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ABSTRACT
Although IGF1 is important for the proliferation and differentiation of chondrocytes, its underlying
molecular mechanism is still unknown. Here we addressed the physiologic function of IGF1 in antler
cartilage and explored the interplay of IGF1, IRS1/2 and RUNX1 in chondrocyte differentiation. The results
showed that IGF1 was highly expressed in antler chondrocytes. Exogenous rIGF1 could increase the
proliferation of chondrocytes and cell proportion in the S phase, whereas IGF1R inhibitor PQ401
abrogated the induction by rIGF1. Simultaneously, IGF1 could stimulate the expression of IHH which was a
well-known marker for prehypertrophic chondrocytes. Further analysis evidenced that IGF1 regulated the
expression of IRS1/2 whose silencing resulted in a rise of IHH mRNA levels, but the regulation was
impeded by PQ401. Knockdown of IRS1 or IRS2 with specific siRNA could greatly enhance rIGF1-induced
chondrocyte differentiation and reduce the expression of RUNX1. Extraneous rRUNX1 might rescue the
effects of IRS1 or IRS2 siRNA on the differentiation. In antler chondrocytes, IGF1 played a role in
modulating the expression of RUNX1 through IGF1R. Moreover, attenuation of RUNX1 expression
advanced the differentiation elicited by rIGF1, while administration of rRUNX1 to chondrocytes treated
with IGF1 siRNA or PQ401 reduced their differentiation. Additionally, siRNA-mediated downregulation of
IRS1 or IRS2 in the chondrocytes impaired the interaction between IGF1 and RUNX1. Collectively, IGF1
could promote the proliferation and differentiation of antler chondrocytes. Furthermore, IRS1/2 might act
downstream of IGF1 to regulate chondrocyte differentiation through targeting RUNX1.
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Introduction

Insulin-like growth factor 1 (IGF1) is an important growth
factor in the regulation of cell proliferation and differentia-
tion.1-3 Previous studies have found that IGF1 was highly
expressed in deer antler which was the only bony organ capa-
ble of complete re-growth after shedding in mammals.4,5 Ant-
ler growth involves the fast proliferation of chondrocytes
without becoming cancerous and differentiation which is a
crucial step in the process of endochondral bone formation,
and thus provides a valuable model for investigating the
mechanisms implicated in cartilage development, endochon-
dral ossification and rapid tissue growth.5,6 Although there is
evidence that IGF1 expression was visualized in antler carti-
lage,4 its effects on the proliferation and differentiation of ant-
ler chondrocytes were still unknown.

Insulin receptor substrate 1 (IRS1) and IRS2 are cytoplasmic
adaptor molecules that function as signaling intermediates
downstream of activated cell surface receptors.7,8 Accumulating
evidence has demonstrated that IRS1 and/or IRS2 might modu-
late the differentiation of murine embryonic stem (mES)
cells, skin keratinocytes, adipocytes, myoblasts, osteoblasts,

hemopoietic cells, etc.9-15 In epiphyseal cartilage, IRS1 protein
was localized in the chondrocytes.16 But it is unclear whether
IRS1 and IRS2 may regulate the differentiation of chondrocytes
in response to IGF1.

Runt-related transcription factor 1 (RUNX1) is a member of
the Runt family of transcription factors and plays an important
role in skeletal development and cellular differentiation.17 In
the mesenchymal cell specific RUNX1-deficient mice, differen-
tiation of mesenchymal cells into chondrocytes was impaired.18

Simultaneously, there is a considerable amount of evidence to
support functional roles of RUNX1 in osteoclast and chondro-
cyte differentiation.19-22 However, the function of RUNX1 in
antler chondrocyte differentiation has never been addressed.
Furthermore, whether RUNX1 may mediate the effects of
IRS1/2 on chondrocyte differentiation responsiveness to IGF1
remains to be clarified.

