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Abstract
Osteoporosis (OP) is a major public health problem, mainly characterized by low bone mineral
density (BMD). Circulating monocytes (CMCs) may serve as progenitors of osteoclasts and produce
a wide variety of factors important to bone metabolism. However, the specific action mechanism of
CMCs in the pathogenesis of OP is far from clear. We performed a comparative protein expression
profiling study of CMCs in Chinese premenopausal females with extremely discordant BMD,
identified a total of 38 differentially expressed proteins, and confirmed with Western blotting five
proteins: ras suppressor protein1 (RSU1), gelsolin (GSN), manganese-containing superoxide
dismutase (SOD2), glutathione peroxidase 1(GPX1), and prolyl 4-hydroxylase β subunit (P4HB).
These proteins might affect CMCs’ trans-endothelium, differentiation, and/or downstream osteoclast
functions, thus contribute to differential osteoclastogenesis and finally lead to BMD variation. The
findings promote our understanding of the role of CMCs in BMD determination, and provide an
insight into the pathogenesis of human OP.
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1 Introduction
Osteoporosis (OP), mainly characterized by low bone mineral density (BMD) [1], is a major
public health problem among females [2]. Genetic factors play an important role in OP, as
evidenced by the high heritability (>50%) of BMD [3–5].

Great progress has been made in the field of genetic epidemiology for the identification of
genes important for OP. At the DNA level, a list of genes has been found associated with BMD
or other phenotypes of OP [6]. At the mRNA expression level, Liu et al. [7] performed an in
vivo microarray study of circulating monocytes (CMCs) in Caucasians and suggested a novel
pathophysiological mechanism for OP. However, so far, little effort has been made to
systemically explore OP in humans at the protein level. Proteins are direct executors and
regulators in almost all processes of life. Therefore, profiling study at the protein level will
provide insights into the disease that are biologically and clinically relevant.

OP is attributed to imbalanced bone remodeling, in which osteroclastic bone resorption exceeds
osteoblastic bone formation [8,9]. Studying osteoclastogenesis and/or osteoblastogenesis may
contribute to the understanding of the pathogenesis of OP. It has been shown that all osteoclasts
in peripheral skeleton such as femur [10,11], and a considerable amount of osteoclasts in the
central skeleton such as spine [12] originate from CMCs [13–16]. CMCs can differentiate in
vitro into active osteoclasts [17,18]. In addition, CMCs produce a wide variety of factors
involved in bone metabolism, such as interleukin-1, tumor necrosis factor-α, interleukin-6,
platelet-derived growth factor, transforming growth factor-α, and 1,25(OH)2D3 [19–22]. Given
the importance of CMCs for bone metabolism, functional profiling of CMCs in vivo in humans
might provide insights into the pathophysiology of OP.

For healthy women, BMD increases progressively with age from infancy to adulthood [23].
After reaching its peak at the age of ~20–25 [24], BMD remains relatively stable until the age
of 45–55 (before menopause in females). Due to a drastic change of physiological status, i.e.,
menopause, BMD then is subject to large changes in hormonal and environmental factors and
decreases rapidly. Upregulation of osteoclast formation has been recognized as the main
mechanism of estrogen deficiency induced bone loss [25,26]. Peak BMD is a determinant of
OP later in life. During the stage of peak BMD (i.e., premenopausal period aged 20–45),
women’s BMD is in a status of relative balance between bone formation by osteoblasts and
bone resorption by osteoclasts. Compared with the periods before (i.e., childhood and
adolescence) or after (i.e., perimenopausal stage) this stage, in vivo expression of relevant genes
in CMCs, which reflects bone homeostasis at this stage, should be to a much less extent
influenced by factors of inner (e.g., hormones) or outside environments (e.g., nutrition), making
the effect of the intrinsic genetic factors for bone mass more prominent. Therefore, this peak
BMD stage provides us a unique “window” to explore the intrinsic genetic factors responsible
for BMD variation among different individuals, which leads to differential susceptibility to OP
later in life.

