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Quantitative Proteomics Analysis of
Chondrogenic Differentiation of C3H10T1/2
Mesenchymal Stem Cells by iTRAQ Labeling
Coupled with On-line Two-dimensional

LC/MS/MS*s

Yu-hua Jit§1]||, Ju-ling Jif]**, Fen-yong Sun9|+1§§, Yao-ying Zengt, Xian-hui Het,
Jing-xian Zhaot1)1], Yu Yut||, Shou-he Yutt, and Wei Wut

The chondrogenic potential of multipotent mesenchymal
stem cells (MSCs) makes them a promising source for
cell-based therapy of cartilage defects; however, the ex-
act intracellular molecular mechanisms of chondrogene-
sis as well as self-renewal of MSCs remain largely un-
known. To gain more insight into the underlying molecular
mechanisms, we applied isobaric tag for relative and ab-
solute quantitation (iTRAQ) labeling coupled with on-line
two-dimensional LC/MS/MS technology to identify pro-
teins differentially expressed in an in vitro model for chon-
drogenesis: chondrogenic differentiation of C3H10T1/2
cells, a murine embryonic mesenchymal cell line, was
induced by micromass culture and 100 ng/ml bone mor-
phogenetic protein 2 treatment for 6 days. A total of 1756
proteins were identified with an average false discovery
rate <0.21%. Linear regression analysis of the quantita-
tive data gave strong correlation coefficients: 0.948 and
0.923 for two replicate two-dimensional LC/MS/MS anal-
yses and 0.881, 0.869, and 0.927 for three independent
iTRAQ experiments, respectively (o0 < 0.0001). Among
1753 quantified proteins, 100 were significantly altered
(95% confidence interval), and six of them were further
validated by Western blotting. Functional categorization
revealed that the 17 up-regulated proteins mainly com-
prised hallmarks of mature chondrocytes and enzymes
participating in cartilage extracellular matrix synthesis,
whereas the 83 down-regulated were predominantly in-
volved in energy metabolism, chromatin organization,
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transcription, mRNA processing, signaling transduction,
and cytoskeleton; except for a number of well docu-
mented proteins, the majority of these altered proteins
were novel for chondrogenesis. Finally, the biological
roles of BTF3I4 and fibulin-5, two novel chondrogenesis-
related proteins identified in the present study, were
verified in the context of chondrogenic differentiation.
These data will provide valuable clues for our better
understanding of the underlying mechanisms that mod-
ulate these complex biological processes and assist in
the application of MSCs in cell-based therapy for carti-
lage regeneration. Molecular & Cellular Proteomics 9:
550-564, 2010.

Mesenchymal stem cells (MSCs)' are multipotent cells
found in several adult tissues that can be expanded in vitro
and differentiate into multiple mesoderm-type cells, includ-
ing chondrocytes, thus representing a promising source for
cell-based therapy of cartilage defects (1). Chondrogenic
differentiation of MSCs in vitro closely resembles in vivo
chondrogenesis, including mesenchymal cell condensation,
chondrocyte differentiation, and maturation, which is elabo-
rately modulated by signals initiated by cell-cell and cell-
matrix interactions as well as a variety of growth and differ-
entiation factors (2-4). Despite the enhanced interest and
accumulating reports on making use of MSCs in cartilage
repair and regeneration, the exact molecular events that occur

" The abbreviations used are: MSC, mesenchymal stem cell; 2D,
two-dimensional; BMP-2, bone morphogenetic protein 2; ECM, ex-
tracellular matrix; FA, formic acid; FDR, false discovery rate; iTRAQ,
isobaric tag for relative and absolute quantitation; SCX, strong cation
exchange; ES, embryonic stem; LOX, protein-lysine 6-oxidase;
MARCKS, myristoylated alanine-rich protein kinase C substrate;
HNRNP, heterogeneous nuclear ribonucleoprotein; nano-LC,
nanoscale LGC; IPI, International Protein Index; siRNA, short interfering
RNA; GAG, glycosaminoglycan; IGF-1, Insulin-like growth factor-1;
PAPSS2, 3'-phosphoadenosine 5'-phosphosulfate synthase 2;
MAPK, mitogen-activated protein kinase; ERK, extracellular signal-
regulated kinase; R.S.D., relative S.D.
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in chondrogenic differentiation of MSCs remain largely un-
clear (5).

MSCs are routinely isolated from bone marrow according to
their property of adhesion to plastic, which results in a mor-
phologically, phenotypically, and functionally heterogeneous
population of cells (6, 7). Because of the absence of defined
markers, it is hard to obtain a morphologically and functionally
homogeneous population, especially given the biological
complexity derived from different ages and genetic back-
grounds of the donors. To facilitate the molecular mechanism
investigation and further in-depth biological function analysis,
we chose a well established in vitro chondrogenic model in
our primary proteomics study. C3H10T1/2, a murine embry-
onic mesenchymal cell line (8), has been demonstrated to
differentiate into multiple mesenchymal lineages such as
chondrocytes, osteoblasts, and adipocytes (9). Therefore, this
cell line is regarded as a model for MSCs, representing a
homogeneous population of multipotential cells that do not
spontaneously differentiate under normal culture conditions,
and hence is an ideal vehicle for in vitro study of chondrogen-
esis (10). Additionally, a recent report by Zhao et al. (11)
revealed that under the same inductive conditions C3H10T1/2
cells showed chondrogenic differentiation potentials com-
parable to primary murine bone marrow-derived MSCs,
suggesting that this cell line is a good alternative cell source
for investigating chondrogenic differentiation. Consistent
with a previous report (10), chondrogenic differentiation of
C3H10T1/2 cells was induced by a high density micromass
environment and BMP-2 treatment in the present study. This
in vitro model has also been used in gene expression profiling
of mesenchymal chondrogenesis (12).

Recently, proteomics approaches have been applied to the
studies of MSCs, such as the secretome of embryonic stem
(ES) cell-derived MSCs (13), the global effects of transforming
growth factor-B on MSCs (14), differential expression profiling
of membrane proteins of MSCs undergoing osteoblast differ-
entiation (15), and proteome analysis of rat MSC subcultures
(16). However, the comprehensive expression profiling of
MSCs undergoing chondrogenic differentiation has not been
reported yet (17). To gain further understanding of the molec-
ular mechanism underlying this stringently modulated proc-
ess, we applied an iTRAQ labeling coupled with on-line 2D
LC/MS/MS proteomics technology to quantitatively assess
the protein expression profile of the in vitro chondrogenesis
model. The iTRAQ labeling coupled with LC/MS/MS is a gel-
free quantitative proteomics technology that uses amine-spe-
cific isobaric tags to compare the intensity of reporter ions of
labeled peptides and infer quantitative values for correspond-
ing proteins (18).

