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Abstract: Deer antlers are the only mammalian appendages to display annual cycle of full regeneration.
However, little is known about the molecular mechanisms of antler regeneration. Our previous study
has demonstrated that parathyroid hormone-related peptide (PTHrP) can promote proliferation of antler
chondrocytes and inhibit its differentiation. But the mechanism underlying such regulation is not fully
understood. The present study aimed to determine the role of PTHrP on the mRNA expression of
matrix metalloproteinase-13 (MMP13) in the antler chondrocytes. The possible pathways that
transduce PTHrP effects were also investigated in the cells. The in situ hybridization results showed
that MMP13 were mainly localized in the dermal fibroblasts, perichondrium and cartilage in the sika
deer antler, of which MMP13 were highly expressed in the antler chondrocytes. Exogenous PTHrP
could inhibit the expressions of MMP13 in the antler chondrocytes. The inhibitory effect of PTHrP on
MMP13 was eliminated by P38MAPK inhibitor SB203850 and PKC inhibitor GF109203X. These
results suggest that PTHrP can inhibit MMP13 expression by p38MAPK and PKC signaling pathways
in the antler chondrocytes, thus PTHrP is involved in the control of antler chondrocytes maturation and
cartilage matrix degradation.
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Deer antlers are the only mammalian appendages to be lost and completely regenerated.
Antler regeneration that takes place in yearly cycles from permanent protuberance or pedicle is a
fascinating process which provides an accessible and useful model for investigating the
mechanisms involved in organ regeneration and rapid tissue growth [1, 2]. At present, both the
morphology and histology of antler development have been well studied, but very little is known
about the molecular mechanisms involved in regulating the rapid growth of antler [3, 4].
PTHrP is a critical growth factor in controlling the pace of chondrocyte proliferation and
differentiation. PTHrP-deficient mice showed accelerated chondrocyte differentiation, while
overexpression of PTHrP in chondrocytes could delay chondrocyte terminal differentiation [5, 6].
Our previous study has demonstrated that PTHrP might promote proliferation of antler
chondrocytes and prevent its differentiation. Further studies found that PTHrP could regulate the
expression of MMP13 which was a marker for cells at the end of chondrocytic differentiation after
alkaline phosphatase expression in hypertrophic chondrocytes [7, 8].
MMP13, a member of the family of matrix metalloproteinases, was originally cloned from a
cDNA library derived from a human breast tumour [9]. MMP13 was expressed in terminal
hypertrophic chondrocytes and osteoblasts, and could degrade fibrillar collagens under
physiological conditions, with high preference to collagen type II and collagen type I, the major
components of the extracellular matrix of cartilage and bone, respectively [8, 10]. In MMP13 null
mice, the expression of type X collagen (Col X) which was a molecular marker of chondrocyte
hypertrophy was increased, indicating that MMP13 could also degrade Col X [11, 12]. Moreover,
numbers of hypertrophic chondrocytes in growth plates from MMP13 null mice was increased
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[11]. Simultaneously, the aberrant MMP13 expression was observed in osteoarthritis and
osteochondrosis [13-15]. These data suggested that MMP13 might be closely related to
chondrocyte maturation and cartilage matrix degradation [12]. However, the role of MMP13 in
sika deer antlers was still undefined so far. Whether PTHrP was capable of regulating the
expressions of MMP13 in antler chondrocytes remained to be determined.
In the present study, we sought to investigate the expressions of MMP13 genes in sika deer
antlers using in situ hybridization, and confirmed that PTHrP might inhibit the expression of
MMP13 in antler chondrocytes by different signaling pathways.

1 Materials and Methods
1.1 Tissue Collection
55

60

The antler removal procedures were approved by the Institutional Animal Care and Use
Committee of Jilin University. Antler tissue was collected from three-year-old health sika deer as
growing for 60 to 70 days after casting of the previous hard antler, and performed as described by
Li et al [16]. Briefly, the distal 5 cm of growing tip was removed and sectioned sagittally along the
longitudinal axis. The tip was then cut into 4-6 mm pieces, flash frozen in liquid nitrogen and
stored at -70°C for in situ hybridization. At least three sika deers were used in the study.

