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Abstract

Osteoporosis is prevalent among the elderly and is a major cause of bone fracture in this population.
Bone integrity is maintained by the dynamic processes of bone resorption and bone formation (bone
remodeling). Osteoporosis results when there is an imbalance of the two counteracting processes.
Bone mineral density, measured by dual-energy x-ray absorptiometry has been the primary method
to assess fracture risk for decades. Recent studies demonstrated that measurement of bone turnover
markers allows for a dynamic assessment of bone remodeling, while imaging techniques, such as
dual-energy x-ray absorptiometry, do not. The application of proteomics has permitted discoveries
of new, sensitive, bone turnover markers, which provide unique information for clinical diagnosis
and treatment of patients with bone diseases. This review summarizes the recent findings of
proteomic studies on bone diseases, properties of mesenchymal stem cells with high expansion rates
and osteoblast and osteoclast differentiation, with emphasis on the role of quantitative proteomics in
the study of signaling dynamics, biomarkers and discovery of therapeutic targets.

tAuthor for correspondence: Genomics & Functional Proteomics Laboratories, Osteoporosis Research Center, Creighton University
Medical Center, 601 N 30th ST, Suite 6730, Omaha, NE 68131, USA, Tel.: +1 402 280 5911, Fax: +1 402 280 4284, gxiao@creighton.edu.

For reprint orders, please contact reprints@expert-reviews.com

Financial & competing interests disclosure

This work is mainly supported by grants awarded to Gary Guishan Xiao (GGX) from the Bone Biology Program of the Cancer and
Smoking Related Disease Research Program and the Nebraska Tobacco Settlement Biomedical Research Program (LB692, LB595, and
LB506). The authors have no other relevant affiliations or financial involvement with any organization or entity with a financial interest
in or financial conflict with the subject matter or materials discussed in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of this manuscript.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al. Page 2

Keywords
bone mineral density; bone remodeling; bone turnover marker; osteoporosis; quantitative proteomics

Status of bone disease research

The primary function of the skeleton is to provide structural support for the soft tissues of the
body. The strength of bones comprising the skeleton is determined by the individual
histological makeup and the mechanical properties determined by the deposition of
hydroxylapatite within the collagen matrix. In response to changes in weight-bearing and
mechanical stress, there is constant remodeling of bone by the processes of bone resorption
and bone formation. The key players in bone remodeling are the osteoclasts, derived from
hematopoietic stem cells, and the osteoblasts, derived from bone marrow mesenchymal stem
cells (BM-MSCs). Bone resorption is carried out by the osteoclasts, while bone formation is
performed by the osteoblasts. Bone structure can be affected by genetic disorders, such as
osteogenesis imperfecta, and metabolic diseases, such as vitamin D-resistant rickets. Structural
abnormalities in bone result in increased skeletal fragility and risk of fracture. Except for these
rare disorders, most bone diseases are the result of an imbalance between bone resorption and
formation.

During adult life, resorption and formation are kept in balance and bone mass is maintained at
a steady state [1]. From the fifth decade of life, bone resorption begins to exceed bone
formation, which leads to bone loss, osteopenia and osteoporosis, and conditions of low bone
mass. Three pathogenic reasons for low bone mass are failure to achieve optimal peak bone
mass during skeletal growth, which is largely determined by genetic factors, increased bone
resorption due to abnormal endocrine regulation, cytokines or other local factors, and
inadequate bone formation due to impaired osteoblast function or insufficient stimulus for bone
formation [2].

