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a b s t r a c t

Whether insulin-like growth factor 1 (IGF1) inhibits or promotes the osteogenic differentiation in vitro
remains controversial. Moreover, the biological mechanisms and signaling pathways by which IGF1
affects osteogenic differentiation remain obscure. Transcriptional coactivator with PDZ-binding motif
(TAZ) plays a vital role in the osteogenic differentiation of mesenchymal stem cells (MSCs), and strongly
activates runt related transcription factor 2 (RUNX2)-driven genes during the terminal osteogenic differ-
entiation. In the present study, we found that IGF1 increased the ALP activities and calcium depositions of
MSCs derived from rat bone marrow dose-dependently, with a peak at 100–200 ng/ml. IGF1 increased
TAZ and RUNX2 expression mainly at the early stage of osteogenic differentiation, but increased OCN
expression at the late stage. Our data further demonstrated that down-regulation of TAZ expression
by siRNA inhibited the IGF1 induced increase in osteogenic differentiation. Moreover, UO126 (the
MEK–ERK inhibitor), not LY294002 (the PI3K-Akt inhibitor), inhibited the IGF1 induced increase in TAZ
expression. Taken together, we provide evidence to demonstrate that IGF1 promotes the osteogenic
differentiation of rat MSCs by increasing TAZ expression, and that the increased TAZ expression induced
by IGF1 is mostly mediated by the MEK–ERK pathway.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Mesenchymal stem cells (MSCs) constitute a small population
of pluripotent cells within the bone marrow, which differentiate
into adipocytes, osteoblasts, chondrocytes or myocytes under the
influence of particular signaling pathways [1]. The mechanisms
that fine-tune the balance between the osteoblast and adipocyte
differentiation of MSCs are likely to be of medical importance.
For instance, decreased bone formation accompanied by an in-
crease in bone marrow adipogenesis occurs in many elderly people
[2]. Transcriptional coactivator with PDZ-binding motif (TAZ), a
b-catenin-like molecule, was originally identified as a 14-3-3-
interacting cellular protein. It plays an important role in regulating
the balance between the osteoblast and adipocyte differentiation
of MSCs. TAZ promotes the differentiation of MSCs into osteoblas-
tic lineages by increasing runt related transcription factor 2
(RUNX2) expression and blocks the differentiation of MSCs from
adipocyte lineages by decreasing peroxisome proliferator activated
receptor gamma (PPARc) expression [3–5].

Insulin-like growth factor 1 (IGF1) is a multifunctional peptide
that regulates the cell growth, differentiation, and the expression
ll rights reserved.
of extracellular matrix proteins [6]. Generally, IGF1 mediates its ef-
fects by binding to IGF1 receptor on the cell surface, activating the
inherent tyrosine kinase activity of the receptor, and enabling
internalization of the receptor ligand complex to instigate signal-
ing cascades, and to ultimately affect gene expression and protein
synthesis [7]. In this process, a number of downstream mediators
are activated, such as two classic IGF1 signaling pathways: the
MEK–ERK pathway and the PI3K-Akt pathway [8–13]. In particular,
IGF1 is a key protein in bone formation and remodeling [14,15].
IGF1 has been revealed to inhibit the osteogenic differentiation
of mouse MSCs through the repression of osteocalcin (OCN) release
and alkaline phosphatase (ALP) activity [16]. However, most stud-
ies report that IGF1 enhances the osteogenic differentiation in vitro
[17–22]. Thus, whether IGF1 inhibits or promotes osteogenic dif-
ferentiation remains controversial. Moreover, biological mecha-
nisms and signaling pathways by which IGF1 affects osteogenic
differentiation remain obscure.

