconsistent roles for NCPs even when conducted on identical NCPs 
(Weiner and Dove, 2003; George and Veis, 2008; Beniash, 2011). 
Similarly, studies in vivo using knockout models were unable to link 
specific NCPs directly to phenotypic changes in the skeletal tissues, a 
result suggesting redundancy in the function of NCPs (Ducy et al., 1996; 
Boskey et al., 1998; Rittling and Feng, 1998; Holm et al., 2015). Alto
gether, it is challenging to draw firm conclusions as to the roles of 
specific NCPs from different studies because of the varying model sys
tems, experimental protocols, and methodologies that were employed. 

The main aim of the present investigation was to identify and 
compare NCPs that are present in mineralizing and non-mineralizing 
tissues from two male animal models, rat and turkey, to determine 
whether certain NCPs are unique to each tissue. This study also spatially 
localizes these NCPs to either non-mineralizing or mineralizing regions 
of the tissues, and more specifically to the organic matrix or the mineral 
phases of these regions. Our experimental approach utilized sequential 
extraction of NCPs followed by liquid chromatography-tandem mass 
spectroscopy (LC-MS/MS)-based proteomics analyses and validation by 
Western blotting. Sequential extraction permitted the identification of 
NCPs that might be strictly associated with the mineral phase, either 
within or on the surface of minerals, or with the principally collagenous 
matrix phase of the respective tissues. Alternatively, some NCPs may be 
associated with both mineral and organic matrix phases. Importantly, 
our analyses yielded a qualitative and quantitative (relative) compari
son of various NCP families in the inorganic and organic phases of the 
tissues, instead of being limited only to individual NCPs. This work also 
provided, for the first time, a survey of proteins in turkey leg tendons 
(TLTs) that can serve as a model for vertebrate mineralization. For the 
purposes of this study, it must be noted that rat bone (B) and the 
mineralizing aspect of TLT (MT) are referred to as mineralizing tissues; 
the rat tail tendon (T), the not-yet-mineralized portion of TLT (NT), and 
the never-mineralizing aspect of TLT (NMT) are referred to as non- 
mineralizing tissues. 

2. Experimental section 

2.1. Tissue dissection and preparation 

Ten-week-old normal male Sprague-Dawley rats (n = 3), weighing 
between 300 and 320 g, were purchased from Envigo (Indianapolis, IN). 
The animal protocol (#15-08-12-LRC) was approved by the Institutional 
Animal Care and Use Committee (IACUC) at The University of Akron 
(Akron, OH). Rat femurs and tail tendon were dissected after euthanasia 
(Fig. 1a and b). The femoral epiphyseal regions were removed and dis
carded. The resulting bone midshafts were then cleaned of attached soft 
tissue, including the periosteum, by scraping the bone surfaces with a 
periosteal elevator. The bone marrow was removed by vacuum aspira
tion and flushing with cold 1× phosphate buffered saline (PBS; Sigma- 
Aldrich, Milwaukee, WI). The tendons were cleaned by immersing 
them in cold 1× PBS. 

Sixteen-week-old male domestic turkeys (n = 3) were obtained from 
Brunty Farms (Akron, OH). The normally mineralizing gastrocnemius 
tendons were dissected from both legs (Fig. 1a). The muscles and soft 
tissues attached to the tendons were carefully removed (Landis, 1986). 
Mineralizing aspects of the gastrocnemius were dissected into specimens 
~5 cm in length and were identified as the hard and inflexible tendon 
regions proximal to the bifurcation of this tissue into two separate 
branches (Fig. 1b). The not-yet-mineralized tendon (NT) aspects, which 
will eventually mineralize over time, were taken by dissecting the 
flexible tissue regions proximal to the mineralizing tendon (MT) por
tions. The tendons distal to the mineralizing tendons at the bifurcation 
point were dissected as well, and they were referred to as the never- 
mineralizing tendons (NMT, Fig. 1b). All dissected tendon tissues were 
then cleaned in a manner identical to that of the rat tissues described 
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above. 
Cleaned and isolated tissues were placed in cold 1× PBS with pro

tease inhibitors (PI) containing 0.05 M 6-aminohexanoic acid, 0.005 M 
benzamidine HCl, and 0.001 M phenylmethanesulfonyl fluoride (pH 7.2, 
Sigma-Aldrich) (Termine et al., 1980). To ensure complete removal of 
attached soft tissue and fascia, samples were sonicated at 4 ◦C for 1 h in 
PBS-PI solution with 5× solution changes. The tissue samples were then 
snap-frozen in liquid nitrogen prior to storage at − 80 ◦C. All the above 
procedures were performed within 3–5 h after the death of the animals 
(Termine et al., 1980). Prior to NCP extraction, the frozen tissue samples 
were cut into ~1 cm blocks using bone-cutting forceps and then ground 
to a powder under liquid nitrogen using a cryogenic mill (Model 6870 
Freezer/Mill, SPEX SamplePrep, Metuchen, NJ). 

2.2. NCP extraction 

NCP extraction was performed by different means for either the 
mineralizing or non-mineralizing tissues of rat and turkey. The following 
methods were applied to both proteomics and Western blotting samples 
unless otherwise specified. Tissues from both rat and turkey were par
titioned for proteomics and Western blotting analyses. Ground samples 
of mineralizing tissue were extracted sequentially in three steps 
following previous protocols with certain modifications (Fig. 1c) (Ter
mine et al., 1980; Domenicucci et al., 1988). The ratio of tissue powder 
to extracting solution was 50 mg/mL. For proteomics analysis, ground 
tissue samples were incubated with 1 U of chondroitinase ABC (from 
Proteus vulgaris, Sigma-Aldrich) for 6 h at 37 ◦C prior to protein 

extraction and 65 mM dithiothreitol was added to all extraction solu
tions. Tissue powder was first extracted with constant stirring at 4 ◦C for 
72 h in an aqueous solution containing 4 M guanidine-HCl (Santa Cruz 
Biotechnology, Dallas, TX), 0.05 M Tris, and PI cocktail (cOmplete™, 
Mini, EDTA-free, Roche, Mannheim, Germany, pH 7.4). The extract was 
centrifuged at 3000 rpm for 30 min at 4 ◦C (Eppendorf Centrifuge, 
model 5810 R, Radnor, PA). The initial guanidine extraction was used to 
dissociate NCPs from unmineralized matrix and cellular compartments 
such as osteocytes or tenocytes (George and Veis, 2008; Huang et al., 
2008). The supernatant of this initial guanidine (G) extraction was 
designated as G1-B extract for rat bone (B) or G1-MT for mineralizing 
TLT (MT) samples (Fig. 1c-1). 