In this study, we compared the protein profile of chondro-
genically differentiated C3H10T1/2 cells with those of undif-
ferentiated cells by using iTRAQ labeling coupled with on-line
2D LC/MS/MS. A total of 1756 proteins were identified. Of
them, 100 significantly altered proteins were identified (95%

confidence interval), and six of them were validated by West-
ern blotting. Further functional categorization revealed that
these altered proteins could play essential roles in lineage-
specific differentiation, promoting a nonspecific stem cell
state or the commitment to other lineages. Finally, biological
functions of a number of these intriguing proteins were pre-
liminarily validated in the context of chondrogenesis. Such
findings will advance our understanding of the underlying
intracellular mechanisms that modulate chondrogenic differ-
entiation as well as self-renewal of MSCs and in turn promote
their application in cartilage defect therapy.

EXPERIMENTAL PROCEDURES

Cell Culture—Cell culture media and media supplements were
purchased from Invitrogen. C3H10T1/2 cells were obtained from the
American Type Culture Collection (ATCC) (Manassas, VA). Monolayer
cultures were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% (v/v) fetal bovine serum, 50 units/ml penicillin
G, and 50 ug/ml streptomycin and incubated at 37 °C in 5% (v/v) CO,
in a humidified incubator. Media were changed every 3 days.

Chondrogenesis Induction—The micromass culture technique
modified from Ahrens et al. (19) was adopted for chondrogenic dif-
ferentiation experiments. Briefly, subconfluent C3H10T1/2 cells were
trypsinized and resuspended at a concentration of 107 cells/ml in
Ham’s F-12 medium with 10% (v/v) fetal bovine serum. A 10-ul drop
of cell suspension was placed in a well of a 24-well culture plate and
allowed to adhere for 2-3 h at 37 °C and 5% (v/v) CO,, then 1 ml of
medium containing 100 ng/ml human recombinant BMP-2 purchased
from R&D Systems (Minneapolis, MN) was added to the cultures, and
controls were cultured in the same manner but without supplemen-
tation of human recombinant BMP-2. The cultures were fed every 3
days with fresh media with or without BMP-2, and day 6 cultures were
used for the proteomics analysis.

Alcian Blue Staining and Quantification—For Alcian blue staining,
cultures were rinsed twice with PBS, fixed in 4% (w/v) paraformalde-
hyde for 15 min, and incubated in 1% (w/v) Alcian blue 8-GX (Sigma)
in 0.1 N HCI (pH 1.0) overnight. For quantitative analysis, Alcian
blue-stained cultures were extracted with 6 m guanidine HCI for 2 h at
room temperature. The absorption of the extracted dye was mea-
sured at 650 nm in a microplate reader (Bio-Rad).

Western Blotting— Cultures were washed with ice-cold phosphate
buffered saline and lysed in a buffer containing 50 mm Tris-HCI (pH
7.6), 5 mm EDTA, 50 mm NaCl, 30 mm sodium pyrophosphate, 50 mm
NaF, 0.1 mm NagVO,, 1% (v/v) Triton X-100, 1 mm PMSF, and a
protease inhibitor mixture tablet (Roche Applied Science). Lysates
were clarified by centrifugation at 15,000 X g for 10 min at 4 °C, and
the protein concentration of the supernatant was measured by the
Bradford protein assay (Bio-Rad). Samples containing 30 g of total
protein were separated by 12% (w/v) SDS-PAGE and transferred onto
a PVDF membrane (Millipore, Bedford, MA). After incubating for 1 h
with blocking buffer (5% (w/v) nonfat milk in TBS-T (0.05% (v/v)
Tween 20 in Tris-buffered saline)), the membrane was probed with the
indicated primary antibodies diluted in blocking buffer overnight at
4 °C. After being extensively washed with TBS-T, the membrane was
incubated with horseradish peroxidase-conjugated antibody to
mouse (Kirkegaard and Perry Laboratories, Inc.) or rabbit (Cell Sig-
naling Technology) diluted in blocking buffer (1:2000) for 1 h at room
temperature. Bands were visualized with SuperSignal West Pico
Chemiluminescent Substrate (Pierce) and recorded on x-ray films
(Fuji Medical, Tokyo, Japan). Finally, the visualized bands were
quantified by QUANTITY ONE software on a GS-800 densitometer
(Bio-Rad). The following antibodies were used: monoclonal anti-
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collagen type Il (Lab Vision Corp.) (1:1000), monoclonal anti-B-
tubulin (Sigma-Aldrich) (1:5000), rabbit polyclonal antibody to pro-
tein-lysine 6-oxidase (LOX) (Santa Cruz Biotechnology, Inc.) (1:
500), rabbit polyclonal antibody to Histone H2A.X (Abcam) (1:2000),
and monoclonal antibodies to MARCKS and hnRNPM (Santa Cruz
Biotechnology, Inc.) (1:1000).

Flow Cytometry—For flow cytometric analysis, the cultures were
detached by 0.1% (w/v) trypsin and collagenase type Il (Sigma-
Aldrich) digestion followed by washing and fixation. The resulting
pellets were resuspended in 1% (w/v) bovine serum albumin (Roche
Applied Science) for 30 min in room temperature to block the non-
specific binding sites. Afterward, the samples were incubated with
anti-collagen type Il monoclonal antibody (Clone 2B1.5, Neomarker)
at 4 °C for 8 h and then stained with a FITC-conjugated goat anti-
mouse secondary antibody (Molecular Probes, Inc.) at room temper-
ature for 1 h. Flow cytometric acquisition and data analysis were
performed with an Epics ALTRA flow cytometer and EXPO32TM
software (Beckman Coulter, Inc., Miami, FL). As a negative control,
the cells were incubated only with the FITC-conjugated secondary
antibody. Three independent flow cytometric experiments were
performed.

iTRAQ Labeling, Sample Cleaning, and Desalting— All the reagents
and buffers needed for iTRAQ labeling and cleaning were obtained
from Applied Biosystems (Foster City, CA). iTRAQ labeling was per-
formed according to the manufacturer’s instructions. Briefly, at day 6,
total cell lysates were collected as described for Western blotting, and
protein concentration was determined by the Bradford assay. Sub-
sequently, 100 ug of protein was precipitated with ice-cold acetone
overnight at —20 °C. Protein pellets were dissolved, denatured, alky-
lated, and digested with trypsin (Sigma; 1:20, w/w, 37 °C for 18 h). To
label peptides with iTRAQ reagent, 1 unit of label (defined as the
amount of reagent required to label 100 pg of protein) was thawed
and reconstituted in 70 ul of ethanol; digestions from BMP-2-treated
and untreated C3H10T1/2 cells were labeled with 117and 114 iTRAQ
reagents, respectively; and then the samples were incubated at room
temperature for 1 h and pooled. In the present study, three indepen-
dent chondrogenic induction and iTRAQ labeling experiments were
carried out.