In the present study, using 2-DE coupled with MS, we compared protein expression profiles
of CMCs from Chinese premenopausal females with extremely high BMD versus those with
extremely low BMD, and identified differentially expressed proteins (DEPs) that might be
crucial to osteoclastogenesis in relation to the pathogenesis of OP.

2 Materials and methods
2.1 Subjects

The project was approved by the involved Institutional Review Board. All subjects signed
informed-consent documents before entering the project. We recruited a total of 30 unrelated
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premenopausal Chinese Han females, aged from 20–45 years (with the average age ± SD of
27.3 ± 5.0), i.e., the time when peak bone mass is attained and maintained in Chinese females
[24]. Among these subjects, 15 had high BMD (from top 12%, average Z score ± SD: +1.63
± 0.16) and 15 had low BMD (from bottom 12%, average Z score ± SD: −1.67 ± 0.15) at the
hip. These subjects were selected from a base population in our archive composed of up to
1000 unrelated otherwise healthy premenopausal females aged of 20–45. They reside in
Changsha city and its vicinity in the Midsouth area of China. Fifty-milliliter blood was drawn
from each voluntary consenting subject. Information such as age, ethnicity, menses status,
medication history, disease history, and marriage history were obtained via the questionnaire.

Exclusion criteria were used to minimize potential effects of any known nongenetic factors on
bone metabolism and BMD determination [27]. Briefly, the exclusion criteria included chronic
disorders involving vital organs (heart, lung, liver, kidney, and brain), serious metabolic
diseases such as diabetes, hypo- or hyperparathyroidism, hyperthyroidism, other skeletal
diseases such as Paget’s disease, osteogenesis imperfecta, rheumatoid arthritis, chronic use of
drugs affecting bone metabolism such as corticosteroid therapy, anticonvulsant drugs,
estrogens, thyroid hormone, and malnutrition conditions such as chronic diarrhea, chronic
ulcerative colitis. For the 30 subjects selected for protein expression analyses, we adopted
additional exclusion criteria to minimize effects of any known disorders or conditions that
might affect systemic protein expression of CMC [7]. These disorders and conditions included
autoimmune or autoimmune-related diseases, immune-deficiency conditions, haemopoietic
and lymphoreticular malignancies, and other diseases such as viral infection, etc.

2.2 BMD measurement
BMD (g/cm2) at the hip, including femoral neck, trochanter, and intertrochanter, were
measured using the Hologic QDR 4500 W bone densitometer (Hologic, Waltham, MA, USA).
The total hip BMD was a combined value at the three measured regions. The densitometer was
calibrated daily with the control vertebral phantom, and the CV across repeated scans were
1.21%, 1.80%, 2.33%, and 1.34% for the trochanter, intertrochanter, femoral neck, and total
hip, respectively.

2.3 Monocyte extraction and purity
Firstly, we isolated circulating mononuclear cells (MNCs) from 50 mL fresh peripheral blood
drawn from each subject using lymphoprep solution (Axis-Shield PoC AS, Oslo, Norway)
according to the manufacturer’s recommendation. Then, the monocyte negative isolation kit
(Dynal Biotech ASA, Oslo, Norway) was used to isolate CMCs from the MNCs by depletion
of T cells, B cells, natural killer cells, erythrocytes and granulocytes, leaving monocytes
untouched and free of surface-bound antibody and beads. The purity of the isolated CMCs was
monitored by BD-FACScalibur flow cytometry (BD Biosciences, San Jose, CA, USA) with
fluorescence labeled antibodies PE-CD14 and FITC-CD45 (Fig. 1), and determined to be as
high as 90% in our samples.