In the present study, we investigated the effects of IGF1 on
the osteogenic differentiation of MSCs derived from rat bone
marrow and the role of TAZ expression on IGF1 activity. Our
data indicated that IGF1 promoted the osteogenic differentiation
of rat MSCs by increasing TAZ expression, and that the increased
TAZ expression induced by IGF1 was mostly mediated by the
MEK–ERK pathway.

http://dx.doi.org/10.1016/j.bbrc.2013.02.088
mailto:liyukun1225@163.com
http://dx.doi.org/10.1016/j.bbrc.2013.02.088
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc
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Fig. 1. IGF1 promoted the osteogenic differentiation of MSCs. (A) ALP activities of
MSCs after the stimulation by IGF1 at 0–200 ng/ml for 3–14 days. ⁄P < 0.05 vs. 0 ng/
ml control; #P < 0.05 vs. 50 ng/ml. (B) AR-S of MSCs after the stimulation by IGF1 at
0–200 ng/ml for 21 days. ⁄P < 0.05 vs. 0 ng/ml control; #P < 0.05 vs. 50 ng/ml. Bar
graphs showed the means ± SD from three independent experiments (n = 3).
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2. Materials and methods

2.1. Cell isolation and culture

All animal experiments in this study were approved by the Lo-
cal Committee of Animal Use and Protection of Hebei Medical Uni-
versity. A total of fifteen 4-week-old male Sprague–Dawley rats
were obtained from the Centre of Laboratory Animal Science at
Hebei Medical University. The rats were euthanized by CO2 and
sterilized in 75% ethanol for 5 min before surgery. While maintain-
ing sterile technique, the bilateral femora and tibias were dis-
sected. Using a 5-ml syringe, the bone marrow cells were flushed
out of the marrow cavity with Dulbecco’s modified Eagle’s medium
(DMEM, Hyclone, USA). The cells were washed three times with
DMEM, and then seeded at a concentration of 5 � 105/cm2 in
60-mm plastic dishes (Costar) containing DMEM supplemented
with 10% fetal bovine serum (FBS, Hyclone, USA). Cells were
allowed to expand in 37 �C incubator with 5% CO2 until confluence
was reached to 75–80%, with medium changed every 3 days to
remove the nonadherent cells. The cells were lifted with 0.25%
trypsin–EDTA (Gibco, Canada) and seeded in 60-mm plastic dishes
at 5 � 104/cm2 as passage 1. Cells at passage 3 were used in subse-
quent experiments.

2.2. Differentiation induction and IGF1 addition

Osteogenic differentiation was induced by culturing cells in the
osteogenic medium (DMEM supplemented with 10% FBS, 10�8 M
dexamethasone [Sigma, USA], 10 mM b-glycerophosphate [Sigma,
USA], and 50 lg/ml ascorbic acid [Sigma, USA]). Recombinant rat
IGF1 powder (R&D systems, USA) was dissolved in sterile PBS as
the manual describes. MSCs cultured in the osteogenic medium
were regarded as control (or IGF1 untreatment) group; and cul-
tured in the osteogenic medium containing IGF1 were regarded
as IGF1 treatment group.

2.3. Small interfering RNA transfection

Small interfering RNA (siRNA) duplex oligo targeting TAZ mRNA
(SiTAZ) and non-targeting duplex oligo as a negative control
(SiCON) were synthesized by Shanghai Genepharma Corporation,
China. After seeding for 24 h, cells were transfected with 2 lg/ml
of siRNAs, using RNAi-Mate (Shanghai Genepharma Corporation,
China), as recommended by the manufacturer’s instructions, and
cultured in the osteogenic medium with or without IGF1. Since
the calcium depositions of MSCs lasted for 21 days, cells were
subjected to three rounds of transfection, prior performing exper-
iments [23]. The sequences of SiTAZ and SiCON were listed as
follows:

SiTAZ: 50-GGCCAGAGAUAUUUCCUUATT-30, 50-UAAGGAAAUAU-
CUCUGGCCTT-30;

SiCON: 50-UUCUCCGAACGUGUCACGUTT-30, 50-ACGUGACACGU-
UCGGAGAATT-30.

2.4. Inhibitor study

Ten micrometer MEK–ERK inhibitor UO126 (Beyotime Institute
of Biotechnology, China) and 10 lM PI3K-Akt inhibitor LY294002
(Beyotime Institute of Biotechnology, China) were added into med-
ium 1.5 h before the addition of osteogenic supplements or IGF1.

