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Protein-disulfide isomerase-associated 3 (Pdia3) is a multi-
functional protein hypothesized to be a membrane receptor
for 1,25(OH)2D3. In intestinal epithelium and chondrocytes,
1,25(OH)2D3 stimulates rapidmembrane responses that are dif-
ferent fromgenomic effects via the vitaminD receptor (VDR). In
this study, we show that 1,25(OH)2D3 stimulates phospholipase
A2 (PLA2)-dependent rapid release of prostaglandin E2 (PGE2),
activation of protein kinase C (PKC), and regulation of bone-
related gene transcription andmineralization in osteoblast-like
MC3T3-E1 cells (WT) via a mechanism involving Pdia3. Pdia3
was present in caveolae based on co-localization with lipid rafts
and caveolin-1. In Pdia3-silenced (Sh-Pdia3) cells, 1,25(OH)2D3
failed to stimulate PKC and PGE2 responses; in Pdia3-overex-
pressing cells (Ov-Pdia3), responses to 1,25(OH)2D3 were aug-
mented. Downstreammediators of Pdia3, PLA2-activating pro-
tein (PLAA) and arachidonic acid, stimulated similar PKC
activation inwild-type, Sh-Pdia3, andOv-Pdia3 cells supporting
the hypothesis that Pdia3 mediates the membrane action of
1,25(OH)2D3. Treatment of MC3T3-E1 cells with 1,25(OH)2D3
for 9 min stimulated rapid phosphorylation of extracellular sig-
nal-regulated kinases 1 and 2 (ERK1/2) and increased expres-
sion of alkaline phosphatase, MMP-13, and osteopontin but
decreased expression of osteocalcin, osteoprotegerin (mRNA
and protein), and smad2. These effects were attenuated in Sh-
Pdia3 cells. Sh-Pdia3 cells produced higher numbers of von
Kossa-positive nodules and alizarin red-positive nodules com-
pared with WT cells with or without 1,25(OH)2D3 treatment
whereas Ov-Pdia3 did not show any mineralization. Our data
suggest Pdia3 is an important initiator of 1,25(OH)2D3-stimu-
lated membrane signaling pathways, which have both genomic
and non genomic effects during osteoblast maturation.

The secosteroid 1,25-dihydroxyvitamin D3 (1�,25(OH)2D3)2
regulates osteoblasts through both the classic vitamin D recep-
tor (VDR)-mediated genomic pathway and throughmembrane

receptor-mediated rapid responses (1–3). In osteoblasts, the
VDR acts by bindingwith vitaminD response elements (VDRE)
to modulate gene transcription (4, 5). Rapid membrane signal-
ing has been shown to regulate calcium, phosphate, and chlo-
ride transport through ion channels (6–8). The VDR has been
implicated in these rapid responses to 1�,25(OH)2D3 (9, 10).
However, studies using analogues to the secosteroid with low
VDR binding affinities indicate that the structural features of
1�,25(OH)2D3 are important in stimulating the membrane
response, suggesting the existence of a specific membrane
receptor (8).
Protein-disulfide isomerase-associated 3 (Pdia3, also known

as ERp60, ERp57, Grp58, and 1,25-MARRS) has been identified
as a potential candidate as an alternate membrane-associated
receptor for 1�,25(OH)2D3 (11). It has been intensively studied
as a chaperone protein in glycoprotein folding (12) and major
histocompatibility complex I loading (13). Unlike other pro-
tein-disulfide isomerase family members, Pdia3 exists not only
in the endoplasmic reticulum but also in the nucleus, extracel-
lular matrix, and plasma membrane, suggesting additional
functions (3). Pdia3 purified from chick intestinal epithelium
(14) exhibits saturable binding to 1�,25(OH)2D3. More re-
cently, antibody blocking and ribosome knock down experi-
ments have further linked this protein to rapid responses to
1�,25(OH)2D3 both in rat chondrocytes and chick intestinal
epithelial cells (11, 15). Taken together, these observations
support a role for Pdia3 as a membrane receptor for the
secosteroid.
Multiple cell models have been used to elucidate the role of

membrane signaling by 1�,25(OH)2D3. In growth plate chon-
drocytes, 1�,25(OH)2D3 regulates phospholipase A2 (PLA2),
phospholipase C (PLC), intracellular Ca2�, and protein kinase
C (PKC) (16–18). In osteoblasts, 1�,25(OH)2D3 has also been
shown to activate PLC and PKC as well as regulating voltage-
gated ion channels and increasing PLA2 activity and prostag-
landin production (PGE1 and PGE2) (10, 19–21). These data
suggest that the rapid membrane signaling pathway discovered
in chondrocytes may also function in osteoblasts.
One function of membrane signaling is to modulate gene

transcription. 1�,25(OH)2D3 regulates rat growth zone chon-
drocytes via PKC and extracellular signal-regulated kinases 1
and 2 (ERK1/2) in a Pdia3-dependent pathway (22).Microarray
analysis of rat osteoblastic ROS 17/2.8 cells treated with a
1,25(OH)2D3 analogwith lowbinding affinity toVDRalso dem-
onstrated regulation of a large number of genes through an
intracellular calcium-dependent mechanism (23, 24). Whether
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Pdia3 mediates 1�,25(OH)2D3-dependent gene expression in
osteoblasts is not known, nor are the overall physiological con-
sequences of rapid responses to the secosteroid clear.
In this study, we first examined 1�,25(OH)2D3 stimulated

rapid membrane signaling in osteoblasts. Second, we showed
Pdia3 is required to initiate this rapid signaling. Third, we
showed that 1�,25(OH)2D3-stimulated Pdia3-dependent non-
genomic effects eventually control genomic changes affecting
mineralization.