Prior to on-line 2D nanoscale LC (nano-LC)/MS/MS analysis,
iTRAQ-labeled samples were cleaned up and desalted. A cation
exchange cartridge system (Applied Biosystems) was used to remove
the reducing reagent, SDS, excess iTRAQ reagents, undigested pro-
teins, and trypsin in the labeled sample mixture that would interfere
with the LC/MS/MS analysis. Before cation exchange, the concen-
tration of buffer salts in the labeled samples was reduced below 10
mm by diluting 10-fold with cation exchange buffer-load (10 mm
K,HPO, in 25% (v/v) acetonitrile at pH 3.0). The pH of the diluted
sample was checked: it should be between 2.5 and 3.3; otherwise it
was adjusted to 3.0 with phosphoric acid. The diluted sample mixture
was loaded onto the cation exchange cartridge, after washing with 10
column volumes of buffer-load, peptides were eluted with 500 ul of
buffer-elute (10 mm K,HPO, in 25% (v/v) acetonitrile, 350 mm KCI at
pH 3.0). Afterward, the eluate of the cation exchange was desalted
using an Agilent 1100 series HPLC system equipped with an au-
tosampler, 2/6 valve, and diode array detector (220 nm) (Agilent,
Waldbronn, Germany). Eluates of cation exchange were diluted with
0.1% (v/v) FA (v/v in H,0) to reduce the concentration of acetonitrile
to 5% (v/v), afterward the dilution was injected onto a 4.6-mm-inner
diameter X 150-mm C, g reversed-phase column (5 um, 80 A; Agilent,
Waldbronn, Germany), flushed with phase A (5% (v/v) acetonitrile,
0.1% (v/v) FAin H,O) at 1 ml/min for 10 min, and finally peptides were
eluted with 65% (v/v) phase B (90% (v/v) acetonitrile, 0.1% (v/v) FA in
H,0). Absorbance at 220 nm was monitored, and the maximal ab-
sorption peak was collected and divided into two aliquots. Each

aliquot was dried in a Heto vacuum concentrator (Heto-Holten A/S,
Allerod, Denmark).

On-line 2D LC/MS/MS—2D nano-LC/MS/MS analyses were con-
ducted on a nano-HPLC system (Agilent, Waldbronn, Germany) cou-
pled to a hybrid Q-TOF mass spectrometer (QSTAR XL, Applied
Biosystems) equipped with a nano-ESI source (Applied Biosystems)
and a nano-ESI needle (Picotip, FS360-50-20; New Objective Inc.,
Woburn, MA). Analyst™ 1.1 software was used to control QSTAR XL
mass spectrometry and the nano-HPLC system and to acquire mass
spectra. Vacuum-dried iTRAQ-labeled peptides were reconstituted in
phase A and injected at a flow rate of 10 wl/min onto a high resolution
strong cation exchange (SCX) column (Bio-SCX, 300-um inner diam-
eter X 35 mm; Agilent, Wilmington, DE), which was on line with a C,g
precolumn (PepMap, 300-um inner diameter X 5 mm; LC Packings).
After loading, the SCX column and C,g precolumn were flushed with
a 16-step gradient sodium chloride solution (0, 10, 20, 30, 40, 50, 60,
70, 80, 90, 100, 125, 150, 200, 300, and 400 mwm) for 5 min and phase
A for 10 min at a flow rate of 15 wl/min. Afterward, the precolumn was
switched on line with a nanoflow reversed-phase column (VYDAC
218MS, 75-um inner diameter X 100 mm; Grace, Hesperia, CA), and
the peptides concentrated and desalted on the precolumn were sep-
arated using a 120-min linear gradient from 12 to 30% (v/v) phase B
(0.1% (v/v) FA in ACN) at a flow rate of 400 nl/min.

The Q-TOF instrument was operated in positive ion mode with ion
spray voltage typically maintained at 2.0 kV. Mass spectra of iTRAQ-
labeled samples were acquired in an information-dependent acquisi-
tion mode. The analytical cycle consisted of a 0.7-s MS survey scan
(400-1600 m/z) followed by three 2-s MS/MS scans (100-2000 m/z)
of the three most abundant peaks (i.e. precursor ions), which were
selected from the MS survey scan. Precursor ion selection was based
upon ion intensity (peptide signal intensity above 25 counts/s) and
charge state (2+ to 5+), and once the ions were fragmented in the
MS/MS scan, they were allowed one repetition before a dynamic
exclusion for a period of 120 s. Because of the iTRAQ tags, the
parameters for rolling collision energy (automatically set according to
the precursor m/z and charge state) were manually optimized. Under
CID, iTRAQ-labeled peptides fragmented to produce reporter ions at
114.1 and 117.1, and fragment ions of the peptides were simulta-
neously produced, resulting in sequencing of the labeled peptides
and identification of the corresponding proteins. The ratios of the
peak areas of the two iTRAQ reporter ions reflected the relative
abundances of the peptides and the proteins in the samples. External
calibration of mass spectrometer was carried out using reserpine and
trypsinized BSA routinely.

Protein Identification and False Discovery Rate (FDR) Analysis— For
protein identification, the complete set of raw data files (*.wiff) of each
run was analyzed together using ProteinPilot software 2.0.1 (revision
67476), which consisted of the Paragon and Pro Group™ algorithms.
The Paragon search algorithm used a sequence tag algorithm to
calculate sequence temperature values for identification of peptides
from a database (20). The parameters for searching were as follows:
iTRAQ fourplex peptide labeled; trypsin digestion; methyl methane
thiosulfate alkylation of cysteine residue; instrument, QSTAR ESI;
identification focus, biological modifications; non-redundant Interna-
tional Protein Index (IPl) mouse sequence database version 3.62 (date
of release, August 2009; with a total of 56,727 protein entries) from
the European Bioinformatics Institute selected; and software defaults
used for other parameters needed for searching.

Afterward, the Pro Group algorithm assembled the peptide evi-
dence from the Paragon algorithm to find the smallest number of
proteins that could explain all the fragmentation spectral evidence.
The core philosophy of the Pro Group algorithm was that the spectral
evidence used to prove the detection of one protein could not be
used again to prove the detection of a second protein; therefore, two
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types of scores for each protein were calculated: Total ProtScore and
Unused ProtScore. The Total ProtScore was based on all peptides
pointing to a protein and was analogous to protein scores reported by
other protein identification softwares, whereas the Unused ProtScore
was calculated from the peptide evidence that had not already been
used to explain more confident proteins. The Pro Group algorithm
greatly reduced the redundancy and suppressed the false positives.
In addition, the Pro Group algorithm also could distinguish protein
isoforms; a specific protein isoform would be reported only if unique
evidence (peptide) existed for this isoform (from Understanding the
Pro Group Algorithm, Applied Biosystems). To obtain an even more
reliable protein list, in the present study, proteins were identified on
the basis of having at least two distinct peptides with 99% confidence
and 2.0 contribution to Unused ProtScore. In other words, only pro-
teins with Unused ProtScore greater than or equal to 4.0 were in-
cluded in the final protein list.

