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a b s t r a c t

Maintenance of the pool of chondrocytes in the resting zone of the growth plate in the presence of
the physiological apoptogen inorganic phosphate (Pi) is crucial for skeletal development. Costochon-
dral resting zone chondrocytes are regulated by the vitamin D metabolite 24R,25-dihydroxyvitamin D3
[24R,25(OH)2D3], with increased production of sulfated glycosaminoglycan-rich extracellular matrix,
and reduced matrix metalloproteinase activity. The effects of 24R,25(OH)2D3 are mediated by activation
of phospholipase D (PLD), resulting in increased production of lysophosphatidic acid (LPA) and LPA-
mediated proliferation, maturation, inhibition of Pi-induced apoptosis, and reduction of p53. However,
the exact mechanism by which 24R,25(OH)2D3 and LPA exert their effects is not fully understood. It
was found that both 24R,25(OH)2D3 and LPA attenuate Pi-induced caspase-3 activity. The actions of
hondrocyte apoptosis
53

24R,25(OH)2D3 and LPA were dependent upon G�i , LPA receptor(s) 1 and/or 3, PLD, phospholipase C (PLC),
and intracellular calcium, phosphoinositide 3-kinase (PI3K) signaling, and nuclear export. 24R,25(OH)2D3

decreased both p53 abundance and p53-medaited transcription and inhibited Pi-induced cytochrome c
translocation. Moreover, LPA induced increased mdm2 phosphorylation, a negative regulator of p53.
Taken together, these data show that 24R,25(OH)2D3 inhibits Pi-induced apoptosis through Ca2+, PLD,

hroug
ransl
and PLC signaling and t
decreased cytochrome c t

. Introduction

Longitudinal bone growth in children and adolescents is medi-
ted by growth plate cartilage, which is divided into four zones
f maturation: the resting zone, the growth zone, the hyper-
rophic zone, and the calcifying cell zone. Inorganic phosphate (Pi),
physiological apoptogen, induces apoptosis in terminal growth
late chondrocytes at the epiphyseal–metaphyseal junction [1–3],
llowing for the invasion of blood vessels and deposition of new
one. The resting zone of the growth plate supplies a pool of chon-
rocytes for the remainder of the growth plate. In response to
rowth stimuli, these cells undergo proliferation, terminal differ-
ntiation, hypertrophy, and apoptosis as they mature.
Studies using resting zone chondrocytes from the costochondral
artilage show that they respond preferentially to the vita-
in D metabolite 24R,25-dihydroxyvitamin D3 [24R,25(OH)2D3],
hereas hypertrophic chondrocytes respond preferentially to
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960-0760/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jsbmb.2010.05.010
h LPA-LPA1/3-G�i-PI3K-mdm2-mediated p53 degradation, resulting in
ocation and caspase-3 activity.

© 2010 Elsevier Ltd. All rights reserved.

1�,25(OH)2D3. When resting zone chondrocyte cultures are treated
with 24R,25(OH)2D3, protein kinase C alpha (PKC�) activity is
increased and there is an increase in extracellular matrix produc-
tion, maturation and cell survival [4–7]. 24R,25(OH)2D3 exerts its
effects through a membrane-associated vitamin D receptor [8],
resulting in activation of phospholipase D (PLD) and production of
lysophosphatidic acid (LPA 18:1; 1-oleoyl-2-hydroxy-sn-glycero-
3-phosphate) [9,10].

LPA is the most simple of the glycerol lipids consisting of a single
fatty acyl chain, a glycerol backbone, and a phosphate head group. It
exerts its effects on cells through activation of cell surface G-protein
coupled receptors (GPCRs) LPA1/Edg2, LPA2/Edg4, LPA3/Edg7,
LPA4/GPR23, and LPA5/GPR92 and through the nuclear recep-
tor peroxisome-proliferation-activation-receptor gamma (PPAR�)
[11–15]. Consequences of LPA signaling are broad and include
neurite retraction, tumorigenesis, wound healing, proliferation,
migration, and cell survival [16–22]. Several recent studies have
demonstrated that chondrocytes, osteoblasts, and osteocytes are

sensitive to LPA, establishing LPA as a regulator of bone and carti-
lage [23–27].