EXPERIMENTAL PROCEDURES

Pdia3 Knock Down and Overexpression—Pdia3 shRNA
probes were designed to target the mouse Pdia3 mRNA (NM_
007952). Five different sequences were generated and incorpo-
rated into lentivirus particles (SHCLNV-NM 007592, Sigma-
Aldrich). To select the optimal shRNA, mouse MC3T3-E1
osteoblasts (CRL-2593, ATCC, Manassas, VA) were plated at a
density of 20,000 cells/cm2 in a 24-well plate in�-MEMsupple-
mented with 10% fetal bovine serum (FBS), and 1% penicillin/
streptomycin (P/S). After 24 h, media were changed to �-MEM
supplemented with 10% FBS, 1% P/S, and 8 �g/ml hexadi-
methrine bromide and transduced with lentivirus particles at a
multiplicity of infection (MOI) of 7.5. Cells containing shRNAs
or empty vectorswere selected by culturing the cells for 2weeks
in medium containing 2.0 �g/ml puromycin. Loss of Pdia3
expression was quantified by real-time PCR and verified by
Western blot using anti-Pida3 antibody (Alpha Diagnostic
International Inc., San Antonio, TX). A stable transduced cell
line with 80% knock down of Pdia3 was chosen. The shRNA
targeted the 3�-UTR region of Pdia3 mRNA (ggaccagtttatgttt-
gtggttt, N0000011436, Sigma-Aldrich).
To overexpress Pdia3, MC3T3-E1 cells were plated at a den-

sity of 20,000 cells/cm2 in a 24-well plate in �-MEM supplied
with 10% FBS. After 24 h, 100 �l of Opti-MEM (Invitrogen,
Carlsbad, CA) containing 2.0 �l of Lipofectamine 2000
(Invitrogen) and 0.8 �g of pCMV6-Kan/Neo empty vector
(OriGene, Rockville, MD) or overexpression plasmid
(MC200134, OriGene) that contained the full-length of mouse
Pdia3 cDNA (BC003285.1)was added into eachwell. After 48 h,
cells were selected inmedium containing 550�g/ml G418 for 2
weeks. mRNA and protein were quantified by real-time PCR
and Western blot as described above. A stable transfected cell
line with 100% overexpression of Pdia3 was chosen.
Cell Culture—Wild-type MC3T3-E1 cells, MC3T3-E1 cells

silenced for Pdia3 (Sh-Pdia3), and MC3T3-E1 cells overex-
pressing Pdia3 (Ov-Pdia3) were plated in T75 flasks (10,000
cells/cm2) and cultured in �-MEM containing 10% FBS and 1%
P/S. Puromycin (2 �g/ml) was included in the medium of Sh-
Pdia3 cells and G418 (550 �g/ml) was included in the medium
of Ov-Pdia3 cells. At confluence, cells were subcultured at the
sameplating density. 48 h after plating, themediawere replaced
with �-MEM supplemented with 5% FBS, 1% P/S, and 1% vita-
min C. After 12 days in culture, the cells were treated with
medium containing either the 1�,25(OH)2D3 vehicle (ethanol)
alone or with the appropriate dose of 1�,25(OH)2D3.
Plasma Membranes and Caveolae—A detergent-free meth-

od of plasma membrane and caveolae isolation was used as
described previously (25).MC3T3-E1 cells were cultured for 12

days and harvested by scraping in isolation buffer (0.25 M

sucrose, 1 mM EDTA, 20 mM Tricine, pH 7.8). Samples were
homogenized using a tissue grinder for twenty strokes. Homo-
genates were centrifuged at 20,000 � g for 10 min to pellet cell
debris, including nucleus, mitochondria, and endoplasmic
reticulum. The supernatant was collected, placed on top of 30%
Percoll (GE Healthcare, Piscataway, NJ) in isolation buffer, and
then centrifuged for 30 min at 84,000 � g. The plasma mem-
branes formed a visible band and were collected by aspiration.
Plasma membranes were layered on a 10–20%OptiPrep gradi-
ent (Sigma-Aldrich) and centrifuged at 52,000 � g for 90 min.
The top layer was collected, overlaid with 5% OptiPrep, and
centrifuged at 52,000 � g for another 90 min. Fractions were
collected from the top to the bottom in thirteen fractions. The
caveolae existed as an opaque band, which was collected in
Fraction 3, based on the presence of caveolin-1 as described
below.
Western Blot—Gel electrophoresis was performed using

NuSep 4–20% LongLife Gels (NuSep, Lawrenceville, GA). Pro-
teins were transferred from gels to nitrocellulose membrane
using an iBlotDryBlotting System (Invitrogen). Themembrane
was subsequently blotted in 1% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS) for 1 h. Next, samples were
incubated overnightwith antibodies against Pdia3 (AlphaDiag-
nostic International); caveolin-1 (Sc-894, Santa Cruz Biotech-
nology, Santa Cruz, CA), or glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (MAB374,Millipore, Billerica,MA). After
washing three times with PBS containing 0.05% Tween-20, the
membrane was incubated with goat anti-rabbit or goat anti-
mouse horseradish peroxidase-conjugated secondary antibod-
ies (Bio-Rad) in PBS containing 5% dry milk and 0.05%
Tween-20 for 1 h. After threewashes, themembranewas devel-
oped using SuperSignal West Pico Chemiluminescent System
(Thermo Fisher Scientific, Rockford, IL) and imaged with Ver-
saDoc imaging system (Bio-Rad).
Immunofluorescence—Immunofluorescence was used to

