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Pannexin 3 (Panx3) is a new member of the gap junction
pannexin family, but its expression profiles and physiological
function are not yet clear. We demonstrate in this study that
Panx3 is expressed in cartilage and regulates chondrocyte pro-
liferation and differentiation. Panx3 mRNA was expressed in
the prehypertrophic zone in the developing growth plate and
was induced during the differentiation of chondrogenic ATDC5
and N1511 cells. Panx3-transfected ATDC5 and N1511 cells
promoted chondrogenic differentiation, but the suppression of
endogenous Panx3 inhibited differentiation of ATDC5 cells and
primary chondrocytes. Panx3-transfected ATDCS5 cells reduced
parathyroid hormone-induced cell proliferation and promoted
the release of ATP into the extracellular space, possibly by
action of Panx3 as a hemichannel. Panx3 expression in ATDC5
cells reduced intracellular cAMP levels and the activation of
cAMP-response element-binding, a protein kinase A down-
stream effector. These Panx3 activities were blocked by anti-
Panx3 antibody. Our results suggest that Panx3 functions to
switch the chondrocyte cell fate from proliferation to differen-
tiation by regulating the intracellular ATP/cAMP levels.

Cartilage plays an important role in mechanical load resist-
ance and in skeletal structure support. It also serves as the skel-
etal template for endochondral ossification by which most
bones in the body, such aslong bones, are formed. In endochon-
dral ossification, cartilage development is initiated by mesen-
chymal cell condensation, followed by a series of proliferation
and differentiation processes. Cells undergoing condensation
differentiate into chondrocytes, which then proliferate, pro-
duce type II collagen and form the proliferative zone of the
cartilage molds. As development proceeds, chondrocytes in the
center of the cartilage molds (prehypertrophic zone) cease prolif-
erating and differentiate into type X collagen-producing hyper-
trophic chondrocytes to form the hypertrophic zone. Terminally
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differentiated hypertrophic chondrocytes mineralize the sur-
rounding matrix. Eventually these cells die by apoptosis and are
replaced by osteoblasts that form trabecular bone.

The regulation of chondrocyte proliferation and differentia-
tion must be tightly coordinated to allow formation of properly
sized cartilage and bone (1). Parathyroid hormone-related pep-
tide (PTHrP)* and parathyroid hormone (PTH) sustain chon-
drocyte proliferation and delay differentiation of the growth
plate (2). PTHrP is expressed by perichondrial cells and chon-
drocytes in the upper region of growing cartilage. Mutant mice
that are deficient in PTHrP (3), PTH (4), or its receptor (5) have
short proliferative zones and accelerated chondrocyte differen-
tiation, which results in abnormal endochondral bone forma-
tion. In contrast, mice that overexpress PTHrP have enlarged
proliferative zones and delayed chondrocyte terminal differen-
tiation (6). Humans with an activating mutation in the PTH/
PTHrP receptor develop Jansen metaphyseal chondrodyspla-
sia, characterized by disorganization of the growth plates and
delayed chondrocyte terminal differentiation (7). These results
suggest that PTH/PTHrP signaling regulates skeletal develop-
ment by promoting cell proliferation and inhibiting hyper-
trophic differentiation of chondrocytes.

The binding of PTH/PTHTIP to its receptor activates both G,
and G, family heterotrimeric G proteins (8, 9). The activation of
G, is necessary for cAMP production and protein kinase A
(PKA) activation, which leads to phosphorylation of the cAMP-
response element-binding (CREB) family of transcription fac-
tors. CREB then induces genes such as the cyclin D1 and cyclin
A genes. The activated cyclin/cyclin-dependent kinases in turn
phosphorylate the retinoblastoma protein and its relative fac-
tors, which then dissociates the E2F transcription factor and
subsequently activates the target genes necessary for DNA rep-
lication and cell cycle progression. Thus, CREB is a direct target
of PKA and a downstream target of PTH/PTHrP/cAMP signal-
ing and is required for chondrocyte proliferation (10, 11). How
proliferation signaling is down-regulated in the prehypertro-
phic zone to stop proliferation and allow the switch to the post-
mitotic state is not well understood.

Pannexins, relatives of innexins that had been considered as
exclusively invertebrate gap junction proteins, were recently

2 The abbreviations used are: PTHrP, parathyroid hormone-related peptide;
PTH, parathyroid hormone; PKA, protein kinase A; CREB, cAMP-response
element-binding protein; ER, endoplasmic reticulum; RT, reverse transcrip-
tion; shRNA, short hairpin RNA; siRNA, short interfering RNA; MAPK, mito-
gen-activated protein kinase; TES, 2-{[2-hydroxy-1,1-bis(hydroxymeth-
yl)ethyl]Jamino}ethanesulfonic acid.
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discovered as candidates for a second family of gap junction
proteins in vertebrates (12). Although there are some similari-
ties in domain structures between pannexins and connexins,
which are well characterized as vertebrate gap junction pro-
teins, these two protein families have no sequence homology
(13). The pannexin family has three members as follows:
pannexin 1 (Panxl), pannexin 2 (Panx2), and pannexin 3
(Panx3). These proteins were originally identified in the human
and mouse genomes (12). The expression of Panx1 is observed
in many organs, such as the eye, thyroid, prostate, kidney, and
liver, but its expression is especially strong in both the develop-
ing and mature central nervous system (12—14). Panx2 is pref-
erentially expressed in the central nervous system. Recently, it
was reported that Panx3 is expressed in skin, cartilage, and
cochlea (15-17).

In Xenopus oocytes, Panxl forms both nonjunctional
hemichannels and intercellular channels and interacts with
Panx2 (18). Panx1 hemichannels are stress-sensitive conduits
for ATP (19). Panx1 is a Ca®>"-permeable ion channel that is
localized on both the ER and plasma membrane and partici-
pates in ER Ca®* leakage and intercellular Ca®>* movement
(20). Both Panx1 and Panx3 are glycoproteins, and N-glycosy-
lation of these pannexins plays a role in intracellular trafficking
and functional channel function (15, 16). The physiological
function of pannexins in cell differentiation has not yet been
characterized however.

