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It is well established that bone forming cells (osteo-
blasts) secrete proteins with autocrine, paracrine, and
endocrine function. However, the identity and functional
role for the majority of these secreted and differentially
expressed proteins during the osteoblast (OB) differen-
tiation process, is not fully established. To address
these questions, we quantified the temporal dynamics
of the human stromal (mesenchymal, skeletal) stem cell
(hMSC) secretome during ex vivo OB differentiation us-
ing stable isotope labeling by amino acids in cell culture
(SILAC). In addition, we employed pulsed SILAC labeling
to distinguish genuine secreted proteins from intracel-
lular contaminants. We identified 466 potentially se-
creted proteins that were quantified at 5 time-points
during 14-days ex vivo OB differentiation including 41
proteins known to be involved in OB functions. Among
these, 315 proteins exhibited more than 2-fold up or
down-regulation. The pulsed SILAC method revealed a
strong correlation between the fraction of isotope label-
ing and the subset of proteins known to be secreted and
involved in OB differentiation. We verified SILAC data
using qRT-PCR analysis of 9 identified potential novel
regulators of OB differentiation. Furthermore, we stud-
ied the biological effects of one of these proteins, the
hormone stanniocalcin 2 (STC2) and demonstrated its
autocrine effects in enhancing osteoblastic differentia-
tion of hMSC. In conclusion, combining complete and
pulsed SILAC labeling facilitated the identification of
novel factors produced by hMSC with potential role in
OB differentiation. Our study demonstrates that the se-
cretome of osteoblastic cells is more complex than pre-
viously reported and supports the emerging evidence
that osteoblastic cells secrete proteins with endocrine

functions and regulate cellular processes beyond bone
formation. Molecular & Cellular Proteomics 11:
10.1074/mcp.M111.012138, 989–1007, 2012.

Bone is a complex tissue that is composed of cells and
extracellular matrix. Bone cells can be classified into two main
categories; bone forming osteoblastic cells and bone resorb-
ing osteoclastic cells. The osteoblastic cells differentiate from
stem cells in the bone marrow stroma called marrow stromal
stem cells (also known as skeletal or mesenchymal stem cells,
MSC). The main function of the osteoblastic cells is to form
bone through secretion of a large number of extracellular
collagenous and noncollagenous proteins as well as media-
tors of bone mineralization. In addition, there is increasing
evidence that the osteoblastic cell lineage may function as an
“endocrine organ” that regulates a number of functions in
addition to bone formation (1). Osteoblastic cells secrete a
large number of growth factors and cytokines that control
osteoclastic bone resorption (2) and support hematopoiesis
(3). In addition, osteoblastic cells interact with the immune
system through secretion of immune modulatory factors (4)
and participate in overall energy metabolism through secre-
tion of circulating factors e.g. osteocalcin (5).

Several studies have examined secreted proteins pro-
duced by osteoblastic cells and employed either ELISA (6, 7)
or standard biochemical methods (8, 9). However, these stud-
ies are limited in the number of proteins identified because of
the nonglobal nature of these approaches and the quantifica-
tion of only known factors. Recently, quantitative proteomics
studies of MSC obtained from a variety of sources have been
reported using a 2D-gel approach where only the differentially
expressed proteins are analyzed (10, 11). In addition, mass
spectrometry-based secretome analyses of human MSC de-
rived from a number of tissues have been reported (8, 12–15).
Among these, two studies examined the secretome of MSC
during OB differentiation (12, 14) and one of these specifically
the secretome of bone marrow derived MSC (14). Part of the
proteins secreted by MSC is contained within the exosomes
that have recently been reported to participate in a number of
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biological functions e.g. promote tumor growth in vivo (16)
and exert cardioprotective properties (17). A proteomic anal-
ysis of the microvesicle proteome isolated from the extracel-
lular matrix and from culture medium of mineralizing murine
OB has been described (18). Although these studies have
revealed qualitative lists of proteins, it remains to be estab-
lished for the majority of these proteins that they are genuine
secreted factors, are differentially expressed during OB dif-
ferentiation, and have a functional role in OB biology.

To address these questions, we employed stable isotope
labeling by amino acids in cell culture (SILAC)1 to quantify the
temporal dynamics of the secretome at five time-points (days
0, 1, 4, 7, and 14) during ex vivo osteoblastic differentiation of
hMSC covering the transition from undifferentiated to fully
differentiated mineralized matrix producing OB. The SILAC
method is one of the most accurate MS-based approaches to
globally quantify proteins in cell cultures and is based on
culturing cell populations in media containing different iso-
topic variants of amino acids e.g. lysine and arginine. This is
followed by mixing the cell populations allowing for the rela-
tive quantification of differentially expressed proteins from
various cell states based on the relative intensities of the
corresponding peptide m/z signals distinguishable by MS
analysis (19–21).

Quantitative proteomic studies of hMSC during lineage-
specific differentiation have been hampered by the inability of
generating large number of cells from normal hMSC because
of donor variation and in vitro replicative senescence-associ-
ated growth arrest during long-term culture (22). To overcome
these limitations, we employed the hMSC-TERT cell line that
over-expresses the catalytic subunit of the human telomerase
reverse transcriptase gene (hTERT) (23). hMSC-hTERT cells
exhibit standard surface markers characteristics of MSC,
maintain their capacity of multi-lineage differentiation both in
ex vivo cultures and in vivo (24).

A major concern when analyzing secreted proteins with
MS-based methods is serum contamination. One of the ben-
efits of the experimental strategy based on SILAC (Fig. 2A) is
that serum contaminants can be discriminated from hMSC-
derived proteins by the absence of stable isotope incorpora-
tion (25). Serum contamination can reduce the dynamic range
of the MS-based detection due to the presence of the highly

abundant serum proteins and thereby the number of identifi-
cations (26). To minimize the amount of serum contamination,
hMSC-hTERT cells were adapted to grow and differentiate in
low FBS (2%). Importantly, reducing FBS concentrations
seems to be a more appropriate option to minimize cell stress
responses otherwise induced by complete serum deprivation
(27).

Despite successful identification of differentially expressed
proteins known to be secreted during osteoblastic differenti-
ation, another major challenge is to distinguish whether the
newly identified candidate proteins are actively secreted or
represents intracellular contaminants released into the me-
dium from damaged or apoptotic cells. Commonly used ap-
proaches to discriminate between secreted and nonsecreted
proteins are based on bioinformatics prediction tools, e.g.
SecretP (28) or Phobius (29), that can be used to annotate
proteins as secreted based on sequence features.

In the present study, we explored the additional use of both
complete and pulsed SILAC to classify genuine secreted pro-
teins. The pulsed SILAC method has been used to measure
protein turnover based on the ratio between the newly syn-
thesized pool of labeled protein and the old pool of unlabeled
protein (30). We and others have previously revealed com-
partment specific protein turnover using pulsed SILAC label-
ing (31, 32). Thus, the method provides the option to measure
differentially aged proteins during translocation and sorting.
Importantly, during our experimental strategy to analyze se-
creted proteins, the old pool of proteins secreted into the
conditioned medium is removed. Proteins secreted into the
fresh medium are therefore likely to represent newly synthe-
sized proteins with a high fraction of labeling unless they are
secreted from intracellular storage compartments or activated
by processing of precursor molecules in a latent state. We
tested this strategy by the quantitative analysis of proteins
secreted at days 0, 1, 4, 7, and 14 during ex vivo osteoblastic
differentiation of hMSC covering the transition from undiffer-
entiated to fully differentiated mineralized matrix producing
OB. We observed that a high fraction of isotope incorporation
support classification of the identified proteins as true se-
creted proteins. Furthermore, among the identified proteins,
we demonstrated that stanniocalcin 2 (STC2) stimulates os-
teoblast differentiation of hMSC in an autocrine fashion.

EXPERIMENTAL PROCEDURES

Cell Culture, OB Differentiation, and Protein Labeling—As a model
for normal human bone marrow-derived multipotent stromal (skeletal
or mesenchymal) stem cells (hMSC), we employed hMSC-TERT
which is a polyclonal hMSC line created by stable transduction of the
catalytic subunit of the human telomerase reverse transcriptase gene
(hTERT) (23, 24). The cells were grown in Minimal Essential Media
(MEM) without Phenol red and L-glutamine, supplemented with 10%
(v/v) fetal bovine serum (FBS), 2 mM Glutamax, 100 units/ml penicillin,
and 100 �g/ml streptomycin (Invitrogen-Invitrogen, Carlsbad, CA),
referred to as standard medium. The cells were divided in three
independent populations and shifted to the SILAC labeling medium
containing Dulbecco’s Modified Eagle Medium (DMEM) without argi-

1 The abbreviations used are: SILAC, stable isotope labeling by
amino acids in cell culture; hMSC, human mesenchymal stem cell;
hTERT, human telomerase reverse transcriptase; ECM, extracellular
matrix; FBS, fetal bovine serum; SCID, severe combined immunode-
ficiency disease; IGF, insulin-like growth factor; IGFBP, insulin-like
growth factor binding protein; TGF-�, transforming growth factor-�;
BMP1, bone morphogenetic protein 1; MGP, matrix gla protein; CFH,
complement factor H; DMEM, Dulbecco’s modified Eagle medium;
DAVID, the database for annotation visualization and integrated dis-
covery; OB, osteoblast; GO, Gene ontology; ALP, alkaline phospha-
tase; SVEP1, selectin-like osteoblast-derived protein; STC2, stannio-
calcin 2.
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nine, lysine, and methionine, supplemented with 2% (v/v) dialyzed
FBS, 2 mM Glutamax, 100 units/ml penicillin and 100 �g/ml strepto-
mycin (Invitrogen-Invitrogen, Carlsbad, CA) and 30 mg/L L-methio-
nine. The difference in the medium composition of the three cell
populations was the additional presence of 73 mg/L L-lysine HCl and
28 mg/L L-arginine HCl, (Sigma) (for the Lys0/Arg0 cell population), or
the corresponding amounts of L-lysine (D4) and L-arginine (13C6

14N4),
(for the Lys4/Arg6 cell population), or L-lysine (13C6

15N2) and L-argin-
ine (13C6

15N4), (for the Lys8/Arg10 cell population). All isotope labeled
amino acids were purchased from Cambridge Isotope Laboratories
(Andover, MA). The labeling medium was prepared and the cells
labeled for 5 passages as described previously (19, 33). At 80%
confluence the media was shifted to labeled osteoblastic induction
medium. The Lys0/Arg0 cell population was employed as unstimu-
lated control. The osteoblastic induction medium contained 10 mM

�-glycerophosphate, 50 �g/ml 2-phosphate ascorbate, 10 nM dexa-
methasone, and 10 nM 1,25-dihydroxyvitamin D3 (34) and new me-
dium was added every third day.