1.2 Isolation and Culture of Antler Chondrocytes
The cartilaginous layer was dissected as previously described [16]. The separated cartilage
tissue was further cut into fine pieces (about 1×1 mm). After washing thoroughly with DMEM,
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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 incubated in DMEM containing 0.1% type II collagenase, 10% fetal bovine, 100U/ml
Penicillin and 100μg/ml Streptomycin for 6h at 38°C. The digested cartilage tissue was filtered
through a nylon mesh (pore size 125μm) and the cell suspension was centrifuged (200g) for 10
min. Cells were washed twice in HBSS and then the cell pellet resuspended in culture medium
(DMEM medium supplemented with 10% FBS, 100U/ml Penicillin and 100μg/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 merged each other, digest the adherent
cells with trypsase.

1.3 In situ hybridization
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Total RNA from the antler cartilage was reverse-transcribed and amplified with specific
primer (5′-GATGAAACCTGGACAAGTAG and 5′-CATAG GCGGCATCAATAC). The
amplified fragment of each gene was cloned into pGEM-T plasmid (pGEM-T Vector System 1,
Promega, Madison, WI) and verified by sequencing. Each recombinant plasmid was amplified
with the primers for T7 and S6 to prepare templates for labeling. Digoxigenin (DIG)-labeled
antisense and sense cRNA probes were transcribed in vitro using a DIG RNA labeling kit (Roche
Diagnostics GmbH, Mannheim, Germany).

85

Frozen sections (10 μm) were mounted on 3-aminopropyltriethoxy-silane (Sigma)-coated
slides and fixed in 4% paraformaldehyde solution in PBS. Hybridization was performed as
described previously [17]. Sections were counterstained with 1% methyl green in 0.12 M glacial
acetic acid. The sense probe was also hybridized and served as a negative control. There was no
detectable signal from sense probes.
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1.4 Real time PCR
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The second generation cells were inoculated to 6-well dishes. After the cells adherenced to
the culture dishes and fused, they were treated with 10-7 M PTHrP (1-34) (Bachem, Weil am
Rhein, Germany) for 0, 1, 3, 6, 12 and 24h. In certain cases, the cells were pretreated with a series
of kinase inhibitors, including H-89 (10 μM) for PKA inhibition, GF109203X (10 μM) for PKC
inhibition, LY294002 (10 μM) for PI3K inhibition, SB203850 (10 μM) for p38MAP kinase
inhibition, SP600125 (10 μM) for JNK inhibition, and U0126 (10 μM) for MEK inhibition
respectively before the addition of PTHrP (1-34) [18]. Inhibitors were resuspended in DMSO as a
vehicle. DMSO was used as a control for vehicle effects.
Total RNA from cultured cells was isolated using TRIPURE reagent according to the
manufacturer’s instructions (Roche) and reverse-transcribed into cDNA using M-MLV
reverse-transcriptase (Promega). For real time PCR, cDNA was amplified using FS Universal
SYBR Green Real Master (Roche) on BIO-RAD CFX96TM Real Time Detection System. The
result was analyzed using CFX Manager Software. After analysis using the ΔCt method, data were
normalized to GAPDH expression. All reactions were run in triplicate. Primer sequences used for
real time PCR were as follows: MMP13 (5′-CCTCTGGTCTGTTGGCTCACGC and
5′-GCTCCTGGGTCCTTGGAGTGGT), and GAPDH (5′-GAAGGGTGGCGCCAAGAGGG and
5′-GGGGGCCAAGCAGTT GGTGG).

1.5 Statistics
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All the experiments were independently repeated at least 3 times. The significance of
difference was analyzed by one-way ANOVA using the SPSS software program (SPSS Inc.,
Chicago). The differences were considered significant at P < 0.05.