In this study, we report that Panx3 regulates the proliferation
and differentiation of chondrocytes. Panx3 mRNA was
expressed in prehypertrophic chondrocytes and induced dur-
ing the differentiation of chondrogenic ATDC5 cells. The
transfection of Panx3 into ATDCS5 cells promoted ATDCS5 cell
differentiation, whereas the inhibition of endogenous Panx3 by
shRNA blocked differentiation. Panx3 promoted ATP release
into the extracellular space and inhibited PTH-mediated cell
proliferation, intracellular levels of cAMP, and phosphoryla-
tion of CREB. Thus, our results suggest that Panx3 regulates the
transition of proliferation to differentiation in chondrocytes.

EXPERIMENTAL PROCEDURES

Reagents—Insulin/transferrin/sodium selenite (ITS) was
obtained from Sigma. Recombinant rat PTH(1-34) was pur-
chased from Bachem. Recombinant human BMP2 was pur-
chased from Humanzyme.

In Situ Hybridization—Digoxigenin-11-UTP-labeled, single-
stranded antisense RNA probes for Panx3, Ihh, Col2al,
Col10al, and Histlh4c were prepared using the DIG RNA
labeling kit (Roche Applied Science) according to the manufac-
turer’s instructions. I situ hybridization of the tissue sections
was performed essentially according to the protocol provided
with Link-Label ISH core kit (Biogenex). Frozen tissue sections
from growth plates (E16.5) were generated and placed on
RNase-free glass slides. After drying the frozen sections for 10
min at room temperature and incubating at 37 °C for 30 min,
the sections were treated with 10 wg/ml proteinase K at 37 °C
for 30 min. Hybridization was performed at 37 °C for 16 h, and
washes were carried out with 2X SSC at 50 °C for 15 min and
2X SSC containing 50% formamide at 37 °C for 15 min. The
slides were then subjected to digestion with 10 ug/ml RNase A
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in 10 mMm Tris-HCI (pH 7.6), 500 mm NaCl, and 1 mm EDTA at
37 °C for 15 min and then washed. The sections were treated
with 2.4 mg/ml Levamisole (Sigma) to inactivate endogenous
alkaline phosphatase.

Antibody for Panx3—A rabbit polyclonal antibody to a pep-
tide (amino acid residues, HHTQDKAGQYKVKSLWPH) from
the first extracellular loop of the mouse Panx3 protein was pre-
pared. The antiserum was purified by the peptide affinity col-
umn. This purified antibody reacts specifically to Panx3 and
was used for immunohistochemistry, Western blotting, and
functional blocking assay. For inhibition by the Panx3 antibody,
the cells were incubated with 10 ng/ml affinity-purified anti-
body or control IgG for 30 min before the experiments. To
abrogate the blocking activity with Panx3 antibody, the Panx3
peptide was preincubated with the Panx3 antibody. A peptide
with a scrambled sequence (WHTKYQVGLDPQHKASHK) of
the Panx3 peptide was used as a control.

Immunohistochemistry—Frozen tissue sections were fixed
with acetone at —20 °C for 2 min and treated with liberate anti-
body binding solution for 15 min at 37 °C. For cultured cell
staining, the cells were fixed with acetone at —20 °C for 2 min.
Immunohistochemistry was performed on sections that were
incubated with Universal Blocking Reagent (Biogenex) for 7
min at room temperature before incubation with the pri-
mary antibody. The primary antibodies were detected by
Cy-3- or Cy-5-conjugated secondary antibodies (Jackson
ImmunoResearch). Nuclear staining was performed with
Hoechst dye (Sigma). A fluorescence microscope (Axiovert
200; Carl Zeiss Microlmaging, Inc.) and 510 Meta confocal
microscope (Zeiss) were used for immunofluorescent image
analysis. For green fluorescent protein and ER-Tracker Red
(Invitrogen) staining, ATDCS5 cells were transfected for 2 days
and then stained with ER-Tracker Red as described in the man-
ufacturer’s instructions. The images were prepared with Axio-
Vision and Photoshop (Adobe Systems, Inc.).

Cell Culture—ATDCS5 cells (21) were grown in Dulbecco’s
modified Eagle’s medium/F-12 (Invitrogen) containing 5% fetal
bovine serum (HyClone) and under 5% CO,. In proliferation
conditions, cells were maintained under confluency, and the
media were replaced every other day. In differentiation condi-
tions, cells were plated in confluency and incubated in the same
medium plus 10 pg/ml insulin, 10 wg/ml transferrin, and 10 ug
of selenium. N1511 cells (22) were cultured with a-minimal
essential medium (Invitrogen) containing 2% fetal bovine
serum (HyClone) under 5% CO,,. As differentiation conditions,
1 pm insulin, 100 ng/ml rhBMP2, and 50 ug/ml ascorbic acid
were added in the culture medium.