Recently, it was observed that 24R,25(OH)2D3 protects the pre-
chondrocyte-like ATDC5 cell line from Pi-induced apoptosis [28].
Additionally, it has reported that LPA is produced by resting zone

dx.doi.org/10.1016/j.jsbmb.2010.05.010
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:barbara.boyan@bme.gatech.edu
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hondrocytes in response to 24R,25(OH)2D3 and that the lipid
ediator acts as an autocrine regulator to promote proliferation,

ell survival, and maturation [10]. LPA exerts these effects through
ctivation of LPA1 and/or LPA3 (LPA1/3) and by modulating the
bundance and transcriptional activity of the tumor suppressor
53. In cancer cells, LPA has been shown to regulate p53 in a similar
anner through activation of the phosphoinositol 3-kinase (PI3K)

ignaling cascade to promote nuclear export and subsequent degra-
ation of p53 [29].

Collectively, these findings have led us to hypothesize that
4R,25(OH)2D3 protects resting zone chondrocytes from Pi-

nduced apoptosis through LPA-mediated inhibition of p53. To test
his hypothesis, rat costochondral resting zone chondrocytes were
reated with Pi and 24R,25(OH)2D3 and assessed the roles of G�i,
�s, PLD, PLC, PI3K, and intracellular Ca2+ in modulating Pi-induced
poptosis. In addition, p53 abundance was examined to determine
hether nuclear export of p53 or mdm2 signaling was involved.

. Materials and methods

.1. Reagents

18:1 LPA (1-oleoyl-2-hydroxy-sn-glycero-3-phosphate) was
urchased from Avanti Polar Lipids (Alabaster, AL) and was recon-
tituted in 1% charcoal-stripped bovine serum albumin (BSA) prior
o treatment of cells. Unless otherwise stated, all other reagents
ere acquired from VWR International (West Chester, PA).

.2. Cell culture

The culture system used in this study has been previously
escribed in detail [30]. Chondrocytes were obtained from the rest-

ng zone (reserve zone) of costochondral cartilage from the ribs
f 125 g male Sprague–Dawley rats and cultured in Dulbecco’s
odified Eagle’s medium (DMEM) containing 10% fetal bovine

erum (FBS), 1% antibiotics, and 50 �g/ml ascorbic acid (GIBCO-BRL,
aithersburg, MD). Primary cells were cultured until fourth passage
rior to experimental analysis. These cells continue to express type

I collagen, aggrecan, and cartilage oligomeric matrix protein.

.3. Regulation of LPA receptor expression

Confluent cultures of resting zone chondrocytes were treated
or 6 h with vehicle alone (control), 7.5 mM sodium phosphate,
0−6 M LPA, or 10−7 M 24R,25(OH)2D3. After treatment, mRNA
as harvested using Trizol (Invitrogen, Carlsburg, CA). Quantita-

ive real-time polymerase chain reaction (QRT-PCR) was used to
dentify the presence of the LPA receptors LPA1-5 and PPAR-�. The
ollowing sequence specific primers were used: LPA1 sense: 5′-
GTTCTCTACGCTCACATC-3′, LPA1 antisense 5′-GCAGTAGCAAGA-
CAATCC-3′, LPA2 sense: 5′-CACCACCTCACAGCCATCC-3′, LPA2
ntisense: 5′-AGACATCCACAGCACTCAGC-3′, LPA3 sense: 5′-CTA-
AACAGGAGCAACAC-3′, LPA3 antisense: 5′-CCAGCAGGTAGTA-
AAGG-3′, LPA4 sense: 5′-ACAACTTTAACCGCCACTGG-3′, LPA4
ntisense: 5′-ATTCCTCCTGGTC CTGATGG-3′, LPA5 sense: 5′-ACC-
TGGTGTTCCCTATAATGC-3′, LPA5 antisense: 5′-AGCCAGAGCGTT-
AGAGG-3′, PPAR-� sense: 5′-CCGAAGAACCATCCGATTGAAG-
′, and PPAR-� antisense: 5′-CTCCGCCAACAGCTTCTCC-3′.
lyceraldehyde-3-phosphate dehydrogenase (GADPH) was ampli-
ed as a control in each experiment: GAPDH sense: 5′-ATGCAGGG-
TGATGTTC-3′, GAPDH antisense: 5′-TGCACCA CCAACTGCTTAG-3′.
.4. Cell viability