assess Pdia3 protein in intact cells. Wild type, Sh-Pdia3, and
Ov-Pdia3MC3T3-E1 cells were plated at 10,000 cells/cm2 on a
glass chamber slide for 24 h. The cells were fixed in 4%
paraformaldehyde for 20 min and permeabilized with 0.01%
Triton-X 100 for 10 min. Cells were then incubated with 1:100
dilution of Hoechst 33342 (Invitrogen), Pdia3 primary anti-
body, and 1:40 dilution of Alexa Fluor 555 phalloidin (Invitro-
gen) in a PBS containing 1% BSA. After washing, cells were
incubated with goat anti-rabbit Alexa 488 (Invitrogen) in 1%
BSA-PBS.
To determine if Pdia3 was associated with a specific plasma

membrane compartment, co-localization experiments were
performed. Cells in suspensionwere labeledwithVybrant Lipid
Rafts LabelingKits-Alexa Fluor 594 (Invitrogen). After labeling,
cells were fixed in 4% paraformaldehyde for 20 min. Then, cells
were further stained with Pdia3 primary antibody and 1:100
(v/v) Hoechst 33342 in 1%BSA-PBS. After washing, cells were
incubatedwith goat anti-rabbit Alexa 488 in 1%BSA-PBS, fixed
with GEL/MOUNT (Biomeda Corp, Foster City, CA), and
imaged using a Zeiss LSM 510 confocal microscope.
Signaling by 1�,25(OH)2D3—To study the effect of 1�,25-

(OH)2D3 on PKC activity, cells were treated with vehicle (eth-
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anol) or 10�10, 10�9, or 10�8 M 1�,25(OH)2D3 for 9 min, based
on the observation that 1�,25(OH)2D3 activates PKC
in chondrocytes at this time point (26). The effect of
1�,25(OH)2D3 on PKC is via a PLA2-dependent pathway (16).
To determine if this is also the case for MC3T3-E1 cells, one-
half of the cultures were treated with 10�5 M of the PLA2 inhib-
itor quinacrine (Calbiochem). Quinacrine was added to media
30mins before and maintained during 1�,25(OH)2D3 treat-
ment. Cells were also treated for 9min with 0, 10�8, 10�7, 10�6

M PLA2-activating protein (PLAA) (Enzo Life Sciences Interna-
tional, Inc, PlymouthMeeting, PA) aswell aswith 0, 10�6, 10�5,
or 10�4 M arachidonic acid (AA) (Calbiochem), which is the
product of PLA2 action. Media were collected, and cell layers
werewashed twicewith PBS and lysed in 300�l RIPA buffer (20
mMTris-HCl, 150mMNaCl, 5mMdisodiumEDTA, 1%Nonidet
P-40). PKC activity was measured using a commercial kit
(RPN77, GE Healthcare) and normalized by total protein. To
measure rapid PGE2 release into the media, cells were treated
with vehicle (ethanol), 10�10, 10�9, or 10�8 M 1�,25(OH)2D3.
After 30min treatment, themedia were acidified and PGE2 was
measured using a commercial kit (Perkin Elmer, Waltham,
MA) and normalized by cell number.
ERK1/2—To determine if the rapid responses to 1�,25-

(OH)2D3 result in ERK1/2 activation, phosphorylation of
ERK1/2 was determined using an ELISA assay. After 12 days of
culture, cells were treated for 9 min with medium containing
vehicle (ethanol) or 10�8 M 1�,25(OH)2D3. Media were
replaced, and cells were harvested 0, 30, and 90min later. Phos-
pho-ERK1/2 was measured in cell layer lysate using a mouse
phospho-ERK1/2 ELISA kit (R&D system, Minneapolis, MN).
Gene Expression—After 12 days of culture, cells were treated

with medium containing vehicle (ethanol) or 10�8 M

1�,25(OH)2D3. After 9 min, media were replaced with fresh
media for another 8 h. RNA was extracted using TRIzol
(Invitrogen) and reverse-transcribed into cDNA using the
Omniscript RT kit (Qiagen, Valencia, CA) according to the
manufacturer’s directions. Real-time PCRwas performed using
SYBR Green SuperMix 170–8882 (Bio-Rad) for osteocalcin
(OCN, NM_001032298), alkaline phosphatase (ALP, NM_
007431), bone sialoprotein (BSP, NM_008318), matrix metal-
loproteinase 13 (MMP-13, NM_008607), osteopontin (OPN,
NM_009263), osteoprotegerin (OPG, NM_011613), Pdia3
(NM_007952), Runx2 (NM_009820), inositol 1,4,5-trisphos-
phate 3-kinase A (ITPKA, NM_146125), osteonectin (OTN,
NM_009242), Smad2 (NM_010754), Vitamin D receptor
(VDR, NM_009504), and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH, NM_008084). Oligonucleotide primers
were designed using BeaconDesigner 7.0 software (supplemen-
tal Table S1). A homology blast search was performed within
the mammalian genome to exclude the possibility of sequence
similarity. Real-time PCR was performed using an iCycler PCR
machine (Bio-Rad) with iCycler software. Data were normal-
ized to the endogenous reference gene GAPDH.
Osteopontin—Changes in osteopontin secreted into the con-

ditioned media were used as an outcome measure of the rapid
signaling pathway. The role ofCa2� ionswas examined by incu-
bating the cellswith 10�4MCa2� chelator BAPTA-AM(Sigma-
Aldrich). The role of PLA2 was assessed by treating the cells

with 10�5 M quinacrine. For these experiments, cultures were
treated withmedia containing the inhibitor vehicle (ddH2O) or
inhibitor for 30 min. Fresh media containing the 1,25(OH)2D3
vehicle (ethanol) or the inhibitor plus 10�8 M 1�,25(OH)2D3
were added. 9 min later, the media were replaced by fresh
media, and these media were collected 24 h later. Osteopontin
in the conditioned media was determined by ELISA using a
mouse osteopontin ELISA kit (R&D Systems).
Calcification—To determine if Pdia3 modulates terminal

osteoblast differentiation, we assayed the ability of the cells to
mineralize their extracellular matrix. Cells were plated in
24-well plates in full media and cultured as described above. At
confluence, full media were changed for osteogenic media
(�-MEM supplemented with 5% FBS, 1% P/S, 100 �g/ml ascor-
bic acid, 10 mM �-glycerol phosphate and 10�7 M dexametha-
sone) or growth media (�-MEM supplemented with 5% FBS,
1%P/S). Every 48 h, the osteogenic media were replaced with
growth media containing vehicle (ethanol) or 10�8 M