Mouse primary chondrocytes were isolated from neonatal
ICR mice as described previously (23). Distal cartilaginous ends
of femurs and humeri were digested with 0.25% trypsin, 0.01%
EDTA for 15 min, followed by digestion with 2 mg/ml collagen-
ase type I (Worthington) in Dulbecco’s modified Eagle’s medi-
um/F-12 overnight. Neonatal mouse cartilage tissue was dis-
persed by pipetting, and cells were filtered through 100-um cell
strainers (Falcon). Single cells were inoculated onto type I col-
lagen-coated multiwell dishes maintained in 10% fetal bovine
serum in a-minimal essential medium.
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RT-PCR and Real Time PCR—Total RNA was extracted from
cells using the TRIzol reagent kit (Invitrogen). Two ug of total
RNA was used for reverse transcription to generate cDNA,
which was used as a template for PCR with gene-specific prim-
ers. Each cDNA was amplified with an initial denaturation at
95 °C for 3 min; then 95 °C for 30 s, 60 °C for 30 s, and 72 °C for
30 s for 25 cycles; and a final elongation step at 72 °C for 5 min
and then separated on agarose gels. Real time PCR was per-
formed with SYBR Green PCR master mix and the TagMan
7700 sequencer detection system (Applied Biosystems). PCR
was performed for 40 cycles as follows: 95 °C for 1 min, 60 °C for
1 min, and 72 °C for 1 min. Gene expression was normalized to
the housekeeping gene S29. The reactions were run in triplicate
and repeated three times, and the results were combined to
generate the graphs. The following primer sequences were
used: Panx3, 5'-GCCCCTGGATAAGATGGTCAAG-3' and
5'-GCGGATGGAACGGTTGTAAGA-3'; Panxl, 5'-TTTG-
GACCTAAGAGACGGACCTG-3" and 5-CGGGAATCAG-
CAGAGCATACAC-3'; Panx2, 5'-ACAAGGGCAGTGGAG-
GTGATTC-3" and 5'-CGATGAGGATAGCGTGCTGATG-
3" Col2al, 5'-GAAAAACTGGTGGAGCAGCAAGAGC-3’
and 5'-CAATAATGGGAAGGCGGGAGGTC-3'; Agcl, 5'-
TGGAGCATGCTAGAACCCTCG-3' and 5'-GCGACAAG-
AAGACACCATGTG-3'; Coll0al, 5'-AGCCCCAAGACAC-
AATACTTCATC-3" and 5'-TTTCCCCTTTCCGCCCATT-
CACAC-3'; PPR, 5'-ACTACTACTGGATTCTGGTGGA-
GGG-3' and 5'-CTGGAAGGAGTTGAAGAGCATCTC-3';
PTHrP, 5'-CAGACGATGAGGGCAGATACCTAAC-3" and
5'-CAGTTTCCTGGGGAGACAGTTTG-3'; and Gapdh, 5'-
ACCACAGTCCATGCCATCAC-3" and 5'-TCCACCACCC-
TGTTGCTGTA-3'. The predicted size of each fragment is 373,
380, 442, 392, 325, 463, 470, 558, 470, 372, and 452 bp.

Western Blotting—The cells were washed three times with
phosphate-buffered saline containing 1 mm sodium vanadate
(NazVO,) and then solubilized in 100 ul of lysis buffer (10 mm
Tris-HCI (pH 7.4), 150 mMm NaCl, 10 mm MgCl,, 0.5% Nonidet
P-40, 1 mm phenylmethylsulfonyl fluoride, and 20 units/ml
aprotinin). Lysed cells were centrifuged at 14,000 rpm for 30
min, and the protein concentration of each sample was mea-
sured with Micro-BCA assay reagent (Pierce). The samples
were denatured in SDS sample buffer and loaded onto a 12%
SDS-polyacrylamide gel. Ten ug oflysate protein was applied to
each lane. After SDS-PAGE, the proteins were transferred onto
a polyvinylidene difluoride membrane and immunoblotted
with anti-CREB, anti-phospho-CREB (Cell Signaling Technol-
ogy, Inc.), anti-MAPK, and anti-phospho-MAPK (New Eng-
land Biolabs) and then visualized using an ECL kit (Amersham
Biosciences). For CREB and ERK1/2 experiments, the cells were
pretreated as follows. The cells (3 X 10* cell/cm?) were plated in
a 60-mm dish and cultured with 10 pg/ml insulin, 10 ug/ml
transferrin, and 10 ug of selenium for 7 days. They were incu-
bated with serum-free 0.1% albumin-containing Dulbecco’s
modified Eagle’s medium/F-12 medium for 8—12 h and then
exposed to 100 nm rPTH(1-34) for the appropriate times.

Plasmid Construction and Transfection—The coding se-
quence of mouse Panx3 cDNA was subcloned into the pEF1/
V5-His vector (pEF1/Panx3) and pcDNA3.1-GFP-TOPO
(Panx3-pcDNA-GFP) (Invitrogen). As a control, an empty vec-
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FIGURE 1. Expression of Panx3 in E16.5 growth plates. A, in situ hybridiza-
tion. Panx3 mRNA was expressed in prehypertrophic chondrocytes, peri-
chondrium, and osteoblasts. The following are shown: antisense Panx3 (panel
a); sense Panx3 (panel b); Ihh (panel c); Col2al (panel d); Col10a1 (panel e); and
Hist1h4c (panel f). B, immunostaining with anti-Panx3 antibody (red) and
Hoechst nuclear staining (blue). A magnified view of the areas (panel a) is
marked by the square in panel b.

tor of pEF1 or pcDNA3.1-GFP-TOPO was used. ATDCS5 cells
or N1511 cells were transiently transfected using Nucleofector
(Amaxa). Briefly, cells were resuspended in 100 ul of Nucleo-
fector solution T and transfected with 5 ug of DNA using Pro-
gram T-20. Transfection efficiency using these conditions was
shown to be >70%. For stable transfection of ATDC5 cells,
selection was initiated 24 h after transfection using G418
(Invitrogen) at a concentration of 600 wg/ml for 2 weeks. Pools
of transfected cells were collected and cultured as the paren-
tal ATDC5 cells, in the continued presence of 60 wg/ml
G418. All experiments were performed three times, and rep-
resentative experiments are shown. For transient transfection,
Panx3-pcDNA-GFP was transfected into ATDC5 cells under
the same conditions as used for stable transfection, except that
G418 was omitted.

Alcian Blue Staining—The cells were first rinsed with phos-
phate-buffered saline three times and then fixed with 100%
methanol for 10 min at —20 °C. Staining was accomplished by
applying a solution of 0.1% Alcian blue 8 GX in 0.1 M HCl to the
cells for 2 h at room temperature. To quantify the intensity of
the staining, the stained culture plates were rinsed with phos-
phate-buffered saline three times, and the well was extracted
with 6 M guanidine HCI for 8 h at room temperature. The
absorbance of the extracted dye was measured at 650 nm.