2.4 Protein extraction
CMCs (~2–5 × 106 per sample) were resuspended for 1 h in lysis buffer containing 8.0 M Urea,
2.0 M thiourea, 4.0%CHAPS, 1.0% NP-40, 0.5% phenmalate 3–10, 65.0 mM DTT, 0.5 mM
PMSF, and vibrated every 5 min. Lysates were centrifuged at 12 000 rpm for 30 min at 4°C.
The supernatants stored at −80°C until use for 2-DE. Protein concentration in these samples
was estimated by using a commercial Bradford kit (DC reagent kit, Bio-Rad), and BSA as
standard. Prior to the separation of proteins by 2-DE, three randomly selected protein samples
with 300 μg protein each from the same BMD group (high or low) were equally pooled together.
Thus, a total of ten pooled samples (five from high BMD group and five from low BMD group)
were subject to protein expression profiling.
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2.5 2-DE
The 2-DE was performed with the Amersham Pharmacia system. Three hundred microgram
of total protein for each pooled sample was applied to an 18 cm length IPG DryStrip (pH 3–
10 L), which was rehydrated for 13 h at 20°C in 8.0 M Urea, 2% CHAPS, 0.5% IPG Buffer
(pH 3.0–10.0 L), 18 mM DTT, and 0.001% bromphenol blue. The pre-IEF and IEF were
performed on IPGphor IEF system (Amersham Pharmacia Biotech). The pre-IEF was
performed at 500 V for 1 h and 1000 V for 1 h. Formal IEF was then performed with a linear
increase up to 8000 V over 0.5 h, and then held at 8000 V for 5 h. For the second dimension,
the IPG strips were equilibrated first for 15 min in a buffer containing 50 mM Tris-HCl, pH
8.8, 30% glycerol, 1.0% SDS, and 6.0 M urea, and 0.2% DTT (Sigma), second for 15 min in
a buffer containing 50 mM Tris-HCl, pH 8.8, 30% glycerol, 1% SDS, 6.0 M urea, and 3%
iodoacetamide, followed by 10% SDS-PAGE on a Protean Plus Dodeca Cell (Bio-Rad
Laboratories, Hercules, CA, USA). Gels were stained with silver nitrate and visualized under
ultraviolet light with a Tsinghua Unigroup scanner at an optical resolution of 300 dpi in
transmission model (Tsinghua Unigroup, Beijing, China). To check the reproducibility of the
data, three independent 2-DE’s were performed on each pooled sample.

2.6 Differential expression analyses
Protein spots were detected based on staining intensity of silver nitrate as determined by the
PDQuest software v7.2 (Bio-Rad Laboratories, Hercules). We first set up a primary matchset
from the three replicates for each sample. Then, a higher level of matchset was generated from
seven mixtures in either high or low BMD group. The differentiated proteins were detected by
comparing matchset in low BMD group to that in high BMD group. In order to justify for
variability due to silver staining, the intensity of each spot was normalized to the total intensity
of all the spots in the gel. The normalized data were exported as expression values for further
statistical analyses.

In order to select spots for protein identification, using the normalized data, we performed four
types of statistical analyses: t-test, Kruskal–Wallis test, weighted gene analysis (WGA) [28],
and significance analysis of microarrays (SAM) [29]. t-Test and Kruskal–Wallis test are two
commonly used paramatric and nonparamatric statistical methods, respectively, which test
whether the mean values between the two group of samples are equal. The Kruskal–Wallis test
is performed on ranked data; it might be relatively less powerful due to the transformation of
informative data into rank data, but it does not make assumptions about normality and
homoscedasticity. The cutoff significance levels for both the two tests were set to be p<0.05.
In WGA, a discriminative weight (w) for each protein can be evaluated by w = dB/(k1dw1 +
k2dw2 + α), where dB is the center-to-center distance (between-group Euclidean distance),
dwi is the average Euclidean distance among all sample pairs within group i, with a total of
t1 and t2 sample pairs within groups 1 and 2, respectively, k1 = t1/(t1 + t2), and k2 = t2/(t1 +
t2). α is a small constant to prevent a zero denominator. Proteins may then be ranked based on
w. The larger the w, the larger the difference of the protein expression [28]. The significant
cutoff point for WGA was set to be w>2.5. SAM was applied to protein expression analysis in
this study [29]. The statistic “relative difference” d(i) in protein expression is d(i) = (x̄1(i) −
x̄2(i))/(s(i) + s0), where x̄1(i) and x̄2(i) are the average expression levels for protein (i) in the
high BMD group versus the low BMD group, respectively. The protein-specific scatter s(i) is
the SD of repeated expression measurements:

where Σm and Σn are sums of the expression measurements in two groups, respectively, a =
(1/n1 + 1/n2)/(n1 + n2 − 2), n1 and n2 are the numbers of measurements in two groups,
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respectively. s0 is to ensure that the variance in d(i) is independent of protein expression. The
value for s0 will be chosen to minimize the CV. The larger the d(i), the larger the differnce of
the protein expression. The significant cutoff point for SAM was set to be d(i) = 1.0. To
minimize missing improtant proteins, all spots that meet at least one of the above criteria for
statistical significance were analyzed by MS.