In this study, we found that IGF1 could promote the pro-
liferation and differentiation of antler chondrocytes. Further
evidence showed that IRS1/2 might act downstream of IGF1
to regulate chondrocyte differentiation through targeting
RUNX1.
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Results

IGF1 mRNA expression in antler cartilage

In situ hybridization was used to localize the distribution of
IGF1 mRNA in antler cartilage. The results showed that a high
level of IGF1 mRNA signal was observed in the chondrocytes
(Fig. 1A). However, once the DIG-labeled IGF1 antisense probe
was replaced with DIG-labeled IGF1 sense probe, there was no
corresponding signal in antler chondrocytes (Fig. 1A).

Effects of IGF1 on the proliferation and cell cycle of antler
chondrocytes

MTS assay was performed to determine the effects of IGF1 on
proliferation of antler chondrocytes. After treatment with
recombinant human IGF1 protein (rIGF1), proliferation

activity of chondrocytes was obviously enhanced compared
with control (Fig. 1B). However, the enhancement was abro-
gated by a pretreatment with IGF1 receptor (IGF1R) inhibitor
PQ401 (Fig. 1B).

To analyze the effects of IGF1 on cell cycle, flow cytometry
was preformed. In antler chondrocytes, rIGF1 treatment led to
a substantial accumulation of cells in the S phase with the
simultaneous reduction in the proportion of cells in the G0/G1
and G2/M phases, whereas PQ401 pretreatment could reverse
the effects of rIGF on cell cycle (Fig. 1C and D).

Effects of IGF1 on the differentiation of antler
chondrocytes

To explore the role of IGF1 in the differentiation of antler
chondrocytes, we analyzed its effects on the expression of

Figure 1. Effects of IGF1 on the proliferation and cell cycle of antler chondrocytes. (A) In situ hybridization of IGF1 expression in the cartilage of sika deer antler. Bar D
60mm. (B) Effects of IGF1 on the proliferation of antler chondrocytes. After antler chondrocytes were treated with rIGF1, or both rIGF1 and PQ401 for 24 h, MTS assay was
performed. Data are shown mean § SEM. �P < 0.05. (C and D), Effects of IGF1 on the cell cycle of antler chondrocytes. After antler chondrocytes were treated with rIGF1,
or both rIGF1 and PQ401 for 24 h, flow cytometry was performed.
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Indian hedgehog (IHH) which was a well-known marker for
prehypertrophic chondrocytes.23,24 The results showed that
administration of rIGF1 to antler chondrocytes resulted in an
obvious increase of IHH mRNA levels, which reached the peak
at 24 h, whereas PQ401 pretreatment could dramatically atten-
uate the rIGF1-induced expression of IHH (Fig. 2A and B).

To further unveil the role of IGF1 in chondrocyte differenti-
ation, we constructed the overexpression plasmid, transfected
antler chondrocytes and examined the expression of IGF1 gene
by real-time PCR. The result manifested that IGF1 expression
was significantly elevated compared with control (Fig. 2C),
indicating that IGF1 overexpression plasmid was available.
Constitutive expression of IGF1 could stimulate the expression
of IHH in antler chondrocytes (Fig. 2D). We next examined
the effects of IGF1 siRNA on the differentiation of antler chon-
drocytes. After 3 different IGF1 siRNA duplexes were intro-
duced into the chondrocytes, IGF1 siRNA 1 was the most
effective one among them although IGF1 siRNA 1, 2 and 3
could noticeably down-regulate the expression of IGF1

compared with scrambled siRNA (Fig. 2E). Therefore, IGF1
siRNA 1 was selected to knock down IGF1 gene in the follow-
ing study. Knockdown of IGF1 with specific siRNA could
decrease the expression of IHH in antler chondrocytes
(Fig. 2F).

IRS1/2 mediate the effects of IGF1 on the differentiation of
antler chondrocytes

IRS1 and IRS2 are essential for intracellular signals and play an
important role in cell differentiation.9-15 In antler cartilage,
IRS1 and IRS2 were highly expressed in the chondrocytes
(Fig. 3A–D). Treatment with siRNA targeted to IRS1 or IRS2,
which efficiently suppressed the corresponding mRNA level,
led to a remarkable increase in the expression of IHH (Fig. 4A
and B).