Short Hairpin RNA Experiments—Panx3-specific knock-
downs were performed with the expression of shRNA using a
pSM2 vector (Open Biosystems). The shRNA construct con-
tains the 3'-untranslated region of Panx3 (GGCAGGGTA-
GAACAATTTA). A nonsilencing shRNA construct from
Open Biosystems, whose sequence has been verified to contain
no homology to known mammalian genes, was used as a con-
trol. The cells were transfected with shRNA plasmids using
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FIGURE 2. Expression of Panx3 in differentiating ATDC5 and N1511 cells. A, mRNA expression in differen-
tiating ATDC5 cells. ATDCS5 cells were cultured with 10 wg/mlinsulin. Total RNA was extracted from cells on the
indicated days after insulin treatment and analyzed with real time RT-PCR. In differentiating ATDC5 cells, Panx3,
Col2a1,and Col10a1 were strongly induced. GAPDH, glyceraldehyde-3-phosphate dehydrogenase, was used as
a control. B, mRNA expression in differentiating N1511 cells. N1511 cells were cultured with 1 um insulin, 100
ng/ml rhBMP-2, and 50 ng/ml ascorbic acid for differentiation. Panx3 was also progressively induced in differ-
entiating N1511 cells. HPRT, hypoxanthine phosphoribosyltransferase, was used as a control. C, expression of
Panx3 protein in undifferentiated (7st lane) and differentiated ATDCS5 cells (2nd lane). ATDC5 cells were treated
with or without insulin for 20 days, and cell extracts were analyzed by Western blotting using Panx3 antibody.
Panx3 protein was induced in differentiated ATDC5 cells. B, immunoblot. D, immunostaining with anti-Panx3
antibody (red), ER marker (green), calnexin, and Hoechst nuclear staining (blue). In differentiating ATDC5 cells,
endogenous Panx3 was observed in the cell membrane, cell processes, and ER (panels d-f) but not in undiffer-

entiated cells (panels a and c).

Nucleofection (Amaxa). Selection was performed 24 h after
transfection with puromycin at a concentration of 4 ug/ml for 5
days.

SiRNA Experiments—siRNAs targeting mouse Panx3 (NM_
172454) (Panx3 siRNA-1, 5'-UAAUAAGGAUGUCCA-
CGUA-3’ and Panx3 siRNA-2, 5'-GGGCUCAGAUUAUG-
GACUA-3') were purchased from Dharmacon (siGenome
On-Target Plus; Dharmacon). Negative control siRNA duplex
(Stealth RNAi negative control; Invitrogen) was used as control.
Forward transfection for ATDCS5 cells and reverse transfection for
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ATDCS5 primary chondrocytes were carried

20 out using Lipofectamine RNAIMAX
o Col10a1 reagent (Invitrogen), according to the
manufacturer’s protocol. In forward

121 transfection, ATDC5 cells were
s transfected with 50 nm siRNA duplex

in regular serum-free culture medium

4] without antibiotics, using Lipo-

0- fectamine RNAiMAX reagent. After

04 81 d2 1620 24 28 8 h of incubation with the transfec-

e tion reagent mixture, the medium

N1511 was changed to the differentiation

1.6 medium with BMP-2 and incubated
Col10a1 for 8 days. In reverse transfection,

1.2 freshly isolated chondrocytes were
os | plated at an initial density of 5 X 10*/
’ cm?, into the plates that had been

04 - coated with Panx3 siRNA-1, siRNA-2,
or Stealth RNAIi negative control

in the presence of Lipofectamine
RNAIMAX reagent. After 8 h of
incubation with the transfection
reagent mix, the medium was
changed to the differentiation me-
dium with BMP-2 and incubated for
2 days. Expressions of Panx3,
Col2al, and Col10al were analyzed
by real time PCR methods.

Measurement of Intracellular
cAMP—The cells were seeded at
1 X 10* cells/well in a 96-well plate
and cultured for 7 days with Dulbec-
co’s modified Eagle’s medium/F-12
in the presence of 10 pug/ml of ITS.
They were then incubated with
serum-free 0.1% albumin contain-
ing Dulbecco’s modified Eagle’s
medium/F-12 medium for 8 -12 h,
followed by exposure to 100 nm
rPTH(1-34) for 10 min. The level of
cAMP was determined with a
Bridge-It cAMP Designer fluores-
cence assay kit (Mediomics). Briefly,
the cells were incubated with 50 ul
of 1X Krebs-Ringer/isobutylmeth-
ylxanthine buffer for 15 min at room
temperature and with 50 ul of for-
skolin for 15 min at room tempera-
ture. After the solution was removed, the cells were incubated
with 100 ul of the cAMP designer assay solution for 30 min
while covered with aluminum foil to avoid exposure to light.
The supernatant was collected, and the fluorescence intensity
was measured with a plate reader (excitation, ~480—485 nm;
emission, ~520-535 nm).

Measurement of ATP Flux—ATP flux was determined by
luminometry. To open the pannexin channels, the cells were
depolarized by incubation in KGlu solution (140 mm KGlu,
10 mMm KCl, and 5.0 mm TES, pH 7.5) for 10 min. The super-
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control empty vector (pEFT) or the Panx3 expression vector (pEF1/Panx3). A, expression of Panx3 mRNA and
protein. Pooled transfectants were analyzed by RT-PCR (panel a) and Western blotting (panel b) using anti-
Panx3 and anti-V5 antibodies. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. B, immunostaining of
Panx3-transfected ATDC5 cells using anti-Panx3 (red) and anti-V5 (blue) antibodies. Fluorescent confocal
images showed that the staining signals of Panx3 and V5 antibodies were co-localized in the cell membrane,
cell-cell junction, and organelles. No staining of either Panx3 or V5 antibodies was observed in control pEF1-
transfected ATDC5 cells. C, co-localization of Panx3-GFP and ER-Tracker Red. ATDC5 cells were transiently
transfected with Panx3-pcDNA-GFP or pcDNA3.1-GFP-TOPO (control) for 2 days. Panx3-GFP was co-localized
with ER-Tracker Red, indicating the presence of Panx3 in ER. GFP, green fluorescent protein.
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natant was collected and assayed
with luciferase/luciferin (Promega).