To evaluate the rate of erroneously identified proteins, the same set
of MS spectral data was searched as above but against a decoy
database, a randomized version of the database generated by
DecoyDBB software (21). The following formula was used to calculate
the FDR of protein identification: FDR = (FP/FP + TP) X 100% (FP,
false positives, number of random hits; TP, true positives, number of
normal hits).

Protein Quantification and Identification of Differentially Expressed
Proteins—Protein quantification was also performed by ProteinPilot
software, which automatically calculated the relative abundance of
iTRAQ-labeled peptides and the corresponding proteins. Corrections
were made for impurity of iTRAQ reagents based on the data pro-
vided by the manufacturer. For pipetting and other similar errors in
analyses, iTRAQ ratios were normalized by autobias, which used all
data obtained from a 2D LC/MS/MS analysis to calculate the bias
correction factor.

In the present study, the thresholds for protein differential expres-
sion were mean * 1.96S.D. (95% confidence interval). Proteins
whose 117/114 ratio met the differential expression threshold in at
least two of the three biological experiments are shown in the main
text, whereas those that appeared in only one of the three biological
experiments are listed in the supplemental material.

RNA Extraction and Quantitative Real Time PCR—The methods for
RNA extraction and quantitative real time PCR were the same as in
our previous report (22). Briefly, total RNA was extracted and pu-
rified using the RNeasy kit (Qiagen, Valencia, CA). Gene products
were analyzed by using SYBR Green PCR Master Mix (Applied
Biosystems) and specific primers in a 7300 Real Time PCR System
(Applied Biosystems). Relative gene expression levels were calcu-
lated as ratios of the mRNA levels normalized against those of 18 S
rRNA. All the results were expressed as means = S.D. of three
independent experiments. Primer sequences are reported in supple-
mental Table 1.

Lactate Assay—Lactate concentration in the conditioned medium
of day 6 cultures was measured by using a lactate assay kit (Biovision)
according to the manufacture’s instructions. The absorption at 570
nm was measured by a microplate reader (Bio-Rad).

Short Interfering RNA (siRNA) Transfection—ON-TARGETplus
SMARTpool siRNA against Btf3/4 (L-045446-01-0005) or Fbin5 (M-
059161-01-0005) was transfected into the C3H10T1/2 cells, respec-
tively. Transfection was performed according to the manual (Thermo
Science). Briefly, the cells were collected and subcultured in growth
medium without antibiotics; the cells were 90-95% confluent at the
time of transfection. siRNAs were incubated with Lipofectamine 2000
(Invitrogen), and then the mixture was added into the culture. Six
hours after transfection, the cells were trypsinized, inoculated as
micromass, and treated with 100 ng/ml BMP-2 for chondrogenesis
induction as aforementioned.

Statistical Analysis—Data are presented as the mean *= S.D. Com-
parison between means was assessed by unpaired Student’s t test or
one-way analysis of variance using SPSS10.0 software. Statistical
significance was set at p < 0.05. Unless otherwise specified, all
assays were performed in triplicate.

RESULTS

To gain more insight into the molecular mechanisms under-
lying chondrogenic differentiation as well as self-renewal of
MSCs, we applied iTRAQ labeling coupled with on-line 2D
nano-LC/MS/MS to quantitatively assess the global protein
expression profile of a well established in vitro chondrogene-
sis model (10). To evaluate the chondrogenesis of C3H10T1/2
cells in micromass culture treated with BMP-2, glycosam-
inoglycans (GAGs), and collagen type Il, two markers for
mature chondrocytes, were detected by Alcian blue staining
and Western blotting, respectively. In line with previous re-
ports (12), increased expression of collagen type Il and pos-
itive staining of Alcian blue were observed in BMP-2-treated
cultures, demonstrating that the cultures underwent chondro-
genesis beginning on day 3 and more overtly on day 6 (Fig. 1,
A and B). Furthermore, to quantitatively evaluate the percent-
age of collagen type ll-positive cells in the micromass cul-
tures, cells from day 6 cultures were subject to flow cytometry
analysis. As shown in Fig. 1C, the collagen type ll-positive
cells of BMP-2-treated and untreated C3H10T1/2 cells in
micromass culture were 86.5 = 5.5 and 10.9 * 2.3%, respec-
tively, showing that most of the cells in micromass cultures
were chondrogenically differentiated by micromass culture
and BMP-2 treatment. In addition, these results also revealed
the existence of spontaneous differentiation of C3H10T1/2
cells when cultured in high density, although the rate of oc-
currence was limited. Taken together, these data demon-
strated the chondrogenesis of the C3H10T1/2 cells in the
present study.

For identifying proteins whose expression levels were either
up- or down-regulated during chondrogenesis, total cell ly-
sates from day 6 cultures were subjected to iTRAQ labeling
and on-line 2D LC/MS/MS analyses as described under “Ex-
perimental Procedures.” Three biological replicates were per-
formed to provide information about the reproducibility of the
in vitro chondrogenesis model; in addition, iTRAQ-labeled
samples from biological replications 2 and 3 were analyzed
repeatedly to evaluate the analytical reproducibility of the
on-line 2D LC/MS/MS system and enhance protein coverage
(23).