To elucidate the relationship between IGF1 and IRS1/2, we
first examined the regulation of IGF1 on IRS1 and IRS2. The
results evidenced that a dramatic reduction in the levels of IRS1

Figure 2. Effects of IGF1 on the differentiation of antler chondrocytes. (A) IHH expression in antler chondrocytes treated with rIGF1 for 1, 3, 6, 12 and 24 h. (B) IHH expres-
sion after antler chondrocytes were treated with rIGF1, or both rIGF1 and PQ401. (C) IGF1 expression after antler chondrocytes were transfected with IGF1 overexpression
plasmid. (D) Effects of IGF1 overexpression on IHH expression. (E) IGF1 expression after antler chondrocytes were transfected with control siRNA, IGF1 siRNA 1, siRNA 2 or
siRNA 3. (F) Effects of IGF1 siRNA on IHH expression. Con, empty pcDNA3.1 vector; IGF1, IGF1 overexpression plasmid; NC, negative control; siIGF1, IGF1 siRNA. �P < 0.05;
��P < 0.01.
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or IRS2 mRNA was observed at 6, 12 and 24 h after rIGF1
treatment (Fig. 4C and D). But PQ401 could reverse the down-
regulation of IRS1 and IRS2 expression elicited by rIGF1
(Fig. 4E). Overexpression of IGF1 could reduce the expression
of IRS1 and IRS2 in antler chondrocytes, while silencing of
IGF1 with specific siRNA augmented their expression (Fig. 4F
and G). Meanwhile, IRS1 or IRS2 siRNA did not affect the
expression of IGF1 in antler chondrocytes (Fig. 4A and B).

To ascertain whether IRS1 and IRS2 could mediate the
effects of IGF1 on the differentiation of antler chondrocytes, we
transfected the chondrocytes with IRS1 or IRS2 siRNA along
with rIGF1 addition and then analyzed the expression of IHH.
As expected, siRNA-mediated attenuation of IRS1 or IRS2
expression in the chondrocytes could further raise the induc-
tion of rIGF1 on IHH expression (Fig. 4H and I).

RUNX1 mediates the effects of IRS1/2 on the
differentiation of antler chondrocytes

RUNX1 is important for skeletal development and chondrocyte
differentiation.17-20 In antler cartilage, RUNX1 mRNA was

localized in the chondrocytes (Fig. 3E and F). Addition of
recombinant human RUNX1 protein (rRUNX1, 25 ng/ml) to
chondrocytes led to a time-dependent decline in the expression
of IHH (Fig. 5A). On the contrary, chondrocytes transfected
with RUNX1 siRNA exhibited a reduction in RUNX1 expres-
sion and an increase in IHH expression compared with cells
transfected with control siRNA (Fig. 5B).

To dissect the crosstalk between IRS1/2 and RUNX1, we
first investigated the effects of IRS1 or IRS2 on RUNX1 expres-
sion. Inhibition of IRS1 or IRS2 expression in antler chondro-
cytes with specific siRNA apparently reduced the expression of
RUNX1 (Fig. 5C and D). In the meantime, after antler chon-
drocytes were treated with rRUNX1 or RUNX1 siRNA, we did
not observe any statistically significant difference in the expres-
sion levels of IRS1 and IRS2 (Fig. 5E–G).

To assess whether the effects of IRS1 or IRS2 siRNA on chon-
drocyte differentiation could be rescued by rRUNX1, we treated
antler chondrocytes with IRS1 or IRS2 siRNA and then stimu-
lated the cells with rRUNX1 for 24 h. The result found that
rRUNX1 could prevent the IRS1 or IRS2 siRNA-induced upre-
gulation of IHH in the chondrocytes (Fig. 5H and I).