RESULTS

Expression of Panx3 in Carti-
lage—While searching for an ex-
pression profile of gap junction
genes in skeletal tissues through the
EST data base, we found that Panx3
was expressed in limbs and carti-
lage. Because of its unique expres-
sion profile and its potential func-
tion in skeletal development, we
characterized the expression and
function of Panx3 in cartilage. In
situ hybridization of the embryonic
day (E) 16.5 growth plates revealed
that Panx3 mRNA was strongly
expressed in the prehypertrophic
zone (Fig. 1A, panel a). A control
sense probe for Panx3 showed no
signal (Fig. 1A, panel b). Indian
hedgehog (Ihh) mRNA was ex-
pressed in prehypertrophic and
hypertrophic chondrocytes at this
stage (Fig. 1A, panel ¢). mRNA for
type II collagen (Col2al), a major
collagen in cartilage, was expressed
in the resting, proliferative, and pre-
hypertrophic zones (Fig. 14, panel
d). Type X collagen (Col10al)
mRNA was expressed in the prehy-
pertrophic and hypertrophic chon-
drocyte chondrocytes (Fig. 1A4,
panel e). Histone H4 (Histlh4c), a
marker for cell proliferation, was
expressed in proliferating chondro-
cytes (Fig. 1A, panel f). Immuno-
staining with a Panx3 antibody
showed that Panx3 protein was
expressed in prehypertrophic and
hypertrophic chondrocytes and was
localized on the surface of these
cells (Fig. 1B). Panx3 was also
expressed in perichondrial cells and
osteoblasts.

Expression of Panx3 in Differentiat-
ing Chondrogenic Cells—The expres-
sion of Panx3 mRNA in a transi-
tional stage between proliferative
and hypertrophic chondrocytes
suggests that Panx3 regulates chon-
drocyte proliferation and differenti-
ation. To assess the role of Panx3
in chondrocyte differentiation, we
used the murine chondrogenic cell
lines ATDC5 and N1511, which are
used to study multistep processes of
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ATDC 5 cells. Pooled ATDC5 cells stably transfected with either control pEF1 or pEF1/Panx3 were cultured with
10 ng/ml insulin. Total RNA was extracted at 8 and 16 days after insulin treatment and analyzed by real time
RT-PCR. The expression of chondrogenic marker genes for Col2a1, Agc1,and Col10a1 was stimulated in Panx3-
transfected ATDC5 cells compared with that in control cells. The expression level of an individual gene in
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(*,p <0.01).

chondrocyte differentiation (21, 22). ATDC5 cells proliferate
until confluency and then differentiate into chondrocytic phe-
notypes in a prolonged culture in the presence of insulin (21).
Factors such as BMP-2, GDF-5, and transforming growth factor
B accelerate the chondrogenic differentiation of ATDC5 cells
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(24-26). We first examined the
expression of Panx3 mRNA during
differentiation of the ATDCS5 cells
in the presence of insulin using real
time RT-PCR (Fig. 2A). Panx3
mRNA expression was induced dur-
ing ATDCS5 cell differentiation and
reached its highest level after 20
days of culture (Fig. 2A). The
expression of Col2al mRNA was
increased in a similar manner to
that of Panx3 mRNA; CollOal
mRNA was induced at later stages of
differentiation. Without insulin, the
induction of Panx3, Col2al, and
Coll10al was low even in a pro-
longed culture, indicating that
Panx3 expression was clearly linked
to the differentiation of ATDC5
cells. We observed similar expres-
sion patterns in those genes during
BMP-2-induced ATDCS5 differenti-
ation, except that BMP-2 promoted
differentiation much faster than
insulin (data not shown). In another
chondrogenic cell line N1511,
BMP-2- and insulin-induced ex-
pressions of Panx3, Col2al, and
Col10al were seen (Fig. 2B). West-
ern blot analysis demonstrated that
Panx3 protein with a molecular
mass of 45 kDa was induced in dif-
ferentiated ATDCS5 cells (Fig. 2C).
These results indicate that Panx3
was induced during chondro-
genic differentiation of ATDC5 and
N1511 cells.

Membrane Localization of Panx3
in ATDCS5 Cells—To examine cellu-
lar localizations of Panx3, we immu-
nostained differentiated ATDC5
cells using anti-Panx3 antibody (Fig.
2D). Panx3 was expressed in the
plasma membrane, cell extensions,
and in organelles most likely found
in the ER and the Golgi of ATDC5
cells 8 days after differentiation
induction. Panx3 was co-localized
with calnexin, an ER marker, indi-
cating that the localization of Panx3
was most likely in the ER (Fig. 2D,
panels d and e). There was no stain-
ing signal for Panx3 in undifferenti-

ated ATDCS5 cells (Fig. 2D, panel a). We also examined the
expression and localization of Panx3 in pooled, stable Panx3-
transfected ATDCS5 cells (Fig. 3, A and B). In these cells, Panx3
mRNA and protein were strongly expressed in an undiffer-
entiated condition. Both anti-Panx3 and anti-V5 antibodies
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expression of endogenous Panx3. Total RNA and protein were prepared from cells after 8 days of culture and
analyzed through RT-PCR (panel a) and Western blotting (panel b), using anti-Panx3 antibody. Panx3 expres-
sion was reduced in Panx3 shRNA-transfected ATDC5 cells. GAPDH, glyceraldehyde-3-phosphate dehydrogen-
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shRNA-transfected ATDC5 cells. G, Alcian blue staining. After 16 days of culture, Alcian blue staining was
performed. Alcian blue staining was reduced in Panx3 shRNA-transfected cells. Scale bar, 200 wm. Statistical
analysis was performed using analysis of variance (¥, p < 0.01). D, reduced expression of Col2al and Col10a1 by
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and Col10a1, but not Col2a1, was reduced in Panx3 siRNA-transfected primary chondrocytes. Statistical anal-
ysis was performed using analysis of variance (¥, p < 0.01).

detected the recombinant protein as a single band of about 49
kDa, corresponding to the predicted molecular weight of the
Panx3-V5-His fusion protein (Fig. 34). The immunohisto-
chemistry of Panx3-transfected ATDC5 cells showed that both
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anti-Panx3 and anti-V5 antibodies
strongly stained the plasma mem-
branes (Fig. 3B). Some Panx3 signals
were also observed in the ER
because ER-Tracker Red, which had
been transiently transfected with
the Panx3 expression vector con-
taining a green fluorescent protein
tag, revealed that Panx3 was co-lo-
calized with an ER marker. This
indicates that the localization of
Panx3 was most likely in the ER (Fig.
30).