The LPA1/3-selective antagonist (S)-phosphoric acid
ono-(2-octadec-9-enoylamino-3-[4-(pyridine-2-ylmethoxy)-
try & Molecular Biology 122 (2010) 264–271 265

phenyl]-propyl) ester (VPC32183(S), Avanti Polar Lipids, Alabaster,
AL) [31] was used to assess the role of LPA receptor signaling in
24R,25(OH)2D3-mediated rescue of Pi-induced apoptosis. Conflu-
ent cultures of the resting zone chondrocytes were treated with
7.5 mM monobasic sodium phosphate, 10−7 M 24R,25(OH)2D3,
VPC32183(S) (10−8–10−6 M), or a combination of the afore
mentioned. Cell viability was assessed using the MTT (3-[4,5-
dimethylthiazol-2yl]-2,5-diphenyltetrazolium bromide, Sigma, St.
Louis, MO) dye. The conversion of tetrazolium salt to formazan salt
was measured at 570 nm.

2.5. DNA fragmentation

Confluent cultures of resting zone chondrocytes were labeled
with [3H]thymidine for 4 h prior to treatment with vehicle alone,
10−6 M LPA, 7.5 mM Pi, and/or 10−5 M chelerythrine (CHEL). At the
end of the treatment period, cell monolayers were washed with
DMEM three times to remove unincorporated [3H] and cells were
lysed with TE buffer (10 mM Tris–HCl, 1 mM EDTA, 0.2% Triton
X-100) for 30 min. Cell lysates were centrifuged at 13,000 × g for
15 min to separate intact DNA from fragmented DNA. The amount
of incorporated [3H]thymidine was determined in each fraction to
establish the total amount of fragmented DNA.

2.6. Caspase-3 activity

The roles of 24R,25(OH)2D3 and LPA in chondrocyte survival
were assessed by examining their ability to reduce caspase-
3 activity induced by Pi [2,3]. Confluent cultures of resting
zone chondrocytes were treated for 24 h with 7.5 mM monoba-
sic sodium phosphate to induce apoptosis. At the same time,
cells were treated with 24R,25(OH)2D3 (10−7 M) or LPA (10−6 M).
To determine the signaling pathways involved in caspase-3 reg-
ulation by 24R,25(OH)2D3 or LPA, one half of the cultures in
each experiment were treated with one of the following com-
pounds: VPC32183(S) (10−8–10−6 M, Avanti Polar Lipids) was used
to inhibit LPA1/3 signaling; pertussis toxin (PTX, 0.25–25 ng/ml,
Sigma, St. Louis, MO) was used to inhibit G�i signaling; cholera
toxin (CTX, 1–100 ng/ml, Calbiochem, Gibbstown, NJ) was utilized
to stimulate G�s signaling; LY294002 (LY, 10−7–10−5 M, Cayman
Chemicals, Ann Arbor, MI) was used to inhibit PI3K; D609 (50 �M,
Calbiochem); and U73122 (10 �M, Sigma, St. Louis, MO) were
used to inhibit phosphatidylcholine-dependent PLC (PC-PLC) and
phosphatidylinositol-dependent PLC (PI-PLC), respectively; thapsi-
gargin (3 �M, Sigma) was used to block release of Ca2+ ions from the
endoplasmic reticulum; and wortmannin (10 �M, Calbiochem) was
used to inhibit PLD signaling. The concentrations selected for each
inhibitor were based on previously published dose–response stud-
ies assessing the signaling pathways stimulated by 24R,25(OH)2D3
[4,32]. Leptomycin B (LMB, 0.5–50 ng/ml, Biomol, Plymouth Meet-
ing, PA) was used to block nuclear export. Caspase-3 activity was
determined using the colorimetric CaspACETM Assay System from
Promega (Madison, WI). Cells were harvested 24 h post-treatment
with 200 �l cell lysis buffer followed by two 10-s periods of son-
ication. After harvest, 2 �l of the caspase-3 selective substrate
DEVD-pNA was added to each well containing 100 �l of cell lysate
and incubated at 37 ◦C for 4 h. DEVD-pNA cleavage into the colori-
metric product pNA was measured at 405 nm. Caspase-3 activity
was normalized to total protein content as determined by the Pierce
Macro BCA Protein Assay Kit (Rockford, IL).
2.7. Cytochrome c translocation