The pellet remaining after the initial extraction and centrifugation 
was extracted for a second time using a solution containing 0.5 M EDTA, 
0.05 M Tris, and PI cocktail (pH 7.4) with constant stirring for 72 h at 
4 ◦C. EDTA was used to chelate Ca2+ and demineralize the tissue powder 
samples. This step was performed in order to extract NCPs that were 
bound to apatite crystals or occluded within the mineralized phase 
(Domenicucci et al., 1988; George and Veis, 2008; Huang et al., 2008). 
The supernatant of this EDTA (E) extraction was designated as the E-B or 
E-MT extract for rat bone and the mineralizing aspect of TLT, respec
tively (Fig. 1c-2). 

A final (third) extraction was performed using the same procedures 
as those in the first extraction step. This final extraction was designed to 
reveal NCPs that were bound tightly to any non-extractable tissue matrix 
(organic phase) and exposed after demineralization (Domenicucci et al., 
1988; George and Veis, 2008; Huang et al., 2008). The extracts from this 

Fig. 1. Schematic diagram of protein extraction and proteome analysis procedures for rat and turkey mineralizing and non-mineralizing tissues. To study the protein 
inventory, tissues were isolated from ten-week-old normal male Sprague-Dawley rats and sixteen-week-old male domestic turkeys (a). The femoral bone (B) and tail 
tendon (T) were dissected from rats. The dissected leg tendons of turkey were divided into three regions: a mineralizing (MT) region, a region that has not-yet- 
mineralized (NT) at the time the turkey was sacrificed, and a never-mineralizing region (NMT) (b). These tissue sections were then pulverized prior to the pro
tein extraction procedure. Sequential extraction steps for mineralizing tissues consisted initially of guanidine-HCl, followed by EDTA, and subsequently a second 
guanidine-HCl treatment yielding the protein extracts G1, E, and G2, respectively. The non-mineralizing tissues were extracted using only guanidine-HCl (G) (c). 
Proteins were then identified by proteomics and Western blotting (d). After each treatment, the protein extracts were tryptically digested (e) and the resulting 
peptides separated by nanoLC hyphenated to an Orbitrap Fusion mass spectrometer and analyzed by tandem mass spectrometry (MS/MS) (f, g). Proteins were 
identified and quantified through a label-free approach using the PEAKS Studio 8.5 software platform (h). P: proximal; D: distal; ACN: acetonitrile; DDA: data- 
dependent acquisition. 
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procedure were referred to as G2-B or G2-MT (Fig. 1c-3). 
The non-mineralizing tendon tissues of the rat tail and the not-yet- 

mineralized and never-mineralizing aspects of TLT are comprised of 
only organic matrix; hence, they required no demineralization and 
EDTA extraction. In preliminary experiments we confirmed that G2- 
extracts of non-mineralizing tissues resulted in very low protein con
centrations (data not shown) consistent with the notion that NCPs would 
have been extracted in the first guanidine extraction step. Accordingly, 
ground non-mineralizing tendon samples were extracted in solutions 
containing 4 M guanidine-HCl, 0.05 Tris, and PI (pH 7.4) with the same 
tissue powder-to-solution ratio (50 mg/mL) as the mineralizing tissues 
and conducted with constant stirring at 4 ◦C for 72 h. Extracts were 
centrifuged at 15,000g for 30 min at 4 ◦C (Avanti™ J-E Centrifuge, 
Beckman Coulter, Radnor, PA). The extracts obtained from this pro
cedure were designated as G-T, G-NT, or G-NMT for rat tail tendon, the 
not-yet-mineralized TLT, or the never-mineralizing TLT samples, 
respectively. 

After each extraction procedure, both bone and tendon extracts were 
concentrated by ultrafiltration (Amicon® Ultra-15 Centrifugal Devices, 
EMD Millipore, Taunton, MA) with a membrane molecular weight cut- 
off of 3 kDa. The cut-off was chosen after considering that the lowest 
molecular weight of the NCP of interest was ~5.7 kDa for osteocalcin. 
The filtrate was centrifuged at 5000g at 4 ◦C. Extracts were concentrated 
until the minimum desired total protein concentration was obtained 
(1.67 μg/μL). Protein concentrations were determined (in biological 
replicates) using Bicinchoninic acid (BCA) and Bradford assays (Pierce® 
BCA Protein and Coomassie Plus™ Bradford Assay Kit, Thermo Fisher 
Scientific, Waltham, MA). Protein extracts with guanidine were quan
titated using the BCA assay while extracts with EDTA were quantitated 
using the Bradford assay as EDTA interferes with the BCA assay. 

For proteomics analyses, 80 μg of extracted proteins were first 
digested by the addition of 1 μg trypsin (sequencing grade modified, 
Promega, Madison, WI) in 50 mM ammonium bicarbonate buffer and 
incubation at 37 ◦C overnight. An additional bolus of 1 μg trypsin was 
added to the extracts on the following day with incubation at 37 ◦C for 2 
h. Digestions were stopped by the addition of 5 μL 10% trifluoroacetic 
acid (TFA), and the digests were desalted using Pierce C18 tips (Thermo 
Fisher Scientific) as described by the manufacturer and resuspended in 
25 μL 0.1% formic acid after solvent evaporation in a SpeedVac 
(Eppendorf AG, Hamburg, Germany) (Fig. 1e). For normalization, 1 μL 
of custom iRT peptide standards (final concentration 50 nM) was added 
to each sample for retention time alignment. 