Osteoporosis is the most prevalent bone disease in the USA and other developed countries. It
is defined as a metabolic bone disease characterized by low bone mass and deterioration in
bone architecture, resulting in enhanced bone fragility and, consequently, increased fracture
risk [3]. Based on some surveys, it was estimated that 54% of post-menopausal Caucasian
women in the USA have osteopenia and an additional 30% have osteoporosis. As a result,
white women alone account for 26 million people who are at risk of fracture. The prevalence
of osteopenia and osteoporosis would be comparable to that of hypertension [4] when affected
men and nonwhite women are included. The annual cost of osteoporosis-related care has
already approached US$17.9 billion annually in the USA and GBE£1.7 billion in the UK. This
cost for osteoporosis-related care is estimated to double in the first half of this century [5,6].
Osteoporosis is classified as either primary or secondary according to their respective
pathogenic mechanisms. Primary osteoporosis frequently occurs in postmenopausal women
and older men caused by estrogen deficiency, calcium deficiency and aging. Secondary
osteoporosis is associated with diseases, such as conditions of glucocorticoid excess, multiple
myelomatosis, hyperparathyroidism and hyperthyroidism [2,7]. Osteoporosis, either primary
or secondary, can be the result of either arise in osteoclast number and/or activity, or a decrease
in osteoblast number and/or activity. The differentiation of osteoblasts and osteoclasts from
their respective stem cells is affected by circulating cytokines and hormones. When there is an
imbalance in osteoblast/osteoclast functions, irreversible bone loss occurs and osteoporosis
results.

Despite our increasing knowledge of the individual molecular mechanism of osteoblast/
osteoclast activation, how these mechanisms are orchestrated to maintain normal bone
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structural integrity or to cause osteoporosis is poorly understood [8]. For example, estrogen
and parathyroid hormone (PTH) have been shown to influence both osteoclast and osteoblast
activities. Estrogen can partly affect the osteoblast by increasing the expression of IGF-1,
osteoprotegerin (OPG) and TGF-B, and decreasing the expression of RANKL, and partly affect
monocytes by decreasing the expression of IL-1, IL-6 and TNF-a [9-11]. Hyperparathyroidism
and aging can significantly increase PTH levels [12,13]. PTH, in addition to acting directly on
the osteoblastic lineage, may enhance RANKL expression and, in some cases, inhibit OPG in
osteoblastic cells [14,15]. Thus, the role of PTH in stimulating bone formation is more
complicated than just increasing osteoblast activity [16,17]. Using the simple model of
osteoporosis resulting from an imbalance of osteoblast/osteoclast activities, a number of
therapeutic strategies to treat these common conditions are already in use or are under
development. For example, estrogen-replacement therapy clearly inhibits bone loss, as well as
bone turnover, and increases bone mineral density [18]; bisphosphonates have been shown to
be the most effective inhibitors of bone resorption by inactivating osteoclasts and promoting
osteoclast apoptosis [19]. Drugs that inhibit the formation or activity of osteoclasts are valuable
for treating bone diseases. However, these treatments also have untoward side effects —
estrogen is linked to increased risk of breast cancer and bisphosphonates are linked to jaw
osteonecrosis [7,20].

Besides osteoporosis, there are other kinds of bone disease, such as Paget’s disease, bone
diseases of cancer and inflammatory bone disease. It is reported that 3% of the population in
the UK over the age of 40 years, and a significant number in the Caucasian population of North
America, suffer from Paget’s disease [21]. Paget’s disease is caused by increased numbers and
activity of osteoblasts, which affects local bone mineral density at multiple sites throughout
the whole skeleton. It has been reported that Paget’s disease is caused by viral infection in the
nuclei of osteoclasts, and two insertional mutations in exon 1 of the RANK gene have been
identified that result in enhanced expression of RANK and increased nuclear factor (NF)-xB
signaling and stimulation of osteoclastogenesis [22,23]. Some tumors are known to have
significant effects upon the skeleton. Tumor cells need the ability to promote
osteoclastogenesis in order to establish growth and metastasis in bone. Either systemic humoral
hypercalcemia of malignancy or local bone metastases can cause an increase in osteoclast
number and activity [21]. For example, breast cancer cells can increase RANKL formation to
promote osteoclastogenesis by producing PTH-related protein (PTHrP), IL-6, IL-11 and
COX2. TGF-B, secreted by cancer cells, is also believed to influence the production of bone-
resorbing cytokines [24,25]. Inflammatory bone diseases, such as rheumatoid arthritis are
characterized by the destruction in articular cartilage for the excessive subchondral osteoclastic
bone resorption. The inflammatory factors, including IL-1, IL-6, IL-11, IL-13, IL-17, PTHrP
and RANKL, provide the environment of cytokines to stimulate osteoclasto-genesis, which is
the primary cause of bone erosion in rheumatoid arthritis [26]. The regulatory process of
cytokines/chemokines in osteoclastogenesis is summarized in Figure 1. A major therapy
consideration in the treatment of these kinds of bone diseases is to inhibit bone resorption, as
with osteoporosis therapy, as well as treatment of the underlying primary cause, such as
chemotherapy for cancer and anti-inflammatory therapy for inflammatory bone disease.