2.5. ALP activity assay

MSCs were seeded in 24-well plates (Costar) for ALP activity as-
say. Cells were harvested and resuspended in 250 ll culture super-
natants, followed by cell breaking with an ultrasound breaker.
After centrifugation, the ALP activities in the cell supernatants
were quantified by an ALP Detection Kit (Nanjing Jiancheng Bio-
tech Institute, China) and a spectrophotometer at a wavelength
of 520 nm. Each value was normalized to the protein
concentration.
2.6. Alizarin red staining (AR-S)

MSCs were seeded in 35-mm plastic dishes (Costar) for AR-S.
Cells were washed twice with PBS and fixed with 4% paraformalde-
hyde at room temperature for 10 min. Then the dishes were
washed three times with distilled water and incubated with 0.1%
AR (Sigma, USA) at 37 �C for 30 min. Cells were then washed thor-
oughly with distilled water and the images were acquired using a
scanner. Then, AR was destained with 10% cetylpyridinium chlo-
ride (Sigma, USA) in 10�3 M sodium phosphate for 30 min at room
temperature. And the calcium concentrations were determined
according to the absorbance at 562 nm using a standard calcium
curve prepared in the same solution. All data were normalized to
total protein content [24].
2.7. Real-time reverse transcription-polymerase chain reaction (Real-
time RT-PCR)

MSCs were seeded in 24-well plates (Costar) for total RNA iso-
lation. Cells were harvested using TRIzol (Invitrogen, USA) and to-
tal RNA was isolated according to the manufacturer’s protocol. The
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Fig. 2. IGF1 increased TAZ, Runx2 and OCN expression at the different stages of osteogenic differentiation. (A) Real-time RT-PCR for the relative TAZ mRNA levels. ⁄P < 0.05 vs.
control. (B) Western blot analysis for the relative TAZ protein levels. ⁄P < 0.05 vs. control; #P < 0.05 vs. day 14 for IGF1 treatment group; 4P < 0.05 vs. day 14 for control group.
(C) Real-time RT-PCR for the relative RUNX2 mRNA levels. ⁄P < 0.05 vs. control. (D) Western blot analysis for the relative RUNX2 protein levels. ⁄P < 0.05 vs. control; #P < 0.05
vs. day 14 for IGF1 treatment group; 4P < 0.05 vs. day 14 for control group. (E) Real-time RT-PCR for the relative OCN mRNA levels. ⁄P < 0.05 vs. control. (F) Western blot
analysis for the relative OCN protein levels. ⁄P < 0.05 vs. control; #P < 0.05 vs. day 3 for IGF1 treatment group; 4P < 0.05 vs. day 3 for control group. Bar graphs show the
means ± SD from three independent experiments (n = 3).
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first-strand cDNA was synthesized using M-MLV Reverse Trans-
criptase (GeneCopoeia, USA). Real-time RT-PCR was performed
using All-in-One™ qPCR Mix (GeneCopoeia, USA) in a quantitative
PCR System (Corbett). All primers were synthesized by the same
manufacturer (Sangon Biotech, China). Real-time RT-PCR reaction
conditions were: 95 �C for 1 min, followed by 40 cycles of 95 �C
for 30 s, 60 �C for 20 s and 72 �C for 20 s. The relative expression
was calculated according to the ratio of the copy numbers of the
target genes (TAZ, RUNX2 and OCN) to the housekeeping gene
GAPDH in each sample. The relative gene expression values were
evaluated by the 2�DDCt method [25,26]. Sense and antisense prim-
ers were listed as follows:

GAPDH: 50-AGTTCAACGGCACAGTCAAGG-30, 50-AGCACCAGCAT-
CA CCCCAT-30;

TAZ: 50-ATGTTGACCTCGGGACTTTGG-30, 50-GAGGAAGGGCTCGC
TTTTGT-30;

RUNX2: 50-GCACCGACAGCCCCAACTT-30, 50-CCACGGGCAGGGTC
TTGTT-30;

OCN: 50-CAGGAGGGCAGTAAGGTGG-30, 50-CAGGGGATCTGGGTA
GGG-30.