2.3. nanoLC-MS/MS analysis 

LC-MS/MS in data-dependent acquisition (DDA) mode was per
formed on an Easy-nLC 1000 system hyphenated to an Orbitrap Fusion 
mass spectrometer equipped with an Easy Spray ESI source (Thermo 
Fisher Scientific) (Fig. 1f and g). An Acclaim PepMap 100 (100 μm × 2 
cm) trap column in conjunction with a PepMap RSLC C18 (ES801A, 75 
μm × 15 cm, 100 Ȧ particle size) column (Thermo Fisher Scientific) was 
employed for separation of tryptic peptides. Injection volumes were 5 
μL. Mobile phase solution A was composed of 0.1% (v/v) formic acid in 
water and mobile phase solution B was composed of acetonitrile and 
0.1% (v/v) formic acid. The flow rate was 300 nL/min and the column 
was heated to 45 ◦C. After 2 min at 2% solvent B, analytes were sepa
rated by a linear gradient up to 32% solvent B over 150 min. The column 
was subsequentially washed for 30 min at 2% and 98% solvent B using a 
saw-tooth gradient. The ion source temperature was maintained at 
275 ◦C with a voltage of 1800 V in positive mode. Analytes were 
measured with a resolution of 60,000 in DDA mode in the scan range m/ 
z 350–1200 with an automatic gain control (AGC) target of 3.0 × 105 ion 
counts and an injection time of 250 ms. The MS/MS analyses were 
carried out by selecting the 20 most abundant precursor ions (intensity 
≥ 2.0 × 104 ions) in the quadrupole mass analyzer over a 2.5 Da m/z 
isolation window and fragmented by higher energy collisional 

dissociation with a normalized collision energy of 30. Fragment ions 
were detected in the Orbitrap mass analyzer at 15,000 resolution with 
an AGC target setting of 5 × 104 and a maximum ion accumulation time 
of 150 ms. The dynamic exclusion time for previously analyzed pre
cursor ions and isotopes was 40 s. 

2.4. Proteome identification 

Protein identification and label-free quantification were performed 
using the PEAKS Studio 8.5 software suite (Fig. 1h). The raw data were 
refined utilizing merge scans with the following parameters: retention 
time window 10 min, precursor m/z tolerance 10 ppm, and precursor 
mass and charge states z = 1–10. Other data pre-processing (centroiding, 
deisotoping, and deconvolution) was executed automatically. Proteins 
were identified by searching against the UniProt database for Rattus 
norvegicus (for rat samples; n = 2) and the RefSeq database for Meleagris 
gallopavo (for turkey samples (n = 2) downloaded September 23, 2019) 
with the following search parameters: parent mass error tolerance 10 
ppm; fragment mass error tolerance 0.05 Da; trypsin enzyme specificity 
(K,R) with cleavage prior to proline permitted; variable modifications: 
phosphorylation (STY), pyro-glu (Q), oxidation (M), deamidation (NQ), 
carboxylation (E); and one non-specific cleavage specificity on one ter
minus, maximal two missed cleavages, maximal three variable post- 
translational modifications per peptide. The false discovery rate for 
identifications was determined using the decoy-fusion approach (Zhang 
et al., 2012). All peptides with a false discovery rate of ≤1% and proteins 
above the significance threshold of 20 (− 10 lgP) were considered as 
identified. Two unique peptides were required for protein identification. 
Protein quantitation was conducted using the Top3 approach (Silva 
et al., 2006), where the peak areas of up to the three most abundant, 
unique peptides were utilized. Raw protein peak areas were exported as 
a CSV table and analyzed by using Microsoft Excel. Relative protein 
abundances were obtained by normalizing the peak area of each iden
tified protein to the total protein peak area in each extract. 

Gene Ontology (GO) classification enrichment analyses were con
ducted using the DAVID Bioinformatics Resources 6.8 online (https:// 
david.ncifcrf.gov/tools.jsp) with default stringency criteria. The com
plete proteomes of Rattus norvegicus and Meleagris gallopavo were 
employed as reference databases for the respective rat and turkey. The 
enrichment analyses were conducted for all identified proteins in both 
rat and turkey. 

2.5. Western blotting 

Western blotting (n = 3) was conducted following a Bio-Rad (Rich
mond, CA) protocol with modifications (Duah et al., 2013). Briefly, 
extract samples were diluted in sample buffer to a final protein con
centration of 1.25 μg/μL. After denaturation, the samples were centri
fuged at 12000g for 15 min at 20 ◦C to separate insoluble particles. 
Depending on the NCP, different quantities of sample were loaded onto 
gels. For decorin and bone sialoprotein, 16.25 and 10 μg of rat and 
turkey samples were loaded, respectively. For identifying osteopontin, 
osteocalcin, and tissue-nonspecific alkaline phosphatase, 12.5 μg of each 
sample were loaded. The samples were subjected to 4–15% SDS-PAGE 
and transferred to PVDF membranes. Membranes were incubated with 
respective primary antibodies diluted in 1× TBS, 5% dry milk, and 0.1% 
Tween-20 overnight at 4 ◦C, and then they were incubated for 1 h with 
secondary antibody (1:5000). 

Antibodies used were rabbit polyclonal antibody against murine 
decorin (LF-114), mouse osteopontin (LF-175), and rat bone sialoprotein 
(LF-87), kindly provided by Dr. Larry W. Fisher (NIDCR/NIH, Bethesda, 
MD), as well as rabbit polyclonal antibody against chicken osteopontin 
and bone sialoprotein, generously donated by Dr. Marc D. McKee 
(McGill University, Montreal, QC). Rabbit polyclonal antibody against 
human osteocalcin (sc-30044) and mouse monoclonal antibody against 
human tissue-nonspecific alkaline phosphatase (sc-137213) were 
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purchased from Santa Cruz Biotechnology. Dilution of the antibodies 
was as follows: 1:1250 for decorin, 1:1500 and 1:5000 for rat and turkey 
osteopontin and bone sialoprotein, respectively, and 1:500 for osteo
calcin and tissue-nonspecific alkaline phosphatase. Secondary antibody 
used was peroxidase-conjugated donkey anti-rabbit or goat anti-mouse 
IgG (1:5000, Jackson ImmunoResearch Laboratories, Inc., West Grove, 
PA). The blots were then developed using Amersham ECL detection 
reagent (GE Healthcare, Buckinghamshire, UK) and imaged with a 
FluorChem E System (ProteinSimple, San Jose, CA). 