Confluent cultures of resting zone chondrocytes were mock-
treated (control) or treated with 7.5 mM Pi, 10−7 M 24R,25(OH)2D3,
or a combination of the afore mentioned for 24 h. At harvest,
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ell lysates were fractionated into mitochondrial and cytoplasmic
ractions using the Cytochrome C Apoptosis Assay Kit (BioVision,

ountain View, CA). Immunoblotting was conducted as described
reviously using a mouse monoclonal anti-cytochrome c antibody
BioVision).

.8. Modulation of p53 abundance and p53-mediated
ranscription

Confluent cultures of resting zone chondrocytes were treated
or 6 h with vehicle alone, 24R,25(OH)2D3 (10−9–10−7 M), 10−6 M
PA, or a combination of the afore mentioned. Alternatively, chon-
rocytes were treated with 0, 2.5, 5 or 7.5 mM Pi for 24 h. After
reatment, the cell monolayer was washed twice with PBS and
arvested with 300 �L RIPA buffer. Whole cell lysates were cen-
rifuged at 13,000 rpm for 10 min and the supernatant was collected
cytoplasmic fraction). The remaining pellet (nuclear fraction) was
esuspended with 300 �L RIPA. The abundance of p53 protein in
oth the nuclear and cytoplasmic fractions was determined by
LISA (p53 pan ELISA, Roche) and normalized to total cellular or
otal fraction protein as determined by Pierce Macro BCA Protein
ssay Kit.

To assess changes in p53-mediated transcription, luciferase
eporter gene assays were conducted as previously described [33].
ells were transfected with two plasmids: one containing p53-
ontrolled firefly luciferase (pp53 TA-Luc, Clonetech, Mountain
iew, CA) and the other carrying constitutively expressed Renilla

uciferase (pLR-TK, Promega, Madison, WI). 24 h after transfection,
ells were treated with 0, 10−9, 10−8, or 10−7 M 24R,25(OH)2D3 for
6 h and luciferase activity was measured using the Dual Luciferase
eporter Assay kit (Promega). Firefly luciferase activity was nor-
alized to Renilla luciferase activity to determine p53-mediated

ranscription.

.9. Abundance of mdm2 and Phospho-mdm2 protein

Western blots were performed to determine the effects of
4R,25(OH)2D3 (10−9–10−7 M) and LPA (10−8–10−6 M) on the
rotein abundance of mdm2 and phosphorylated mdm2. Cell cul-
ure lysates were prepared from confluent resting zone cells and
ere resolved on 10% SDS-polyacrylamide gels. Blots of the gels
ere probed with monoclonal antibodies against mdm2 (AbCam,
ambridge, MA), Phospho-mdm2 (Ser 166, Cell Signaling, Boston,
A), or GAPDH (MAB374, Chemicon, Billerica, MA). Immunoreac-
ive bands were detected using 1:5000 dilutions of horseradish
eroxidase-conjugated goat anti-rabbit or goat anti-mouse IgG
Jackson Immunoresearch, West Grove, PA), and visualized using
nhanced chemiluminescence (Super-Signal WestPico Chemilu-
inescent Substrate, Pierce). Densitometry measurements were