1�,25(OH)2D3 for 9 min; these media were then removed and
replaced with osteogenic media. Growth media were replaced
every 2 days without additional 1�,25(OH)2D3. On day 28 after
plating, media were replaced with osteogenic media containing
10% alamar blue for 40 min to assess viability of the cells. In
healthy cells, alamar blue is reduced by components of the elec-
tron transport chain, resulting in red fluorescence. The cultures
were then fixed in 10% formalin and alizarin red and von Kossa
staining were performed.
Statistical Analysis—For each experiment, each data point

represents the means � S.E. for six individual cultures. Each
experimentwas repeated two ormore times to ensure the valid-
ity of the data. The data presented are from a single represent-
ative experiment. Significance was determined by analysis of
variance and post hoc testing performed using Bonferroni’s
modification of Student’s t test for multiple comparisons. p �
0.05 was considered to be significant.

RESULTS

Rapid Membrane Response in MC3T3-E1 Cells—PKC activ-
ity in MC3T3-E1 cells was stimulated by 1�,25(OH)2D3 in a
dose-dependent manner (Fig. 1a). This effect was rapid, occur-
ring within 9 min of treatment. 1�,25(OH)2D3 also caused a
dose-dependent increase in PGE2 content of the conditioned
media at 30 min (Fig. 1b), suggesting that PLA2 had been acti-
vated. Inhibition of PLA2with quinacrine blocked the stimulat-
ing effect of 1�,25(OH)2D3 on PKC at all concentrations
treated. Moreover, the PLA2 activator, PLAA, and the product
of PLA2 action, arachidonic acid both stimulated PKC activity
to a similar extent. PLAA caused a dose-dependent increase in
PKC activity at 10�7 M to 10�6 M (Fig. 1c); arachidonic acid
increased PKC at 10�4 M (Fig. 1d). These results indicate that
1�,25(OH)2D3 regulated PKC via a mechanism that required
PLA2.
Subcellular Location of Pdia3—Western blots of whole cell

lysates and isolated plasma membranes indicated that both
Pdia3 and caveolin-1 were present (Fig. 2a). Pdia3 was present
in factions 1, 2, 3, and 4 of the plasma membrane whereas
caveolin-1 was present only in faction 3 (Fig. 2b). These obser-
vations were supported by confocal microscopy. Both Pdia3
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and lipid rafts were distributed over
the surface of non-permeabilized
MC3T3-E1 cells. When the immu-
nofluorescent images were merged,
part of staining overlapped. How-
ever, a small portion of fluorescently
labeled Pdia3 was not associated
with lipid rafts.
Pdia3 Expression in MC3T3-E1

Cells—Two MC3T3-E1 cell lines
were established that were silenced
for expression of Pdia3 or that over-
expressed this protein. RT-PCR in-
dicated that mRNA for Pdia3 was
reduced in Sh-Pdia3 cells compared
with wild-type cells whereas expres-
sion was increased in Ov-Pdia3 cells
(Fig. 3a). Real-time PCR analysis of
six independent cultures showed
Pdia3 expression was decreased by
80% in Sh-Pdia3 cells; it increased
by 200% in Ov-Pdia3 cells (Fig. 3b).
Western blots of whole cell lysates
confirmed that Pida3 protein was
affected in a comparable manner.
Pdia3 proteinwas reduced by 75% in
the Sh-Pdia3 cells and increased by
70% in Ov-Pdia3 cells (Fig. 3c).
Western blots of plasma mem-
branes showed similar results. Pdia3
protein was decreased by 80% in
plasma membranes from Sh-Pdia3
cells and increased by 30% in plasma
membranes from Ov-Pdia3 cells
(Fig. 3d). Similarly, MC3T3-E1
cells exhibited intense immuno-
fluorescence for Pdia3 surround-
ing the nucleus, but this staining
was largely decreased in Sh-Pdia3
cells; it was augmented in
Ov-Pdia3 cells (Fig. 3e).
Role of Pdia3 in the Rapid Re-

sponse to 1�,25(OH)2D3—Pdia3
mediated the rapid response of
MC3T3-E1 cells to 1�,25(OH)2D3.
Whereas 1�,25(OH)2D3 increased
PKC in wild-type cells, it had no
effect on PKC activity in Sh-Pdia3
cells (Fig. 4a). In contrast, in
Ov-Pdia3 cells, 1�,25(OH)2D3 in-
creased PKC activity over the stim-
ulatory effect of the secosteroid in
wild-type cells. 10�8 M 1�,25-
(OH)2D3 caused a 1.8-fold increase
of PKC activity in Ov-Pdia3 com-
pared with a 1.3-fold increase in
wild-type cells (Fig. 4a). These
effects were specific to Pdia3 since

FIGURE 1. Effect of 1�,25(OH) 2D3 on PGE2 production and PKC activity and role of PLA2 in PKC
activation in MC3T3-E1 cells. a, MC3T3-E1 cells were treated with vehicle (ethanol) or 10�10, 10�9, or
10�8

M 1�,25(OH)2D3 with or without 10�5
M quinacrine (PLA2 inhibitor) for 9 min. PKC activity was

normalized to total protein. b, MC3T3-E1 cells were treated with vehicle (ethanol) or 10�10, 10�9, or 10�8

M 1�,25(OH)2D3 for 30 min. Conditioned media were collected, and PGE2 was measured and normalized to
cell number. c, MC3T3-E1 cells were treated with vehicle (ddH2O) or 10�8, 10�7, or 10�6

M PLAA for 9 min.
PKC activity was normalized to total protein level. d, MC3T3-E1 cells were treated with vehicle (media) or
10�6, 10�5, or 10�4

M AA for 9 min. PKC activity was normalized to total protein level. *, p � 0.05, treatment
versus control; F, p � 0.05, 10�8

M and 10�9
M versus 10�10

M; $, p � 0.05, 10�8
M versus 10�9

M; #, p � 0.05
quinacrine versus control.