Panx3 Promotes ATDCS and
NIi511 Cell Differentiation—We
next examined whether the overex-
pression of Panx3 affects ATDC5
cell differentiation. Panx3-trans-
fected ATDC5 cells were cultured
under the differentiation condition
in the presence of insulin. The
expression of chondrocyte marker
genes for Col2al, aggrecan (Agcl),
and Col10al increased by 2.8-, 2.2-,
and 5.1-fold, respectively, com-
pared with control pEF1-trans-
fected cells 8 days after induction
(Fig. 4A, left panel). The Panx3
mRNA levels in the Panx3-trans-
fected cells were ~100-fold higher
than those in the control pEF1-
ATDCS cells at day 8 of induction.
At day 16, after induction, the
expression of both Agcl and
Col10al in Panx3-transfected cells
was still higher than that of the con-
trol cells (Fig. 44). Panx3 mRNA in
the transfected cells at day 16 was
increased by about 2-fold, when its
level was normalized with the level
of control pEF1-transfected cells.
The large decrease in the relative
ratio of Panx3 mRNA levels at day
16 compared with day 8 is due to the
endogenous Panx3 mRNA levels
increasing substantially from day 8
to 16 as shown in Fig. 2A. The actual
Panx3 mRNA levels did not de-
crease in Panx3-transfected ATDC5
cells during differentiation. Alcian
blue staining, often used to stain
proteoglycans in cartilage, was also
increased in nodules of Panx3-
transfected cells compared with the

control cells (Fig. 4B). We also examined the expression of
chondrogenic marker genes in transiently Panx3-transfected
N1511 cells during differentiation in the presence of insulin and
BMP-2 (Fig. 4C). At day 3, the expression of Col2al and Agcl
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mRNA was stimulated in the transfected cells compared with
the control pEF1-transfected cells, whereas the Co/10al mRNA
levels were very low in both control pEF1- and Panx3-trans-
fected cells. In day 4, Col/10al mRNA was induced in control
cells, and its expression levels were promoted in Panx3-trans-
fected cells. The total Panx3 mRNA levels, including exogenous
and endogenous Panx3 mRNA, did not change at day 3 or 4.
Taken together, these results indicate that Panx3 expression
promoted chondrogenic cell differentiation.

Suppression of Endogenous Panx3 Expression Inhibits Cell
Differentiation—To analyze the endogenous Panx3 function in
ATDCS5 cell differentiation, we knocked down Panx3 expres-
sion using Panx3 shRNA. We transfected the Panx3 shRNA
expression vector into ATDC5 cells. The resulting stably trans-
fected cells were pooled and induced to differentiate in the
presence of insulin. After 8 days in culture, the expression of
Panx3 was substantially reduced at both the RNA and protein
levels, compared with empty vector-transfected cells (Fig. 54).
Panx3 mRNA was found to be down-regulated by ~70% in
Panx3 shRNA-transfected cells compared with the controls. In
addition, the expression of mRNA for Col2al, Agcl, and
Col10al in the shRNA-transfected cells was reduced by 50, 64,
and 15%, respectively (Fig. 5B). Similarly, Alcian blue staining
was reduced to 40% of the control cell level at 16 days in culture
(Fig. 5C). Similarly, N1511 cell differentiation was inhibited by
Panx3 shRNA transfection (data not shown).

To eliminate the possibility of off-target inhibitory effects of
shPanx3 on cell differentiation, we used two different types of
siRNA for Panx3. Both Panx3 siRNA-1 and -2 inhibited the
expression of Col2al and CollOal in ATDCS5 cells (Fig. 5D).
We also tested these siRNAs in primary chondrocytes prepared
from cartilage of neonatal mice. Panx3 siRNA-1 and -2 inhib-
ited the expression of Col10al but not Col2al (Fig. 5E). This
may be because primary chondrocytes are a mixture of different
chondrocytes in varying stages of differentiation. The suppres-
sion of endogenous Panx3 did not affect Col2a-expressing
chondrocytes but inhibited differentiation to hypertrophic
Col10al-expressing chondrocytes. These results indicate that
the suppression of endogenous Panx3 expression inhibited
chondrocyte differentiation.

Panx3 Inhibits PTH-induced Cell Proliferation—It has been
reported that the expression of connexins such as Cx43, Cx32,
and Cx26 inhibits tumor cell growth (27, 28). Panx3 may have
similar cell growth inhibitory activity, thereby promoting
ATDC5 cell differentiation. Because PTH/PTHrP promotes
chondrocyte proliferation, we examined Panx3 activity in PTH-
mediated ATDCS5 cell proliferation. Three days after the addi-
tion of PTH, we found that the number of control ATDCS5 cells
had increased in a dose-responsive manner and that the maxi-
mum cell number was reached at 10 nm PTH (Fig. 6). However,
the number of Panx3-transfected ATDCS5 cells was reduced in
response to increasing amounts of PTH compared with the
control cells (Fig. 6A). The endogenous PTHrP mRNA levels
remained the same in Panx3- and control pEF1-transfected
ATDCS cells, under either proliferation or differentiation con-
ditions (supplemental Fig. 1). PTH/PTHrP receptor was
induced during differentiation, but its expression levels were
similar in pEF- and Panx3-transfected cells (supplemental
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FIGURE 6. Inhibition of PTH-promoted cell proliferation by Panx3.
A, Panx3- and pEF1-transfected cells were incubated in the presence of vari-
ous amounts of PTH. Cell numbers were counted after 3 days of culture. The
number of Panx3-transfected cells was reduced compared with the control
cells. B, Panx3 antibody, but not IgG, restored PTH-promoted cell proliferation
in Panx3-transfected cells. Statistical analysis was performed using analysis of
variance (**, p < 0.02; *, p < 0.01).