ig. 1. LPA receptor expression in the presence of 24R,25(OH)2D3, LPA, and phosphate. L
Control A and B) or cultures treated with 24R,25(OH)2D3 (A), Pi (B), or LPA (B) (*significa
try & Molecular Biology 122 (2010) 264–271

collected using Quantity One image analysis software (BioRad, Her-
cules, CA). Total and phosphorylated mdm2 densitometry values
were normalized to those of GAPDH.

2.10. Statistical analysis

Each experiment had six independent cultures per variable to
ensure sufficient power to detect statistically significant differ-
ences. All experiments were conducted multiple times to validate
the observations, but data from a single representative experiment
are shown in the figures and are expressed as means ± SEM. Sta-
tistical analysis was conducted using ANOVA analysis followed
by Student’s t-test with a Bonferroni modification. Differences in
means were considered to be statistically significant if the p value
was less than 0.05.

3. Results

3.1. Regulation of LPA receptor expression

Resting zone chondrocytes express mRNAs for the LPA recep-
tors LPA1–5 and PPAR-� (Fig. 1A). Both 10−7 M 24R,25(OH)2D3 and
10−6 M LPA increased the mRNA expression of LPA1 (Fig. 1A and B).
Expression of LPA3, LPA4, and LPA5 was decreased after treatment
with 7.5 mM phosphate (Fig. 1B). LPA5 and PPAR-� mRNAs were
decreased by LPA.

3.2. LPA1/3 signaling in 24R,25(OH)2D3-mediated inhibition of
apoptosis

24R,25(OH)2D3 inhibited Pi-induced apoptosis as assessed by
MTT cell viability assay (Fig. 2A) and caspase-3 activity assay
(Fig. 2B). The LPA1/3-selective antagonist VPC32183(S) abolished
the ability of 24R,25(OH)2D3 to reduce the increase in caspase-3
activity caused by Pi.

3.3. The roles of PLD, calcium, G˛s, G˛i, PI3K, PLC, and nuclear
export

24R,25(OH)2D3 reduced Pi-induced caspase-3 activity via a
G-protein dependent mechanism (Fig. 3). The G�i inhibitor per-
tussis toxin (PTX) (Fig. 3A) attenuated 24R,25(OH)2D3-mediated
rescue, whereas the G�s stimulator cholera toxin (CTX) (Fig. 3B),
the PI3K inhibitor LY294002 (Fig. 3C), and the PC-PLC inhibitor

D609 (Fig. 3D) did not. The PI-PLC inhibitor U73122, the calcium
ATPase inhibitor thapsigargin, and the PLD inhibitor wortmannin
also inhibited this effect (Fig. 3E–G).

LPA treatment also attenuated the increases in DNA fragmen-
tation caused by Pi and CHEL (Table 2) and increases in caspase-3

PA receptor mRNA levels from cultures of mock-treated resting zone chondrocytes
nt relative to untreated control).
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F sis. MTT metabolism (A) and caspase-3 activity (B) in resting zone chondrocytes treated
w gnificant relative to untreated control).
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Table 1
DNA fragmentation in response to LPA, Pi, and CHEL. Percent fragmented DNA in
resting zone chondrocytes after treatment with LPA, Pi, and/or chelerythrine (CHEL).