3. Results and discussion 

Termine et al. first developed a sequential protein extraction method 
for vertebrate mineralized tissues by treating tooth enamel initially with 
4 M guanidine-HCl followed by demineralization (dissolution of hy
droxyapatite, HAP) using EDTA/guanidine-HCl (Termine et al., 1980). 
The initial guanidine-HCl treatment dissociated cellular compartments 
including matrix and cells (osteoid and osteocytes, for example), blood, 
adhering connective tissues and accessible proteins that were not bound 
to the mineral phase. The second EDTA/guanidine-HCl treatment 
extracted proteins that were embedded in the mineralized phase of the 
tissues and tightly bound to the surface of apatite crystals (Termine 
et al., 1980; Fisher et al., 1987; George and Veis, 2008). Domenicucci 
et al. modified the Termine method by solely using EDTA for the second 
extraction and adding another guanidine-HCl treatment after deminer
alization (Domenicucci et al., 1988). This last extraction step removed 
tightly bound mineral-protected NCPs from other NCPs bound to the 
structural organic matrix of the tissues (Domenicucci et al., 1988; 
George and Veis, 2008). In the present study, we used this procedure to 
extract mineralizing tissues sequentially with guanidine-HCl (G1), EDTA 
(E), and guanidine-HCl (G2), whereas the non-mineralizing tissues were 
extracted using only guanidine-HCl (G) (Fig. 1c). The total protein 
concentration of each extract is listed in Table 1. 

Upon protein extraction, proteomics was comprehensively used to 
determine the spatial localization of NCPs in the different phases of the 
ECM of the rat and turkey tissues of interest. Ninety proteins were 
cumulatively identified in the rat and 201 in the turkey tissue samples. 
In rat, most proteins were identified in the G1-extract of the mineralizing 
tissue and a similar trend was observed in turkey, as represented in Venn 
diagrams (Fig. 2). Of the proteins detected in rat and turkey, 96% and 
86%, respectively, had GO annotations. GO analyses of the rat pro
teomes revealed that the ECM cluster (GO:0031012) was the most 
significantly enriched cellular component annotation term (p-value =
6.60 × 10− 30). The twenty-eight ECM-annotated proteins for rat are 
listed in Table 2. In turkey, sixteen proteins were annotated as ECM 
components (Table 3). The cellular component term most highly 
enriched (p-value = 2.5 × 10− 39) in turkey protein annotations was 
extracellular exosome (GO:0070062). Many of the proteins belonging to 
the ECM cluster are collagen chain proteins and PGs that are SLRP family 
members. Collagen proteins are known to comprise the structural pro
teinaceous matrix of bone and tendon (Weiner and Dove, 2003; George 
and Veis, 2008; Beniash, 2011; Nair et al., 2013), and SLRPs are ubiq
uitous proteins linked to collagens in bone and tendon (Schaefer and 
Iozzo, 2008; Chen and Birk, 2013). These PGs participate closely in the 
formation and organization of the collagenous matrix (Schaefer and 

Iozzo, 2008; Chen and Birk, 2013). 
SLRPs possess multivalent binding abilities that can modulate the 

assembly and organization of the collagenous matrix in connective tis
sues. Of the seventeen known SLRPs (Schaefer and Iozzo, 2008; Chen 
and Birk, 2013), we identified nine in the current proteomics study 
(Fig. 3a (rat) and b (turkey)). Four of these proteins were localized to 
both rat and turkey: decorin (DCN), asporin (ASPN), fibromodulin 
(FMOD), and osteoglycin/mimecan (OGN). Biglycan (BGN) and kera
tocan (KERA) were exclusively found in rat, while chondroadherin 
(CHAD), lumican (LUM), and osteomodulin/osteoadherin (OMD) were 
identified only in turkey. Most of the SLRPs were found in relatively high 
abundance in the non-mineralizing tendon regions and only in G1- or 
G2-extracts of mineralizing tissues, results that suggest their exclusive 
association with the collagenous matrix or with cellular components of 
the tissues. Consistent with this notion, SLRP proteins were sparsely 
detected in the E-extracts of the mineralizing tissues of interest. The 
absence of SLRPs in the mineral phase provides evidence that this NCP 
family may not play a role in mineralization in vivo. 

Among the SLRPs, DCN is the most abundant PG in bone and 
therefore has previously been considered to be a major factor in bio
mineralization (Fisher et al., 1983; Bianco et al., 1990). In tendon, 
previous studies have shown that DCN accounts for 80% of the total PG 
content in this tissue and is reported to be located between tendon 
collagen fibrils, fibers, and fascicles (Scott, 1996; Thorpe et al., 2013). 
The present proteomics analyses showed that DCN was localized most 
prominently in non-mineralizing tissues of both rat (Fig. 3a) and turkey 
(Fig. 3b). In mineralizing tissues, DCN was only detected in G2-extracts. 
These results indicate that DCN is associated with the organic collage
nous fibrils/matrix, but not the mineral phase. The presence of DCN in 
these tissues was supported by Western blotting (Fig. 3c). In mammals, 
DCN consists of a protein core designated as decoron that has molecular 
mass ~40 kDa and a single chondroitin or dermatan sulfate glycos
aminoglycan chain (Fisher et al., 1983, 1987; Bianco et al., 1990; Orgel 
et al., 2009; Thorpe et al., 2013). DCN has been detected as a diffuse 
band between 69 and 200 kDa in the Western blot membrane (Ram
amurthy et al., 1996) and is known to homodimerize (Scott et al., 2004; 
Orgel et al., 2009). In the present study, DCN appeared as diffuse bands 
at ~75 and ~150 kDa in all rat and turkey extracts except the G1- 
extract. Bands around ~150 kDa likely indicate the dimerization of 
decorin. Earlier studies have not resolved whether DCN is present as a 
monomer or dimer and how it may interact with collagen in vivo, but the 
current work suggests that both monomeric and dimeric DCN are pre
sent in the collagenous matrices of the tissues investigated (Scott et al., 
2004; Orgel et al., 2009; Orgel et al., 2011). 