Quantitative Real-time Reverse Transcription Polymerase Chain
Reaction (qRT-PCR)—qRT-PCR was performed as described (35).
The primers used for the OB markers were described previously (35).
Primers for the secreted factors are listed in Table I. In short, RNA was
isolated using the Trizol reagent (Invitrogen, Carlsbad, CA). The pu-
rified RNA was DNase treated using Deoxyribonuclease 1 (Sigma).
cDNA was synthesized using RevertAid H Minus First Strand cDNA
Synthesis Kit (Fermentas). The PCR products were visualized in real-
time using SYBR Green I Supermix (Bio-Rad) and an iCycle instru-
ment (Bio-Rad). The quantitative data presented is an average of
duplicate or triplicate per independent experiments.

Collection of Conditioned Medium from SILAC Labeled Cells—
Conditioned medium was collected at day 1, 4, 7, and 14 after
osteoblastic induction from SILAC labeled cells. Control unstimulated
cells were referred to as day 0. At these time points, the cells were
washed with DMEM and incubated for 18 h with serum free OB
induction medium with either Lys0/Arg0, Lys4/Arg6, or Lys8/Arg10
amino acids (Fig. 2A). The supernatants from six culture dishes (10
cm2) were collected and pooled. Samples from experiment 1 that
included day 0, 1, and 4, and from experiment 2 that included day 0,
7, and 14, respectively, were mixed in a ratio of 1:1:1 based on the
protein concentration measured by the Bradford method (36) (Bio-
Rad, Hercules, CA) to correct for variation in cell numbers.

The experimental design for the pulse labeling SILAC experiments
is shown in Fig. 3A. Unlabeled cells were incubated in OB induction

medium as mentioned above. At day 0, 1, 4, 7, and 14, the cells were
incubated the last 18 h prior to media collection, with serum free
medium containing Lys4/Arg6 in the presence or absence (day 0) of
osteoblastic induction factors. The samples from the five cell popu-
lations were processed and analyzed separately.

Preparation of Peptide Mixtures for Mass Spectrometric Analyses—
The mixed supernatants from experiments 1 (days 0, 1, 4) and exper-
iment 2 (days 0, 7, 14) and the five samples from the pulse labeling
experiments were centrifuged for 5 min. at 1200 rpm at 4 °C and
filtered through a 0.2 �m filter. The samples were concentrated in
CentriCon filters (Millipore) with a molecular mass cutoff of 3000 Da at
4 °C. Forty five �g of each sample was loaded onto a 4–20% TGS
gradient gel and separated in one dimension by SDS-PAGE using
MES SDS running buffer (NuPAGE, Invitrogen). The gel was fixed and
stained with Colloidal Blue (NuPAGE, Invitrogen) according to the
manufacturer’s description.

The gel lanes from the complete SILAC labeled samples were cut
in 16 slices. The gel lanes from the pulsed labeled samples were cut
into 10 slices and all slices subjected to reduction in 1 mM DDT
(Sigma) for 45 min at 56 °C, S-carbamidomethylation in 5.5 mM iodo-
acetamide (Sigma) for 30 min in the dark, and in-gel digestion with 10
ng/�l trypsin (sequencing grade, Promega) at 37 °C overnight (37).
The resulting peptide mixtures were acidified with 3% (v/v final)
trifluoroacetic acid (TFA) followed by desalting and concentration in
micro-columns (StageTips) consisting of a disc of C18 reverse-phase
material (Empore Disc, 3 M) as described (38). The peptides were
washed twice with solvent A (0.5% (v/v) acetic acid) and subsequently
eluted directly into a 96-wells plate in solvent B (0.5% (v/v) acetic acid
in 80% (v/v) acetonitrile). The organic phase was eliminated by vac-
uum drying at 45 °C and the remaining liquid was supplemented with
1% TFA to a final volume of 8 �l.

Mass Spectrometric Analyses of Proteins Present in the Condi-
tioned Medium—The mass spectrometric analyses of the complete
labeled samples were performed on a 7-tesla LTQ-FT instrument
(Thermo Fisher) coupled to an Agilent 1100 nano-flow liquid chroma-
tography (LC) system (Agilent Technologies) using a nanoelectrospray
ion source (Proxeon Biosystems). The LC separation of the peptides
was carried out on a reverse-phase column packed with ReproSil-Pur
120 C18-AQ 3 �m resin (Dr. Maisch GmbH). The peptides were eluted
in a 140 min linear gradient from solvent A to solvent B with a constant
flow of 250 nl/min. The LTQ-FT instrument was operated in data-de-
pendent acquisition mode enabling automatic switching between MS
and MS/MS mode. The FT-MS full scan MS spectra (m/z 400–1600)

TABLE I
RT-PCR primer sequences

Gene ID Gene name Forward primer (5�–3�) Reverse primer (5�–3�) Length (bp)

CFH Complement factor H CCTGCTCCGAGATGTACCTTGAAA TGACACGGATGCATCTGGGAGTAG 391
CTSD Cathepsin D CGCGCCAGCACAGAAACAGAGGAG CCAGGGCGCCCAGGACAGTG 109
FSTL1 Follistatin-like 1 TGCCCCCACCCTGCCACATACTA GCTTCTTCCCCTGGCTTCGGTCTA 115
KIAA1199 Protein KIAA1199 TCTTTGGGCCACTGCTTCTTCACG GTCTTGCCTGGGCTTGGGGATGTA 177
PAI-1 plasminogen activator

inhibitor 1
CATCATGTGGCCCAACTCTCCTG CTGGGCACGCATCTGACATTTCTT 161

PTX3 pentraxin-related protein CTTGCGATTCTGTTTTGTGCTCTC ACGGCGTGGGGTCCTCAGT 130
STC2 Stanniocalcin 2 AAGGCGAGCAAAAAGGAAGAGTGG CGCGCCGGGTCAAAGGTG 189
SVEP1 Selectin-like osteoblast-

derived protein
CTGGCCTTTTGTTGCTGGGGTCTG GGGCGGCGCGGGGATACTC 138

LGMN Legumain CAGACGCGTGCCATGCCTACCAGA GACTTTGCCGGATCCTATGCCCTTCAC 230
OC Osteocalcin CATGAGAGCCCTCACA AGAGCGACACCCTAGAC 310
COL1 Collagen type I AGGGCTCCAACGAGATCGAGATCCG TACAGGAAGCAGACAGGGCCAACGTCG 223
ALP Alkaline phosphatase ACGTGGCTAAGAATGTCATC CTGGTAGGCGATGTCCTTA 476
ACTB Beta-actin TGTGCCCATCTACGAGGGGTATGC GGTACATGGTGGTGCCGCCAGACA 430
B2M �2-microglobulin CCTTGAGGCTATCCAGCGT CCTGCTCAGATACATCAAACATG 510
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were acquired by FTICR with a resolution of 50000 at m/z 400. For
accurate mass measurements the three most intense ions in each full
scan were isolated for a “selected ion monitoring (SIM) scan” with a
resolution of 50000 and a 24 Da mass range. The MS/MS spectra of
the three most intense ions were obtained by collision induced dis-
sociation in the linear ion trap with a normalized collision energy of
28%. A second biological replicate of the complete SILAC labeling
experiment was performed using an LTQ-Orbitrap Velos (Thermo
Fisher) coupled to an EASY nLC system (Thermo Scientific). The
MS/MS spectra of the 10 most intense ions were obtained by higher-
energy collision dissociation.

The mass spectrometric analyses of the pulse labeling experiments
were performed on a LTQ-Orbitrap (Thermo Fisher) instrument cou-
pled to an Agilent 1200 nano-flow LC system (Agilent Technologies)
using a nanoelectrospray ion source (Proxeon Biosystems). The full
scan MS spectra (m/z 350–1600) were acquired in profile mode in the
Orbitrap analyzer with a resolution of 60000 at m/z 400 using real-time
internal lock-mass recalibration (39). The MS/MS spectra were ac-
quired in centroid mode in the linear ion-trap. The MS/MS spectra of
the 5 most intense ions were obtained by collision induced dissoci-
ation in the linear ion-trap with a normalized collision energy of 35%.