Fig. 1). These results suggest that endogenous PTH/PTHrP
receptor and PTHrP did not affect the proliferation and differ-
entiation results. This reduced proliferation activity in Panx3-
transfected cells with PTH was blocked by anti-Panx3 antibody
but not control IgG (Fig. 6B). These results suggest that Panx3
inhibits PTH-mediated cell proliferation.

Panx3 Reduces Intracellular cAMP and ATP Levels—Be-
cause PTH/PTHTrP stimulates the proliferation of chondrocytes
through activation of the cAMP pathway (2), we examined the
intracellular level of cCAMP in Panx3-transfected ATDCS5 cells
under proliferation conditions (Fig. 7A). In the absence of PTH,
the intracellular cAMP level was ~10% less in Panx3-trans-
fected cells than in control pEF1-transfected cells. The addition
of PTH increased the cAMP level within 10 min by 1.7-fold in
pEF1-transfected cells. In contrast, Panx3-transfected cells
demonstrated only a 1.2-fold induction by PTH. This reduced
induction of the cAMP levels in Panx3-transfected cells was
reversed to normal levels by addition of anti-Panx3 antibody
but not by control IgG (Fig. 7A). These data suggest that Panx3
inhibited PTH-mediated proliferation of ATDC5 cells by
reducing intracellular cAMP levels.

This result may be due to Panx3 functioning as a hemichan-
nel, releasing ATP to the extracellular space, and thus decreas-
ing the intracellular cAMP level. To examine the hemichannel
activity of Panx3, pEF1- and Panx3-transfected ATDC5 cells
were treated with PTH, and the release of ATP into the culture
medium was then measured (Fig. 7B). Panx3-transfected cells
exhibited an elevated ATP release that reached a maximum
level at 2 min and then gradually decreased with time. A similar
release was not observed in control pEF1-transfected cells. In
the presence of a high concentration of potassium glutamate
(KGlu), which depolarizes the cell membrane, ATP was
released from Panx3-transfected ATDC5 cells (Fig. 7B). A func-
tion-blocking antibody specific to the extracellular domain of
Panx3 inhibited this ATP efflux (Fig. 7C). This antibody inhibi-
tion was blocked by the Panx3 peptide, which was used to raise
the Panx3 antibody as an antigen in a dose-dependent manner,
whereas its scrambled peptide and control IgG did not affect
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18956 JOURNAL OF BIOLOGICAL CHEMISTRY

the antibody inhibition. These
results suggest that the Panx3
hemichannel is one of the major
ATP release channels.

Panx3  Inhibits PTH-induced
CREB Phosphorylation—We next
examined the activation of CREB,
which is a downstream molecule of
the PTH/PTHrP-cAMP-PKA path-
way in chondrocytes (10, 29). CREB
reached its maximum phosphoryl-
ation level at 30 min after PTH
treatment in the control pEF1-
transfected ATDC5 cells. In
Panx3-transfected cells, CREB
phosphorylation was significantly
reduced (Fig. 84). The reduced
CREB phosphorylation in Panx3-
transfected cells was blocked by
anti-Panx3 antibody but not by
IgG (Fig. 8B). Taken together,
these results suggest that Panx3
inhibits PTH/PTHrP-cAMP-PKA
signaling in ATDCS5 cells.

DISCUSSION

In this study, we utilized a bioin-
formatics approach to search for a
gap junction protein involved in
cartilage development. We found
that Panx3 mRNA was preferen-
tially expressed in a transitional
stage between proliferative chon-
drocytes and terminally differenti-
ated hypertrophic chondrocytes in
developing growth plates. This sug-
gests that Panx3 plays a role in the
switch from proliferation to differ-
entiation in these chondrocytes. To
assess Panx3 action in chondrocyte
differentiation, we used chondro-
genic cell lines ATDC5 and N1511,
which can be induced to differenti-
ate into chondrocyte phenotypes.
Panx3 mRNA expression was
induced during differentiation of
ATDC5 and N1511 cells (Fig. 2). We
demonstrated that the expression of
Panx3 promoted differentiation of
ATDCS5 and N1511 cells (Fig. 4). In
contrast, the inhibition of endoge-
nous Panx3 expression through
Panx3 shRNA and siRNA reduced
differentiation of these cells and pri-
mary chondrocytes (Fig. 5 and data
not shown) These results suggest
that Panx3 regulates chondrogenic
cell differentiation.
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FIGURE 8. Decrease in phosphorylation of CREB by Panx3. A, time course of
CREB phosphorylation. ATDC5 cells were cultured with 10 wg/mlinsulin for 1
week and then treated with PTH (100 nm) for the time indicated. Protein
extracts were analyzed by Western blotting using anti-phospho-CREB and
anti-CREB antibodies. In control pEF1-transfected cells, the phosphorylation
of CREB was strongly induced, and in Panx3-transfected cells the phosphory-
lation levels of CREB were reduced. B, restoration of the CREB phosphoryla-
tion levels by Panx3 antibody. Cells were preincubated with Panx3 antibody
or IgG for 30 min before the stimulation with 100 nm PTH, and then Western
blotting using anti-phospho-CREB and anti-CREB antibodies was performed.
Panx3 antibody inhibited the reduction of the phosphorylation of CREB in
Panx3-transfected cells.ImageJ 1.33u was used to quantify the protein bands.