Treatment Percent total fragmented DNA

Control 7.6 ± 0.8
7.5 mM Pi 37.3 ± 12.0*

10−5 M CHEL 42.7 ± 3.2*

F
2
(

ig. 2. The effect of VPC32183(S) on 24R,25(OH)2D3-mediated inhibition of apopto
ith 24R,25(OH)2D3, Pi, VPC32183(S), or a combination of the afore mentioned (*si

ctivity induced by Pi (Fig. 4). This rescue of Pi-induced apoptosis by
PA was inhibited by PTX, but not by CTX (Fig. 4A and B). LY294002
nd the nuclear export inhibitor LMB also blocked LPA-mediated
nhibition of Pi cell death (Fig. 4C and D).

.4. Modulation of p53 levels by 24R,25(OH)2D3
Pi treatment increased total p53 abundance in a dose-dependant
anner as assessed by ELISA (Table 1). 24R,25(OH)2D3 and LPA

reatment resulted in a decrease in nuclear p53 abundance (Fig. 5A
nd B). Additionally, 24R,25(OH)2D3 reduced p53-mediated tran-
cription (Fig. 5C) in a dose-dependent manner.

1 �M LPA 10.4 ± 0.8
1 �M LPA + 7.5 mM Pi 10.8 ± 2.4
1 �M LPA + 10−5 M CHEL 29.7 ± 1.9#

* Significant relative to untreated control.
# Significant relative to CHEL alone.

ig. 3. The roles of G�i , PLD, and Ca2+ in the inhibition of Pi-induced apoptosis by 24R,25(OH)2D3. Caspase-3 activity in resting zone chondrocytes treated with Pi,
4R,25(OH)2D3, pertussis toxin (A, PTX), cholera toxin (B, CTX), LY294002 (C), D609 (D), U73122 (E), thapsigarin (F), wortmannin (G) or a combination of the afore mentioned
*significant relative to untreated control).
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F ted in
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ig. 4. The roles of G�i , PI3K, and nuclear export-dependent signaling in LPA-media
i, LPA, pertussis toxin (A, PTX), cholera toxin (B, CTX), LY294002 (C), leptomycin
ontrol).

24R,25(OH) D did not alter the abundance of active, phos-
2 3
horylated or total mdm2, an E3-ubiquitin ligase that negatively
egulates p53 (Fig. 6A and B). LPA, however, did increase the phos-
horylation of mdm2, while having no effect on total mdm2 (Fig. 6C
nd D).

ig. 5. . p53 abundance and p53-mediated transcription in the presence of 24R,25(OH)2D
hondrocytes in response to treatment with vehicle alone, 24R,25(OH)2D3, LPA, or a com
hibition of apoptosis. Caspase-3 activity in resting zone chondrocytes treated with
LMB), or a combination of the afore mentioned (*significant relative to untreated

3.5. Pi-induced cytochrome c translocation
Cytochrome c is primarily localized in the mitochondria in
control and 24R,25(OH)2D3 treated lysates (Fig. 7). Pi treatment
induced an increase in the abundance of cytochrome c in the cyto-

3. p53 protein levels (A and B) and p53-mediated transcription (C) in resting zone
bination of the afore mentioned (*significant relative to untreated control).
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Fig. 6. Levels of total and phosphorylated mdm2 in the presence of LPA and 24R,25(OH)2D
24R,25(OH)2D3 (A and B) or LPA (C and D).

Table 2
p53 abundance in Pi-treated resting zone chondrocytes.

Pi (mM) pg p53/mg total protein

0 0.56 ± 0.08
2.5 0.54 ± 0.04
5 1.39 ± 0.11*

7.5 1.52 ± 0.11*

* Significant relative to untreated control.

F
c
c

p
T

4

P
n
t
s
L
2
t
s
C
s
c
p
p

ig. 7. Cytochrome c subcellular localization in response to Pi. The abundance of
ytochrome c in mitochondrial and cytoplasmic fraction of resting zone chondro-
ytes whole cell lysates after treatment with Pi or 24R,25(OH)2D3.

lasmic fraction, while decreasing it in the mitochondrial fraction.
his was attenuated with the addition of 24R,25(OH)2D3.