Data Processing and Validation—The raw data files from the
LTQ-FT (the complete SILAC labeled samples) were converted to the
Mascot generic mgf format using an in-house developed tool DTA-
SuperCharge v. 1.17 (http://msquant.sourceforge.net/) using default
parameters. The mgf files from experiment 1 (day 0, 1, 4) and exper-
iment 2 (day 0, 7, 14), respectively were combined and the two mgf
peak list files were subjected to Mascot MS/MS ion search using the
Mascot Search Engine v. 2.2 (Matrix Science, London, UK) (40). The
search criteria were as follows: database: MSIPIslim_human (Date:
20071031, 68992 sequences) (41); enzyme: MSIPI_DPTrypsin; allow
up to two missed cleavages; fixed modification: Carbamidomethyl
(C); variable modifications: Acetyl (Protein N-term), Ammonia-loss
(N-term C), Gln 3 pyro-Glu (N-term Q), Glu 3 pyro-Glu (N-term E),
Oxidation (M), and Oxidaiton (P); quantification: SILAC K�4 K�8 R�6
R�10 [MD]; peptide tol.: � 10 ppm; MS/MS tol.: 0.8 Da (after reca-
libration using the in house developed script (MSRecal v. 1.04,
http://msquant.sourceforge.net/)).

The day x/day 0 ratios of the arginine and lysine-containing pep-
tides were quantified employing the MSQuant v. 1.4.3a31 program
(www.msquant.sourceforge.net) (42). All ratios were normalized to
zero using the control day 0 sample as the baseline (normalized
ratio � “day x/day 0 ratio” – 1, for ratios � 1 and 1 – (1/“day x/day 0
ratio”), for ratios � 1). Thus a ratio of � 1 equals a twofold regulation
as compared with the unstimulated day 0 state. Furthermore,
MSQuant was used to set filters and manually validate both the
protein identification and quantification. The criteria used for identifi-
cation were: peptide mass accuracy: � 7 ppm, peptide length: at
least 7 amino acids, at least two peptides with a Mascot score � 25
or single peptides with a Mascot score � 25 and a MS3 score � 50
(43). Each peptide quantification was manually validated with at least
two spectra where all isotopic peaks and SILAC triplets must fit the
predicted mass in MSQuant (for single peptide identifications at least
three spectra were validated). If these criteria were met for a protein
in only one of the dataset (i.e. either experiment 1 day 0, 1, 4 or
experiment 2 day 0, 7, 14), an identification of the protein in the other
dataset was allowed based on the same criteria but with at least two
peptides with a Mascot score � 20 or single peptides with a Macsot
score � 20 and an MS3 score � 40. No single peptide identifications
were allowed considering the sum of identified peptides in experiment
1 and 2. In addition, the selected threshold Mascot score was tested
for false positive by searching a non-sense database: MSIPI-human-
wdecoy (41) ensuring a � 0.5% false positive rate on peptide level
(44). Thus, all identifications from the complete SILAC labeling exper-

iment were based on two independent experiments 1 and 2. The
peptide evidence from the complete SILAC experiment is shown in
the output format from MSQuant (42) in supplemental Table S5B. A
twofold change in relative abundance was chosen as the initial cut-off
for regulated proteins based on two times the average of all protein
standard deviations for the time point with the largest average stand-
ard deviation. In addition, the MaxQuant/Perseus software was used
to calculate significance B, a p value dependent on the protein
intensities to determine whether a protein was significantly regulated
(45). A plot of the average protein intensities versus the protein ratio is
shown in supplemental Fig. S1 with data points color coded accord-
ing to significance B. The significance A and B values for each protein
are shown in supplemental Table S5B.

The raw data files from the LTQ-Orbitrap Velos (the second bio-
logical replicate of the complete SILAC labeled samples) were pro-
cessed using the MaxQuant software v. 1.0.12.23 (45, 46) and the
Mascot search engine v. 2.3.02. The Mascot search criteria were as
already described (adapted to MaxQuant) except the peptide mass
tolerance was set to � 7 ppm, the MS/MS tolerance was 0.5 Da, the
database used was IPIDecoy v. 3.84 (date: 20110601, 180856 se-
quences) including known nonhuman contaminants), the variable
modification Oxidation (P) was omitted and the enzyme was Trypsin/P
� DP. The identification criteria were: peptides � 6 amino acid
residues; a maximum false positive rate of 1% on peptide level. All
protein identifications were required to have at least two (unique �
razor) peptide quantified with a mascot score of at least 25. A com-
parison of the reproducibility of protein identification and quantifica-
tion between the two replicates of complete SILAC labeling is shown
in supplemental Fig. S2.

The raw data files from the LTQ-Orbitrap (the pulsed SILAC labeled
samples) were processed using the MaxQuant software v. 1.0.12.16
(45, 46). The Mascot search criteria were as already described for
MaxQuant except the MS/MS tolerance was 0.6 Da, the database
used was IPIHumanDecoy (date: 20080506, 152616 sequences in-
cluding known non-human contaminants) and the enzyme was
Trypsin/P � DP. The identification criteria were: peptides � 6 amino
acid residues; a maximum false positive rate of 1% on peptide level.
All protein identifications were required to have at least one (unique �
razor) peptide quantified in each of the five time-points for clustering
based on the pulsed labeling analysis. However, all protein identifi-
cations used for clustering were required to have at least two unique
peptides in total. All heavy/light ratios were transformed into a fraction
of labeling by the following equation: fraction of labeling �
1/((1/ratio)�1).

To evaluate the accuracy and reproducibility of quantification, the
pulsed SILAC experiment was repeated in a second biological repli-
cate and analyzed as described except the use of in-solution diges-
tion instead of in-gel digestion. Because of the high correlation of the
quantified values (supplemental Fig. S3) the pulsed SILAC data from
the experiments using in-gel and in-solution digestion the two data
sets were combined to improve the number of proteins quantified at
all time-points. Thus, all identifications from the pulsed SILAC labeling
used for temporal profiling were based on at least five independent
experiments. The peptide evidence from the pulsed SILAC experi-
ments is shown in the output format from MaxQuant (46) in supple-
mental Table 5A.

All of the reported protein accession numbers were based on the
leading protein according to the output of the MSQuant and Max-
Quant software. The statistics for assessing the accuracy and signif-
icance of the reported quantified values were based on the output
from MSQuant and MaxQuant as described (42, 45, 46).

Bioinformatics Analysis—ProteinCenter® (Thermo Fisher Scien-
tific) was used to identify individual members of a protein family, to
remove redundant identifications, and to compare subsets of pro-
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teins. The database for annotation, visualization and integrated dis-
covery (DAVID) was used for further functional clustering and anno-
tation (47). Clustering of the identified proteins from the pulsed SILAC
labeling was performed based on the temporal profiles using the
MultiExperiment Viewer (MeV 4 v. 4.1.02) software by K-means clus-
tering applying Euclidean Distance as distance metric (48, 49). Four
clusters were the optimal number of clusters as determined by the
Fig. of Merit (FOM) function in the MeV software that is a measure of
fit of the expression patterns for the clusters produced by the K-
means algorithm (50). Manual tests of various algorithms, distance
metrics, and number of clusters in the MeV software, confirmed that
these settings resulted in the most well defined clusters with least
outliers and approximately the same number of proteins in each
cluster. The following stringent criteria was used for the definition of
predicted secreted proteins: The proteins should contain a signal
peptide for the classical secretion pathway but no transmembrane
domains as predicted by the Phobius tool http://phobius.cbr.su.se/
(29). Proteins without a signal peptide or transmembrane domains but
predicted to be secreted by the non-classical pathway by the Secre-
tomeP tool (51) with a NN score � 0.5, were accepted as predicted
secreted proteins as well. The proteins were validated as secreted
based on annotations from the literature retrieved by a combination of
database search using UniProt http://www.uniprot.org/ (when possi-
ble entries from the Swiss-Prot database) and manually literature
mining using iHOP http://www.ihop-net.org/UniPub/iHOP/ (52). The
same tools were used to search the literature for evidence of a direct
involvement in OB differentiation. The GProX software, http://
sourceforge.net/projects/gprox/files/ (53) was used to compare the
biological replicates and for the preparation of several figures.

Effects of Human Stanniocalcin 2 on Osteoblast Differentiation of
hMSC—hMSC-TERT were seeded in a 24-well plate (Corning), and
maintained in control medium consisting of DMEM-high glucose with
10% FBS (Hyclone) and 100 �g/ml penicillin-streptomycin (Invitro-
gen). At 70% confluence the cells were incubated with osteoblastic
induction medium as described above. Recombinant human stannio-
calcin-2 (hSTC2) (Prospec, Israel) was added in concentrations rang-
ing from 0 to 200 ng/ml. The medium was replaced every 3 days.
Identification of osteoblast markers and gene expression were per-
formed on days 3, 7, 10, and 13.

Alkaline Phosphatase Cytochemical and Alizarin Red S Histochem-
ical Staining—Alkaline phosphatase (ALP) cytochemical staining was
performed on day 7 where the cells were rinsed with PBS and fixed in
acetone/citrate (1.5:1, v:v) buffer (pH 4.2) for 5 min at room temper-
ature. The cells were incubated with buffer containing 0.2 mg/ml
naphthol AS-TR phosphate for 1 h at 37 °C. For Alizarin red S histo-
chemistry of mineralized extracellular matrix, the cells were stained on
day 13 after fixation in 70% ethanol for 1 h at �20 °C and staining
with 40 mM Alizarin red S pH 4.2 (Sigma). For quantitative analysis,
Alizarin red dye was eluted by 10% (w/v) cetylpyridinium chloride for
1 h, and its OD570 nm measured in a spectrophotometer.