2.8. Western blot analysis

MSCs were seeded in 60-mm plastic dishes (Costar) for total
protein isolation. Proteins were separated by 12% SDS–PAGE and
transferred to a PVDF membrane using a semidry transfer appara-
tus (Hoefer) for 1.5 h at room temperature. Membranes were
blocked with 5% milk in TBST for 2 h at 37 �C, and incubated with
primary antibodies against TAZ (1:1000, Cell Signaling, USA),
RUNX2 (1:200, Boster, China), OCN (1:200, Boster, China) or
GAPDH (1:3000, Bioworld, USA) at 4 �C overnight. Membranes
incubated with IRDye800� conjugated secondary antibody
(1:20,000, Rockland, USA) for 1 h at 37 �C, following scanning with
the Odyssey Infrared Imaging System (Li-COR Biosciences). Then
the integrated intensity for each detected band was determined
with Image J, v.1.46.
2.9. Statistics

Quantitative results were expressed as mean ± standard devia-
tion (SD). All experiments were replicated three times. Indepen-
dent samples t test, and one way analysis of variance (ANOVA)
followed by Student Newman Keuls (S–N–K) post hoc analysis
were performed with SPSS, v.13.0. Values were considered statisti-
cally significant at P < 0.05.
3. Results

3.1. IGF1 promoted the osteogenic differentiation of MSCs

We first tested whether IGF1 affected the osteogenic differenti-
ation of rat MSCs. ALP activity assay results revealed that 50–
200 ng/ml IGF1 increased the ALP activities of MSCs at day 7 and
day 14, respectively. In addition, the ALP activities in 100–
200 ng/ml groups were higher than 50 ng/ml group (Fig. 1A). Sim-
ilarly, AR-S results revealed that 50–200 ng/ml IGF1 increased the
calcium depositions of MSCs at day 21. In addition, the calcium
depositions in 100–200 ng/ml groups were higher than 50 ng/ml
group (Fig. 1B). Thus, IGF1 treatment could promote the osteogenic
differentiation of MSCs dose-dependently, with a peak at 100–
200 ng/ml. In the subsequent experiments, we used IGF1 at the
concentration of 100 ng/ml.
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3.2. Effects of IGF1 on TAZ, Runx2 and OCN expression

We investigated the effects of IGF1 at 100 ng/ml on TAZ, Runx2
and OCN expression at day 3, 7 and 14, respectively. Real-time RT-
PCR results revealed that IGF1 upraised TAZ and RUNX2 mRNA lev-
els at day 3, 7 and 14, respectively (Fig. 2A and C), and upraised
OCN mRNA levels at day 7 and 14, respectively (Fig. 2E). Western
blot analysis further verified these results. Moreover, either in
IGF1 treatment or untreatment group, the TAZ and RUNX2 protein
levels at days 3–7 were higher than day 14, but the OCN protein
levels at days 7–14 were higher than day 3 (Fig. 2B, D, and F).
3.3. SiTAZ transfection offset the effects of IGF1 on osteogenic
differentiation

Both real-time RT-PCR and Western blot analysis results sug-
gested that SiTAZ transfection significantly decreased TAZ expres-
sion compared with control or SiCON group (Fig. 3A and B).
Furthermore, SiTAZ transfection blocked the IGF1 induced in-
creases in the osteogenic differentiation of MSCs, which expressed
not only in the ALP activity assay, but also in the AR-S. Firstly, the
ALP activities were significantly reduced in IGF1 + SiTAZ treatment
group compared with IGF1 + SiCON treatment group, and there
was no significant difference of the ALP activities among SiCON,
SiTAZ and IGF1 + SiTAZ treatment group (Fig. 3C). Secondly, the
AR-S results were consistent with the ALP activity assay results
(Fig. 3D).
3.4. IGF1 increased TAZ expression mediated by the MEK–ERK
pathway rather than the PI3K-Akt pathway

UO126 and LY294002 are the inhibitors for the MEK–ERK path-
way and the PI3K-Akt pathway, respectively. Real-time RT-PCR re-
sults revealed that the TAZ mRNA levels were significantly reduced
in IGF1 + UO126 treatment group compared with IGF1 treatment
group. However, there was no significant difference of the TAZ
mRNA levels between IGF1 + LY294002 and IGF1 treatment group.
Moreover, there was no significant difference of the TAZ mRNA lev-
els among control, UO126, IGF1 + UO126 and LY294002 treatment
group (Fig. 4A). Furthermore, Western blot analysis results were
consistent with the real-time RT-PCR results (Fig. 4B).
4. Discussion

Many research groups are currently attempting to identify mol-
ecules that stimulate osteoblast differentiation for the develop-
ment of drugs for osteoporosis. Whether IGF1 inhibits or
promotes osteogenic differentiation in vitro remains controversial
in the previous studies. In our study, we determined the effects of
IGF1 on the osteogenic differentiation of rat MSCs. We found that
IGF1 could increase the ALP activities and mineralization capacities
of rat MSCs dose-dependently, with a peak at 100–200 ng/ml.