The association of DCN with the collagenous matrix of both non- 
mineralizing and mineralizing tissues in both rat and turkey was ex
pected as previous reports have localized DCN in type I collagen- 
enriched tissues across different species (Scott et al., 1981; Fisher 
et al., 1983, 1987; Bianco et al., 1990; Hoshi et al., 1999; Kuwabara 
et al., 2002). DCN has been proposed to play a role in the proper 
alignment and stabilization of collagen fibrils during fibrillogenesis 
(Scott, 1996; Danielson et al., 1997; Reed and Iozzo, 2002). With regard 
to mineralization, DCN has been hypothesized to be an inhibitor of the 
process (Scott et al., 1981; Scott and Orford, 1981; Hoshi et al., 1999). 
Previous investigations of rat tail tendon inferred that DCN may inhibit 

Table 1 
Total protein concentration of sequential extracts (μg/μL) from rat bone and tail tendon and different regions of turkey leg tendons.  

Rat Turkey leg tendon 

Bone (B) Tendon (T) Mineralizing (MT) Not-yet-min (NT) Never-min (NMT) 

G1 E G2 G G1 E G2 G G 

12.5 ± 0.37 2.48 ± 0.18 2.58 ± 0.48 9.07 ± 0.55 6.91 ± 0.08 3.31 ± 0.19 1.84 ± 0.10 3.33 ± 0.48 3.01 ± 0.30 

Errors (±) represent standard deviation of mean values of experiments with biological replicates. Min: mineralized/mineralizing; G, G1, G2, and E: extraction steps as 
defined in the text and in Fig. 1. 
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calcification in this tissue by occupying the holes in the gap region of 
collagen (Scott et al., 1981; Scott and Orford, 1981), where initial 
nucleation events are principally thought to occur (Landis and Jacquet, 
2013). In bone, calcification was reported after the removal of DCN, a 
result also implying an inhibitory function of DCN in mineral formation 
(Hoshi et al., 1999). In the current work, DCN was found in high 
abundance in G2-extracts of rat and turkey mineralizing tissues, a result 
demonstrating that DCN remains in close association with the collage
nous matrix of these mineralizing animal models. In this instance, then, 
the presence of DCN and other SLRPs in the collagenous matrix (G2) of 
such mineralizing tissues notably suggests that the long-held hypothesis 
that these NCPs inhibit mineralization in vivo might require reconsid
eration. Indeed, the association of such NCPs with type I collagen, 
regardless of the location of the binding sites, may reflect the involve
ment of these NCPs in only the structural formation or organization of 
the collagenous matrix rather than in modulating mineralization. 

Another group of NCPs that has been associated with bone biomin
eralization is the SIBLING family. These NCPs are generally highly 
negatively charged with intrinsically disordered structures and are often 
post-translationally modified by phosphorylation, which increases NCP 
acidity. Five NCPs belong to the SIBLING family: osteopontin (OPN), 
bone sialoprotein (BSP), matrix extracellular phosphoglycoprotein 
(MEPE), dentin matrix protein 1 (DMP1), and dentin sialophosphopro
tein (DSPP) (George and Veis, 2008; Fisher and Fedarko, 2009). With 
regard to biomineralization, OPN and MEPE have been hypothesized to 
inhibit mineralization, while BSP, DMP1, and DSPP are suggested to 
promote bone and dentin mineralization (George and Veis, 2008). These 
NCPs are expected to be associated with the inorganic components of 
mineralized tissues. The results of the present proteomics analysis of 
SIBLING family proteins in rat and turkey tissues are depicted in Fig. 4: 
Three SIBLING proteins (BSP, DMP1, OPN) were identified in both rat 
and turkey, while MEPE was identified only in rat (Fig. 4a and b). DSPP 
was not detected. Interestingly, based on the current proteomics ana
lyses, most of the SIBLINGs were not localized in the non-mineralizing 
tissues of either rat or turkey. An exception to this result was OPN, 
which was detected in G-NMT of TLT (never-mineralizing aspect) by 
proteomics, although even there OPN had conspicuously low abundance 
and was not detected by Western blotting (Fig. 4d). More importantly 
and in contrast to the localization of SLRPs, the SIBLINGs were present 
in highest abundance in the mineral phase of rat and turkey tissues 
(Fig. 4a and b), an observation which suggests their importance in 
mineralization. 

The relative abundance of OPN in rat and turkey tissues is shown in 
Fig. 4a and b, respectively. OPN was notably more abundant in the 
mineral phase of rat bone and the mineralizing portion of TLT compared 
to the other tissues analyzed. These results were validated by Western 
blotting in which OPN expression was most prominently shown in E- 
extracts, indicated by strong bands at ~75 and ~50 kDa for rat and 
turkey samples, respectively (Fig. 4c and d). Mammalian and avian OPN 
contains a similar number of amino acids and the nascent protein has a 
molecular weight of ~34 kDa. OPN is extensively modified by post- 
translational events, resulting in sizes ranging from 44 to 75 kDa 
(Prince et al., 1987; Butler, 1989; Sodek et al., 2000; George and Veis, 
2008). The molecular weight differences observed in the Western blots 
are likely reflecting differences in post-translational modifications 
across the two species (Sodek et al., 2000). Since its original biochemical 
identification in human, rat and mouse bone, OPN has been consistently 
localized in the ECM of bone by light microscopy, immunostaining, and 
Western blotting (Franzen and Heinegard, 1985; Fisher et al., 1987; 
Prince et al., 1987; Butler, 1989; McKee and Nanci, 1993, 1996; Huang 
et al., 2008). The current study, however, presents a more specific and 
detailed spatial distribution of OPN in the inorganic mineral phase of the 
mineralizing tissues of rat bone and the mineralizing regions of TLT. 

Previous investigations have suggested that OPN is a matrix protein 
not specific to calcified tissues (Butler, 1989) and may function as an 
inhibitor of dystrophic calcification (Giachelli, 1999; Khan et al., 2002; 
Giachelli, 2005; Robbiani et al., 2007; Schlieper et al., 2007; Sfiridaki 
et al., 2011). Despite those studies suggesting that OPN may be found in 
soft tissues (Khan et al., 2002; Mori et al., 2007; Chen, 2014), the pro
teomics and Western blotting results in the current work did not reveal 
the presence of OPN in rat and turkey non-mineralizing tendons, except 
for the low abundance of OPN only in turkey never-mineralizing ten
dons. OPN was most abundantly found in the mineral phase of the 
mineralizing bone and TLT. These results are not consistent with pre
vious observations that OPN is associated with soft tissues; therefore, 
OPN is hypothesized here to be secreted as an inhibitor of mineralization 
in soft tissues to mediate and prevent their potential abnormal calcifi
cation. The presence of OPN in normally calcifying tissue, especially 
strictly in the inorganic phase, possibly suggests its proposed role as an 
inhibitor of crystal growth, thus, preventing excessive mineralization 
(Jahnen-Dechent et al., 2008; Yuan et al., 2014; Foster et al., 2018). 