Protein Identification and FDR Analyses—According to the
criteria for protein identification mentioned under “Experimen-
tal Procedures,” more than 1000 proteins were identified in
each of the five individual analyses (Table I). Unambiguous
protein identification was critical for the following data proc-
essing and final conclusion; therefore, in the beginning of data
analysis, we evaluated the certainty of the protein identifica-
tion criteria using decoy database searches. As showed in
supplemental Table 2, the stringent criteria achieved a very
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Fic. 1. Western blotting, histochemical, and flow cytometry
analyses of chondrogenic differentiation of C3H10T1/2 cells in
micromass culture treated with BMP-2. A, time course of BMP-2-
induced collagen type Il expression. Total protein was extracted at
the indicated times, and collagen type Il expression was determined
by Western blotting. B-Tubulin was used to confirm equal loading.
B, after 6 days, BMP-2-treated (right) and untreated (left) cultures
were fixed and stained with Alcian blue. Scale bar, 2.5 mm (top) and
50 um (bottom). C, representative flow cytometry histogram of three
independent experiments illustrating that the majority of the cells in
the micromass culture treated with BMP-2 were collagen type II-
positive (86.5 = 5.5%), whereas the percentage of these positive cells
in the untreated control was smaller (10.9 = 2.3%). The solid line
represents the C3H10T1/2 cells treated with BMP-2 for 6 days, the
dash-dotted line represents the untreated controls, and the dotted
line represents the negative control.

high confidence in protein identification as FDRs of the five
individual analyses were from 0.08 to 0.40%, and the aver-
age FDR was 0.21%. Additionally, the relatively high num-
ber of identified peptides with 99% confidence in each of
the five corresponding decoy analyses underlined the ne-
cessity of the stringent criteria for true protein identification
(24). Detailed information on peptides and proteins identi-
fied by searching against normal and decoy databases for
the five individual LC/MS/MS runs are provided in supple-
mental Tables 3-5.
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2 The number of non-redundant proteins of samples 2 and 3 was derived from combining the spectral data from duplicated analyses.

® The number of proteins derived from merging the identified proteins under identical accession numbers and/or gene symbols in three independent biological samples.
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Relative Quantification, Analytical, and Biological Repro-
ducibility Analyses—In the present quantitative proteomics
study, almost all identified proteins were quantified (1753
versus 1756) (Table | and supplemental Table 4). To estimate
the analytical reproducibility of our proteomics study, linear
regression analyses were performed on In-transformed 117/
114 ratios of duplicate analyses of samples 2 and 3 (supple-
mental Fig. 1). Pearson correlation coefficients for samples 2
and 3 were 0.948 and 0.923, respectively (p < 0.0001). Thus,
the ratios of the two duplicate analyses were significantly
positively correlated, indicating the good analytical reproduc-
ibility of the on-line 2D LC/MS/MS system. Thereby, spectral
data from two duplicate analyses were merged and searched
again to enhance the coverage of protein identification and to
“average” the expression ratios of proteins identified in sam-
ples 2 and 3 (Table | and supplemental Table 6). Linear re-
gression analyses were also performed on the ratios of three
independent iTRAQ labeling experiments to evaluate the bio-
logical reproducibility and reliability. Pearson correlation co-
efficients between samples 1 and 2, samples 1 and 3, and
samples 2 and 3 were 0.881, 0.869, and 0.927, respectively
(p < 0.0001) (supplemental Fig. 2), showing the good biolog-
ical reproducibility of the in vitro chondrogenesis model.

Data Normalization—For normalization of iTRAQ ratios de-
rived from five individual analyses, the 117/114 ratios of a set
of the most widely used internal controls detected in the
present iTRAQ experiments, including tubulin, G6pdh, and
MAPK1/3 (ERK1/2), were critically assessed. As shown in sup-
plemental Table 7, the 117/114 ratios of these proteins were
mainly around 1.0; for example, the average 117/114 ratio of 11
tubulin isoforms was 1.052, and the corresponding R.S.D. was
7.4%. The expression ratios of B-tubulin and MAPK1/3 were
further verified by Western blotting (Fig. 3A). So we chose
autobias in the present study, and the ratios of each analysis
were automatically normalized by the ProteinPilot software.

Non-redundant Protein Grouping and Homology Search—
Subsequently, proteins identified from three independent ex-
periments (supplemental Table 6) were grouped, and proteins
under identical accession number and/or gene symbol were
merged. In addition, by using Wu-BLAST2 and UniProt
Knowledgebase, a homology search was performed for those
proteins that had no name or were listed as hypothetical or
putative uncharacterized. The total number of non-redundant
proteins identified in the present study was 1756 (including
both analytical and biological replicates, five individual LC/
MS/MS runs) (supplemental Table 8). Eight hundred (45.5%)
of these 1756 proteins were shared by all three experiments,
and 419 (23.8%) were shared by two experiments; thus, more
than two-thirds (1219 of 1756) of identified proteins were
detected in at least two of the three experiments (Fig. 2A),
showing a good reproducibility of the adopted proteomics
platform in protein identification.

Identification of Differentially Expressed Proteins—Because
the analytical and biological reproducibility of the present

A Sample 2
(1298)

|
| Sample 3

Sample 1
(1008) /}I (1470)
B s ¢
40 L
w35 [
2 *
2
530
<
E25
- 2.2392
20
L=
T15
3
=10
0.5 0.3885
0.0

1000 1500
Number of identified proteins

Fic. 2. A, Venn diagram depicting the overlap of proteins identified
in three independent iTRAQ experiments. The number in parentheses
indicates the number of identified proteins for each sample (the
numbers of samples 2 and 3 were proteins identified from duplicate
analysis). B, the overall distribution of mean protein expression ratios
of 1754 proteins identified during chondrogenic differentiation of
C3H10T1/2 cells as measured by three independent iTRAQ experi-
ments. Ratios were calculated as chondrogenic differentiation (117)
versus undifferentiated control (114). The 95% confidence intervals
are indicated by horizontal lines in the plot.

study was good, as stated above, the mean 117/114 ratios of
three independent experiments were compared to identify
altered expression proteins during chondrogenic differentia-
tion of C3H10T1/2 cells. The mean, S.D., and R.S.D. of 117/
114 ratios of proteins identified in three independent iTRAQ
analyses were calculated (supplemental Table 8): the mean
R.S.D. of the average ratios was 10.2%. In the present study,
the threshold values for down- and up-regulated proteins
were =0.3885 or =2.2392 (95% confidence interval) (Fig. 2B).
Compared with undifferentiated cells, the mean 117/114 ra-
tios of 17 proteins were up-regulated in the chondrogenically
differentiated C3H10T1/2 cells, among which 13 proteins
were identified in at least two of the three biological experiment
(Table II), whereas the other four proteins only appeared in one
of the three biological experiments (supplemental Table 9).
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Eighty-three proteins were found to be significantly down-
regulated, among which 41 proteins were identified in at least
two of the three biological experiments (Table Ill), and the
other 42 proteins were identified in one of the three biological
experiments (supplemental Table 10). The 117/114 ratio of
most proteins listed in Tables Il and Il was in compliance with
the thresholds, and the small number of outliers also mani-
fested a change in the same direction that was close to the
significance thresholds; these results further demonstrated
the good analytical and biological reproducibility of the pres-
ent study. Considering all 100 proteins listed in Tables Il and
Ill and supplemental Tables 9 and 10, the number of differ-
entially expressed proteins merely accounted for 5.8% of the
1756 identified proteins. One potential drawback in using
such highly stringent sets of criteria in protein identification
and determination of differentially expressed proteins was the
possible underestimation of proteins that existed and/or were
differentially expressed during chondrogenic differentiation of
C3H10T1/2 cells.