Figure 3. In situ hybridization of IRS1 (A, B), IRS2 (C, D) and RUNX1 (E, F) expression in the cartilage of sika deer antler. Bar D 60 mm.
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RUNX1 mediates the effects of IGF1 on the differentiation
of antler chondrocytes

As stated above, the effects of IGF1 on the differentiation of antler
chondrocytes were mediated by IRS1 and IRS2 which governed
the expression of RUNX1. Based on the observation, we hypothe-
sized that RUNX1 might mediate the role of IGF1 in chondrocyte
differentiation. To confirm the hypothesis, we first studied the
interaction between IGF1 and RUNX1. In antler chondrocytes,
rIGF suppressed the expression of RUNX1 at 12 and 24 h, while
PQ401 eliminated its inhibitory effects (Fig. 6A and B). Simulta-
neously, RUNX1 expression was downregulated after transfection
with IGF1 overexpression plasmid and upregulated after
treatment with IGF1 siRNA (Fig. 6C and D). However, neither
rRUNX1 nor RUNX1 siRNA had any distinct impact on the
expression of IGF1 in antler chondrocytes (Fig. 6E and F).

We next sought to determine whether RUNX1 expression
might mediate the effectiveness of IGF1 on the differentiation
of antler chondrocytes. After transfection with RUNX1 siRNA
and then addition of rIGF1, we found that attenuation of
RUNX1 expression could noticeably elevate the induction of
IHH by rIGF1 (Fig. 7A). Conversely, administration of
rRUNX1 to antler chondrocytes transfected with IGF1 siRNA
caused a robust decline in the expression of IHH (Fig. 7B).

Similarly, rRUNX1 was able to obviously enhance the inhibi-
tory effects of PQ401 on the expression of IHH (Fig. 7C).

IGF1 regulates RUNX1 expression through IRS1/2 in antler
chondrocytes

As described above, we have established that IGF1 might regu-
late the expression of IRS1 and IRS2 which directed RUNX1
expression. We next asked whether IRS1 and IRS2 might medi-
ate the regulation of IGF1 on RUNX1 expression. To address
this question, we administrated rIGF1 to antler chondrocytes
treated with IRS1 or IRS2 siRNA and tested the expression of
RUNX1. The result displayed that siRNA-mediated downregu-
lation of IRS1 expression could evidently attenuate the expres-
sion of RUNX1 in the rIGF1-treated chondrocytes (Fig. 7D).
Similarly, a drastic reduction of RUNX1 mRNA expression was
also noted in the IRS2 siRNA-transfected chondrocytes follow-
ing rIGF1 addition (Fig. 7E).

Discussion

Although IGF1 regulates the cellular proliferation and differen-
tiation, its physiologic function in antler cartilage and

Figure 4. IRS1/2 mediate the effects of IGF1 on the differentiation of antler chondrocytes. (A) Effects of IRS1 siRNA on the expression of IRS1, IHH and IGF1. (B) Effects of
IRS2 siRNA on the expression of IRS2, IHH and IGF1. (C) IRS1 expression in antler chondrocytes treated with rIGF1 for 1, 3, 6, 12 and 24 h. (D) IRS2 expression in antler
chondrocytes treated with rIGF1 for 1, 3, 6, 12 and 24 h. (E) Expression of IRS1 and IRS2 after antler chondrocytes were treated with rIGF1, or rIGF1 and PQ401. (F) Effects
of IGF1 overexpression on the expression of IRS1 and IRS2. (G) Effects of IGF1 siRNA on the expression of IRS1 and IRS2. (H) IRS1 mediated the effects of IGF1 on the
expression of IHH. After transfection with IRS1 siRNA and addition of rIGF1, the expression of IHH was determined by real-time PCR. (I) IRS2 mediated the effects of IGF1
on the expression of IHH. siIRS1, IRS1 siRNA; siIRS2, IRS2 siRNA.
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underlying molecular mechanisms remains unresolved. In this
study, we found that IGF1 was highly expressed in the chon-
drocytes and promoted the proliferation of antler chondro-
cytes. It is well established that the proliferation of animal cells
proceeds through various stages of the cell cycle, G1, S, G2 and
M phases.25 Administration of rIGF1 to antler chondrocytes
led to an increased proportion of cells in the S phase, indicating
that IGF1 controls the proliferation of antler chondrocytes by
regulating the cell cycle progression at the G1-S phase transi-
tion. Previous studies have evidenced that IGF1 exerted its bio-
logic role through binding its cognate cell membrane receptor
IGF1R which was activated by autophosphorylation.26 PQ401,
which suppressed the autophosphorylation of IGF1R, could
abrogate the stimulatory effects of rIGF1 on the proliferation of
antler chondrocytes and the accumulation of cells in the S
phase, suggesting IGF1R requirement for the IGF1 action on
chondrocyte proliferation.