2 Results
2.1 MMP13 mRNA expression in sika deer antler
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In situ hybridization was performed to examine the spatial distribution of MMP13 mRNA in
sika deer antler. No MMP13 mRNA signal was detected in epidermis (Fig.1A). In the dermis,
MMP13 mRNA signal was detected in dermal fibroblasts, but not in hair follicles and sebaceous
glands (Fig.1A). In the perichondrium, MMP13 mRNA was highly expressed (Fig.1B). However,
MMP13 mRNA signal was not detected in mesenchyme (Fig.1B). In cartilage, MMP13 mRNA
was strongly expressed in antler chondrocytes (Fig.1C).

Fig.1. In situ hybridization of MMP13 gene in the epidermis (A), dermis (A), perichondrium (B), mesenchyme (B)
and cartilage (C) of sika deer antler. EP, epidermis; DF, dermal fibroblasts; SG, sebaceous glands; M, mesenchyme;
P, perichondrium; C, cartilage. Bar=60μm.
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2.2 Effect of PTHrP on MMP13 expression in antler chondrocytes
Our previous study found that PTHrP mRNA was highly expressed in antler chondrocytes.
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As mentioned above, MMP13 mRNA signal was also detected in antler chondrocytes. But
whether PTHrP could regulate the expression of MMP13 in antler chondrocytes was not yet clear.
The present results showed that the expression level of MMP13 gradually decreased and reached a
nadir at 6h but increased at following hours (Fig.2A).
PTHrP is known to signal through protein kinase A (PKA), PKC, mitogen-activated protein
kinase (MAPK) and phosphatidylinositol-3-kinase (PI3K) pathways. To further study the signal
transduction pathways involved in PTHrP regulating MMP13 gene expression, we treated antler
chondrocytes with a series of inhibitors against the signaling pathways downstream of PTHrP that
might be involved in regulating MMP13 expression. The results showed that treatment of antler
chondrocytes with PTHrP alone markedly downregulated the MMP13 expression, an effect that
was partially inhibited by pretreating the cells with the p38MAPK inhibitor SB203850 (Fig.2B) or
PKC inhibitor GF109203X (Fig.2C). Interestingly, PKA inhibitor H-89 (Fig.2D), MEK inhibitor
U0126 (Fig.2E), PI3K inhibitor LY294002 (Fig.2F) and JNK inhibitor SP600125 (Fig.2G) did not
rescue the PTHrP-induced inhibition of MMP13 transcript. Collectively, these results indicate that
PTHrP inhibit MMP13 expression through p38MAPK and PKC signaling pathways in antler
chondrocytes.

3 Discussion
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In the present study, the expression of MMP13 gene in sika deer antlers was firstly examined
by in situ hybridization. Our results showed that MMP13 mRNA was mainly localized in
perichondrium and cartilage. This expression pattern was similar to MMP13 expression in the
human fetal [10].
MMP13 is crucial for degrading cartilage extracellular matrix (ECM). The expression pattern
of Col II in growth plates of MMP13 null mice had no difference compared with wild type
littermates, although MMP13 could degrade Col II which was the primary fibrillar ECM
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Fig.2. Real time PCR analysis of MMP13 expression in antler chondrocytes. Exogenous PTHrP could inhibit
MMP13 expression (A). The chondrocytes were pretreated with H-89 (PKA inhibitor), GF109203X (PKC
inhibitor), LY294002 (PI3K inhibitor), SB203850 (p38MAP kinase inhibitor), SP600125 (JNK inhibitor), and
U0126 (MEK inhibitor), respectively. Total RNA was extracted and MMP13 mRNA expression level was detected
by real time PCR. Error bars represent standard error of the mean (N = 3) and asterisks denote significance (P <
0.05) from control (*) or from the PTHrP-treated group (**).