. Discussion

The presented data demonstrate that 24R,25(OH)2D3 inhibits
i-induced apoptosis in resting zone chondrocytes through LPA sig-
aling. Previously it has been shown that 24R,25(OH)2D3 increases
he abundance of extracellular LPA and that 24R,25(OH)2D3-
timulated alkaline phosphatase activity is dependent upon
PA1/3 receptor signaling [10]. In this study, it is shown that
4R,25(OH)2D3 also increases the mRNA expression of LPA1 and
hat 24R,25(OH)2D3-mediated inhibition of Pi-induced apopto-
is is sensitive to the LPA1/3-selective antagonist VPC32183(S).

ollectively, these observations implicate LPA as a second mes-
enger during the promotion of cell maturation and survival in
hondrocytes by 24R,25(OH)2D3. Recently, a single nucleotide
olymorphism (SNP) in LPA1 has been identified in osteoarthritic
atients [34]. Moreover, the LPA1−/− mouse exhibits a smaller
3. Total and phospho-mdm2 abundance in resting zone chondrocytes treated with

skeleton relative to wild-type mice [35]. These findings, in conjunc-
tion with those demonstrating that 24R,25(OH)2D3 and LPA [10]
exert their effects in chondrocytes via LPA1 and/or LPA3, indicate
that LPA1 is significant in the regulation of cartilage.

In this study, LPA-mediated rescue of Pi-induced apoptosis is
sensitive to pertussis toxin and LY294002, but not cholera toxin.
This indicates that LPA exerts its anti-apoptotic effects through G�i
and PI3K signaling. A consequence of activation of this cascade is
the activation of Akt/protein kinase B (PKB) [36]. Akt phospho-
rylates mdm2, inducing its translocation into the nucleus where
it mono- and poly-ubiquitinates p53 [37,38]. This results in the
nuclear export and subsequent proteasomal degradation of p53.
The data show that the reduction of caspase-3 by LPA is sensitive
to the nuclear export inhibitor leptomycin B and that LPA increases
the phosphorylation of mdm2, supporting the claim that LPA is
modulating p53 through this pathway. Interestingly, this is the
mechanism by which LPA inhibits p53 signaling in A549 lung carci-
noma cells [29], suggesting that this pathway is conserved among
different cell types.

In this study, 24R,25(OH)2D3-mediated inhibition of Pi-induced
caspase-3 activity was not inhibited by the PI3K inhibitor
LY294002. Furthermore, 24R,25(OH)2D3 did not increase the
abundance of phosphorylated mdm2 at 6 h post-treatment. This
suggests that 24R,25(OH)2D3 is stimulating one or more other
pathways to inhibit apoptosis in addition to LPA-mediated inhi-
bition of p53. Resting zone chondrocytes mature in response to
24R,25(OH)2D3 through increased PKC and PKA activity, resulting
in MEK1/2 signaling [4]. Further support for this is the inhibi-
tion of 24R,25(OH)2D3-dependent rescue of Pi-induced caspase-3
by wortmannin. It has been previously shown that wortmannin
inhibits PLD and PLD-dependent PKC in resting zone chondrocytes
treated with 24R,25(OH)2D3 [9]. Wortmannin has also been shown
in other cell types to inhibit PI3K [39]. The failure of the PI3K specific
inhibitor LY294002 to block the effects of 24R,25(OH)2D3 supports
the conclusion that PLD was the target of wortmannin. Interest-
ingly, PLD mediates the effects of 24R,25(OH)2D3 on PKC [9] and
PKC is associated with cell proliferation in many cell types [40].
Another possible pathway is the PLC signaling cascade.
24R,25(OH)2D3-mediated inhibition of apoptosis was attenuated
by pertussis toxin, a G�i inhibitor. Pertussis toxin also inhibits G��
signaling, which can stimulate PLC activation [41,42]. The data
in this study show that LPA1/3, PI-PLC, and release of intracel-
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Fig. 8. Working model of mechanisms of 24R,25(OH)2D3 and LPA-mediated inhibition of apoptosis in resting zone chondrocytes. Resting zone chondrocytes respond to
24R,25(OH)2D3, resulting in increased phospholipase D (PLD) activity. Activation of PLD stimulates the production of lysophosphatidic acid (LPA). Stimulation of LPA1/3
receptor(s) by LPA leads to activation of G�i and phoshoinositol 3-kinase (PI3K) signaling. This results in increased phosphorylation of the E3-ubiquitin ligase murine double
minute 2 (mdm2). Phospho-mdm2 translocates to the nucleus where it can mono- or poly-ubiquitinate p53 to promote its nuclear export and proteosomal degradation. A
decrease in p53 protein abundance and nuclear localization yields reduced p53-mediated transcription and decreased caspase-3 activity, resulting in increased cell survival,
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aturation, and proliferation. 24R,25(OH)2D3 also stimulates PKC and PKA signaling
ay also pay a role in 24R,25(OH)2D3’s anti-apoptotic effects. The roles of other ap
ediated inhibition of apoptosis are not currently known.

