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ABSTRACT

As chondrocytes mature, the concentration of inorganic phosphate (Pi) increases in the extracellular milieu.
It was demonstrated that the progressive accumulation of Pi started from the proliferative zone and peaked
in the hypertrophic zone of growth plate. Although extracellular Pi is reported to be involved in the apoptosis
and mineralization of mature chondrocytes, its role in proliferating chondrocytes remains unclear. Here we
investigated this role utilizing ATDC5, an established cell model of chondrocytic differentiation. In
proliferating ATDC5 cells, we found that the expression of cyclin D1 was up-regulated, and that of alkaline
phosphatase (ALP) was down-regulated in response to an increase in extracellular Pi within 24 h. Moreover,
an increase in extracellular Pi-induced activation of the Raf/MEK/ERK pathway, and treatment with a MEK
inhibitor PD98059 abolished the effects on the expression of cyclin D1 and ALP, indicating that extracellular
Pi regulates the expression of these genes through the Raf/MEK/ERK pathway. Consistent with its up-
regulation of cyclin D1 expression, the extracellular Pi facilitated the proliferation of ATDC5 cells. Treatment
with phosphonoformic acid (PFA), an inhibitor of sodium/phosphate (Na*/Pi) cotransporters, abrogated the
activation of the Raf/MEK/ERK pathway and gene expression induced by the increase in extracellular Pi.
Knocking down of the type IIl Na*/Pi cotransporter Pit-1 diminished the responsiveness of ATDC5 cells to
the increase in extracellular Pi. Interestingly, the increased extracellular Pi induced the phosphorylation of
fibroblast growth factor receptor substrate 2 (FRS2et), which was also cancelled by knocking down of the
expression of Pit-1. In primary chondrocytes isolated from mouse rib cages as well, increased extracellular Pi
induced the phosphorylation of ERK1/2 and alterations in the expression of cyclin D1 and ALP, both of which
were abolished by treatment with PFA. These results suggest that signaling by extracellular Pi is mediated by
Pit-1 and FRS2q, and leads to activation of the Raf/MEK/ERK pathway and increased expression of cyclin D1,
which facilitates the proliferation of immature chondrocytes.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Proliferating chondrocytes produce collagen types Il and IX, while
hypertrophic chondrocytes are characterized by a high level of

In vertebrates, long bones form through endochondral bone
formation, a multistep process involving the mesenchymal conden-
sation of undifferentiated cells, the proliferation of chondrocytes, and
differentiation into hypertrophic chondrocytes, followed by mineral-
ization [1]. As chondrocytes mature, they change morphologically and
exhibit alterations in the production of extracellular matrix proteins.
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alkaline phosphatase (ALP), diminished levels of collagen types II
and IX, and the production of type X collagen, a hypertrophic
chondrocyte-specific product. Evidence has suggested that terminally
differentiated chondrocytes undergo programmed cell death in
mammals. Various signaling molecules, including Indian hedgehog,
parathyroid hormone-related protein (PTHrP) and fibroblast growth
factors (FGFs), have been revealed to regulate the maturation of
chondrocytes [2-8].

It is well established that inorganic phosphate (Pi) plays critical
roles in the skeletal mineralization. The predominant mineral crystal
phase present in bone extracellular matrix is hydroxyapatite, which
contains calcium (Ca) and Pi ions and is deposited both within and