FIGURE 2. Western blot and confocal microscope image of MC3T3-E1 cells. MC3T3-E1 cells were cultured as
previously described. Whole cell lysates, plasma membrane fractions, and caveolae fractions were collected
separately. Western blots against caveolin-1 and Pdia3 were performed. a, Western blot of whole cell lysates
and membrane fractions. Thirteen fractions were collected; fractions one to six are shown. Caveolae exist in
fraction three (b). c, confocal image of non-permeabilized MC3T3-E1 cells. Green: Pdia3; red: lipid rafts; yellow:
merge of Pdia3 and lipid rafts.
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the cells transfected with empty vectors responded to
1�,25(OH)2D3 as the wild-typeMC3T3-E1 cells (supplemental
Fig. S1).
Pdia3 alsomediated the 1�,25(OH)2D3-dependent PLA2 sig-

naling pathway resulting in PKC activation. Production of
PGE2, a downstream metabolite of PLA2 action, was increased
by 1�,25(OH)2D3 in MC3T3-E1 cells, and this effect was
enhanced in Ov-Pdia3 cells at all concentrations tested (Fig.
4b). In contrast, the stimulatory effect of 1�,25(OH)2D3 was
reduced in Sh-Pdia3 cells. The PLA2 pathway was functional in
all three cell lines, however. Treatment of the cells with PLAA
caused a dose-dependent increase in PKC that was comparable
in all three cell types (Fig. 4c). Similarly arachidonic acid acti-
vated PKC to a comparable extent as 1�,25(OH)2D3 in all three
cell lines (Fig. 4d).
Pdia3-dependent Rapid Signaling Regulates Gene Expression—

Gene expression was regulated, at least in part, by Pdia3-medi-
ated signaling (Fig. 5). Treatment of MC3T3-E1 cells with
1�,25(OH)2D3 for 9min resulted in changes inmRNA levels for
bone related genes. OPN, ALP, and MMP-13 were up-regu-
lated, while OPG, Smad2, andOCNwere down-regulated. BSP,
ITPKA, Runx2, OTN, VDR, and Pdia3 showed no significant

differences as a function of 1�,25(OH)2D3 treatment.
1�,25(OH)2D3 did not affect mRNA for BSP, IPTKA, Runx2,
OTNVDRor Pdia3 in Sh-Pdia3 cells. However, genes that were
down regulated in wild-type cells (OPG, OCN, and Smad2)
were unaffected by 1�,25(OH)2D3 in Sh-Pdia3 cells. For the
three up-regulated genes (OPN, ALK, and MMP-13), the
effects of 1�,25(OH)2D3 were reduced in the Sh-Pdia3 cells.

Pdia3 was required for 1�,25(OH)2D3-dependent activation
of ERK1/2. 1�,25(OH)2D3 treatment caused phosphorylation
of ERK1/2 by 30mins; this effect was lost by 90mins (Fig. 6a). In
contrast, 1�,25(OH)2D3 had no effect on ERK1/2 phosphoryl-
ation in Sh-Pdia3 cells (Fig. 6b).
Changes in protein production correlated with changes in

gene expression. Treatment of wild-type MC3T3-E1 cells with
1�,25(OH)2D3 for 9min caused a 200% increase inOPNmRNA
at 8 h (Fig. 5a) and a marked increase in OPN protein at 24 h
(Fig. 6c). This effect was attenuated in Sh-Pdia3 cells while Ov-
Pdia3 cells showed an augmented increase. The basal level of
OPN protein was also lower in Sh-Pdia3 cells and higher in
Ov-Pdia3 cells. Inhibition of rapid membrane signaling using
quinacrine or bapta-AM also blocked the 1�,25(OH)2D3-de-
pendent increase in OPN protein in the conditioned media in

FIGURE 3. Silencing and overexpression of Pdia3 in MC3T3-E1 cells: RT-PCR, real-time PCR, Western blot and confocal microscopy. a, RT-PCR. Left:
gel electrophoresis of RT-PCR product. Right: quantitative RT-PCR for the fold change of Pdia3 levels relative to GAPDH control. b, real-time PCR. Fold
change of Pdia3 levels relative to GAPDH control. c, Western blot of whole cell lysate. Left: blotting image. Right: quantitative Western blot for the
fold change of Pdia3 levels relative to GAPDH control. d, Western blot of plasma membranes. Left: blotting image. Right: quantitative Western blot for
the fold change of Pdia3 levels relative to GAPDH control. e, confocal microscopy of permeabilized cells. Red: actin; green: Pdia3; blue: nucleus. Cells were
permeabilized before staining.
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cultures of wild-type cells. Neither inhibitor affected the basal
level of OPN, indicating they did not block the normal tran-
scription and translation activity of this protein.
Pdia3 Regulates Mineralization—Wild-type MC3T3-E1