Alkaline Phosphatase Enzymatic Activity—The enzymatic activity of
ALP was quantified together with cell viability at day 7 in a 96-well
plate. The media were aspirated and the cell layers were incubated in
100 �l medium and 20 �l of the CellTiter-Blue solution (Promega). The
plates were incubated for 2 h and cell viability was determined by
measuring the fluorescent intensity at wavelength of 579Ex/584Em. For
ALP activity the cell layers were rinsed and incubated in 100 �l
substrate containing 50 mM NaHCO3, 1 mM MgCl2, and 1 mg/ml of
p-nitrophenyl phosphate (Sigma) at 37 °C for 20 min. Absorbance
was measured at 405 nm in an ELISA plate reader. ALP Enzymatic
activity was normalized to cell number.

Western Blotting Analysis—For analysis of cell lysates the hMSC-
TERT cells were washed in PBS and lysed in RIPA buffer (Invitrogen)
supplemented with protease inhibitors (Roche). After 1h incubation at

4 °C under rotation, samples were centrifuged for 15 min at 14,000
rpm, 4 °C. Samples from conditioned medium were added protease
inhibitors and concentrated in CentriCon filters (Millipore) with a mo-
lecular mass cutoff of 3000 Da at 4 °C. Protein concentration was
determined with a BCA kit (Bio-Rad), and equal amounts of proteins
were loaded on a 10% polyacrylamide gel (Invitrogen). Blotted nitro-
cellulose membranes were incubated overnight with polyclonal rabbit
anti human stanniocalcin 2 (Abcam, Cambridge, UK). The blots were
developed after 1 h incubation with secondary anti-goat horseradish
peroxidase-conjugated antibody (Santa Cruz Biotechnology, CA) us-
ing an ECL Western blotting kit (GE Healthcare) and Kodak films.

Statistical Analysis—Comparison between groups was performed
using 2-tailed unpaired Student’s t test. p � 0.05 was considered
significant.

RESULTS

hMSC Cells Maintain Their Ex Vivo OB Differentiation Ca-
pacity in SILAC Medium—To identify and quantify changes of
proteins secreted by hMSC during OB differentiation, we em-
ployed hMSC-TERT as a model system (23). hMSC-TERT
fulfill the standard criteria of the hMSC phenotype: they dif-
ferentiate into osteoblasts in ex vivo cultures and form heter-
otopic bone in vivo (24). To confirm the maintenance of OB
differentiation capacity in SILAC medium, hMSC-TERT were
stimulated with osteoblast induction mixture in SILAC me-
dium. As seen in Fig. 1A, staining for alkaline phosphatase
(ALP) as a marker for the OB differentiation phenotype, re-
vealed a progressive increase in the number of ALP� cells
during the course of 14-days ex vivo differentiation. Moreover,
RT-PCR gene expression analysis of four osteoblastic mark-
ers (ALP, collagen type I, osteonectin, and osteocalcin) during
the course of OB differentiation confirmed successful ex vivo
OB differentiation in SILAC medium (Fig. 1B). These results
also corroborate our previous findings where hMSC-TERT
cells were employed to identify growth factor-induced phos-
photyrosine signaling in hMSC (54).

Quantification of Secreted Proteins During Ex Vivo OB Dif-
ferentiation—To study the temporal changes of the relative
abundance of secreted proteins during OB differentiation, we
performed two three-plex SILAC experiments, covering the
time-points of day 0, 1, 4, 7, and 14 (Fig. 2A). The method of
quantification is illustrated by mass spectra of the collagen
type 1 A1 peptide ALLLQGSNEIEIR acquired from experiment
1 (Fig. 2B) and experiment 2 (Fig. 2C). The marked peaks
represent the three independent cell populations in each ex-
periment that were distinguishable by their peptide mass dif-
ferences. As seen in Figs. 2B and 2C, there was an increase
in the signal intensities of collagen type 1 A1 on day 4 and day
7 relative to day 0. The ratios of day x/day 0 from the two
experiments were integrated into a temporal profile and
formed the basis for protein quantification (Fig. 2D).

A total of 466 proteins were quantified at 5 time-points
during the course of ex vivo OB differentiation of hMSC and
included 41 proteins (9%) associated with the OB differenti-
ation phenotype (supplemental Table S1). Literature mining
revealed that 27% of the proteins have previously been re-
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ported as secreted and were termed “validated secreted”
(supplemental Table S2). In addition, “Phobius” was used to
predict the presence of signal peptides and the absence of
trans-membrane domains. “SecretomeP” predicted the non-
classical secreted proteins. We termed these proteins “pre-
dicted secreted” and found that 60% of the identified proteins
were included in this category (supplemental Table S3). The
identification and quantification of secreted proteins were
supported by the analysis of an independent biological repli-
cate (supplemental Fig. S2). Proteins that were neither vali-
dated secreted nor predicted secreted were considered po-
tential contaminants that were released into the conditioned
media because of cell damage (supplemental Table S4).

Identification of Secreted Proteins Using Temporal Pulsed
SILAC Labeling—To evaluate whether the identified proteins
were truly secreted, we employed a pulsed SILAC method.
Newly synthesized proteins were metabolically labeled during
the last 18 h prior to medium collection (Fig. 3A). The fraction
of labeling was determined for both the cellular pool of pro-
teins and for those secreted into the conditioned medium. We

observed that proteins present in the conditioned medium on
average had a significantly higher fraction of labeling com-
pared with proteins from the cell lysates throughout the
course of OB differentiation (p � 0.05, Fig. 3B). An independ-
ent biological replicate demonstrated reproducible values for
the fraction of labeling of the proteins in the conditioned
medium at all time-points (R2 values between 0.91 and 0.97,
supplemental Fig. S3).

This suggests that the fraction of labeling can be used as a
parameter to distinguish true secreted proteins from intracel-
lular contaminants released into the medium from e.g. lysed
cells. To further evaluate this hypothesis, we clustered the
identified proteins into four groups based on their temporal
fraction of labeling profiles and examined the relative enrich-
ment of proteins predicted secreted, validated secreted, or
known to be involved in OB differentiation for each of these
clusters (Fig. 4A). We included 151 proteins that were de-
tected at all time-points in the pulsed SILAC and in at least
three time-points in the complete SILAC experiments. Pro-
teins in cluster 1 had a high fraction of labeling at all time-

FIG. 1. Induction of ex vivo osteoblastic differentiation of hMSC. Osteoblastic differentiation of the human marrow stromal (mesenchymal)
stem cell line (hMSC-TERT) in SILAC medium was evaluated by the level of alkaline phosphatase activity and the expression of OB
differentiation marker proteins. A, Cytochemical staining for alkaline phosphatase (upper part). The lower part shows the bright field images
of the corresponding cells at 200� magnification. The red staining indicates alkaline phosphatase activity and the induction of OB
differentiation in SILAC medium. B, Quantification of osteoblastic gene expression of osteonectin, osteocalcin, alkaline phosphatase, and
collagen type I during the time course of OB differentiation using qRT-PCR. The data is expressed as fold changes using �-2-microglobulin
as internal standard. All results are average of at least two independent experiments.
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points, proteins in cluster 2 had a high fraction of labeling at
day 0, 1, 4, and 7 followed by a decrease at day 14, proteins
in cluster 3 had an overall intermediate fraction of labeling at
all time-points, whereas proteins in cluster 4 had a low frac-
tion of labeling at all time-points (Fig. 4A).

As seen in Fig. 4B, predicted and validated secreted pro-
teins were highly enriched in cluster 1 (98 and 81%, respec-
tively) whereas cluster 4 contained only 51% predicted se-

creted and 18% validated secreted proteins. Moreover, a total
of 33 proteins (22%) of the 151 proteins were known to be
involved in OB differentiation. This subset of proteins was
highly enriched in cluster 1 as compared with cluster 3 and 4.
These data support the notion that a high fraction of labeling
is indicative of a secreted protein and furthermore suggest
that proteins of relevance to OB biology have a high fraction
of labeling as well.

FIG. 2. Schematic outline of the complete SILAC experiment to quantify the relative abundance changes of proteins secreted from
MSC during osteoblastic differentiation. Mass spectrometry-based proteomics were used to quantify changes in the relative abundance of
proteins secreted from MSC during osteoblast differentiation. A, Three populations of MSC were prelabeled with different isotope variants of
lysine and arginine as indicated. The fully labeled cell populations were then stimulated with osteoblastic inducers for 1 and 4 days in
experiment 1 and for 7 and 14 days in experiment 2. The unstimulated “day 0” cells were used as a common reference. Eighteen hours before
collecting the conditioned medium with secreted proteins the cells were carefully washed and changed to serum free medium containing
osteoblastic inducers. The medium collected from the three cell populations in each experiment was mixed in a ratio of 1:1:1 based on the total
protein concentration. Each sample was then concentrated and fractionated on a 1D gradient gel and subjected to in-gel trypsin digestion. The
resulting peptide mixtures were analyzed by reverse-phase liquid chromatography coupled on-line to an LTQ-FTICR instrument and quantified
using the MSQuant software. B, The mass spectrum of a collagen 1 A1 (ALLLQGSNEIEIR) peptide from experiment 1 illustrates the relative
abundance changes during OB differentiation where the same peptide originating from the three different cell populations can be distinguished
by the isotope mass differences as indicated. C, The corresponding mass spectrum of a collagen 1 A1 (ALLLQGSNEIEIR) peptide from
experiment 2. D, The signal intensity ratios of the collagen 1 A1 peptide from experiment 1 and 2 (Fig. 2B, 2C) were integrated into one temporal
protein abundance profile over five time-points. All ratios were normalized to 0 (using day 0 as baseline) meaning that a normalized ratio of �1
equals a twofold change in abundance.
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Functional Annotation of Proteins in the Four Clusters Sug-
gest That Potential Novel Secreted Regulators of the OB
Microenvironment are Most Likely Found in Cluster 1—To gain
insight into functions of the proteins detected in each of the
four clusters, we manually annotated the proteins into several
functional categories. In the following, we initially focused on
the proteins detected at all time-points that exhibited at least

twofold up- or down-regulation in at least one time point of
the complete labeling experiment. A twofold change in the
relative abundance was chosen as the cut-off for regulated
proteins based on two times the average of all protein stand-
ard deviations for the time point with the largest average
standard deviation. A particular protein can be present in
several functional categories. The resulting functional groups
associated with each of the four clusters in Fig. 4A are pre-
sented in Table II. Significantly regulated proteins (p � 0.05)
are indicated in the table.