Validation of Differentially Expressed Proteins by Western
Blotting—The expression of three down-regulated proteins
(HNRNPM, Histone H2A.x, and MARCKS), one up-regulated
protein (LOX), and two constitutive proteins (ERK1/2 and B-tu-
bulin) identified in the present proteomics study was validated
by Western blotting in three independent experiments started
from micromass culture and chondrogenesis induction. As
shown in Fig. 3A, compared with the untreated control,
ERK1/2 and B-tubulin exhibited no obvious difference; how-
ever, HNRNPM, Histone H2A.x, and MARCKS displayed a
down-regulation, and LOX exhibited a significant up-regula-
tion. To investigate the relationship between the expression
ratios detected by Western blotting and iTRAQ experiments,
the bands of Western blotting results were quantified by den-
sitometric analysis. As shown in Fig. 3B, although the extent
of change was different, the trend of the change in the ratios
obtained from two distinct methods was the same. In short,
Western blotting data confirmed the changing pattern ob-
served in quantitative proteomics study.

Functional Category of Altered Proteins—To gain insight
into the biological significance of the altered proteins during
chondrogenic differentiation, these differentially expressed
proteins were categorized according to their main biological
functions collected from the UniProt protein knowledge data-
base and PubMed. Up-regulated proteins comprised hall-
marks of mature chondrocytes (collagen types Il and XI),
enzymes participating in chondrocyte ECM synthesis (3'-
phosphoadenosine 5'-phosphosulfate synthase 2 (PAPSS2)
and LOX), and a group of novel proteins that had not been
associated with chondrogenesis, such as BTF3I4 and fibulin-5
(Table Il and supplemental Table 9). Compared with the rela-
tively simple biological functions of the up-regulated proteins,
those of the 41 down-regulated proteins (Table Ill) were
relatively complicated. According to their main biological
functions, these proteins fell into 10 categories: energy me-
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A
HNRNPM
Histone H2A.x
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ERK 1/2
B-tubulin
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HNRNPM Histone MARCKs LOX ERK1/2

H2A.x

FiG. 3. Validation of differentially expressed proteins detected
by iTRAQ labeling and mass spectrometry. A, differential expres-
sion of HNRNPM, Histone H2A.x, MARCKS, LOX, ERK1/2, and B-tu-
bulin was verified by Western blotting. Total cell lysates were ex-
tracted from three independent experiments. B, histogram depicting
the similar changing tendency between the protein expression ratios
measured by iTRAQ and Western blotting (WB). Bars showed the S.D.

tabolism (eleven), chromatin assembly (two), mRNA processing
(four), transcriptional regulation (four), signaling transduction
(two), cytoskeleton (four), transport (three), proteolysis (five),
miscellaneous (five) and uncharacterized (one) (Table lll). The
other 42 down-regulated proteins in supplemental Table 9
were also similarly categorized (supplemental Table 10).
Biological Verifications of Up- and Down-regulated Pro-
teins—Finally, we sought to functionally verify some intriguing
proteins identified in the present quantitative proteomics
study. Energy metabolism was the largest category of the
down-regulated proteins (Table lll); suppressed expression of
these proteins implicated that aerobic energy metabolism was
inhibited. This proposal was validated by lactate assay: the
level of lactate in the medium of BMP-2-treated micromass
cultures of C3H10T1/2 cells increased about 2.0-fold more
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Fic. 4. Synergistic effects of IGF-1 on chondrogenic differenti-
ation of C3H10T1/2 cells induced by BMP-2. In the beginning of
chondrogenic induction, 10 ng/ml IGF-1 and 100 ng/ml BMP-2 were
simultaneously or separately added to the micromass culture of
C3H10T1/2 cells, and transcription of Sox9 and Col2a1 was deter-
mined by real time PCR at days (d) 1, 3, and 6. Unlike 100 ng/ml
BMP-2, 10 ng/ml exogenous IGF-1 had no obvious effects on Sox9
(A) and Col2at (B) expression at days 1, 3, and 6, but it enhanced the
stimulatory effects of BMP-2 on Sox9 (A) and Col2a1 (B) at days 3 and
6. *, p < 0.05; #, p > 0.05. Bars showed the S.D.

than that in the untreated controls (11.24 =+ 1.14 versus
5.30 £ 0.87 mw).

Insulin-like growth factor-1 (IGF-1), a key regulator involved
in cartilage and bone development (25), was found to be
remarkably up-regulated (117/114 ratio = 3.3916) (supple-
mental Table 8) in this in vitro chondrogenesis model for the
first time. To investigate the roles of IGF-1 in chondrogenesis
of C3H10T1/2 cells, 10 ng/ml IGF-1 (R&D Systems) and 100
ng/ml BMP-2 were added separately or simultaneously in the
beginning of chondrogenic induction. Real time PCR experi-
ments showed that, unlike the strong stimulation effects of
100 ng/ml BMP-2, 10 ng/ml IGF-1 alone had no obvious
effects on transcription of Col2a1 and Sox9 at all three exam-
ined time points. However, the combination of 10 ng/ml IGF-1
and 100 ng/ml BMP-2 was more potent than 100 ng/ml
BMP-2 alone: they could further enhance the expression of
these two genes at days 3 and 6 (Fig. 4).

In the present study, BTF3I4 and fibulin-5 were first re-
ported to be associated with chondrogenic differentiation.
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Transient transfection of siRNAs against Btf3/4 and Fbin5
successfully restricted the up-regulation of endogenous
mRNA levels induced by BMP-2 (Fig. 5A). Consequently,
BMP-2 induction of chondrogenesis, as evidenced by quan-
tifying Alcian blue-positive material at an OD of 650 nm, was
also inhibited by siRNAs (Fig. 5C). The expression of chon-

drocyte-specific genes was further examined. As shown in
Fig. 5B, BMP-2-induced up-regulation of Col2a1, aggrecan,
and Col11a1l, three differentiation markers of mature chon-
drocytes, was suppressed 40, 37, and 66%, respectively, in
response to Bitf3/4 siRNA transfection; however, with Fbin5
siRNA transfection, only the up-regulation of aggrecan was
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significantly inhibited. Notably, neither Btf3/4 nor Fbin5 siRNA
affected the expression level of Sox9, a master transcription
factor in chondrogenesis.