Current drug therapy for osteoporosis aims to inhibit osteoclastogenesis and osteoclast activity.
Such systemic therapy is effective in slowing bone loss and is known to have significant side
effects. Some recent discoveries provide new targets for modifying osteoclastic differentiation
based on the OPG/RANKL/RANK signal pathways: production of RANKL, interaction of
RANKL with RANK and RANK downstream signal activation (Figure 1) [21]. Future
advances in the treatment of osteoporosis with drugs specifically targeting these three critical
processes of the OPG/RANKL/RANK pathways are greatly anticipated.
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Much work remains to be conducted on the treatment of bone diseases by the stimulation of
bone formation. A few pivotal signal pathways involved in osteogenesis in vitro have been
found. Osterix, a novel zinc finger-containing transcription factor, plays an essential role in
osteoblast differentiation and bone formation [27,28]. Cbfal/Runx2, as a member of the RUNX
family, has been demonstrated to be the key transcriptional factor associated with osteoblast
differentiation. Targeted disruption of these two factors results in a complete abortion of bone
formation owing to maturational arrest of osteoblast differentiation [28]. Osterix and Runx2
temporally regulate the process of the osteoblast differentiation (Figure 2) [29]. Runx2 plays
an important role in the early stage of the differentiation of the BM-MSCs into preosteoblasts
(Figure 2). Osterix mainly regulates the process of the preosteoblast differentiation into the
functional osteoblast, which leads to overexpression of osteoblast marker genes. Although
these two transcriptional factors differentially regulate the process of osteoblast differentiation,
Runx2, in general, is considered to be the early regulator and osterix is the late regulator during
osteoblast differentiation [28]. On the other hand, these two osteoblastogenic master genes are
also regulated by numbers of developmental signal pathways, for example, the canonical Wnt
and bone morphogenetic protein (BMP) signaling pathways, which orchestrate the
commitment of BM-MSC:s to specific cell types (Figure 2). It has been reported that Wnt10b
stimulates osteoblastogenesis via activation of the osteogenic transcription factors Runx2 and
osterix [30]. It is also reported that BMP-2, BMP-4 and BMP-7 induce osteoblastogenesis via
activation of Runx2 and osterix by forming a specific receptor complex, BMPRIA/BMPRIB,
and receptor, Smads [28].

However, there is a big gap between in vitro and in vivo study. Osteogenesis study in vivo is

much more complex. Cell-cell and cell-matrix interactions must be considered. Therefore, the
whole regulatory network must be carefully studied as a unit and candidate targets should be
confirmed in vivo study.

Quantitative proteomics: a powerful tool for bone marker discovery

Proteomics, developed over a decade ago, is now extensively used for directly analyzing
protein expression at the post-translational level. The proteome in cells is constantly changing
through its biochemical interactions with the genome and the environment. The large increase
in protein diversity may be due to alternative splicing [31,32] and post-translational
modification [33,34] of proteins. Protein diversity cannot be fully characterized by gene-
expression analysis alone, making proteomics a promising tool for characterizing cells and
tissues of interest and for biomarker discovery. Proteomic techniques have been developed
during the last decade. Owing to the limitation of 2DE for protein profiling, gel-free or liquid
chromatography (LC)-based proteomics techniques are now emerging as the choice for
quantitatively measuring protein levels with better sensitivity and reproducibility over 2DE-
based methods [35,36]. These mass spectrometry (MS)-based proteomics can be generally
divided into two approaches: isotope-labeled and label-free MS [37]. An isotope-labeling
strategy has been developed that introduces stable isotope tags to proteins via chemical
reactions using isotope-coded affinity tags (ICAT) and isobaric tag for relative and absolute
quantitation (iTRAQ), enzymatic labeling (e.g., using 10 water for trypsin digestion), or via
metabolic labeling (SILAC). With the advances of new instrumentation, computing power and
advanced bioinformatics, a series of label-free LC-MS shotgun screening methods, such as
multidimensional PIT, have been alternatives for relative and absolute protein quantitation in
biological samples. These methods and their limitations have been well discussed previously
[37]. Proteomics has been gaining attention in the field of bone disease research for bone
biomarker discovery and cell signaling [38]. In the following sections, we will summarize the
progress that has been made for the application of proteomics to bone disease research.
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Proteomics of bone diseases