cells, Sh-Pdia3 cells, and Ov-Pdia3 cells all formed von Kossa-
positive nodules. The number of alizarin-red/von Kossa-posi-
tive nodules formed by wild-type cells were comparable in cul-
tures grown in growth media, osteogenic media, or osteogenic
media plus 1�,25(OH)2D3 (Fig. 6, d and e). In growth media,
von Kossa-positive nodule formation was reduced in Sh-Pdia3
and Ov-Pdia3 cultures compared with wild-type cells although
differences in Pdia3 expression did not affect the number of
alizarin-red-positive nodules. When Sh-Pdia3 cells were cul-
tured in osteogenic media, the number of alizarin-red/von
Kossa-positive nodules was markedly increased in comparison
to wild-type cells. In contrast, von Kossa-positive nodule for-
mation was reduced in cultures of Ov-Pdia3 cells. Treatment
with 1�,25(OH)2D3 blocked the stimulatory effect of the osteo-
genic media on von Kossa-positive nodule formation in cul-
tures of Sh-Pdia3 cells but had no effect on alizarin-red-positive
nodules. Moreover, treatment did not affect wild-type or Ov-
Pdia3 cultures. For all cell types, growth in osteogenic media
resulted in decreased alamar blue staining compared with

growth media (Fig. 6f). Treatment
with 1�,25(OH)2D3 caused a further
decrease only in Sh-Pdia3 cells.

DISCUSSION

Our data show that Pdia3 medi-
ates effects of 1�,25(OH)2D3 on
osteoblasts, including rapid produc-
tion of PGE2 and activation of PKC.
Importantly, the results demon-
strate that Pdia3-dependent signal-
ing results in changes in gene
expression, via phosphorylation of
transcription factors such as
ERK1/2. Taking these observations
together with our previous observa-
tions using growth plate chondro-
cytes (16, 27, 28) and osteoblasts
(19, 21), we propose a mechanism
initiated at the plasma membrane
and culminating in downstream
genomic regulation (Fig. 7). In this
signaling pathway, 1�,25(OH)2D3
first binds with Pdia3 or a Pdia3-
membrane receptor complex in
caveolae, activating PLA2. This
results in arachidonic acid release;
the arachidonic acid is processed
further to PGE2. In growth plate
chondrocytes (1, 16, 18). PGE2
binds its G-protein coupled recep-
tor and activates PLC. Activated
PLC acts on phosphatidylinositol,
releasing inositol-trisphosphate
(IP3) and diacylglycerol (DAG).

Increased intracellular Ca2� due to IP3 works with DAG to
translocate and activate PKC on the plasma membrane. This
pathway also results in activation of ERK1/2 (22). The fact that
key components of the signaling pathway are also present in
osteoblasts (19, 21) and that PKCandPLCwere also reported to
be rapidly activated by 1�,25(OH)2D3 in other cell types (29–
32), suggests that the proposed pathway is likely to be con-
served in 1�,25(OH)2D3-responsive cells.

Pdia3 has been reported to be present in endoplasmic retic-
ulum, cytosol, nucleus, plasma membranes, extracellular
matrix, and matrix vesicles (33). Our results show that Pdia3 is
present in the cytosol and plasma membranes of MC3T3-E1
osteoblasts as well. Part of the Pdia3 is in specialized compart-
ments of the plasma membranes, co-localizing with lipid rafts
by fluorescence microscopy. Moreover, Western blot shows
that Pdia3 is in the caveolar fraction of the plasma membrane
based on the presence of caveolin-1 (34). We previously
reported caveolae are required for rapid 1�,25(OH)2D3-depen-
dent PKC signaling in chondrocytes, and caveolin-1 must be
present based on studies using chondrocytes from Cav-1�/�

mice (27). This suggests that caveolae provide a microenviron-
ment that permits the interaction of Pdia3 with 1�,25(OH)2D3
together with other components of the signaling complex.

FIGURE 4. Effect of 1�,25(OH)2D3, PLAA and AA on PKC activity and effect of 1�,25(OH) 2D3 on PGE2
release in wild type, Sh-Pdia3, and Ov-Pdia3 MC3T3-E1 cells. a, the effect of 1�,25(OH)2D3 on PKC activity
of WT, Sh-Pdia3, and Ov-Pdia3 MC3T3-E1 cells. MC3T3-E1 cells were treated with vehicle (ethanol) or
10�10, 10�9, or 10�8

M 1�,25(OH)2D3 for 9 min. PKC activity was normalized to total protein. b, 1�,25(OH)2D3
effect on PGE2 release of WT, Sh-Pdia3, and Ov-Pdia3 MC3T3-E1. MC3T3-E1 cells were treated with vehicle
(ethanol) or 10�10, 10�9, or 10�8

M 1�,25(OH)2D3 for 30 min. PGE2 in conditioned media was measured and
normalized to cell number. c, PLAA effect on PKC activity of WT, Sh-Pdia3, and Ov-Pdia3 MC3T3-E1 cells.
MC3T3-E1 cells were treated with vehicle (ddH2O) or 10�6, 10�7, or 10�8

M PLAA for 9 min. PKC activity was
measured and normalized to total protein. d, AA effect on PKC activity of WT, Sh-Pdia3, and Ov-Pdia3 MC3T3-E1
cells. MC3T3-E1 cells were treated with vehicle (media) or 10�4, 10�5, or 10�6

M AA for 9 min. PKC activity was
measured and normalized by total protein. *, p � 0.05, treatment versus control; F, p � 0.05, 10�8 and 10�9

versus 10�10; #, p � 0.05 Sh-Pdia3 and Ov-Pdia3 versus WT for the same treatment.
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FIGURE 5. Effect of 1�,25(OH)2D3 on gene transcription in wild-type and Sh-Pdia3 MC3T3-E1 cells. Wild-type and Sh-Pdia3 cells were treated with vehicle
(ethanol) or 10�8