DISCUSSION

Multipotent MSCs are an attractive cell source for cell-
based cartilage repair and also an ideal in vitro model for the
study of skeletal development (26). Since Pittenger et al. (1)
reported the multilineage potential of human MSCs in 1999,
knowledge about isolation, purification, and expansion of
MSCs derived from different tissues and species has ex-
panded greatly, and a panel of growth factors, adhesion mol-
ecules, and components of ECM playing important roles in
chondrocyte differentiation and self-renewal of MSCs have
been identified and investigated (3). However, the underly-
ing intracellular molecular mechanisms remain an important
subject of current investigation. To unravel this complex
biological process, a large scale profiling should be the
preferred choice. Previous large scale studies on chondro-
genesis were mainly restricted to the transcriptome level
(12, 27). Because of the poor concordance between mRNA
and protein expression, transcriptome changes may ac-
count for only 50% of proteome changes (28). A compre-
hensive proteomics analysis is a necessity for a better un-
derstanding of the chondrogenic differentiation as well as
self-renewal of MSCs.

To avoid the complicated problems caused by heterogene-
ity of primary cultured MSCs (29) in our preliminary proteom-
ics study, we selected C3H/10T1/2 mouse embryo cell lines,
which have been demonstrated to possess multiple differen-
tiation potency (9), as a model for MSCs. According to previ-
ous studies (1), chondrogenic differentiation of C3H10T1/2
cells was validated by the expression of GAG and collagen
type Il (Fig. 1, A and B), two markers for mature chondrocytes.
Flow cytometry analyses further revealed that more than 85%
of cells were collagen type ll-positive at the time when the
cells were collected for comparative proteomics analysis (Fig.
1C). The appearance of collagen type ll-negative cells should
be ascribed to the culture condition and cannot be completely
avoided in this model. Considering that the number of these
negative cells is small and hence their influences on the final
results are limited, their potential effects have not been taken
into account in the present study.

Another factor that could influence proteomics result is
cell cycle. Previous studies have revealed the proteome
dynamics during the cell cycle of mammalian cells (30). To
assess the effects of BMP-2 treatment on cell cycle distri-
bution of C3H10T1/2 cells in micromass culture, propidium
iodide staining and fluorescence-activated cell sorting anal-
ysis were performed. As shown in supplemental Fig. 3,
although the cell proliferation is significantly suppressed
under high cell density conditions, there is no significant
difference in cell cycle stage between BMP-2-treated and
untreated C3H10T1/2 cells.

Comparative Proteomics Analysis of Chondrogenic Differ-
entiation of MSCs—Our study presents the first and most
comprehensive proteomic profile of C3H10T1/2 cells, con-
taining 1756 proteins with extremely high confidence. How-
ever, a number of proteins previously identified in MSCs by
two-dimensional gel electrophoresis (16) and antibody array
(13) are not included, highlighting the complementarity of
different proteomics strategies. Both MSCs and embryonic
stem cells possess the self-renewal and differentiation poten-
tial, but their potentials are quite different. A global compari-
son of the cellular proteome between the mesenchymal stem
cell line and ES cell line would provide some valuable clues for
understanding these differences. Excluding 316 protein en-
tries that only appeared in the mouse IPlI 3.62 database
(adopted in the present study), at least 80% of the proteins
identified in the C3H10T1/2 cells are also detected in the ES
cells (containing 5111 proteins, by searching against the
mouse IP| 3.24 database) (31), showing the higher similarity
between these two cell lines. However, 288 proteins (20%) are
only detected in C3H10T1/2 cells, including markers for
MSCs, VCAM-1 and CD109 (3, 32); a series of collagens,
COL1A2, COL2A1, COL3A1, COL5A1, COL5A2, COL6A1,
COLBA2, COL11A1, and COL15A1, which have been demon-
strated to be expressed by MSCs (17); special isoforms of
housekeeping proteins, such as ACTA1 (actin, « skeletal mus-
cle) and ACTAZ2 (actin, aortic smooth muscle), and some
others (supplemental Table 11), demonstrating the unique
features of C3H10T1/2 cells. In addition, these proteins also
reflect the more mature state of C3H10T1/2 cells, which are
derived from embryo cells of C3H mice (8), and may account
for the different potential in self-renewal and differentiation of
C3H10T1/2 cells.

More importantly, a list of 100 significantly altered proteins
was identified. According to their expression pattern, these
proteins can be simply categorized into two groups: up- and
down-regulated (Tables Il and Il and supplemental Tables 8
and 9). In turn, an obvious feature of the changing pattern
appears: in comparison with the number of up-regulated pro-
teins, many more proteins are down-regulated in this process
(83 versus 17). This unbalanced pattern has also been re-
vealed by a previous transcriptomics comparison of ES cells
with progenitor and mature cells (33) and could be proteomics
evidence for the “stem state” concept (34, 35). Stem state
cells express promiscuous genes and possess a number of
differentiation options; whereas the expression of a major part
of them is reduced during the differentiation state, and “op-
tions” are greatly reduced, at the same time, expression of a
small collection of lineage-specific genes is increased to
higher levels. Accordingly, these increased proteins are most
likely involved in chondrogenic commitment, whereas those
that are decreased should be potential candidates for self-
renewal of MSCs or commitment of MSCs to other lineages.
Functional categories partially support this proposal: a num-
ber of up-regulated proteins are cartilage-specific ECM com-
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ponents and enzymes involved in synthesis of such compo-
nents (Table Il), whereas some of the down-regulated proteins
are known to be related to self-renewal of MSCs, such as
epidermal growth factor receptor and platelet-derived growth
factor receptor (7) (supplemental Table 10). However, the
majority of these altered proteins have not been reported in
chondrogenesis and/or self-renewal of MSCs. Functional cat-
egorization shows that they are involved in a variety of bio-
logical functions, such as chromatin organization, transcrip-
tion, mRNA processing, signaling transduction, cytoskeleton,
ECM and ECM synthesis, and so on (Tables Il and Ill and
supplemental Tables 9 and 10), exemplifying the multiple
layers of coordinated molecular control in chondrogenic dif-
ferentiation of MSCs.

Proteomics View of the Characterizations of Chondrogene-
sis—The predominant feature of chondrogenic differentiation
of mesenchymal is the deposition of intense cartilage ECM
(36). Therefore, it is expected that collagen types Il and XI
(Table 1), main components and hallmarks of mature chon-
drocytes (4), are up-regulated. In addition, we also identified
two major enzymes involved in posttranslational modification
of chondrocyte ECM components, PAPSS2 and LOX (Table
Il). Sulfation of proteoglycans is an essential posttranslational
modification in chondrocytes. In mammals, PAPSS2 is the
dominant isoform in developing cartilage and plays a major
role in cartilage proteoglycan sulfation (37, 38); PAPSS2 has
also been identified in a previous proteomics study based on
two-dimensional gel electrophoresis (39). LOX is an enzyme
responsible for cross-linking of collagen by catalyzing the
formation of lysine-derived aldehyde (40). In short, concomi-
tantly enhanced expression of LOX and PAPSS2 will accom-
modate the robust ECM synthesis during chondrogenesis.