Conventional molecular biological approaches examine a limited number of proteins based on
signaling or metabolic pathways. Proteomics has emerged as a systematic approach for the
qualitative and quantitative mapping of the whole proteome in large-scale studies. In the area
of bone diseases, traditional 2DE coupled with MS, a standard method for comparing protein
expression profiles between normal and disease states, has been applied to obtain unique
protein-expression profiles of cartilage degradation, bone sarcoma, osteoarthritis and femoral
head osteonecrosis, and compared with profiles from normal tissues [39-44]. Table 1
summarizes the protein marker candidates discovered in bone diseases using proteomics
technology. The major objectives of these works are to discover unique proteins of diseases
and provide insights into the mechanisms. However, this analysis yields large amounts of data
whose biological relevance is difficult to discern. Proteomic methods introduced into in vitro
study are apt to reveal the cellular events and signal transduction of cells in culture [45].
Whether such findings have the same significance in vivo is unknown.

Proteomics of MSCs & osteoblasts

Since bone diseases mainly occur as a result of the disturbance of the bone remodeling rate
and the imbalance between the activity of osteoclasts and osteoblasts [1], recent proteomic
studies have focused on the differentiation of these cells and their function. Osteoblasts derived
from multipotential MSCs can synthesize bone matrix, while osteoclasts derived from
monocytes can digest bone [11]. So far, a number of proteomic studies have investigated the
self-renewal and differentiation of MSCs and osteoblastogenesis. MSCs, refered to as plastic
adherent cells and colony-forming-unit fibroblasts, are pluripotent and have self-renewal
capacity [46,47]. Novel molecular and cellular techniques have focused on the quantitation
and characterization of STRO-1, CD29, CD44, CD90, CD105, CD166 and MHC-1 as MSC
surface markers [48]. However, these biomarkers are not uniquely expressed in stem cells and
the molecular mechanism governing MSC self-renewal remains unclear. Proteomic profiles
from several clones of BM-MSC at stages of differentiation were obtained using protein
separation by 2DE or by 2D LC followed by MALDI MS analysis. These profiling studies
indicated that differentiated subcultured MSCs with low-expansion tendency showed
differentially expressed proteins in some functional groups: metabolism, signal transduction,
cell adhesion and cell growth, cell cytoskeleton, cell—cell interaction, cell cycle, protein
degradation and ion transfer (Table 2). In particular, MSCs of high expansion rate (less
differentiated) overexpressed calmodulin, T-complex protein 1 a-subunit and tropomyosin
compared with those of low expansion rate, while caldesmon and minralocorticoid receptor
were downregulated [49-51]. These proteins were reported to be associated with cell cycle and
proliferation [50], even contributing to bone turnover [52]. Other studies on osteoblast
differentiation from MSCs using 2DE coupled with MALDI TOF MS provide a classic protein
profile of differentiating osteoblasts. Some specific differentially expressed proteins, such as
chloride intracellular channel 1, have been suggested to play an important role in the process
of osteoblast differentiation (Table 3) [53,54].

Recently, researchers found that some hormones, growth factors and cytokines can regulate
the growth, maturation and activity of osteoblasts [21], implying that these circulating factors
can affect osteoblastogenesis through specific signal pathways. Extracts from MSCs treated
with specific hormones or growth factors were analyzed by 2DE or 2D LC followed by MS
analysis in order to find differentially expressed proteins that may play roles in specific signal
pathways [55-57]. Of particular applications provided by isotope-labeled quantitative MS,
Kratchmarova cultured human MSC with EGF and PDGF in a medium containing distinct
forms of arginine either the normal 12Cg, 14N, version or the isotopic variants 13Cg, 14N, (Arg6)
or 13Cg, 15N, (Arg10) to metabolically label the entire proteome, making it distinguishable by
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MS analysis (Table 3). Each treatment matched to one single labeling. Quantitative proteomics
can directly compare entire signaling networks in osteoblastogenesis, which are regulated by
EGF and PDGF, and discover the critical difference of two factors in regulation of PI3K
pathway [58].