Cytokine and growth factors were mainly present in cluster 1
(13 in cluster 1 and 2 in cluster 2) and several members of two
growth factor families were detected: insulin-like growth factors
(IGF) as well as their binding proteins (IGFBP) and the trans-
forming growth factor � (TGF-�) family. Among this group,
several proteins have been reported to exert regulatory func-
tions on OB differentiation, including IGFBP2 (55), IGFBP3 (56),
IGFBP4 (57), IGFBP6 (58), IGF-dependent IGFBP-4 protease
(59), TGFBI (60), BMP1 (61), Connective tissue growth factor
(62), colony stimulating factor 1 (63), osteonectin (64) and HtrA
serine peptidase 1 (65). Interestingly, a peptide hormone, stan-
niocalcin 2 (66) was identified in cluster 1, supporting the notion
that OB act as an endocrine organ (1).

A large number of ECM-related proteins were detected
especially in cluster 1 and 2, including collagen type I, colla-
gen type IV, collagen type V, collagen type VI, collagen type
VIII, and collagen XII. Several noncollagenous proteins were
also detected e.g. fibulin 4, fibrillin-1, ECM-1, lumican, and
decorin. Other ECM proteins involved in ECM assembly and
cell matrix interaction were detected e.g. periostin, nidogen-1,
perlecan, and laminin. Several of the ECM-related proteins are
known to play a direct role in bone formation i.e. lumican (67),
matrix metalloproteinase 2 (68), collagen type VI A1 (69),
osteonectin (64), extracellular matrix protein 1 (70), fibrillin 1
(71), periostin (72), tissue inhibitors of metalloproteinase 1
(73), connective tissue growth factor (62), biglycan (74), col-
lagen type I (75), decorin (76, 77), and lysyl oxidase (78).
Several proteases identified in cluster 1 and 2 are known for
their role in extracellular matrix remodeling and regulation of
the activity of ECM-bound proteins e.g. matrix metalloprotei-
nase 2, BMP1, IGF-dependent IGFBP-4 protease, and HtrA
serine peptidase 1. Acidic proteases involved in lysosomal
degradation of proteins were identified such as the cathepsin
group of proteases, cathepsin A, B, D, L1, and Z. The high
representation of cathepsins in cluster 1 indicates a role of
lysosomal protein degradation during osteoblastic differenti-
ation of MSC. A marked increase in total lysosome organelles
and endocytosis in osteoblastic cells as well as implication of
lysosomes in procollagen processing has been reported (79).

In addition, a number of proteins found in cluster 1 possess
immune response-related functions and included several
proteins from the complement system e.g. complement
component 1 inhibitor, complement factor H, complement
component 1 s subcomponent, and complement C1r sub-

FIG. 3. Schematic outline of the pulsed SILAC experiment to
quantify the fraction of labeling of proteins secreted from MSC
during osteoblastic differentiation. To distinguish true secreted
proteins from a potential background of intracellular proteins we
measured the degree of heavy labeled amino acid incorporation
following 18 h incubation of cells in SILAC medium and compared the
results for secreted proteins collected from the medium with the results
obtained for intracellular proteins from lysed cells. A, The osteoblastic
induction (OI) was conducted in unlabeled medium containing 2% FBS
for the indicated time-points. Eighteen hours prior to collection of the
conditioned medium with secreted proteins and the harvest of cells, the
nonlabeling medium was replaced with serum free SILAC medium
containing D4 lysine and 13C6

14N4 arginine as well as osteoblastic
inducers. Thus, the pulsed labeling time matches the time the cells
secrete protein into the medium. B, Comparison of the average fraction
of labeling during osteoblastic induction for proteins from the medium
(n � 115) and cell lysate (n � 933), respectively. The standard deviation
for each time point is indicated as error bars. The proteins in the medium
have a significantly higher incorporation of labeled amino acids than
proteins in the cell lysate at all time-points (p � 0.05).
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component. Complement component 3 was identified in clus-
ter 2. Previous studies have suggested a role of complement
components during OB differentiation (80), which corrobo-
rates our findings.

In cluster 1 and 4, we identified proteins related to angio-
genesis, e.g. pigment epithelium-derived factor, plasminogen
activator inhibitor-1, connective tissue growth factor. It is well
established that angiogenesis is essential for bone growth,
repair, and remodeling (81, 82). Other proteins in cluster 4:
membrane alanine aminopeptidase, thy-1 cell surface anti-

gen, and chondroitin sulfate proteoglycan 4, are all transmem-
brane proteins and not secreted but may be relevant to hMSC
biology. Overall, the proteins in cluster 4 are mainly intracel-
lular proteins with annotated functions such as actin binding,
cytoskeletal proteins, metabolism, and membrane bound pro-
teins (receptor/cell adhesion).

Taken together, these analyses suggest that cluster 1 and 2
contain the proteins that are most likely to be secreted and to
contain secreted factors with a functional role in osteoblastic
differentiation.

FIG. 4. Cluster analysis of secreted proteins during osteoblastic differentiation based on their fraction of labeling profile followed by
enrichment analysis of proteins with a known role in OB differentiation. To evaluate the relevance of proteins with a high fraction of labeling
during OB differentiation we clustered the proteins into four groups and compared the relative enrichment of protein predicted or validated to
be secreted and proteins with a known role in OB differentiation for each of these clusters. A, Secreted proteins were clustered based on their
fraction of labeling during osteoblastic differentiation considering only those quantified at all time-points in the pulsed SILAC labeling
experiments and identified in the complete SILAC labeling experiment. The proteins in cluster 1 have a very high fraction of labeling in all
time-points during the osteoblastic differentiation. Proteins in cluster 2 have a high fraction of labeling from day 0 to day 7 but are dramatically
reduced at day 14. Proteins in cluster 3 have an overall intermediate fraction of labeling at all time-points. Proteins in cluster 4 have a very low
fraction of labeling in all time-points during differentiation. B, The percentage of proteins in each of the four clusters that are predicted secreted
(based on bioinformatics predication software) (gray) and validated secreted (through manual literature search) (black). The gray and black
dashed lines represent the percentage of all the proteins before clustering annotated as predicted secreted (80%) and validated secreted
(54%), respectively. Thus, the clustering based on fraction of labeling leads to enrichment for secreted proteins in cluster 1. C, The percentage
of proteins known to be associated with OB differentiation in the four clusters. The dashed line indicates the percentage of all proteins before
clustering directly involved in osteoblastic differentiation (22%). Thus, there is enrichment from 22% to 44% in cluster 1, while there are none
or virtually none in cluster 3 and 4.
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TABLE II
Identifications with fraction of labeling data in all time-points from the pulsed SILAC experiments and a � twofold regulated normalized ratio

from the complete SILAC experiments

Identifications with fraction of labeling data in all time-points from the pulsed SILAC experiments and a � 2-fold regulated normalized ratio
from the complete SILAC experiments. The proteins are grouped first based on the four clusters (C) they belong to based on the fraction of
labeling profile (Fig 4A). Furthermore, within each cluster the proteins are grouped based on manual functional annotation allowing that each
protein can be listed more than once within each cluster. Each protein is listed with name, IPI identifier, and the quantified normalized ratio at
days 0, 1, 4, 7, and 14. In addition, the R column indicates (�) if a protein is significantly regulated (p � 0.05) based on a calculated significance
B value (supplemental Table S5B).