2.7 Protein identification
The interesting protein spots, based on our statistical analyses, were excised from the gels and
digested with trypsin. Briefly, each spot was destained in 15.0 mM K3Fe(CN)6 and 50.0 mM
Na2S2O3, dehydrated in 50% and 100% ACN, and then marinated in 25 mM NH4HCO3 and
redehydrated and dried. Then the protein in the dried gel piece was reduced (in 25 mM
NH4HCO3 and 10 mM DTT), alkylated (in 25 mM NH4HCO3 and 55 mM IAA), and then
digested overnight at 37°C with trypsin (0.02 g/L) in 25 mM NH4HCO3 containing 10% ACN.

The digested peptides were extracted and spotted onto MALDI plate. MALDI peptide
fingerprint mass spectra and peptide sequencing spectra were acquired with a MALDI-TOF/
TOF Ultraflex mass spectrometer equipped with a reflector and controlled by the FlexControl
2.2 software package (Bruker Daltonics, Bremen, Germany), using cyano-4-hydroxycinnamic
acid (Sigma) as the matrix. In MALDI-TOF MS reflector mode, ions generated by a pulsed
UV laser beam (nitrogen laser, λ = 337 nm, 50 Hz) were accelerated to a kinetic energy of 25
kV. Metastable ions generated by laser-induced decomposition of the selected precursor ions
were analyzed with Ar as collision gas. In MALDI-LIFT-TOF/TOF mode, precursor ions were
accelerated to 8 kV and selected in a timed ion gate. The fragments were further accelerated
by19 kV in the LIFT cell (LIFT, “lifting” the potential energy for the second acceleration of
ion source), and their masses were analyzed after the ion reflector passage.

We used the SNAP algorithm to detect the monoisotopic masses of the measured peptides and
create the peak list. Masses were automatically annotated by using the Flex-Analysis 2.2
software package. All MALDI-MS spectra were internally calibrated using trypsin autolysis
fragments ([MH + 1] ions of 842.5099 and 2211.1046). The MS data from both MALDI-MS
peptide fingerprint mass spectra and tandem mass spectra in the MS/MS experiments were
searched against a subset of homo sapiens proteins in the NCBInr protein sequence database
(version 2/23/2005), using the Mascot v2.1 search program (Matrix Science, London, UK)
(www.matrixscience.com). Search parameters are as follows: trypsin digest (one missed
cleavage allowed), charge = 1+, MS tolerance: 50 ppm, MSMS tolerance: 0.9 Da,
modifications: global carbamidomethylation (cysteine) and optional oxidation (methionine).
Positive protein identification was based on standard MASCOT criteria for statistical analysis
of the MALDI peptide fingerprint mass spectra and the MALDI-MS/MS data [30]. A −10 log
(p) score, where p is the probability that the observed match is a random event, of >64 (for MS
data), of >30 (for MS/MS data), was regarded as significant.

2.8 Gene ontology (GO) classification
We utilized the Onto-Express (OE) tool (available at
http://vortex.cs.wayne.edu/ontoexpress/) to profile the functions of the identified proteins
under the categories of “biological process” and “molecular function” using GO terms
(http://www.geneontology.org/).

2.9 Western blotting (WB)
The selection of proteins for WB validation was based on the statistical evidence and functional
evidences relevant to bone metabolism especially to osteoclastogenesis. Five proteins were
selected for WB verification, which are prolyl 4-hydroxylase β subunit (P4HB), gelsolin
(GSN), ras suppressor protein1 (RSU1), manganese-containing superoxide dismutase (SOD2),
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and glutathione peroxidase 1 (GPX1). Herein, selection of P4HB was based on significant
statistical evidences (p<0.05 for both t-test of Kruskal–Wallis test); selection of GSN, RSU1,
SOD2, and GPX1 was based on suggestive or tentative statistical evidence (p = 0.086 for GSN,
w = 2.884 for RSU1, w = 2.061 for SOD2, w = 1.519 and expression ratio (L:H) = 0.83 for
GPX1), and known functional evidences (detailed in Section 4).