Proteomics of osteoclasts

Osteoclasts, members of the monocyte/macrophage family, are bone resorptive cells.
Osteoclast proliferation and differentiation is partially driven by osteoblasts, macrophage
colony-stimulating factor (M-CSF) and RANKL [11,59]. Researchers have analyzed the whole
osteoclast proteome and secreted proteome, as shown in Table 4 [38,60,61]. Czupalla analyzed
the protein expression profile of osteoclasts using 2D DIGE coupled with MS, a sensitive and
reproducible proteomic technique [61]. By comparing proteins differentially expressed with
uniquely expressed gene profile at mMRNA levels, two categories of proteins are found. In the
first category, proteins differentially expressed were confirmed by the results from mRNA
microarray, and in the second category, proteins differentially expressed did not verify their
changes in mRNA level. Intriguingly, in the second category, the differentially expressed
proteins were detected by using a proteomics approach, but failed to see any change in mMRNA
level analyzed by gene microarray. The discrepancy in the second category suggests that the
proteins encoded by the corresponding genes underwent post-translational modifications,
which occurred owing to post-transcriptional interaction and gene—environment interaction.
The function of osteoclast and the expression profile of membrane proteins in osteoclasts was
studied by Ha et al. using LC-MS/MS [60]. The study focused on the function of differentially
expressed Nhedc2 (channel proteins Na*/H* exchanger domain-containing 2), which was
found in osteoclast membrane. Further characterization of Nhedc2 and its family members
suggested their key roles in osteoclast fusion during bone resorption. In a recent study from
Kubota’s group, they analyzed the secreted proteome of osteoclasts by using both 2DE with
MALDI MS/MS analysis and ICAT coupled with quantitative LC MS/MS analysis [38].
Comparison of these two proteomic approaches suggests that these two different methods can
produce complementary results, which help elucidate the molecular mechanism of bone
resorption and bone formation. Proteins differentially expressed, such as cathepsins,
osteopontin, legumain, macrophage and inflammatory protein-1a, were identified, suggesting
they are closely related to osteoclast differentiation and bone resorption.

To date, (semi)quantitative proteomic approaches have been used successfully in analyzing
cellular, membrane and secreted proteins from osteoclasts. The differentially expressed
proteins identified by these approaches include known osteoclast markers, such as vacuolar,
H-ATPases and cathepsin K, and unknown proteins, such as gelsolin and arp2/3, which play
key roles in the maturation of osteoclasts. These proteins respond to the RANKL activation
and promote osteoclastogenesis, providing additional information to better understand the
molecular mechanism underlying osteoclastogenesis. In addition, the understanding of the
OPG/RANKL/RANK signal pathways may provide potential therapeutic targets for the
treatment of bone diseases, such as osteoporosis.

Expert commentary

Osteoporosis is prevalent in the elderly population in the USA. It is the result of the imbalance
of bone remodeling and the loss of bone mass. Low bone mineral density is one of the strongest
risk factors of fracture. Dual-energy x-ray absorptiometry, which measures bone mineral
density, is emerging as a better way to monitor the loss of bone mass owing to bone remodeling.
However, dual-energy x-ray absorptiometry does not provide information regarding the
irreversible process that leads to the loss of bone mass and bone density. Proteomics techniques
are useful for dynamic scanning of protein expression in osteoporosis. Bone-turnover markers
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have proven more powerful than imaging techniques, such as dual-energy x-ray
absorptiometry, for predicting the dynamics of bone remodeling [62,63]. Bone turnover
markers may provide valuable information of monitoring dynamic bone remodeling.
Unfortunately, few bone turnover markers are currently available for early diagnosis,
prediction and monitoring of osteoporosis, even though the latest biological study suggests
targeting of TGF-B1 signaling could provide an effective therapy for osteoporosis [64]. Recent
developments in proteomic technology, particularly quantitative proteomics, provide a great
opportunity to discover and validate early bone turnover markers and therapeutic targets.