Cluster 1

C
Name

IPI number
Normalized ratio

R
Growth factor/cytokine Day 0 Day 1 Day 4 Day 7 Day 14

1 Connective tissue growth factor IPI00020977.4 0 4.59 23.36 7.91 3.92 �
1 Transforming growth factor-�-induced IPI00018219.1 0 1.4 1.89 –0.5 –0.14 �
1 Insulin-like growth factor binding protein 2 IPI00297284.1 0 2.17 33.47 21.21 12.09 �
1 Follistatin-like 1 IPI00029723.1 0 0.93 3.27 2.27 0.34 �
1 Insulin-like growth factor binding protein 7 IPI00016915.1 0 –0.18 1.33 1.01 0.84
1 Stanniocalcin 2 IPI00008780.3 0 1.27 2.52 0.75 –0.01 �
1 Colony stimulating factor 1 IPI00556665.1 0 0.06 0.19 0.1 1.54
1 Insulin-like growth factor binding protein 4 IPI00305380.3 0 1.04 1.49 1.46 2.6 �
1 Insulin-like growth factor binding protein 6 IPI00029235.1 0 0.2 –0.52 –1.24 –5.1
1 Granulin IPI00296713.4 0 0.5 1.28 –1.33 –0.31
1 Bone morphogenetic protein 1 IPI00009054.1 0 0.08 3.44 4.68 0.32 �
1 Osteonectin IPI00014572.1 0 1.07 4.2 5.38 0.11 �
1 Insulin-like growth factor binding protein 3 IPI00444386.2 0 0.23 1.61

C Extracellular matrix IPI number Day 0 Day 1 Day 4 Day 7 Day 14 R

1 Lumican IPI00020986.2 0 –1.22 –4.38 –0.42 –0.33 �
1 Matrix metalloproteinase 2 IPI00027780.1 0 –1.49 –3.55 –3.02 –0.14 �
1 Collagen, type VI, alpha 1 IPI00291136.4 0 –0.7 –0.23 –0.06 –1.84 �
1 Osteonectin IPI00014572.1 0 1.07 4.2 5.38 0.11 �
1 Extracellular matrix protein 1 IPI00003351.2 0 –0.44 –0.5 –1.12 –3.05 �
1 Fibrillin 1 IPI00328113.2 0 0.33 1.56 1.73 0.41
1 Periostin IPI00410241.2 0 –0.54 1.01 2.59 4.95 �
1 Tissue inhibitor of metalloproteinase 1 IPI00032292.1 0 –0.18 0.18 0.42 2.32
1 Cathepsin L1 IPI00012887.1 0 0.14 0.46 –1.75 –1.25 �
1 Fibrillin-like protein IPI00220813.1 0 0.27 1.76 2.13 0.45
1 Nidogen-1 IPI00026944.2 0 0.29 1.66 2.34 1.2
1 Connective tissue growth factor IPI00020977.4 0 4.59 23.36 7.91 3.92 �
1 Transforming growth factor-�-induced IPI00018219.1 0 1.4 1.89 –0.5 –0.14 �

C Protease IPI number Day 0 Day 1 Day 4 Day 7 Day 14 R

1 Cathepsin D IPI00011229.1 0 1.19 2.92 0.69 0.75 �
1 Legumain IPI00293303.1 0 0.89 2.92 2 –1.41 �
1 Cathepsin B IPI00295741.4 0 0.54 0.39 –2.57 8.08 �
1 Complement component 1, s subcomponent IPI00017696.1 0 –0.8 –0.42 –1.02 –1.28 �
1 Complement C1r subcomponent IPI00296165.5 0 –1.18 –0.25 –0.52 –1.9 �
1 Cathepsin Z IPI00002745.1 0 0.49 0.94 0.73 –1.77
1 Prosaposin isoform a preproprotein IPI00012503.1 0 0.12 0.6 –1.89 –0.59 �
1 Cathepsin L1 IPI00012887.1 0 0.14 0.46 –1.75 –1.25 �
1 Matrix metalloproteinase 2 IPI00027780.1 0 –1.49 –3.55 –3.02 –0.14 �
1 Bone morphogenetic protein 1 IPI00009054.1 0 0.08 3.44 4.68 0.32 �
1 Tetranectin IPI00009028.1 0 –0.39 2.99 �

C Angiogenesis IPI number Day 0 Day 1 Day 4 Day 7 Day 14 R

1 Pigment epithelium-derived factor IPI00006114.4 0 –1.98 –0.94 –1.69 –6.94 �
1 Plasminogen activator inhibitor-1 IPI00007118.1 0 3.22 5.04 3.74 0.97 �
1 Connective tissue growth factor IPI00020977.4 0 4.59 23.36 7.91 3.92 �

C Immune response IPI number Day 0 Day 1 Day 4 Day 7 Day 14 R

1 Pentraxin-related protein PTX3 IPI00029568.1 0 3.33 3.56 2.9 0.15 �
1 Complement component 1 inhibitor IPI00291866.5 0 –1.26 0.85 0.42 –0.27 �
1 Complement factor H IPI00029739.4 0 –0.05 4.29 10.11 1.46 �
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TABLE II—continued

C Immune response IPI number Day 0 Day 1 Day 4 Day 7 Day 14 R

1 Complement component 1, s subcomponent IPI00017696.1 0 –0.8 –0.42 –1.02 –1.28 �
1 Complement C1r subcomponent IPI00296165.5 0 –1.18 –0.25 –0.52 –1.9 �

C Other IPI number Day 0 Day 1 Day 4 Day 7 Day 14 R

1 Protein KIAA1199 IPI00376689.1 0 0.64 3.8 0.62 0.59 �
1 Selectin-like osteoblast-derived protein IPI00847609.1 0 –0.03 2.81 2.12 –1.3 �
1 Plasminogen activator inhibitor-1 IPI00007118.1 0 3.22 5.04 3.74 0.97 �
1 Plasminogen activator inhibitor-1–2 IPI00009890.1 0 0.34 0.5 1.07 3.68 �
1 Epididymis-specific alpha-mannosidase IPI00328488.6 0 0.44 1.44 0.28 –1.66
1 Calsyntenin 1 IPI00413959.2 0 0.33 1.16 0.63 1.58
1 Dickkopf 1 IPI00016353.1 0 –0.06 1.13

Cluster 2

C
Name

IPI number
Normalized Ratio

R
Extracellular matrix Day 0 Day 1 Day 4 Day 7 Day 14

2 Isoform c of fibulin-1 IPI00296537.3 0 –1.18 0.3 0.44 0.54 �
2 Dystroglycan IPI00028911.1 0 0.07 1.03 0.01 –0.3
2 Biglycan IPI00010790.1 0 0.23 1.77 3.76 1.41
2 Collagen type I A1 IPI00297646.4 0 1.65 5.38 16.32 –0.96 �
2 Collagen type I A2 IPI00304962.3 0 1.95 5.66 11.26 –0.79 �
2 Decorin IPI00012119.1 0 –0.43 –0.18 –0.24 –1.34
2 Collagen type VI A3 IPI00022200.2 0 –0.69 –1.11 –2.73 –2.6 �
2 Procollagen C-endopeptidase enhancer 1 IPI00299738.1 0 –1.03 –0.78 –0.65 –3.61 �
2 Collagen type VI A2 IPI00304840.4 0 –0.83 –0.77 –1.71 –1.96 �
2 Cathepsin A IPI00640525.2 0 0.21 –0.06 –1.95 –2.98 �
2 Laminin subunit alpha-4 IPI00329482.4 0 –1.22 –0.01 –0.01 –1.3 �
2 Laminin subunit gamma-1 IPI00298281.3 0 –0.46 0.66 1.26 –0.09
2 Lysyl oxidase IPI00002802.1 0 2.63 9.24 �

C Protease inhibitor IPI number Day 0 Day 1 Day 4 Day 7 Day 14 R

2 Tissue factor pathway inhibitor IPI00021834.1 0 –0.42 1.37 0.59 0.01
2 Thrombospondin 1 IPI00296099.6 0 1.63 3.65 5.27 –1.99 �
2 Complement component 3 IPI00783987.2 0 –0.8 1.15 1.07 –15.13 �
2 Collagen type VI A3 IPI00022200.2 0 –0.69 –1.11 –2.73 –2.6 �

C Protease IPI number Day 0 Day 1 Day 4 Day 7 Day 14 R

2 N-acetylgalactosamine-6-sulfatase IPI00029605.1 0 0.65 1.13 0.78 –0.04
2 N-acylsphingosine amidohydrolase 1 IPI00013698.1 0 0.77 1.8 0.19 –0.25
2 HtrA serine peptidase 1 IPI00643586.3 0 –0.66 1.1 1.1 0.8
2 Gamma-glutamyl hydrolase IPI00023728.1 0 1.16 1.37 2.69 0.1 �
2 Lysophospholipase 3 IPI00301459.2 0 0.44 0.23 –1.16 –2.18
2 Mannosidase alpha 2B member 1 IPI00644131.1 0 0.46 1.74 0.39 –2.18
2 Cathepsin A IPI00640525.2 0 0.21 –0.06 –1.95 –2.98 �
2 Glucosamine (N-acetyl)-6-sulfatase IPI00012102.1 0 0.5 0.45 –1.63 –1.72 �
2 Fucosidase alpha-L-1 IPI00745745.2 0 –0.06 0.47 –1.21 –0.46
2 IGF-dependent IGFBP-4 protease IPI00001869.2 0 –0.65 1.99

C Other IPI number Day 0 Day 1 Day 4 Day 7 Day 14 R

2 ABI gene family 3 (NESH) binding protein IPI00440822.1 0 –0.47 –1.51 –1.89 –2.6 �
2 Milk fat globule-EGF factor 8 protein IPI00002236.3 0 0.51 3 0.53 –33.48 �
2 Matrix-remodelling associated 8, Limitin IPI00153049.3 0 –0.52 0.77 0.13 1.4
2 Stress 70 protein chaperone IPI00299299.3 0 0.58 1.2 1.03 –0.43
2 AXL receptor tyrosine kinase isoform 1 IPI00296992.7 0 0.36 2.88 �

Cluster 3

C
Name

IPI number
Normalized Ratio

R
Extracellular matrix Day 0 Day 1 Day 4 Day 7 Day 14

3 Collagen type V A1 IPI00477611.1 0 0.75 3.3 2.27 –2.42 �
3 Isoform d of fibulin-1 IPI00296534.1 0 –2.52 –0.28 –0.35 –0.27 �
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TABLE II—continued