Because cartilage is avascular and chondrocytes reside in a
hypoxic milieu, anaerobic glycolysis is dominant in generating
ATP to support chondrocyte matrix synthesis and viability in
vivo (36). This unique metabolic feature is confirmed in this in
vitro chondrogenesis model by our proteomic study as the
most enriched category of down-regulated proteins is energy
metabolism (Table Ill). In addition, remarkably increased lac-
tate content in the differentiated C3H10T1/2 cells further val-
idated this fundamental metabolic switch. Metabolism flexi-
bility of MSCs has also been demonstrated by a recent report
(41): in the absence of oxygen, MSCs can survive using an-
aerobic ATP production and maintain their ability to differen-
tiate into chondrocytes.

Taken together, besides the high confidence of protein
identification and quantification validated by the aforemen-
tioned stringent criteria, FDR analyses, and high correlation
coefficients, identification of these well documented proteins
provides another solid quality control for the accuracy of
detection of the true altered proteins during chondrogenesis.
Meanwhile, these data also show in a proteomics view that
the in vitro system used here can recapitulate the main fea-
tures of in vivo chondrogenesis and demonstrate that iTRAQ

labeling coupled with on-line 2D LC/MS/MS is a reliable pro-
teomics technique for identification of differentially expressed
proteins.

Synergetic Effects of IGF-1 on BMP-2-induced Chondro-
genic Differentiation of C3H10T1/2 Cells— Growth factors are
one of the three primary requirements for tissue engineering
(the other two are seed cells and scaffolds for delivering and
retaining seed cells) (42). To optimize the therapeutic use of
MSCs in cartilage regeneration, we need to understand the
mechanisms by which growth factors induce and maintain the
chondrogenic differentiation of MSCs. In the present study,
IGF-1 was detected, and its expression was significantly up-
regulated by BMP-2 in C3H10T1/2 cells (supplemental Table
8); therefore, IGF-1 could be a downstream target modulated
by BMP-2. Regulated paracrine or autocrine action of IGF-1
has also been discovered in human MSCs recently (43). Be-
cause IGF-1 is a critical growth factor for cartilage and bone
growth (25), it is reasonable to postulate that IGF-1 and
BMP-2 could have additive effects on chondrogenesis of
C3H10T1/2 cells. This proposal was confirmed by our real
time PCR experiments. As expected, 10 ng/ml IGF-1 alone
had no obvious effects on Col2a71 and Sox9 transcription; this
intentionally adopted dosage was just one-tenth of that rou-
tinely used in chondrogenesis studies (44), but it could signif-
icantly enhance the expression of these two genes in the
presence of 100 ng/ml BMP-2, and the effects were more
potent than BMP-2 alone (Fig. 4). Thus, IGF-1 did have a
synergistic effect on BMP-2-induced chondrogenesis. More-
over, as IGF-1 had no obvious effects on day 1 cells, its
synergistic effects seemed to depend on the differentiation
state of C3H10T1/2 cells.

Up-regulated Fibulin-5 and Chondrogenesis—ECM is not
only the molecular basis for chondrocytes in executing their
biological functions but also critical for maintaining and/or
regulating their phenotype. Fibulins, a newly recognized fam-
ily of ECM proteins (45), are distributed in a restricted manner
during embryonic development. All five members of this family
are detected in perichondrium of the developing bone in E15
mouse embryo (46). In our study, three members (fibulin-1, -2,
and -5) of this family were identified (supplemental Table 8),
among which only fibulin-5 was up-regulated, suggesting dif-
ferent functions of the members of this family in chondrogenic
differentiation. It has been reported that mutations (47, 48)
or altered expression (49) of fibulin-5 impairs elastic fiber
assembly (50, 51); therefore, elevated fibulin-5 could be a
benefit for ECM synthesis and organization and in turn
promote maturation of chondrocytes. In our work, a loss-
of-function RNA interference analysis validated that fibu-
lin-5 was necessary for BMP-2-elicited chondrogenesis as
demonstrated by the inhibition of Alcian blue staining and
aggrecan expression (Fig. 5).

Transcriptional Factor BTF314 Is Indispensable for Chondro-
genesis—Previous experimental studies have clarified that
transcription factor SOX9 plays pivotal roles in the onset of
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chondrogenesis (52). However, the commitment of MSCs to
chondrocytes is such a complex biological process that SOX9
alone cannot fulfill this process (4, 22), which should depend
on the integration of multiple transcription factors rather than
merely SOX9. In the present study, an up-regulated general
transcription factor, BTF3l4, was identified (Table Il). To our
knowledge, this is the first report regarding the biological
function of BTF3l4. BTF3I4 is a homolog of the basic tran-
scription factor BTF3, which is involved in the initiation of
transcription by RNA polymerase from proximal promoter el-
ements such as the TATA box and CAAT box sequences (53,
54). The insertional mutation in the BTF3 transcription factor
gene leads to an early postimplantation lethality in mice (55),
pointing to an important role of this gene during normal em-
bryonic development. Considering that the TATA box and
CAAT box are generally contained in gene promoters and
BTF3l4 was induced by BMP-2 treatment as demonstrated by
our proteomics analysis, BTF3l4 could contribute to chondro-
genic differentiation to some extent. The function of BTF3I4 in
chondrogenesis was preliminarily validated by an siRNA
knockdown experiment: suppression of endogenous Bitf3/4
expression by siRNA transfection resulted in inhibition of ex-
pression of two chondrogenic marker genes, Col2al and
Col11at, and synthesis of ECM (Fig. 5).

Conclusions—In summary, the present study provided the
first and most comprehensive proteomic profile of the chon-
drogenically differentiated and undifferentiated mesenchymal
stem cell line C3H10T1/2 whereby 100 differentially ex-
pressed proteins were identified. Functional categorization of
these altered proteins partially confirmed the stem state con-
cept and exemplified the multiple layers of coordinated pro-
tein expression regulation during chondrogenic differentiation
of MSCs. However, except for a number of well documented
proteins, the majority of these differentially expressed pro-
teins have not been reported and could be potential candi-
dates involved in chondrogenesis and self-renewal of MSCs.
In the present study, the biological functions of a few of them
were preliminarily characterized in the context of chondrogen-
esis, but the definite biological roles of these altered proteins
deserve in-depth investigation as it will provide valuable clues
for unraveling the molecular mechanisms underlying chondro-
genic differentiation as well as self-renewal of MSCs. Finally,
the results of the present study also verified that iTRAQ label-
ing coupled with on-line 2D LC/MS/MS is a robust, reliable,
and automated proteomics technology that is suitable for high
throughput quantitative proteomics studies.
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