Five-year view

The use of quantitative proteomics in bone research, namely osteoproteomics, is an emerging
field. It is anticipated that such studies will provide insight into the molecular mechanisms of
self-renewal and differentiation of MSCs and the transformation of monocytes into osteoclasts.
Proteomics, especially quantitative proteomics, hopefully will bring the next generation of
diagnostic and therapeutic advances in the management of the very prevalent problem of
osteoporosis.

Key issues
e Osteoporosis is the result of an imbalance of bone resorption and bone formation.

e The key players in bone remodeling are the osteoclasts, derived from
hematopoietic stem cells, and the osteoblasts, derived from bone marrow
mesenchymal stem cells.

e Proteomics has been gaining attention in the field of bone disease research for bone
turnover biomarker discovery and cell signaling.

¢ Inthe area of bone diseases, traditional 2DE coupled with mass spectrometry has
been applied to obtain unique protein expression profiles of cartilage degradation,
bone sarcoma, osteoarthritis and femoral head osteonecrosis and compared with
profiles from normal tissues.

e The differentially expressed proteins identified by quantitative proteomic
approaches include known osteoclast markers, such as vacuolar, H-ATPases and
cathepsin K, and unknown proteins, such as gelsolin and arp2/3, which play key
roles in the maturation of osteoclasts.

¢ Mesenchymal stem cells of high expansion rate, overexpress calmodulin, T-
complex protein 1 a-subunit and tropomyosin, which are associated with cell cycle
and proliferation.

e Measurement of protein turnover rates by using quantitative proteomics is a new
and powerful approach for discovering of sensitive bone turnover marker in the
future.
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Figure 1. Cytokines/chemokines regulate osteoclast development

Most skeletal osteoclasts originate from circulating monocytes. These cells from osteoporotic
patients were reported to have increased levels of bone resorption activity when induced into
osteoclasts in vitro. Recruitment of circulating monocytes into bone is mainly conducted by
chemokines, such as CCR3 ligand and RANTES. Recruited monocytes in bone are targets of
a variety of cytokines, such as RANKL and M-CSF, which also regulates the osteoblast
differentiation and function. Therefore, these chemokines and cytokines produced by marrow
stromal cells and their derivative osteoblasts play key roles in bone remodeling.

GC: Glucocorticoid; HSC: Hematopoietic stem cell; M-CSF: Macrophage colony-stimulating
factor; OPG: Osteoprotegerin.
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Figure 2. BMPs/Wnt signaling-regulated osteoblastogenesis via Runx2 and Osterix
BMP: Bone morphogenetic protein.
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Table 1
Proteomic studies of bone diseases.
Protein Disease Biological function Ref.
a crystallin B chain Osteosarcoma Antiapoptotic [39]
Ezrin Osteosarcoma Cell growth and metastasis [39]
Alcohol dehydrogenase Osteoarthritis Glycolysis [37]
Adenylate kinase isoenzyme 1 Osteoarthritis Glycolysis [37]
a-enolase Osteoarthritis Glycolysis [37]
Pyruvate kinase 3 isoform 2 Osteoarthritis Glycolysis [37]
Flavin reductase Osteoarthritis Glycolysis [37]
Annexin Al Osteoarthritis Cell proliferation [37]
Phosphatidylethanolamine-binding protein  Osteoarthritis Signal transduction [37]
Tubby protein homolog Osteoarthritis Signal transduction [37]
Peroxiredoxin-3 Osteoarthritis Anti-apoptotic, differentiation [37]
Superoxide dismutase Osteoarthritis Antioxidant [37]
EGF receptor Osteosarcoma Cell growth and differentiation [40]
Ribulose-5-phosphate-epimerase Osteosarcoma Catalytic activity [40]
ATP-dependent RNA helicase Osteosarcoma Helicase activity [40]
Kelch-like ECH-associated protein 1 Osteosarcoma Cell proliferation [40]
Heterogeneous nuclear ribonucleoprotein L~ Osteosarcoma RNA binding [40]
Minichromosome-maintenance protein 7 Osteosarcoma Cell proliferation [40]
Erk 2 Osteosarcoma Induction of apoptosis [40]
Tissue-type plasminogen activator Osteosarcoma Tissue remodeling and degradation,  [38]
cell migration
Crosslaps Osteosarcoma Marker for bone resorption [38]
Anti-p53 antibody Osteosarcoma Antiapoptotic [38]
Matrix metalloproteinase 3 Cartilage degradation ~ Collagen degradation [35]
Chitinase-3-like protein 1 Cartilage degradation ~ Tissue remodeling [35]
Thrombospondin-1 Cartilage degradation  Cell adhesion [35]
Neutrophil gelatinase-associated lipocalin Cartilage degradation  Lipophilic substances transport [35]
Gelsolin Cartilage degradation  Calcium regulation [35]
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Table 2