Cluster 3

C
Name

IPI number
Normalized Ratio

R
Extracellular matrix Day 0 Day 1 Day 4 Day 7 Day 14

3 Perlecan IPI00024284.4 0 0.18 2.5 2.79 –1.38 �
3 Collagen type XII A1 IPI00827558.2 0 0.18 –0.05 –0.69 –11.2
3 Collagen type VIII A1 IPI00219000.3 0 0.3 7.25 16.78 33.98 �
3 Collagen triple helix repeat containing 1 IPI00060423.4 0 –2.73 –0.55 �

C Calcium binding IPI number Day 0 Day 1 Day 4 Day 7 Day 14 R

3 Nucleobindin 1 IPI00295542.5 0 0.13 0.4 0.1 –1.82
3 Ependymin related protein 1 IPI00657648.1 0 0.27 1.06 –2.39 –3.98 �
3 Low-density lipoprotein receptor-related 1 IPI00020557.1 0 –1.14 0.07 –0.04 0.46 �
3 Gelsolin IPI00026314.1 0 0.02 2.41 2.12 0.69 �
3 Isoform d of fibulin-1 IPI00296534.1 0 –2.52 –0.28 –0.35 –0.27 �

C Other IPI number Day 0 Day 1 Day 4 Day 7 Day 14 R

3 Neogenin IPI00023814.2 0 –0.22 2.25 1.72 0.64 �
3 Plasma glutamate carboxypeptidase IPI00007664.5 0 0 0.39 0.3 –2.94
3 Steroid-sensitive protein 1 IPI00260630.6 0 0.01 1.4 0.64 –2.02
3 Arylsulfatase A IPI00329685.10 0 0.15 1.16 0.13 –2.32 �
3 Dipeptidyl-peptidase 2 IPI00296141.3 0 –0.23 0.35 –1.03 –1.92

Cluster 4

C
Name

IPI number
Normalized Ratio

R
Actin binding/cytoskeleton Day 0 Day 1 Day 4 Day 7 Day 14

4 Actin, gamma 1 IPI00021440.1 0 –0.19 1.58 0.59 0.89
4 Transgelin IPI00216138.6 0 –0.04 4.5 2.34 2.37 �
4 Filamin A, alpha IPI00302592.2 0 –0.11 1.63 0.59 0.44
4 Ezrin IPI00843975.1 0 0.29 0.44 0.01 1.44
4 Actinin alpha 1 IPI00013508.5 0 0.17 1.32 0.55 1.34
4 Isoform A of Lamin-A/C IPI00021405.3 0 0.21 0.47 –0.22 –12.51

C Metabolism IPI number Day 0 Day 1 Day 4 Day 7 Day 14 R

4 Family with sequence similarity 3 C IPI00021923.1 0 –0.06 1.02 –0.57 –3.44 �
4 Lysyl hydroxylase 1 IPI00027192.5 0 –0.8 –0.38 –2.82 –1.93 �
4 Lysyl hydroxylase 3 IPI00030255.1 0 0.22 –0.17 –1.89 0.84 �
4 Peptidylprolyl isomerase A IPI00419585.9 0 –0.63 0.11 –1.04 1.48
4 Phosphoglycerate kinase 1 IPI00169383.3 0 –0.66 –0.17 –0.7 1.19
4 Enolase 1 IPI00465248.5 0 –0.46 0.16 –0.81 2.36
4 Peptidylprolyl isomerase C IPI00024129.1 0 –0.14 –0.15 0.23 –3.93 �
4 Leukocyte-derived arginine aminopeptidase IPI00465261.2 0 0.08 0.19 –1.03 –0.99

C Receptor/adhesion IPI number Day 0 Day 1 Day 4 Day 7 Day 14 R

4 Thy-1 cell surface antigen IPI00555577.1 0 –1.16 0.32 –0.68 –0.41 �
4 Activated leukocyte cell adhesion molecule IPI00783803.2 0 –0.39 1.85 1.23 0.68
4 Macrophage mannose receptor 2 IPI00005707.6 0 –0.57 1.07 0.47 0.28
4 CD44 antigen IPI00827658.1 0 –0.25 –0.33 –2.32 –1.87 �
4 CD109 antigen IPI00795801.1 0 –0.24 0.27 –1.11 –2.51 �
4 Protein C receptor, endothelial IPI00009276.2 0 –0.42 1.94 0.26 0.58

C Angiogenesis IPI number Day 0 Day 1 Day 4 Day 7 Day 14 R

4 Membrane alanine aminopeptidase IPI00221224.5 0 –0.62 1.12 0.02 1.47
4 Thy-1 cell surface antigen IPI00555577.1 0 –1.16 0.32 –0.68 –0.41 �
4 Chondroitin sulfate proteoglycan 4 IPI00019157.2 0 –2.8 –2.03 �

C Other IPI number Day 0 Day 1 Day 4 Day 7 Day 14 R

4 Discoidin, CUB and LCCL domain
containing 2

IPI00419836.1 0 –1.58 –2.94 –4.35 –1.04 �

4 14-3-3 protein zeta IPI00021263.3 0 0.11 0.36 0.07 2.73
4 Heat shock 70kDa protein 8 IPI00003865.1 0 0.17 0.44 –0.34 1.73
4 Eukaryotic initiation factor 5A variant A IPI00376005.2 0 0.08 0.33 0 1.99
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We further analyzed our data in relation to exosomes and
secretory vesicle-related proteins to study the fraction of la-
beling of these proteins. We first examined our data for the
three evolutionary conserved exosomes’ markers (CD81, CD
63, and CD9). Both CD81 and CD63 were identified at all
time-points of the “complete SILAC experiments” indicating
the presence of exosomes in the conditioned medium of
hMSC-TERT. Furthermore, we tested our data for the pres-
ence of fingerprints of osteoblast microvesicle proteins based
on a previous report (18). Among the 45 reported microvesicle
proteins also quantified in at least one time point in the pulsed
SILAC experiments, 82% had a very low fraction of labeling
corresponding to the characteristic feature of cluster 4. This
implies that the proteins in secreted microvesicles from hMSC
display a delay in terms of synthesis and secretion.

Identification of Secreted Proteins with a Potential Novel
Role in Osteoblastic Differentiation Based on the Differential
Expression Profile—To identify novel proteins with a potential
role in osteoblastic differentiation, we focused on the proteins
in cluster 1 regulated more than twofold in at least one time
point. We classified four major functional groups of proteins
based on their temporal expression profile as either “early
secreted” (peak secretion observed between day 1–4) or “late
secreted” (peak secretion observed between day 7 and 14)
(Fig. 5). We observed an enrichment of growth factor/cytokine
in the “early up-regulated” group, proteases in the “late down-
regulated” group, and OB differentiation-related as well as
extracellular matrix proteins in the “late up-regulated” group.
The distribution of the proteins with a known direct function in
OB differentiation is dominated by early up-regulated and late
up-regulated proteins. This is also the case for the growth
factor/cytokine and extracellular matrix functional group

which are the most relevant with respect to OB differentiation
(2). Thus, these observations suggest that the search for novel
regulators of OB differentiation should be focused among the
early up-regulated and late up-regulated.

Verification of the SILAC Profile of Novel Candidate Proteins
by Quantitative Real-time PCR—To verify the temporal pro-
files quantified by the complete SILAC experiments, a direct
comparison of the protein profiles and the corresponding
mRNA expression profiles of the identified early up-regulated
and late up-regulated candidates are shown in Fig. 6. Only the
proteins significantly regulated (p � 0.05) based on the cal-
culated significance B value are shown in Fig. 6. Among the
early significantly up-regulated proteins we observed the fol-
lowing proteins: follistatin-like 1, cathepsin D, legumain, stan-
niocalcin 2, selectin-like osteoblast-derived protein, protein
KIAA1199, plasminogen activator inhibitor 1, and pentaxin-
related protein PTX3. Follistatin-like 1 exhibits structural sim-
ilarity to follistatin a known inhibitor of BMP2 signaling and
possibly OB differentiation (83). Follistatin-like 1 has previ-
ously been identified in the secretome of hMSC (8, 12). Ca-
thepsin D is a lysosomal protease. Because cathepsin B (84)
and K (85) are directly involved in OB differentiation, it is
plausible that cathepsin D plays a similar role. Legumain is a
lysosomal protease shown to inhibit osteoclast formation and
bone resorption (86). Stanniocalcin 2 is a hormone and shares
structural similarity to stanniocalcin 1 which stimulates OB
differentiation (87). Stanniocalcin 2 has been identified previ-
ously in the secretome from hMSC (8) and its expression is
induced by vitamin K2 in osteoblastic cells in a protein kinase
A-dependent manner (88). The selectin-like osteoblast-de-
rived protein is virtually only expressed in placenta (89), skel-
etal tissue in vivo and in osteoblasts in vitro (90). It is regulated
by estrogen and has functions related to cell adhesion (91). The
function of protein KIAA1199 is currently unclear. Plasminogen
activator inhibitor-1 (PAI-1) is an inhibitor of tissue plasminogen
activator and urokinase is negatively regulating the degradation
of blood clots. Pentaxin-related protein PTX3 (PTX3) is involved
in immune response and is rapidly induced by IL-1 and tumor
necrosis factor (92). Complement factor H was the only signif-
icantly up-regulated protein candidate associated with the late
phase of osteoblastic differentiation. Complement factor H has
been shown to bind to bone sialoprotein and osteopontin, two
ECM proteins important for OB differentiation, thereby prevent-
ing complement-mediated cell lysis (93).