component secreted by resting and proliferating chondrocytes [12]. In contrary, the
expressions of Col X and osteopontin which were molecular markers of chondrocyte hypertrophy
were significantly increased, and numbers of hypertrophic chondrocytes were also increased in
growth plates from MMP13 null mice [11, 12]. The reason might be due to decreased proteolysis
of cartilage ECM. In antler cartilage, MMP13 mRNA was strongly expressed in the chondrocytes,
indicating that MMP13 could play an important role in chondrocyte maturation and cartilage
matrix degradation. Further study found that MMP13 degraded cartilage collagen synergistically
with MMP9 which affected cartilage remodeling [12, 19].
PTHrP is an important regulator of chondrocyte maturation and differentiation. Our previous
study has demonstrated that PTHrP could inhibit maturation and differentiation of antler
chondrocytes. The present study showed that MMP13 mRNA was strongly expressed in the antler
chondrocytes, and exogenous PTHrP could inhibit the MMP13 mRNA expression, indicating that
-5-

中国科技论文在线

170

175

180

http://www.paper.edu.cn

PTHrP might be closely related to maturation of antler chondrocytes and cartilage matrix
degradation. Our previous study had also found that PTHrP could inhibit the expression of
Runt-related transcription factor 2 (Runx2) in the antler chondrocytes. Moreover, Runx2
overexpression markedly up-regulated MMP13 expression in the limb bud cells of wild-type mice
[20]. These results indicated that PTHrP inhibition of MMP13 might be through Runx2 in the
antler chondrocytes.
PTHrP signals are thought to be mediated via its receptor PTH1R which activated PKA, PKC,
MAPK and PI3K signaling pathways [21]. In bone metastatic breast cancer cells, PTHrP regulated
MMP13 expression by PKA and PKC signaling pathways [22]. Moreover, dibutyryl-cAMP and
12-O-tetradecanoylphorbol-13-acetate which activated PKA and PKC pathways respectively
could mimic the effect of PTHrP [22]. In addition, PTHrP also utilized the ERK1/2 pathway to
regulate MMP13 expression. Moreover, knockdown of ERK1 and/or ERK2 using specific small
interfering RNAs (siRNAs) significantly decreased the mRNA level of MMP13 in human
chondrocytes [23]. However, PTHrP inhibition of MMP13 expression in the antler chondrocytes
was not through PKA and MEK1/2 signaling pathways, but through p38MAPK and PKC
signaling pathways. The differences might contribute to different cells which were derived from
different species.

4 Conclusion
185

In this paper, PTHrP can inhibit MMP13 expression by p38MAPK and PKC signaling
pathways in the antler chondrocytes. This action of PTHrP may be critical for maturation of antler
chondrocytes and antler cartilage matrix degradation.
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PTHrP 对梅花鹿鹿茸软骨细胞中 MMP13 的调控
王守堂，郭斌，李当当，田学超，岳占碰

255

260

（吉林大学动物医学学院，长春 130062）
摘要：鹿茸是哺乳动物唯一的一个在失去后还能完全再生的器官。然而，有关鹿茸再生的分
子机制却知之甚少。前期研究发现,PTHrP 可以促进鹿茸软骨细胞的增殖并抑制其分化。但
有关 PTHrP 的调控机制仍不清楚。本实验主要是研究 PTHrP 在鹿茸软骨细胞中对 MMP13
的调控及其信号通路。原位杂交结果显示,MMP13 主要表达在梅花鹿鹿茸真皮层成纤维细
胞、软骨膜和软骨细胞中。在鹿茸软骨细胞中，PTHrP 可以通过 P38MAPK 和 PKC 信号通
路抑制 MMP13 基因的表达．这些结果表明，PTHrP 在鹿茸软骨细胞中可通过调控 MMP13
基因的表达来进一步参与鹿茸软骨细胞的成熟和软骨基质的退化。
关键词：基础兽医学；PTHrP；MMP13；软骨细胞；梅花鹿鹿茸
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