Fig. 4a and b show the distribution of BSP in rat and turkey tissues, 
respectively. Similar to OPN, BSP was localized primarily in the E-ex
tracts of both rat and turkey mineralizing tissues. However, BSP was also 

Fig. 2. Venn diagrams of the differential distribution of proteins identified in rat (a) and turkey (b) mineralizing and non-mineralizing tissues. Numbers in pa
rentheses indicate the total proteins that were identified in each extract. Numbers in overlapping regions of the Venn diagrams show the similar proteins that were 
identified in more than one extract. B: rat bone; T: rat tail tendon; MT: mineralizing TLT; NT: not-yet-mineralized TLT; NMT: never-mineralizing TLT; G, G1, G2, and 
E: extraction steps as defined in the text and in Fig. 1. 
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detected in G2-extracts of rat bone and mineralizing TLT. These results 
are in agreement with the presence of ~75 kDa bands detected in both 
rat and turkey extracts by Western blotting (Fig. 4e and f). BSP con
centration in rat was relatively higher in the E-extract than the G2- 
extract (Fig. 4e), while BSP concentration in turkey was relatively 
similar in the E- and G2-extracts (Fig. 4f). These results were comparable 

to the data determined by the present proteomics analyses. BSP is a 
SIBLING protein that also undergoes extensive post-translational mod
ifications including glycosylation, phosphorylation, and sulfation (Ganss 
et al., 1999; George and Veis, 2008). These changes can account for up 
to 50% of the total mass of BSP, which is in the range of 52–82 kDa 
(George and Veis, 2008). The association of BSP with the organic phase 

Table 2 
Relative abundance of ECM proteins across extracts derived from rat mineralizing and non- 
mineralizing tissues. 

Gene name Description Bone (B) Tendon 

(T)

G1 E G2 G

1 2 1 2 1 2 1 2

AHSG Alpha-2-HS-glycoprotein

ASPN Asporin

BGN Biglycan

COL11A1 Collagen alpha-1(XI) chain

COL12A1 Collagen alpha-1(XII) chain

COL1A1 Collagen alpha-1(I) chain

COL2A1 Collagen alpha-1(II) chain

COL3A1 Collagen alpha-1(III) chain

COL6A1 Collagen type VI alpha 1 chain

COL6A2 Collagen type VI alpha 2 chain

CTSG Cathepsin G

DCN Decorin

EEF2 Elongation factor 2

F2 Prothrombin

FMOD Fibromodulin

HIST1H4B Histone H4

HSPB1 Heat shock protein beta-1

LMNA Prelamin-A/C

MGP Matrix Gla protein

OGN Osteoglycin

P4HB Protein disulfide-isomerase

RPS11 40S ribosomal protein S11

SERPINF1 Alpha-2 antiplasmin

SOST Sclerostin

THBS1 Thrombospondin 1

TUBB5 Tubulin beta-5 chain

VIM Vimentin

VTN Vitronectin

G, G1, G2, and E: extraction steps as defined in the text and in Fig. 1. 1, 2: Specimens 1 and 2. 
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of mineralized tissues found here is consistent with results from previous 
investigations (Chen et al., 1994; Laboux et al., 2003; Chen et al., 2015). 

BSP has been thought to have a high affinity for HAP, a conclusion 
leading to suggestions of its role in promoting biomineralization (George 
and Veis, 2008). Studies in vitro report that BSP may function as a 
nucleator of HAP because of its consistent presence in mineralizing tis
sues such as bone, dentin, and calcifying cartilage (George and Veis, 
2008), and because BSP function in such a capacity was primarily 
related to its post-translational modifications (Hunter and Goldberg, 
1993; Hunter et al., 1996; Stubbs et al., 1997; Zhu et al., 2001; Baht 
et al., 2008; George and Veis, 2008). Immunogold localization studies 
have previously revealed that BSP was associated with electron-dense 
material in the mineralized matrices of porcine calvarial bone, rat 

tibiae, and TLT (Chen et al., 1994; Laboux et al., 2003; Chen et al., 
2015). Knockout studies of BSP in mice showed that the animals were 
viable and not devoid of bone formation, though they exhibited altered 
bone properties (Malaval et al., 2008). In the current work, BSP was 
found in low abundance in the G2-extracts, data indicating its associa
tion with the organic collagenous matrix after the mineral phase was 
removed. This result suggests that BSP might be an initiator of intra
fibrillar collagen mineralization. BSP was found in highest abundance in 
the inorganic mineral phase of the tissues investigated, a result sug
gesting that it might be secreted in later stages of mineralization, so as to 
regulate events of crystal growth or extrafibrillar collagen 
mineralization. 

Another family of NCPs that has been widely associated with 

Table 3 
Relative abundance of ECM proteins across extracts derived from turkey mineralizing and non- 
mineralizing tissues. 

Gene name Description RefSeq Turkey leg tendon

Mineralizing (MT) Not-

yet-min 

(NT)

Never-

min 

(NMT)