PTH/PTHrP functions to keep chondrocytes proliferating
and to delay hypertrophic chondrocyte differentiation. Both
PTHrP-deficient mice and PTH/PTHrP receptor-deficient
mice have similar growth plate abnormalities, i.e. reduced num-
bers of chondrocytes and premature hypertrophic differentia-
tion, indicating that PTHrP signals primarily through the PTH/
PTHTrP receptor in the growth plate (3, 5). We found that PTH
increased proliferation of ATDCS5 cells in culture, but this PTH
activity was reduced in Panx3-transfected ATDCS5 cells (Fig. 6).
There was no significant difference in cell proliferation activity
between untransfected and Panx3-transfected ATDC5 cells in
the absence of PTH, indicating that the inhibitory activity of
Panx3 for cell proliferation is dependent on PTH. The interac-
tion of PTH/PTHrP with PTH/PTHrP receptor promotes the
activation of multiple heteromeric G proteins, including G,
which can activate adenylyl cyclase, G, which can activate
phospholipase C/protein kinase C, and G, whose action occurs
opposite the G, pathway (30, 31). The PTH-induced activation
of G, leads to the cascade activation of downstream molecules,
specifically the activation of adenylyl cyclase, an increase in
cAMP levels, the activation of PKA, and the phosphorylation of
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FIGURE 9. Role of Panx3 in chondrogenic differentiation. The PTH/PTHrP
receptor activates multimeric G proteins. The activation of the G, subunit
leads to the activation of adenylyl cyclase (AC) for cAMP generation from ATP
and the subsequent activation of PKA. PKA phosphorylates CREB, which pro-
motes the expression of genes for cell proliferation. Panx3 is expressed in
prehypertrophic chondrocytes, and it promotes the release of ATP into the
extracellular space, which results in a reduction of the intracellular CAMP level
and subsequent inhibition of PKA/CREB signaling for cell proliferation. The
PTH/PTHrP receptor also activates the G, subunit and subsequent down-
stream signaling, such as protein kinase C (PKC), to promote differentiation.

CREB. The activation of CREB induces the expression of genes
required for cell proliferation (Fig. 9).

We found that Panx3 expression in ATDC5 cells promoted
ATP release from the cytoplasm to the extracellular space, and
this ATP release was inhibited by a function-blocking anti-
Panx3 antibody, suggesting that Panx3 plays a specific role in
the release of ATP (Fig. 7, B and C). The activity of Panx3 as a
hemichannel for ATP release would explain the reduced intra-
cellular cAMP levels in Panx3-expressing ATDC5 cells treated
with PTH, because ATP is converted to cAMP by adenylyl
cyclase (32). Thus, it is conceivable that Panx3-promoted ATP
release to the extracellular space results in the reduction of
intracellular cAMP, leading to the inhibition of PTH-induced
cell proliferation. Panx3 activity in ATDC5 cells as an ATP-
release channel is consistent with recent reports that Panx1 can
form a hemichannel for stress-sensitive ATP permeability in
oocytes and erythrocytes (19, 33).

ATP secreted into the pericellular environment affects a vari-
ety of cellular processes. Recently, up-regulation of Panx1 has
been reported in macrophages stimulated by endotoxin lipopo-
lysaccharide. This treatment mediates large pore formation of
the ATP-gated P2X_Rs receptor, which leads to interleukin-1
release from the activated macrophage (34). The interaction of
ATP with P2 receptors reportedly increases the concentration
of intracellular Ca®>" in chondrocytes through G, (35). ATP
released into the extracellular space through Panx3 hemichan-
nels at the early differentiation stage may re-enter the cyto-
plasm through purinergic receptors such as P2Y and P2X and
promote differentiation. It is also possible that Panx3 may func-
tionasa Ca®" channel in the ER and increase intracellular Ca®>*
levels for chondrocyte maturation.
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Although Panx3 mRNA is expressed strongly by prehyper-
trophic chondrocytes, the Panx3 protein is found in both pre-
hypertrophic and hypertrophic chondrocytes (Fig. 1). We did
not detect Panx1 or Panx2 in developing growth plates with in
situ hybridization (data not shown). Panx1, but not Panx2, was
expressed very weakly in ATDC5 cells but was not induced
during ATDC5 cell differentiation (data not shown). Con-
nexin43 is expressed in condensing mesenchymal cells in the
primordial cartilage, and also in articular chondrocytes and
osteoblasts. Connexin43 has been shown to form functional
gap junctions capable of sustaining the propagation of intercel-
lular Ca>" waves in articular chondrocyte culture (36) and to
regulate BMP-2-mediated chondrogenic differentiation in
chick mesenchyme micromass culture (37). Many mutations in
the connexin43 gene have been identified in association with
oculodentodigital dysplasia (38, 39), which is characterized by
syndactyly of the hands and feet, hypoplasia of the middle pha-
langes, and abnormal craniofacial elements. However, con-
nexin-deficient mice do not exhibit any of the gross abnormal-
ities of chondrocyte differentiation, but they do have
mineralization defects (40). Immunostaining of developing
growth plates revealed that connexin43 was not expressed in
prehypertrophic and hypertrophic chondrocytes, but it was
expressed in osteoblasts (data not shown). These connexin43
expression patterns are consistent with the skeletal phenotype
of connexin43-deficient mice. Thus, Panx3 is likely the major
gap junction protein in cartilage.

In conclusion, we demonstrated that Panx3 is uniquely
expressed in prehypertrophic and hypertrophic chondrocytes
and that it promotes the chondrogenic differentiation of
ATDCS cells, at least in part through its hemichannel activity.
Panx3 inhibits PTH-induced ATDC5 cell proliferation and
mediates intracellular ATP release into the extracellular space,
which in turn leads to a reduction in cAMP/PKA signaling,
resulting in decreased proliferation and increased differentia-
tion. Our findings suggest that Panx3 is a regulator of the
switching mechanism behind the transition of chondrocytes
from a proliferative state to a postmitotic state and that it is
required for chondrocyte differentiation.
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