Proteomic studies of on mesenchymal stem cells.

Protein Species Biological function Ref.
Vimentin Mouse Cell motion [50]
Calreticulin Mouse Cell proliferation [50]
Thioredoxin domain containing 7 Mouse Electron carrier activity [50]
CD98 Human Cell growth [47]
CD147 Human Metalloproteinase inducer [47]
CD99 Human Cell adhesion [47]
CD47 Human Cell adhesion [47]
Calmodulin Human Apoptosis [46]
Tropomyosin Human Cell division [46]
Corticotropin Human Cell proliferation [46]
Caldesmon Human Cell division [46]
Annexin-1 Human Cell proliferation [46]
Annexin-2 Human Cell proliferation [46]
Lamin A/C Human Embryonic development [46]
Heat-shock protein 27 Human Cytoprotection and cell survival [46]
Pyruvate kinase M2 Human Cell cycle regulatory [46]
Lecithin cholesterol acyltransferase Rat Lipid biosynthesis [45]
Sorbitol dehydrogenase Rat Glucose metabolism [45]
Potassium channel 13 Rat lon transport [45]
Mineralocorticoid receptor Rat Differentiation [45]
Somatostatin receptor type 5 Rat Signal transduction [45]
Adenylate kinase isoenzyme 1 Rat Catabolic activity [45]
Cathepsin D Rat Proteolysis [45]
T-complex protein 1 a-subunit Rat Protein folding [45]
Striatin-3 Rat Cell growth [45]

Data from [45-47,50].
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Table 3
Proteomic studies of osteoblast differentiation.
Protein Species Biological function Ref.
Heat-shock protein 27 Human Actin polymerization [50]
Cathepsin D Human Proteolysis [50]
Ubiquitin C-terminal hydrolase L1 Human Ubiquitin conjugation activity [50]
Phosphoglycerate mutase 1 Human Glycolysis [50]
Pyruvate kinase M1 Human Cell cycle regulatory [50]
a-enolase Human Cell proliferation [50]
ATP synthase Human ATP synthesis [50]
Glutathione S-transferase P Human Antioxidant [50]
Glutamate dehydrogenase 1 Human Antioxidant [50]
Superoxide dismutase Human Antioxidant [50]
Chloride intracellular channel 1 Human Signal transduction [49]
Acidic ribosomal phosphoprotein PO Human Ribosome biogenesis [49]
Annexin V Human Anti-apoptosis [49]
14-3-3 protein y Human Signal transduction [49]
LIM/homeobox protein Human Mesoderm formation [49]
Versican Human Cell adhesion [47]
Tenascin Human Cell migration [47]
Fatty acid synthase Human Lipid biosynthesis [47]
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Proteomic studies of osteoclast differentiation.

Table 4

Protein Species  Biological function Ref.
Vacuolar H-ATPases Mouse  Proton transport [57]
Cathepsin K Mouse Proteolysis [57]
Gelsolin Mouse  Actin binding [57]
Actin-related protein 2/3 Mouse Actin binding [57]
Cofilin Mouse  Antiapoptosis [57]
Ankylosis Human  Phosphate transport [58]
Nay/H; exchanger domain containing 2 Human  lon transport [58]
Osteopontin Mouse Cell adhesion [34]
Legumain Mouse Cysteine-type endopeptidase activity [34]
Macrophage inflammatory protein-1 Mouse Immune response [34]
IFNy-inducible lysosomal thiol reductase Mouse Oxidation reduction [34]
Granulin Mouse Structural molecule activity [34]
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