M 1�,25(OH)2D3. After 9 min, media were replaced with fresh media for another 8 h before harvest. Real-time PCR was performed against
twelve bone-related genes: (a) osteopontin; (b) alkaline phosphatase; (c) matrix metalloproteinase 13; (d) osteoprotegerin; (e) osteocalcin; (f) Smad2;
(g); inositol 1,4,5-trisphosphate 3-kinase A; (h) vitamin D receptor; (i) osteonectin; (j) Runx2; (k) Pdia3; and (l) bone sialoprotein. T/C represents the treatment
over control ratio. Absolute values of targeting genes were first normalized by GAPDH. Then the normalized values from treatment groups were further divided
by the normalized values from vehicle (ethanol) control groups. *, p � 0.05, treatment versus control; #, p � 0.05, Sh-Pdia3 versus WT for the same treatment.
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Pdia3 was also present in plasmamembrane fractions not asso-
ciated with caveolin-1 and immunofluorescence demonstrated
that not all Pdia3 was associated with lipid rafts. What role this
Pdia3 may play with respect to 1�,25(OH)2D3, if any, is not
clear.
In the present study, we were able to construct stably trans-

fected cell lines that exhibited reduced or over expression of

Pdia3. The changes in expression
were confirmed by real-time PCR,
confocal microscopy, and Western
blots. These changes in Pdia3 corre-
lated with changes in cell response
to 1�,25(OH)2D3, including activa-
tion of PKC, phosphorylation of
ERK1/2, downstream regulation of
gene expression and protein pro-
duction, and ultimately, in von
Kossa-positive nodule formation.
These results strongly implicate
Pdia3 as a membrane receptor
for 1�,25(OH)2D3. Moreover, we
showed that by regulating expres-
sion of Pdia3, signaling could be
either blocked or augmented. These
data suggest that Pdia3 could be a
determining factor, the abundance

of which directly correlates with the magnitude of the mem-
brane response.
Previous studies using antibodies to Pdia3 demonstrated a

role for this protein in Ca2� ion uptake in chicken intestinal
epithelium (35) and as a regulator of PKC signaling (36), but
they did not demonstrate in a conclusive manner that Pdia3 is

FIGURE 6. Effect of 1�,25(OH)2D3 on ERK1/2 phosphorylation, OPN secretion, and in vitro mineralization in wild-type, Sh-Pdia3, and Ov-Pdia3 cells.
a and b, wild-type and Sh-Pdia3 MC3T3-E1 cells were treated with vehicle (ethanol) or 10�8

M 1�,25(OH)2D3 for 9 min. The media were replaced, and cells were
harvested at 0 min (no treatment), 30 min, and 90 min after treatment. Intracellular phospho-ERK1/2 was measured by ELISA and normalized to total protein.
c, wild-type, Ov-Pdia3, and Sh-Pdia3 MC3T3-E1 cells were treated with vehicle (ethanol) or 10�8

M 1�,25(OH)2D3 for 9 min with or without 10�5
M quinacrine or

10�6
M BAPTA-AM. After 9 min, the media were replaced and after 24 h, OPN was measured in the conditioned media using an ELISA assay. OPN levels were

normalized to cell number. d—f, wild-type, Ov-Pdia3, and Sh-Pdai3 cells were cultured in growth media or osteogenic media with or without pulse treatments
(9 min) with 10�8

M 1�,25(OH)2D3 every 48 h. Four weeks after seeding, cultures were examined by alamar blue, alizarin red, and van Kossa staining. d, number
of alizarin red-positive nodules; e, number of von Kossa-positive nodules. f, relative fluorescence units of alamar blue stain. Numbers indicate the cell viability.
Each data point represents mean � S.E. for n � 6 independent cultures. *, p � 0.05, 30 min, and 90 min versus 0 min for a and b or 1�,25(OH)2D3 versus vehicle
(ethanol) for C or OM� 1�,25(OH)2D3 versus GM for d, e, and f; F, p � 0.05, OM�1�,25(OH)2D3 versus OM-1�,25(OH)2D3 for d, e, and f; #, p � 0.05, 1�,25(OH)2D3
versus vehicle (ethanol) for A and B or Sh-Pdia3, Ov-Pdia3, and WT with inhibitors versus WT for the same conditions for c, d, e, and f.

FIGURE 7. Proposed mechanism of 1�,25(OH)2D3 stimulated rapid responses in osteoblasts.
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upstream of the earliest steps in the signaling pathway. Here we
showed that the PLA2 pathway was intact in the Sh-Pdia3 and
Ov-Pdia3 cells. If Pdia3 had been a mediator downstream of
PLA2, either PLAA, the activator of PLA2, or arachidonic acid,
the product of PLA2 action would stimulate a different
response among the three-cell lines. However, we observed a
similar effect of PLAA and arachidonic acid on PKC activation
in all three-cell lines, indicating that Pdia3 functions in the very
first step of this signaling cascade, potentially as the membrane
receptor.
It has been unclear whether the Pdia3-dependent rapid

membrane response to 1�,25(OH)2D3 also has a genomic func-
tion. By silencing and overexpressing Pdia3, we were able to
assess the potential effect of rapid signaling on gene transcrip-
tion in a new perspective. In growth plate chondrocytes, the
rapid translocation and activation of PKC leads to the phos-
phorylation of ERK1/2 (22). ERK1/2 has been shown to regulate
osteoblast differentiation in multiple signaling pathways (37–
39). Therefore, it is very likely for the rapid response to have a
role in gene transcription through the activation of ERK1/2. In
wild-type cells, among the 12 bone related genes we studied, six
were regulated by a 9 min treatment with 1�,25(OH)2D3.
Among the six genes, only OCN and OPN have been reported
to have VDR response elements (VDRE) (40). All of the six
genes have been previously reported to be regulated through a
VDR-independent membrane pathway (24). Here we showed
in Sh-Pdia3 cells, both rapid activation of ERK1/2 and regula-
tion of these six genes were either completely blocked or signif-
icantly attenuated. Our result confirms the previous report and
further, shows that this VDR-independent genomic effect is
mediated by Pdia3.
It should be noted that three out of the six 1�,25(OH)2D3-