The primary antibodies used in this study included chicken anti-human RSU1 pAb (cat. no.
ab26225, 1:1000 dilution), mouse anti-human GSN mAb[GS-2C4] (cat. no. ab11081, 1:1000
dilution), rabbit antirat full length protein SOD2 pAb (cat. no. ab13534, 1:2000 dilution), rabbit
anti-human GPX1 pAb (cat. no. ab16798, 1:1000 dilution), which are purchased from Abcam
(Abcam plc, Cambridge, UK), and mouse antirat P4HB mAb (cat. no. MAB2073, 1:2000
dilution) from Chemicon (Chemicon International, Temecula, CA, USA). Due to unavailability
of the anti-human P4HB and anti-human SOD2 primary antibodies, we used anti-rat P4HB
and SOD2 antibodies instead because of the highly conserved amino acid sequences of P4HB
and SOD2 in both rat and human (percent sequence similarity: 96 and 92%, respectively).
GAPDH was used as internal control. WB images were obtained through film X-ray exposure
developed by using LumiGLO chemiluminescent substrates (KPL, 2 Cessna Court,
Gaithersburg, MD, USA). The target protein bands in images were analyzed and quantified
using QuantityOne software (Bio-Rad Laboratories, Hercules). Independent sample t-test was
used to compare the expression level of the target proteins between the two groups of samples.

3 Results
3.1 Identified proteins differentially expressed between high and low BMD samples

For the ten pooled biological samples (five random pairs of 2-DE samples), we have performed
a total of 30 2-DE experiments. Supporting Information 1 showed the replicate 2-DE gels for
ten pooled samples. We detected an average of 526 spots per gel. No presence/absence proteins
in high versus low BMD groups were detected. A total of 210 spots matched and quantified in
more than eight out of the ten pooled samples were compared in the two groups of samples
(Supporting Information 2). Statistical analyses showed that 67 protein spots are of significant
or marginally significant differential expression. Besides these differential spots, we analyzed
additional spots by MS, with an attempt to identify more potentially function-related proteins
though their differential expression did not reach statistical significance level. Totally, we
successfully identified 74 spots (corresponding to 58 proteins) with significant Mowse scores,
including 46 differentially expressed spots which corresponded to 38 DEPs (Supplorting
Information 3). Listed in Table 1 is the mass identification information for the 38 DEPs. Figure
2 showed representatively the mass spectra of a protein spot (ssp6406, GSN). These DEPs are
novel or known relevant to bone metabolism. The majority of these identified proteins were
upregulated in high BMD group.

Note that a protein with a differentially expressed spot does not necessarily mean that this
protein, as a whole, is differentially expressed. For example, multiple spots (including a
differentially expressed spot SSP 9313 as shown in Table 1) on 2-DE gels were identified to
be the same protein GAPDH, which is a tetramer enzyme. However, quantitative analysis
summarizing the data of the multiple spots showed no significant differential expression for
the whole protein between the two groups of samples (p = 0.248). Based on the analysis,
GAPDH was used as an internal control in WB analysis. We avoided using cytoskeleton
proteins such as β-actin or β-tubulin as an internal control in WB, since quite a few
nonredundant cytoskeleton proteins (ACTG1, TUBA1B, TUBA6, VCL, TLN1, GSN, WDR1,
and TPM4) were found differentially expressed in our samples.
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3.2 GO classifications for the DEPs
To infer an overall picture of the potential functions of the identified proteins, we classified
the 38 DEPs according to the biological process principle of the GO database
(http://www.geneontology.org/) via OE analysis (http://vortex.cs.wayne.edu/ontoexpress/)
(Fig. 3A). Most of the proteins are involved in cellular physiological processes and metabolism,
with eight proteins involved in the regulation of cellular and physiological processes (CCT2,
VCL, GSN, FGB, FGA, PRDX3, SOD2, and ENO1). In addition, many proteins are also related
to localization (TUBA1B, TUBA6, VCL, TLN1, P4HB, GPD2, and RAB7B), cell
communication (CAP1, PARK7, RAB7B, PLEK, and RSU1), response to external stimulus
(WDR1, SOD2, MGLL, FGB, and FGA), morphogenesis (VCL and CAP1), locomotion (VCL
and TLN1), cell adhesion (VCL) and skeletal development (ANXA2).