Following this marked proliferation, chondrocytes begin
to differentiate into prehypertrophic chondrocytes which are
characterized by the elevated expression of IHH, a well-
known marker for prehypertrophic chondrocytes.6,23,24 The
present results demonstrated that both rIGF1 treatment and
constitutive expression of IGF1 could induce the expression
of IHH in antler chondrocytes, whereas inhibition of IGF1

with specific siRNA exhibited the opposite effects. PQ401
pretreatment could efficiently block the induction of rIGF1
on the expression of prehypertrophic chondrocyte marker
IHH. Together these data reveal that IGF1 can advance the
differentiation of antler chondrocytes into prehypertrophic
chondrocytes through its receptor IGF1R. Further study
found that IGF1 could down-regulate the expression of IRS1
and IRS2 in the chondrocytes, implying that IRS1 and IRS2
play a major negative role in cell differentiation. Indeed,
IRS1 and IRS2 could also inhibit the differentiation of antler
chondrocytes as indicated by the fact that attenuation of
IRS1 or IRS2 obviously enhanced the expression of IHH.
Consistent with our findings, the role of IRS1 and IRS2 in
differentiation was also shown in the mES cells, myoblasts,
osteoblasts and hemopoietic cells.12-15

It has previously reported that IRS1 and IRS2 served as
intermediates to coordinate numerous key extracellular signals
and mediate their biologic effects.27 In the present study,
knockdown of IRS1 or IRS2 accelerated the rIGF1-induced dif-
ferentiation of antler chondrocytes as evidenced by the
increased expression of prehypertrophic chondrocyte marker
IHH, suggesting a role of IRS1 and IRS2 in IGF1-mediated cell
differentiation. This notion was supported by the finding that
overexpression of IRS1 could abolish the IGF1-induced

Figure 5. RUNX1 mediates the effects of IRS1/2 on the differentiation of antler chondrocytes. (A) IHH expression in antler chondrocytes treated with rRUNX1 for 1, 3, 6, 12
and 24 h. (B) Effects of RUNX1 siRNA on the expression of RUNX1 and IHH. (C) Effects of IRS1 siRNA on the expression of RUNX1. (D) Effects of IRS2 siRNA on the expression
of RUNX1. (E) IRS1 expression in antler chondrocytes treated with rRUNX1 for 1, 3, 6, 12 and 24 h. (F) IRS2 expression in antler chondrocytes treated with rRUNX1 for 1, 3,
6, 12 and 24 h. (G) Effects of RUNX1 siRNA on the expression of IRS1 and IRS2. (H), rRUNX1 rescued the effects of IRS1 siRNA on the expression of IHH. After transfection
with IRS1 siRNA and addition of rRUNX1, the expression of IHH was determined by real-time PCR. (I), rRUNX1 rescued the effects of IRS2 siRNA on the expression of IHH.
siRUNX1, RUNX1 siRNA.
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differentiation of hemopoietic cells and hippocampal neuronal
cells, whereas constitutive expression of IRS2 prevented the
stimulatory effects of IGF1R deficiency on skin keratinocyte
differentiation.26,28,29