Validation of Stanniocalcin 2 (STC2) as an Autocrine Regu-
lator for Osteoblast Differentiation for hMSC—Among the sig-
nificantly regulated candidates in Cluster 1 (Fig. 6), we chose
STC2 for detailed studies. The temporal expression of STC2
during osteoblastic differentiation of hMSCs revealed by qRT-
PCR, SILAC, Western blotting from cell lysate, and Western
blotting from medium, was compared directly by log2 normal-
izing all data to day 0 (Fig. 7A). The Western blot analysis of
cell lysate as well as its secretion in conditional medium (Fig
7B) coincided with the protein levels quantified by SILAC.

FIG. 5. Searching for novel regulators of osteoblastic differen-
tiation among those identified with a high fraction of labeling in
the pulsed SILAC experiment and found to be regulated in the
complete SILAC experiment. Functional annotation of secreted pro-
teins from cluster 1 that exhibit more than twofold up- or down-
regulation during early (day 1 or 4) or late (day 7 or 14) ex vivo OB
differentiation of hMSC-TERT cells. The dashed lines between each
of the four groups (early down-regulated, late down-regulated, early
up-regulated, and late up-regulated) indicate the percentage ex-
pected if the distribution of the biological clusters is random. There is
an enrichment for early up-regulated proteins among the growth
factors, late down-regulated proteins among the proteases, and late
up-regulated among the proteins related to both OB differentiation
and extracellular matrix.
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To further study the biological function of STC2, we exam-
ined its effects on osteoblastic differentiation in hMSC. Hu-
man recombinant STC2 significantly increased ALP activity,
staining intensity (Fig 8A), and the formation of mineralized
matrix evidenced by Alizarin red S staining (Fig. 8B) in a
dose-dependent fashion with maximal effects achieved at
20–50 ng/ml. Similarly, STC2 significantly increased osteo-
blast-specific gene expression: ALP, collagen type I (Col I),
osteocalcin (OC) and osteopontin (OPN) (Fig. 8C).

To confirm these results we carried out siRNA-based knock
down and over-expression of STC2 in hMSC-TERT cells and
examined the biological effects on osteoblastic differentiation.
As demonstrated in supplemental Fig. S4, deficiency of STC2
decreased expression of osteoblastic markers as well as min-
eralized matrix formation. The opposite effects were observed
upon STC2 over-expression (supplemental Fig. S5).

DISCUSSION

In the present study we employed quantitative proteome
analysis using SILAC labeling to provide, for the first time, a
global quantitative analysis of proteins secreted during ex vivo
OB differentiation of bone marrow-derived hMSC. We identi-
fied several known and potentially novel proteins associated
with the OB differentiation process. These proteins are in-
volved in several biological processes and thus support the
hypothesis that the secretome of hMSC exerts a multitude of

FIG. 6. Direct comparison of the temporal expression profiles of significantly regulated candidate proteins as quantified by SILAC
and qRT-PCR. The figure compares the temporal profiles of candidate proteins and their corresponding gene expression quantified by
qRT-PCR. The early up-regulated candidate proteins are follistatin-like 1, cathepsin D, legumain, stanniocalcin 2, selectin-like osteoblast-
derived protein, protein KIAA1199, plasminogen activator activator inhibitor-1 (PAI-1), and pentraxin-related protein PTX3. Complement
factor H exhibits significantly late up-regulation during the course of ex vivo differentiation of hMSC-TERT cells. The data was expressed
as a fold change normalized to the unstimulated day 0. All quantified mRNA values represent the average of at least two independent
experiments. A significantly regulated protein ratio was indicated with red * (p � 0.05). The blue * indicate a significant regulation on mRNA
level (p � 0.05).

FIG. 7. Production of stanniocalcin 2 by hMSC. A, Direct com-
parison of the STC2 expression and secretion during osteoblast
differentiation of hMSC as measured by qRT-PCR, SILAC (from
conditioned medium), Western blot from cell lysates and Western
blot from conditioned medium. All data were log2 normalized into a
normalized ratio with respect to the values of unstimulated day 0. B,
Western blot analysis of STC2 protein levels in cell lysates
(upper lane, 50 �g/well) and conditioned medium (lower lane, 25
�g/well).
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functions including local skeletal tissue regeneration, immune
modulation, and endocrine functions. Secreted proteins are
usually identified through either literature searches (termed
validated secreted) or by theoretical prediction using bioinfor-
matics tools such as Phobius or SecretomeP (termed pre-
dicted secreted). None of these methods are expected to give
the correct subset of bona fide secreted proteins. We com-
bined both methods and employed strict prediction criteria
that included the presence of a signal peptide for secretion
through the classical or nonclassical pathway and the ab-
sence of transmembrane domains. Comparing our results
with results obtained in other secretome studies of ex vivo
cultured stem cells that employed less stringent criteria, re-
vealed better identification of secreted proteins in our study
(12, 13, 94, 95).

We employed pulsed SILAC labeling to quantify the fraction
of labeling (protein synthesis rate) because newly synthesized
secreted proteins were expected to display a high fraction of
labeling. The validity of the pulsed SILAC labeling approach to

selectively discriminate secreted from contaminating proteins
in the conditioned media is based on several observations.
First, comparing the fraction of labeling in conditioned me-
dium and cell lysates revealed a significantly higher fraction of
labeling of proteins present in the conditioned medium com-
pared with cell lysates. Second, the pulsed SILAC labeling
could be used as a parameter to distinguish the secreted
proteins. Among the 151 proteins quantified based on both
complete and pulsed SILAC labeling, 80% were classified as
predicted secreted and 54% as validated secreted proteins
versus only 60 and 27%, respectively, among the proteins
identified in the complete SILAC labeling experiments. Third,
cluster analysis of the proteins identified based on pulsed
SILAC labeling revealed a correlation between the percentage
of proteins classified as validated or predicted secreted and
the fraction of labeling. Finally, others have reported similar
findings that secreted proteins have high label incorporation
as compared with intracellular proteins when performing
pulsed SILAC labeling e.g. adipose tissue cells (96). The

FIG. 8. Human recombinant stannio-
calcin 2 stimulates osteoblastic differ-
entiation of hMSC. Cells were cultured
in 24-well plate and induced to osteo-
blastic differentiation in absence or pres-
ence of different concentrations of re-
combinant human STC2 protein. A,
Alkaline phosphatase (ALP) activity and
staining were performed after 7 days in-
duction. B, Mineralized matrix formation
was demonstrated and quantified by
Alizarin red S staining after 13 days
treatment. C, Expression of specific os-
teoblastic marker genes as quantified by
qRT-PCR. ALP: alkaline phosphatase;
Col I: collagen type I; OC: osteocalcin;
OPN: osteopontin. Data were repre-
sented as mean � S.D. from four inde-
pendent experiments. * indicate p �
0.05, ** indicate p � 0.001.
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pulsed SILAC method has some limitations. Intracellular and
membrane bound proteins with a high fraction of labeling may
leak into the conditioned medium. Also, some secreted pro-
teins have a lower fraction of labeling such as ECM-associ-
ated proteins or secretory vesicles released into the medium
from storages of latent secreted proteins. These factors can
explain the presence of validated secreted proteins in cluster
2–4.

The perspectives for the use of pulsed SILAC labeling to
study secreted proteins are intriguing and could in principle
allow the study of the secretory pathway of the various pro-
teins by compartment-specific analyses of the fraction of
labeling as demonstrated in another context (31) or to study
the fraction of secreted proteins synthesized on-demand as
compared with pre-synthesized dormant molecules.

There was a strong correlation between high fraction of
labeling and proteins directly involved in OB differentiation.
Interestingly, we observed a labeling collapse at day 14 for the
proteins in cluster 2 suggesting that the synthesis of these
proteins is regulated and may have an important role in the
early phase of osteoblastic differentiation. The temporal pro-
file quantified by complete SILAC labeling confirmed a re-
duced relative abundance of these proteins at day 14 as
compared with the other time-points.

Validation of the gene expression of the protein candidates
by qRT-PCR and Western blot analysis revealed a general
good concordance between these methods. In addition, we
have demonstrated the biological relevance of our findings by
studying one of the identified factors: STC2 in a detailed
fashion. STC2 and its closely related homolog STC1 are gly-
coproteins identified as a calcium/phosphate regulating hor-
mones (97). Our study demonstrates that both hMSC and
osteoblastic cells produce significant amounts of STC2 and
that this protein may play a role in hMSC biology in addition to
its presumed role in calcium and phosphate homeostasis. We
found that STC2 enhances osteoblastic differentiation of
hMSC suggesting a role as an autocrine/paracrine factor in
the bone marrow microenvironment. Our study corroborates a
recent study (98) demonstrating a role of STC2 in ectopic
calcification and that inorganic phosphate stimulates produc-
tion of STC2. It is thus plausible that STC2 in this context may
enhance differentiation of resident MSC to osteoblastic cells.
However, detailed understanding of STC2 functions awaits
identification of its cognate receptor (97).

In conclusion, the presented data demonstrate a novel
global quantitative proteomics-based approach for selective
identification of relevant secreted proteins with novel roles in
skeletal stem cell biology and OB differentiation. The combi-
nation of pulsed and complete SILAC labeling allowed iden-
tification of truly secreted proteins and the hormone STC2 as
a novel regulator of OB differentiation. Such methods are
important for large scale identification of proteins with biolog-
ical and clinical relevance. The functional annotations of the
secreted proteins revealed the complex nature of OB and

extend their biological functions to other areas beyond bone
formation.
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