We also found that IGF1 promoted the osteogenic differentia-
tion of rat MSCs by increasing TAZ expression based on the two
ways as follows: firstly, IGF1 treatment substantially up-regulated
TAZ expression at the initial stage of osteogenic differentiation;
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secondly, down-regulation of TAZ expression by siRNA inhibited
the IGF1 induced increase in osteogenic differentiation. TAZ plays
a vital role in the osteogenic differentiation of MSCs. It has a single
WW domain, and the WW domain of TAZ binds strongly to the se-
quence motif Pro-Pro-X-Tyr. This motif can be found within the
regulatory region of RUNX2, and TAZ could strongly activate
RUNX2-driven genes during the terminal osteogenic differentia-
tion [3]. Previous studies reported that TAZ expression changes
substantially as MSCs initiate differentiation, and several cytokines
could up-regulate TAZ expression. For instance, it had been re-
vealed that TAZ increased several fold when MSCs were stimulated
to undergo osteogenic differentiation by the treatment with bone
morphogenic protein 2 (BMP-2) [4]. Moreover, tumor necrosis
factor alpha (TNF-a), dexamethasone and phorbaketal-A could also
stimulate osteoblast differentiation through the TAZ mediated
Runx2 activation [27–29].

Except for TAZ, the up-regulation of RUNX2 and OCN in IGF1
treatment group also suggested that IGF1 could enhance the oste-
ogenic differentiation of MSCs. In addition, the protein levels of
RUNX2 at days 3–7 were higher than day 14, but the protein levels
of OCN at days 7–14 were higher than day 3. Therefore, we inferred
that IGF1 could increase RUNX2 expression at the early stage of
osteogenic differentiation, but increase OCN expression at the late
stage. In fact, RUNX2 and OCN are two key osteoblast markers in
the process of osteogenic differentiation: (1) RUNX2 is necessary
for MSCs osteogenic differentiation [30,31] and serves as an early
transcriptional regulator [32–34]. The interaction of TAZ and
RUNX2 promotes the differentiation of MSCs into osteoblastic line-
age. After promoting MSCs differentiation into pre-osteoblasts,
RUNX2 drives them into immature osteoblasts and to produce
bone matrix [35–37]. (2) OCN, a small c-carboxyglutamate protein
preferentially expressed by osteoblasts [38], is secreted in the late
stage of osteoblasts differentiation under the control of Runx2 [39].
For instance, vitamin D has been revealed to modulate the expres-
sion of OCN gene [40], and is able to increase OCN gene transcrip-
tion by several fold [41]. Runx2 factors, by interacting with their
cognate sites that flank the vitamin D response element, enhance
the vitamin D responsiveness [42]; on the contrary mutations of
Runx2 sites inhibit vitamin D enhanced OCN promoter activity
[43].

Our data demonstrated that UO126 (the MEK–ERK inhibitor),
not LY294002 (the PI3K-Akt inhibitor), inhibited the IGF1 induced
increase in TAZ expression. Thus, we inferred that IGF1 increased
TAZ expression mostly mediated by the MEK–ERK pathway rather
than the PI3K-Akt pathway. MEK1/2 and ERK1/2 belong to a family
of serine/threonine kinases that play essential roles in the signal
transduction by modulating gene transcription in response to
changes in the cellular environment [44]. Celil et al. [45] reported
that the activities of RUNX2 and osterix were regulated via the
MEK–ERK pathway. Wu et al. [46] reported that stretch promoted
the osteoblastic differentiation of MSCs by the MEK–ERK activating
RUNX2 pathway. These two studies both determined the close
relationship between the MEK–ERK pathway and the RUNX2
expression. Furthermore, TAZ is the upstream enhancer for RUNX2
in the process of osteoblastic differentiation.

In summary, our data demonstrate that IGF1 can promote the
osteoblastic differentiation of rat MSCs. This stimulative effect is
due to the increase of TAZ expression and the subsequent up-reg-
ulation of RUNX2 and OCN. When the MEK–ERK pathway is inhib-
ited, the IGF1 induced increase in TAZ expression is offset.
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