It has long been recognized that IGF1 binding to its spe-
cific receptor on plasma membrane activates the IGF1R
intrinsic tyrosine kinase activity and regulates the expression
of numerous genes.26,30-32 In antler chondrocytes, IGF1
could restrain the expression of RUNX1 which was impor-
tant for sternum development, chondrogenesis and chondro-
cyte differentiation.18-20 The present study has established
the importance of RUNX1 in the differentiation of antler
chondrocytes. Moreover, knockdown of RUNX1 could
enhance the induction in chondrocyte differentiation elicited
by rIGF1, while addition of rRUNX1 elevated the repressive
effects of IGF1 siRNA or PQ401 on chondrocyte differentia-
tion. Taken together, these observations offer convincing
proof that RUNX1 is a critical mediator of IGF1 function in
the differentiation of antler chondrocyte into prehypertro-
phic chondrocytes. Simultaneously, rRUNX1 also rescued
the effects of IRS1 or IRS2 siRNA on the expression of IHH,

suggesting that RUNX1 is a downstream target of IRS1 and
IRS2 in chondrocyte differentiation. Further analysis
revealed that IRS1/2 could link and integrate the signaling
from upstream activators to multiple downstream effectors
to modulate various cellular activities.27 Attenuation of IRS1
or IRS2 expression in antler chondrocytes reinforced the reg-
ulation of rIGF1 on RUNX1 expression, implying that IRS1/
2 may play an important role in crosstalk between IGF1 and
RUNX1.

In summary, IGF1 may play an important role in the prolif-
eration and differentiation of antler chondrocytes. IRS1/2
might act downstream of IGF1 to regulate chondrocyte differ-
entiation through targeting RUNX1 (Fig. 8).

Materials and methods

Tissue collection

Antlers were harvested from anaesthetized sika deer at
Changchun City Academy of Agricultural Sciences (Chang-
chun, China). The antler removal procedures were approved

Figure 6. The interaction between IGF1 and RUNX1. (A) RUNX1 expression in antler chondrocytes treated with rIGF1 for 1, 3, 6, 12 and 24 h. (B) Expression of RUNX1 after
antler chondrocytes were treated with rIGF1, or rIGF1 and PQ401. (C) Effects of IGF1 overexpression on the expression of RUNX1. (D) Effects of IGF1 siRNA on the expres-
sion of RUNX1. (E) IGF1 expression after antler chondrocytes were treated with rRUNX1. (F) Effects of RUNX1 siRNA on the expression of IGF1.
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by the Institutional Animal Care and Use Committee of Jilin
University. Antler tissues were collected from 3-year-old
health sika deer as growing for about 60 d after casting of
the previous hard antler, and performed as described previ-
ously.33 Briefly, the distal 5 cm of growing tip was removed
and sectioned sagittally along the longitudinal axis. A part of
the tip was then cut into 4–6 mm pieces, flash frozen in liq-
uid nitrogen and stored at ¡70�C for in situ hybridization,
and the remaining tip was used for isolation of antler
chondrocytes.

Isolation and culture of antler chondrocytes

The cartilaginous layer was dissected as described previously.33

The separated cartilage tissue was further cut into fine pieces
(about 1 £ 1 mm). After washing thoroughly with DMEM, the
fine pieces were incubated with 0.1% hyaluronidase in D-Hanks
for 1h at 38�C. The cartilaginous pieces were then washed twice

with Hanks’ balanced salt solution (HBSS) and further digested
with 0.1% type II collagenase for 6 h at 38�C with shaking. The
digested cartilage tissue was filtered through a nylon mesh
(pore size 125mm) and the cell suspension was centrifuged
(200 g) for 10 min. Cells were washed twice in HBSS and then
the cell pellet was resuspended in culture medium (DMEM
medium supplemented with 10% fetal bovine serum, 100U/ml
Penicillin and 100 mg/ml Streptomycin) and the viable cells
were counted by trypan blue staining using a hemocytometer.
2 £ 105 cells were cultured at 38�C with 5% CO2. When the
cultured cells grew to 80–90% confluence, the adherent cells
were digested with trypsase.