G1 E G2 G G

1 2 1 2 1 2 1 2 1 2

CILP Cartilage intermediate layer protein 1

CLU Clusterin

COMP Cartilage oligomeric matrix protein

DCN Decorin

HNRNPM Heterogeneous nuclear ribonucleoprotein M

HSPG2 Heparan sulfate proteoglycan core protein

LMCD1 LIM & cysteine-rich domains protein 1

MFGE8 Lactadherin isoform X2

MGP Matrix Gla protein

OGN Mimecan

OMD Osteomodulin

PKM Pyruvate kinase PKM isoform X2

SERPINF1 Pigment epithelium-derived factor

SOST Sclerostin isoform X2

THBS1 Thrombospondin 1

TNC Tenascin isoform X9

COL6A2 Collagen alpha-2(VI) chain isoform X1

COL1A2 Collagen alpha-2(I) chain

COL6A1 Collagen alpha-1(VI) chain

COL5A2 Collagen alpha-2(V) chain isoform X2

COL1A1 Collagen alpha-1(I) chain-like partial

COL12A1 Collagen alpha-1(XII) chain

COL16A1 Collagen alpha-1(XVI) chain

*: inserted manually to include collagen chain proteins. Min: mineralized/mineralizing; G, G1, G2, 
and E: extraction steps as defined in the text and in Fig. 1. 1, 2: Specimens 1 and 2. 
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mineralization is that of the mineral-binding γ-carboxylated glutamic 
acid (Gla) proteins, which include, among others, matrix Gla protein 
(MGP) and osteocalcin/bone Gla protein (OCN). These NCPs belong to a 
group of vitamin K-dependent proteins, in which γ-carboxylation of 
their Glu residues depends on the presence of vitamin K as a cofactor. 
The Gla residues endow these proteins with a high affinity for calcium 
ions and HAP crystals. Matrix Gla protein is a ~14-kDa NCP with re
ported four and five Gla residues in murine and bovine species, 
respectively (Price et al., 1983; Price and Williamson, 1985; Hauschka 
et al., 1989). Despite being initially isolated from bone (Price and Wil
liamson, 1985), MGP has been suggested as an active inhibitor of 
calcification in soft tissues such as cartilage and arteries. An MGP- 
knockout study in mice reported severe calcification of the vasculature 
of the animals and showed accelerated and premature mineralization of 
their normally mineralizing cartilage and bone growth plate relative to 
the control (Luo et al., 1997). Previously, MGP was thought to be 
associated with both the mineral and collagenous matrix of developing 
bone (Hauschka et al., 1989). The current proteomics study, however, 
revealed that MGP was most abundant in the mineral phase of rat bone, 
as expected, and of mineralizing TLT as well (Fig. 5a and b). This result 

correlates with the localization found here for the SIBLING family of 
proteins, which is considered to play an important role in 
mineralization. 

OCN was detected in only the mineralizing tissues of rat and turkey 
by proteomics analysis. In rat, OCN was found with the highest abun
dance in the G1-extract (Fig. 5a), but it was most concentrated in E- 
extracts in turkey (Fig. 5b). In both species, however, OCN was found 
associated with cellular, collagenous, and mineral phases of the tissues. 
Western blot results localized OCN bands at ~10 kDa in only E-extracts 
in both rat and turkey mineralizing tissues (Fig. 5c). The inconsistency 
observed between OCN proteomics and Western blot results might be 
the consequence of the difference in post-translational modifications. 
The Western blot localization of OCN in only mineralizing tissues, 
however, is consistent with earlier studies that have documented the 
localization of OCN in mineralized bone matrix of monkey vertebrae, rat 
femurs and tibiae, rat teeth, and chicken tibiae (Bronckers et al., 1985; 
Bronckers et al., 1987; McKee et al., 1992; Carlson et al., 1993). OCN 
was previously reported to be absent in osteoid or predentin, both of 
which lack mineral (Bronckers et al., 1985; Bronckers et al., 1987; 
McKee et al., 1992; Carlson et al., 1993). In addition, the presence of 

Fig. 3. The relative distribution of SLRP proteins in extracts derived from rat (a) and turkey (b) mineralizing and non-mineralizing tissues. Validation of decorin 
(DCN) localization by Western blotting (c). B: rat bone; T: rat tail tendon; MT: mineralizing TLT; NT: not-yet-mineralized TLT; NMT: never-mineralizing TLT. G, G1, 
G2, and E: extraction steps as defined in the text and in Fig. 1. 1, 2: Specimens 1 and 2. 

Fig. 4. The relative distribution of SIBLING proteins in extracts derived from rat (a) and turkey (b) mineralizing and non-mineralizing tissues and Western blot-based 
validation of the localization of OPN in rat (c) and turkey (d) and BSP in rat (e) and turkey (f) tissues. B: rat bone; T: rat tail tendon; MT: mineralizing TLT; NT: not- 
yet-mineralized TLT; NMT: never-mineralizing TLT. G, G1, G2, and E: extraction steps as defined in the text and in Fig. 1. 1, 2: Specimens 1 and 2. 
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OCN in the mineralizing tissues, especially in bone, should not come as a 
surprise as Ducy et al. found that, in the absence of this protein, the 
phenotype of bone was altered (Ducy et al., 1996). 

OCN has long been proposed to play an active role in mineralization 
because of its being osteoblast-specific (Hauschka et al., 1989; Oldknow 
et al., 2015). However, it recently was also found to be expressed by 
tenocytes in mineralizing turkey tendons (Chen et al., 2015). In agree
ment with Chen et al. (2015), our study found OCN in mineralizing 
turkey tendon by both proteomics and Western blotting. Interestingly, 
the proteomics results in the present study (Supplemental Fig. 1) showed 
that the Glu residues of OCN in turkey were not γ-carboxylated, but 
instead the data identified β-carboxylated Asp residues (Asa). Asa post- 
translational modification has been previously identified in E. coli ri
bosomal proteins (Christy et al., 1981). Similar to Gla, the carboxylation 
of Asp is mediated by vitamin K, and Asa has been detected among other 
vitamin K-dependent proteins such as factor IX, factor X, and protein C 
(Drakenberg et al., 1983; Fernlund and Stenflo, 1983). The finding of 
β-carboxylation of Asp in OCN may be important in relation to the hy
pothesized role of OCN in mineralization, as discussed below. 

Previous studies in vitro have suggested that OCN regulates the 
maturation of bone minerals by inhibiting mineral formation or delaying 
apatite nucleation (Boskey et al., 1985; Hunter et al., 1996; Flade et al., 
2001). The crystal structure of OCN shows that its γ-carboxylate residues 
are spaced at a distance that is complementary to calcium ions 
comprising the (100) face of HAP and, hence, it was considered to 
template HAP crystal growth (Hoang et al., 2003). OCN associates with 
calcium ions though its Gla residues and molecular dynamics simula
tions of OCN interactions with Ca2+ and (HPO4)2− ions in solution show 
that OCN promotes calcium phosphate cluster formation (Hauschka and 
Wians Jr., 1989; Hauschka et al., 1989; Zhao et al., 2018; Wang et al., 
2020). OCN has also been recognized as a prohormone for its future 
release during osteoclastic bone resorption (Ducy, 2011; Wei and Kar
senty, 2015; Zoch et al., 2016). However, recent studies raise questions 
about endocrinal or hormonal function of OCN (Diegel et al., 2020; 
Moriishi et al., 2020). Morrishi et al. instead found that the presence of 
OCN is vital in aligning the HAP crystals along the c-axis of type I 
collagen fibrils (Moriishi et al., 2020). 