Classification according to the GO molecular function principle showed that 23 proteins
possess the function of binding and 20 proteins the function of catalytic activity (Fig. 3B). For
example, two proteins bind to nucleic acid (ENO1 and U2AF1), six proteins bind to nucleotides
(U2AF1; TUBA6, TUBA1B, RAB7B; ACTG1, and CCT2), nine proteins possess ion binding
activity (Ca2+ binding-PLEK, ANXA2, GSN, GPD2; Mn2+ binding-SOD2; Zn2+ binding-
U2AF1, CA2; Mg2+ binding-PKM2, ENO1), and 14 proteins have protein binding activity
(VCL, TLN1, WDR1, TPM4, GSN, CAP1, ANXA2, PRDX3, PARK7, CCT2, FGA, ACTG1,
U2AF1, and PKM2). Additionally, five proteins have structural molecule activity (TLN1,
ACTG1, TUBA1B, VCL, and TUBA6), seven proteins possess oxidoreductase activity
(GPD2, IDH2, PRDX3, P4HB, SOD2, GAPDH, and VCL) and one protein possesses enzyme
inhibitor activity (ANXA2).

3.3 Significant proteins validated by WB
The major known functions of the five proteins (P4HB, RSU1, GSN, SOD2, and GPX1),
suggested by previous evidences (detailed in Section 4), were listed in Table 2. The MS and/
or MS/MS identification results for the five interesting proteins were summarized in Table 3.
Figure 4 showed the locations and differential expression trends of the five protein spots on
the 2-DE gels. Figure 5 indicated their expression level in WB. Independent sample t-test of
the WB data (Table 4) confirmed their differential expression, and the expression trend in the
two groups of samples is consistent with the findings from the 2-DE gel analyses, i.e.,
upregulation of GSN, RSU1, SOD2 and downregulation of GPX1 and P4HB in low BMD
samples.

4 Discussion
For the first time using proteomics techniques (2-DE followed by MALDI-TOF/TOF-MS) on
in vivo human CMCs, we identified 38 DEPs in Chinese premenopausal females with extremely
high versus low BMD. Regulation trend on 2-DE gels for the five proteins (GSN, RSU1, P4HB,
SOD2, and GPX1) (Fig. 4) has been verified by WB (Fig. 5). In the following, we will discuss
the roles of the five WB-confirmed proteins in relation to osteoclastogeneis (Fig. 6).

GSN, upregulated in low BMD group in this study, regulates the polymerization/
depolymerization of actin and the gelsol state alternation of the cytoplasm [31]. It functions in
cell migration and adhesion [32–37]. GSN was shown to be critical in osteoclasts for podosome
assembly, rapid cell movements, and signal transduction through the α (v) β (3) integrin [38].
Podosomes are osteoclast adhesion structures, where a rapid polymerization/depolymerization
of actin occurs [39]. GSN null osteoclasts failed to produce podosomes [40]. Moreover, GSN
may link osteoclasts to the bone matrix upon integrin activation, which will finally activate
osteoclasts for bone resorption [41]. During bone resorption, GSN helps to congregate
adhesion-associated signaling proteins to the plasma membrane of osteoclasts [42], and be
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involved in regulation of the osteoclastic actin rings formation [43]. GSN-deficient osteoclasts
were found to display increased bone mass and strength [38]. Our finding of up-regulation of
GSN in low BMD subjects is consistent with the above findings that the protein promotes
osteoclastogenesis and bone resorption by enhancing osteoclast migration, adhesion, and
activity.