In situ hybridization

Total RNA from the antler cartilage was reverse-transcribed
and amplified with the corresponding primers listed in Table 1.
The amplified fragment of each gene was cloned into pGEM-T

Figure 7. RUNX1 acts downstream of IRS1/2 to mediate the effects of IGF1 on the differentiation of antler chondrocytes. (A) RUNX1 siRNA enhanced the effects of IGF1 on
the expression of IHH. After transfection with RUNX1 siRNA and addition of rIGF1, the expression of IHH was determined by real-time PCR. (B) rRUNX1 attenuated the
effects of IGF1 siRNA on the expression of IHH. After transfection with IGF1 siRNA and addition of rRUNX1, the expression of IHH was determined by real-time PCR. (C)
rRUNX1 attenuated the effects of PQ401 on the expression of IHH. (D) IRS1 mediated the regulation of IGF1 on the expression of RUNX1. (E) IRS2 mediated the regulation
of IGF1 on the expression of RUNX1.
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plasmid (pGEM-T Vector System 1, Promega, Madison, WI)
and verified by sequencing. These plasmids were amplified
with the primers for T7 and SP6 to prepare templates for label-
ing. Digoxigenin (DIG)-labeled antisense and sense cRNA
probes were transcribed in vitro using a DIG RNA labeling kit
(Roche Diagnostics GmbH, Mannheim, Germany).

Frozen sections (10 mm) were mounted on 3-aminopropyl-
triethoxy-silane (Sigma)-coated slides and fixed in 4% parafor-
maldehyde solution in phosphate buffered saline (PBS).
Hybridization was performed as described previously.34 Sec-
tions were counterstained with 1% methyl green. The positive
signal was visualized as a dark brown color. The sense probe
was also hybridized and served as a negative control. There was
no detectable signal from sense probes.

MTS assay

Proliferation assays were performed using MTS reagent (Prom-
ega) according to the manufacturer’s directions. Antler

chondrocytes were seeded in 96-well plates and then treated for
24 h with recombinant human IGF1 protein (rIGF1, 100 nM).
For further studies, chondrocytes were pretreated with IGF1
receptor (IGF1R) inhibitor PQ401 (10 mM) for 2 h before the
addition of rIGF1. Finally, 20 ml MTS reagent was added to
each well and incubated for 3 h. Absorbance was measured at
490 nm using a 96-well plate reader. The rIGF1 and PQ401
were dissolved in PBS and DMSO, respectively. Controls
received the vehicle only.

Flow cytometry

Antler chondrocytes were starved in serum-free DMEM
medium and treated with rIGF1 for 24 h in the absence or pres-
ence of PQ401 after synchronization. At the end of treatment,
cells were harvested by trypsinization, centrifuged, washed with
PBS and then fixed overnight at 4�C in 70% ethanol. The fixed
cells were washed with PBS and stained with 0.5 mL PI/RNase
staining buffer (BD Biosciences) for 15 min at room tempera-
ture. The stained cells were analyzed by flow cytometry.

Plasmid construction and transfection

Full-length IGF1 cDNA fragment was amplified by PCR from
antler cartilage using the following primers: 50-GAATTC
(EcoRI) ATGGGAAAAATCAGCAGTC and 50-GATATC
(EcoRV) GCATGTCATTCTTCACTCTTT. The amplified
products were purified and cloned into pGEM-T vector. Both
pGEM-T-IGF1 and pcDNA3.1 vector were cut by EcoRI/
EcoRV (TaKaRa, Dalian, China) at 37�C for 1 h, and then the
fragments were ligated into pcDNA3.1 with T4 ligase (Prom-
ega) at 4�C overnight to construct pcDNA3.1-IGF1. An empty
pcDNA3.1 expression vector was served as control.

Transfection of antler chondrocytes was performed accord-
ing to the manufacturer’s protocol for lipofectamine 2000
(Invitrogen). After transfection with control plasmid (empty
pcDNA3.1 vector) or IGF1 overexpression plasmid, chondro-
cytes were collected at 24 h.