Together with previous findings in vivo (Ducy et al., 1996; Luo et al., 
1997; Murshed et al., 2004; Kaipatur et al., 2008), our proteomics re
sults indicate that MGP, which also has Gla residues as noted above, is 
associated with the mineral phase of both rat bone and mineralizing 
regions of turkey tendon (Fig. 5a and b). In summary, OCN appears in 
various extracts of mineralizing tissues, whereas MGP is associated only 
with the mineral phase of mineralizing tissues, similar to the results 
previously noted for the SIBLINGs. Such an association suggests that 
both MGP and OCN might play a role in bone mineralization, where the 
role of MGP is possibly related to inhibition (Luo et al., 1997; Schinke 
et al., 1999; Murshed et al., 2004; Dan et al., 2012). Our findings on OCN 
do not preclude its role as a hormone. 

Another protein that has been proposed to play an important role in 
mineralization is tissue-nonspecific alkaline phosphatase (TNAP). TNAP 
has been detected in ECM vesicles in bone, cartilage and other miner
alizing tissues and is the principal regulating enzyme of inorganic py
rophosphate (Addison et al., 2007). Inorganic pyrophosphate is an 
inhibitor of soft tissue mineralization (Addison et al., 2007). The critical 
importance of TNAP in proper skeletal mineralization has been exten
sively studied and reviewed in the literature (Wennberg et al., 2000; 
Hessle et al., 2002; Murshed and McKee, 2010; Millán, 2013; Huesa 
et al., 2015). Studies have shown that TNAP deficiency is associated 
with hypophosphatasia affecting a range of mineralizing tissues, such as 
craniofacial and long bones as well as teeth (Liu et al., 2014; Millan and 
Whyte, 2016). The presence of TNAP in mineralizing tissues such as 
bone, including rat tibia and femur, and teeth has previously been re
ported (Hotton et al., 1999; Miao and Scutt, 2002; Hosoya et al., 2006). 
In soft tissues, TNAP was found abundantly in liver and kidney, as well 
as in rat cartilage and growth plate (Hosoya et al., 2006; McKenna et al., 
1979). A different perspective of the role of TNAP has been offered by 
the work of Murshed and coworkers (Murshed et al., 2004, 2005). They 
have proposed that the only requirement for vertebrate mineralization is 
the co-localization of TNAP with collagen (Murshed et al., 2004; 
Murshed et al., 2005; Murshed and McKee, 2010). In our study TNAP 
was not detected in rat tail tendon, but only in the E-extract of rat bone 
by Western blotting (Fig. 5d). The lack of a turkey-specific antibody for 
TNAP prevented its identification in TLTs by Western blotting. The 
current study does not directly address possible roles of TNAP in 
mineralization, but the localization of TNAP to only the mineral phase, 
similar to that of both SIBLING proteins and MGP, is intriguing. Our 
findings may support the concept that TNAP is actively involved in 
initiating mineralization, as proposed by several others (Murshed et al., 
2004; Murshed et al., 2005; Ducy, 2011; Wei and Karsenty, 2015; Zoch 
et al., 2016). 

4. Conclusions 

This study reports the results of unique and carefully designed ap
proaches to examine NCPs in vertebrate mineralizing tissues from male 
species. These methodologies include: (1) an investigation of two 
different animal models, rat and turkey, studied ex vivo to quantify NCPs 
in their mineralizing and non-mineralizing tissues and to determine 
whether certain NCPs are specific to each tissue type; and (2) a novel 
combination of sequential protein extractions followed by proteomics 
and Western blot analyses. NCPs were strictly extracted based on their 
association with different phases of the ECM, that is, the organic 
collagenous and inorganic mineral phases, or both, of the tissues 
examined. This protocol allowed a number of novel findings to come to 
light. Importantly, the results provided here are not limited to individual 
NCPs but can be generalized to various protein families and thus are 
relevant more broadly in this context. In particular, existing literature 

Fig. 5. The identification of vitamin K-dependent NCPs in rat and turkey and a comparison of MGP abundance in rat (a) and turkey (b). The identification of OCN in 
rat and turkey is validated by Western blotting (c). Western blot results of tissue-nonspecific alkaline phosphatase (TNAP) in rat bone and tail tendon (d). B: rat bone; 
T: rat tail tendon; MT: mineralizing TLT; NT: not-yet-mineralized TLT; NMT: never-mineralizing TLT. G, G1, G2, and E: extraction steps as defined in the text and in 
Fig. 1. 1, 2: Specimens 1 and 2. 
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has shown that SLRPs are found in mineralized tissues, and hence it has 
been proposed that they may be either inhibitors of mineralization or 
regulators of organic collagenous matrix organization or both. Our study 
has shown, for the first time, that various SLRPs are found strictly 
associated with the organic collagenous phase alone and not with the 
inorganic mineral phase of mineralized tissues. This result suggests that 
the role of SLRPs might be limited only to structural organic matrix 
organization and not to inhibition of mineralization. In contrast, we 
additionally found that the SIBLING family, along with MGP, is closely 
associated with the mineral phase of mineralized tissues, a result con
firming previous suggestions that the SIBLINGS play important roles in 
mineralization. We also found that OCN may be involved in regulating 
mineralization, but the findings here did not preclude its potential role 
as a systemic hormone. Moreover, with the caveat of experimental 
limitations of the current study, the localization of TNAP was confined 
to the inorganic mineral phase of rat femur, a result which is consistent 
with its proposed role in promoting mineralization. Based on our data, 
we believe that our study helps clarify the hypothesized functions of 
these important proteins/protein families in biomineralization. Further 
studies using additional animal models, including specific genetic 
modifications, combined with proteomics and Western blot analyses, 
should expand understanding of the roles of additional proteins in 
vertebrate mineralization. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bonr.2021.100754. 
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