For peripheral skeleton, circulation provides the sole access route of blood monocytes to bone
surfaces [10–12,44]. Naturally, as the precursors of osteoclasts, transendothelial movement of
CMCs to bone micro-environment is a fundamental step to their later differentiation into active
osteoclasts. It has been demonstrated that there is no significant difference in the number of
CMCs between the osteoporotic and normal subjects [45], which suggested that the increased
osteoclastogenesis in osteoporotic subjects may not result from the absolute quantity of CMCs
but more CMCs moving into the bone micro-environment to differentiate into osteoblasts.
Therefore, CMCs’ adhesion to vascular endothelium, morphologic changes, and trans-
endothelial locomotion, as regulated by the protein GSN, is critical for osteoclastogenesis and
thus OP.

RSU1 is a highly conserved leucine rich repeat protein, expressed ubiquitously in mammalian
cells. Reduction in expressed RSU1 mRNA and protein inhibited cell attachment [46]. Its
expression was also related to enhanced differentiation [47]. Based on these evidences, we
speculate that upregulation of RSU1 may lead to lower BMD, mainly by inducing osteoclast
differentiation and by enhancing the attachment of monocytes to the vascular wall, thus
promoting their trans-endothelium. Further molecular and cellular studies of RSU1 in CMCs
are needed to confirm its effects on osteoclastogenesis.

SOD2 catalyzes the production of hydrogen peroxide (H2O2) from superoxide. GPX1 plays
an important role in the detoxification of H2O2; it is one of the most important anti-oxidant
enzymes in humans. Taken together, SOD2 and GPX1 may act together to regulate the cellular
level of H2O2. Interestingly, H2O2 may stimulate osteoclast differentiation [48–50], RANKL
expression in human osteoblast-like MG63 cell line [51], and osteoclast formation, and enhance
activity of mature osteoclasts in mouse calvariae [52]. In addition, over-expression of GPX in
RAW 264.7 cells may abolish its differentiation and osteoclast formation [53]. Therefore, we
speculate that upregulation of SOD2 and downregulation of GPX1, as detected in our low BMD
group, may promote osteroclast differentiation, formation, and activity. Consistent with our
findings, previous studies showed that women with postmenopausal OP had significantly
higher plasma SOD enzyme activity than controls [54], and osteoporotic males showed a
negative correlation between serum SOD and lumbar BMD [52]. All these evidences indicated
that SOD2 and GPX1 may play significant roles in pathogenesis of OP.

Prolyl 4-hydroxylase may catalyze the formation of 4-hydroxyproline by hydroxylation of -
X-Pro-Gly-triplets [55]. It recognizes and retains unfolded procollagen molecules within the
ER until they were folded correctly [56,57]. The β subunit of prolyl 4-hydroxylase (P4HB),
also named protein disulfide isomerase (PDI), is a highly multifunctional polypeptide. It
functions to catalyze the formation of disulfide bond and the formation of 4-hydroxyproline
of -X-Pro-Gly-triplets, to assist protein assembly and protein folding, and to participate in
apoptosis regulation, etc. [55,58–63]. The detailed mechanism whereby P4HB regulates
osteoclastogenesis leading to low BMD phenotype, as shown in our study, needs further
investigation.

In this study, an extremely sampling scheme was utilized. The study subjects with high or low
BMD were recruited from the top or bottom 12% of the BMD distribution in a healthy
premenopausal female population. Such an extreme sampling scheme helps to increases the
power to detect the significantly DEPs. According to the method of sample pooling suggested

Deng et al. Page 8

Proteomics. Author manuscript; available in PMC 2009 October 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



by Zhang and Gant [64], we pooled three samples in the same group together in this study,
which decreased the experiment cost but retained equivalent power [65].