regulated genes did not completely lose their response to
1�,25(OH)2D3 in Sh-Pdia3 cells. There are two possible expla-
nations for this. First, in Sh-Pdia3 cells, 30% of Pdia3 were still
on the plasma membrane to mediate the effect. Second, Pdia3-
dependent rapid membrane signaling participates in these
mechanisms by using kinase cascades to change activity of the
transcription factor complex. Therefore, this kind of regulation
may cross-talk with other pathways. For example, VDR could
be phosphorylated and activated by PKC (41).
In wild-typeMC3T3-E1 cells, three genes were up-regulated

in response to1�,25(OH)2D3: ALP is an early stage osteoblast
differentiation marker (42); MMP-13 is an extracellular matrix
remodeling proteinase (43); and OPN has been shown to be a
mineralization inhibitor (44). Three genes were down-regu-
lated. OCN is a late stage osteoblast differentiationmarker (45),
and OPG inhibits osteoclast differentiation (46). This suggests
that the effect of pulse treatment with 1�,25(OH)2D3 promotes
early osteoblast differentiation and extracellularmatrix remod-
eling but prevents late stage osteoblast differentiation andmin-
eralization. Others have shown that OCN is increased in
response to 1�,25(OH)2D3 via VDR-mediated transcription
(47), however, our study suggests that it is regulated via Pdia3 as
well, and in the experimental design used for this study, the
Pdia3 pathway was dominant. Taken together, this suggests
that Pdia3 and VDR act at different points in osteoblast differ-

entiation and that the relative contributions of themechanisms
are dose-dependent as well as time-dependent.
If Pdia3 action modulates terminal differentiation of

MC3T3-E1 cells, we would expect that 1�,25(OH)2D3 would
cause an increase in mineralization in Sh-Pdia3 cells but a
decrease in Ov-Pdia3 cells. Both of the transfected cell lines
exhibited fewer von Kossa-positive nodules when cultured in
growth media than were seen in wild type cells, related at least
in part to the reduced levels of viable cells in these cultures. In
osteogenic media, however, we observed more von Kossa-pos-
itive nodules in Sh-Pdia3 cultures and fewer nodules in Ov-
Pdia3 cultures compared with wild-type MC3T3-E1 cells and
this was matched by corresponding differences in alizarin red-
positive nodules. Pulse treatment with 1�,25(OH)2D3 had no
effect on nodule number in cultures of wild-type or Ov-Pdia3
cells, whether determined as a function of calcium (alizarin
red) or phosphate (von Kossa). In contrast, pulse treatment
of the Sh-Pdia3 cultures with osteogenic media containing
1�,25(OH)2D3 reduced the number of von Kossa-positive nod-
ules without affecting the number of alizarin red positive nod-
ules. von Kossa staining detects phosphate, which is produced
by the action of alkaline phosphatase. Both wild-type and Sh-
Pdia3 cells exhibited increased ALP expression when pulse
treated with 1�,25(OH)2D3, but only the Sh-Pdia3 cultures had
increased von Kossa nodule formulation when grown in osteo-
genic media containing 1�,25(OH)2D3. These results support
the hypothesis that Pdia3 acts in a dose-dependentmanner and
its actions vary with cell differentiation. The 1�,25(OH)2D3
content of the osteogenic media was determined by the
content of the secosteroid in FBS, �10�12 M (48). When differ-
entiated osteoblasts were pulsed with exogenous 1�,25-
(OH)2D3, thereby increasing the concentration, the effect of the
secosteroid was to reduce phosphate content, but without
impacting Ca2�. This was more pronounced in the Sh-Pdia3
cultures, in part due to the reduction in viable cells. In conclu-
sion, our data suggest that in MC3T3-E1 cells, Pdia3 and its
rapid membrane signaling decrease mineralization and by
silencing Pdia3 mineralization could be largely augmented.
Considering the multiple cellular functions of Pdia3 when

studying the consequence of silencing Pdia3, the effects of other
Pdia3-dependent mechanisms must be considered. For exam-
ple, Pdia3 is a chaperone protein that participates in the folding
of N-glycosylated integral membrane proteins (12). Pdia3 also
exists in the nucleus and binds with DNA, but the effect of this
binding on transcription is still unclear (49). Thus, changing
Pdia3 expression levels could result in changing various cellular
processes and howmuch of these side effects contribute to our
observation is not known. The observation that inhibitors tar-
geting mediators of the rapid response successfully blocked
1�,25(OH)2D3-stimulated OPN protein, supports the idea that
the observed effects in Sh-Pdia3 and Ov-Pdia3 are contributed
by the specific role of Pdia3 in the 1�,25(OH)2D3 pathway,
rather than side effects.
In conclusion, we mapped out a detailed mechanism of

1�,25(OH)2D3 stimulated rapid response in osteoblasts. The
importance of this protein to the mechanism was shown by
silencing and overexpressing Pdia3. The function of Pdia3 in
the first step of our pathway was demonstrated. By establishing
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the role of Pdia3 in 1�,25(OH)2D3-dependent gene transcrip-
tion, protein secretion and mineralization, we showed that the
proposed Pdia3 signaling pathway has significant physiological
relevance. This conclusion is supported by studies showing that
mice with reduced levels of Pdia3 (Pdia3�/�) have a defective
bone phenotype (50).
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