ular calcium from the endoplasmic reticulum are necessary for
he inhibition of Pi-induced caspase-3 activity by 24R,25(OH)2D3.
aken together, this suggests that 24R,25(OH)2D3 is initiating LPA-
ediated stimulation of G��-induced PLC activity, resulting in

elease of intracellular calcium. Whether the intracellular Ca2+ and
iacylglycerol (DAG) resulting from the activation of PI-PLC by
PA1/3 contribute to the increase in PKC seen in cells treated with
4R,25(OH)2D3 is not known. Further studies are also needed to
etermine if other apoptosis regulators such as caspase-8, p53 up-
egulated modulator of apoptosis (PUMA), NOXA, and inhibitors of
poptosis (IAPs) contribute to 24R,25(OH)2D3-mediated inhibition
f Pi-induced cell death. Lastly, the effect of suppression of caspase-
by 24R,25(OH)2D3 on cellular functions beyond apoptosis has yet

o be determined.
Resting zone chondrocytes respond to 24R,25(OH)2D3 with

ncreased proliferation, maturation, and matrix production [6,43].
n this study, it is shown that 24R,25(OH)2D3 also protects
hondrocytes from apoptosis induced by Pi in their microenvi-
onment. Collectively, this suggests that 24R,25(OH)2D3 stabilizes
hondrocytes in the resting zone by inhibiting degradation char-
cteristic of apoptotic hypertrophic chondrocytes. This implies
hat 24R,25(OH)2D3 modulates growth plate development by
ontrolling the rate and extent of transition of chondrocytes
rom a resting zone to a growth zone phenotype. Additionally,

ur data suggest that 24R,25(OH)2D3 is a homeostatic regula-
or in the growth plate, acting to enhance cell survival in the
resence of the apoptosis-permissive vitamin D metabolite 1,25-
ihydroxyvitamin D3. Therefore, our findings may lead to the
evelopment of therapeutic agents that combat disruptions in
odulates intracellular calcium levels through G��-mediated PLC activation, which
c regulatory proteins such as caspase-8, PUMA, NOXA, and IAPs in 24R,25(OH)2D3-

endochondral formation and that enhance bone fracture healing.
24R,25(OH)2D3 may also prove to enhance cell survival in other car-
tilage types such as articular cartilage and may therefore be useful
in the treatment of osteoarthritis.

In summary, these data identify a new signaling axis in the
inhibition of apoptosis in the growth plate (Fig. 8). Chondrocytes
respond to 24R,25(OH)2D3 which stimulates the signaling of its
second messenger, LPA, resulting in inhibition of p53 signaling
and enhanced cell survival. Information gleaned from this study
provides new understanding into the maintenance of the pool of
chondrocytes in the resting zone of the growth plate. Therefore, this
study identifies this signaling axis as a potential therapeutic target
for the treatment of bone fracture repair and as a regulatory agent
of endochondral ossification during skeletal development and long
bone growth.
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