In summary, for the first time using proteomics techniques on in vivo human CMCs, we
identified a list of DEPs in Chinese premenopausal females with high versus low BMD and
verified five proteins (GSN, RSU1, SOD2, GPX1, and P4HB) by WB. These proteins may be
important for monocytes’ trans-endothelium, differentiation, and/or maturation, thus
contribute to differential osteoclastogenesis and lead to BMD variation. In this study,
proteomics techniques and extreme sampling scheme proved effective and promising to
identify proteins important to pathogenesis of OP. This strategy may also benefit systematic
research of novel unknown proteins for OP and other human complex diseases. The findings
of this study promote our understanding of the role of CMCs in BMD determination, and
provide an insight into pathogenesis of human OP.
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Figure 1.
An example of flow cytometry report. CD45 and CD14 are MNCs and CMCs specific
membrane marker, respectively.
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Figure 2.
Mass spectra for SSP6406 (GSN). A1: peptide fingerprint mass spectra of GSN; A2, A3:
tandem mass spectra of precursor ion (m/z) 1275.674 and 1722.804.
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Figure 3.
Classifications of the DEPs According to the GO principles. The analysis was performed by
the OE, available at http://vortex.cs.wayne.edu/ontoexpress/servlet/UserInfo; only 33 genes
with definite gene ID and known functions were categorized in the analyses; the number to the
left is the number and percentage of the proteins in each category.
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Figure 4.
Locations and differential expression of the five protein spots on 2-DE gels. For each pooled
sample, 300 μg of total protein from the CMC lysate were profiled by a first dimensional
electrophoresis on an 18 cm IPG DryStrip (pH 3–10 L), followed by a second dimensional
electrophoresis on a 10% 1.0 mm thick SDS-PAGE gel. The 2-DE was performed with the
Amersham Pharmacia system. The proteins on 2-DE gel was stained by silver nitrate,
quantified by PDQuest v7.2, and identified by MALDI-TOF/TOF-MS instrument. A, an
example of expression profile in a CMC sample with low BMD; SSP610, 3002 and SSP6406,
7105, 7006 are proteins significantly down- and upregulated in low BMD samples,
respectively. B, magnified proteins spots indicating the differential expression trend in low and
high BMD samples.
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Figure 5.
WB images for the five proteins and internal control protein GAPDH. The image presented
for each target protein represented for one of the triplicate WB experiments; 25 μg of total
protein for each sample are loaded for each WB experiment; the images were obtained through
film X-ray exposure developed by using horseradish peroxidase – labeled secondary antibody
and LumiGLO chemiluminescent substrates.
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Figure 6.
Potential roles of the proteins in osteoclastogenesis. This figure depicts how CMCs migrate
from blood vessels to bone surface and activate into bone-resorbing osteoclasts. The major
process, on which the proteins may exert their effects, was indicated by arrows. Plus sign
means stimulate, minus sign means inhibit. ↓↑ Up- or downregulation in low BMD samples;

CMCs;  monocyte;  monocyte committed to osteoclast differentiation;  multinucleate
cell;  mature osteoclast; and  active osteoclast.
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Table 2
Known functions of the five confirmed proteins

Protein symbol Known functions

GSN GSN regulates the polymerization/depolymerization of actin and functions in cell migration and adhesion; GSN is critical
in osteoclast podosome assembly, rapid cell movements, signal transduction, and osteoclast activation and adhesion; it
is invovled in regulation of the osteoclastic actin rings formation; Its deficiency may block osteoclast’ podosome assembly
and produce increased bone mass and strength

RSU1 RSU1 is involved in the ras signal transduction pathway, growth inhibition, and nerve-growth factor induced
differentiation processes; it is related to cell attachment and cell differentiation

SOD2 SOD2 removes superoxidate and catalyzes the production of hydrogen peroxide (H2O2), which may contribute to
osteoclast differentiation, formation and activity. There was a negative correlation between SOD and lumbar BMD levels.
Women with postmenopausal OP had significantly higher plasma SOD enzyme activity

GPX1 Glutathione peroxidase is one of the most important antioxidant enzymes in humans. It functions in the detoxification
of hydrogen peroxide, which may contribute to osteoclast differentiation, formation and activity

P4HB P4HB is a highly multifunctional polypeptide: (1) to catalyze disulfide bond formation and the formation of 4-
hydroxyproline of -X-Pro-Gly-triplets; (2) to assist protein assembly and protein folding; (3) to prevent degradation of
immature thyroglobulin; (4) to participate in triglyceride transfer, NO equivalents transfer; and (5) to participates in
apoptosis regulation
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