RNA interference

The small-interfering RNA (siRNA) duplexes for targeting
IGF1, IRS1, IRS2 and RUNX1 as well as a scrambled sequence
(control siRNA duplex, negative control) were designed and
synthesized by GenePharma. The sequences were shown as fol-
lows: 50-GCAGUCUUCCAACCCAAUUTT and 50-AAUUGG-
GUUGGAAGACUGCTT (IGF1 siRNA 1); 50-CCUCCU
CGCAUCUCUUCUATT and 50-UAGAAGAGAUGCGAG-
GAGGTT (IGF1 siRNA 2); 50-GGAGUGCAGGAAACAA-
GAATT and 50-UUCUUGUUUCCUGCACUCCTT (IGF1
siRNA 3); 50-CCAGCAAGACCAUCAGCUUTT and 50-AAG-
CUGAUGGUCUU GCUGGTT (IRS1 siRNA); 50-UCGG-
CUUCGUGAAGCUCAATT and 50-UUGAGCUUCAC
GAAGCCGATT (IRS2 siRNA); 50-GAACCACUCCACUGC-
CUUUTT and 50-AAAGGCAGU GGAGUGGUUCTT
(RUNX1 siRNA); 50-UUCUCCGAACGUGUCACGUTT and
50-ACGUG ACACGUUCGGAGAATT (nonspecific scrambled
siRNA, negative control). Transfections for siRNA were per-
formed according to Lipofectamine 2000 protocol. After

Table 1. Primers used in this study.

Gene Primer sequence Size (bp) Application

IGF1 CTCCTCGCATCTCTTCTACC 205 In situ hybridization
GCAGCACTCATCCACTATTC

IRS1 CAGTGGGGACTACATGCC 307 In situ hybridization
ACCTGTACAAGACAGGAGTTTG

IRS2 GACCTGCGGGTCTACTG 208 In situ hybridization
GCGAGTAAGTCCGCTTC

RUNX1 CCTTGAACCACTCCACTGCC 268 In situ hybridization
GACGGCAGAGTAG GGAACTG

IGF1 CCTCGCATCTCTTCTACCTGG 191 Real time PCR
CACTATTCCCGTCTGGGGC

IHH AGGAGTCGCTGCATTACGAA 152 Real time PCR
CTTGACGGAGCAATGCACG

IRS1 CGGGTGAACCTCAGTCCCAA 212 Real time PCR
GAGCTGTGGCGTTTGACATC

IRS2 CCAACGGGGACTACCTCAAC 146 Real time PCR
GTGAGGGGCCTTGTAGGAG

RUNX1 CTTCACAAACCCACCGCAAG 132 Real time PCR
TCGGAAAAGGACAAGCTCCC

Gapdh GAAGGGTGGCGCCAAGAGGG 142 Real time PCR
GGGGGCCAAGCAGTTGGTGG

Figure 8. Schematic diagram shows the involvement of IGF1 in the differentiation
of antler chondrocytes. IRS1/2 may act downstream of IGF1 to regulate chondro-
cyte differentiation through targeting RUNX1.
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transfection with IGF1, IRS1, IRS2 or RUNX1 siRNAs, antler
chondrocytes were collected at 24 h.

Real-time PCR

Total RNAs from cultured chondrocytes were isolated using
TRIPURE reagent according to the manufacturer’s instructions
(Roche) and reverse-transcribed into cDNA using MMLV
reverse-transcriptase (Promega). Reverse transcriptase was per-
formed at 42�C for 60 min with 2 mg total RNA in 25 ml vol-
ume. For real-time PCR, cDNA was amplified using FS
Universal SYBR Green Real Master (Roche) on BIO-RAD
CFX96TM Real Time Detection System. The conditions used
for real-time PCR were as follows: 95�C for 3 min, followed by
40 cycles of 95�C for 15 s and 60�C for 1 min. All reactions
were run in triplicate. The result was analyzed using CFX Man-
ager Software. After analysis using the 2¡DDCt method, data
were normalized to Gapdh expression. Primer sequences for
real-time PCR were listed in Table 1.

Statistics

All the experiments were independently repeated at least
3 times. Significance of difference between 2 groups was com-
pared by Independent-Samples T Test. The multiple compari-
sons were tested with one-way analysis of variance. The
differences were considered significant at P < 0.05.
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