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Dual Involvement of Protein Kinase C d in
Apoptosis Induced by Syndecan-2 in Osteoblasts

Armelle Orosco, Olivia Fromigué, Eric Haÿ, Pierre J. Marie, and Dominique Modrowski*

Laboratory of Osteoblast Biology and Pathology, INSERM, Lariboisière Hospital, University Paris 7,
Paris, France

Abstract Syndecans are proteoglycans that act as signaling molecules. Previously, we showed that syndecan-2
(SYND2) is involved in the control of osteoblastic (OB) cell apoptosis. Here, we show a novel functional interaction
between SYND2 and protein kinase C d (PKCd). Overexpression of SYND2 in MG63 OB cells resulted in increased PKCd
protein level without change in PKCd mRNA production. In SYND2-transfected cells, the increase in PKCd was restricted
to the cytosolic compartment, threonine 505-PKCd was underphosphorylated and immunoprecipitated PKCd showed
decreased capacity to phosphorylate histone, indicating that SYND2 decreased PKCd activity. Inhibition of PKCd by
Rottlerin or a dead-kinase dominant negative (DN) construct activated effector caspases and increased the number of
apoptotic cells. In addition, rescue of kinase activity with a construct coding, the PKCd catalytic domain (CAT) reduced
SYND2-induced apoptosis. This indicates that PKCd acts as a pro-survival kinase and that SYND2 inhibits the anti-
apoptotic action of PKCd in OB cells. We also showed that overexpression of PKCd wild type (WT) induced osteoblast
apoptosis. Moreover, inhibition of PKCd by siRNA resulted in increased apoptosis in control cells but reduced apoptosis in
SYND2-overexpressing osteoblasts, indicating that SYND2 requires PKCd accumulation to induce apoptosis. These
results show that SYND2 modulates PKCd actions by inhibition of the canonical allosterical activation pathway that plays
an anti-apoptotic role in OB cells, and promotion of a pro-apoptotic role that may depend on PKCd protein level and that
participates to the induction of cell death by SYND2. This establishes a functional interaction between SYND2 and PKCd
in osteoblasts. J. Cell. Biochem. 98: 838–850, 2006. � 2006 Wiley-Liss, Inc.
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Bone formation is dependent on the prolifera-
tion, differentiation, and survival of osteoblastic
(OB) cells. It is now widely accepted that bone
cell apoptosis is a key event that participates to
bone turnover regulation [Manolagas, 2000].
On the one hand, increased apoptosis of osteo-
blasts and osteocytes contributes to bone loss
due to glucocorticoid treatment [Weinstein
et al., 1998]. On the other hand, dysregulation
of cell apoptosis is believed to participate to
tumorigenesis and to resistance to chemother-

apy in cancer. This is exemplifiedbyFas system,
which was found functional in normal OB cells
[Kawakami et al., 1997] whereas altered Fas
expression is involved in the ability of osteosar-
coma cells to form metastasis [Lafleur et al.,
2004]. It is, thereby, crucial to understand
the mechanisms that control OB cell life span
in normal and dysregulated osteogenesis.
Recently, the anabolic effects of estrogens and
PTH in osteoporotic patients were found to
result from positive actions on OB cell survival
[Jilka et al., 1999]. In addition to this hormonal
control, local factors such as FGFs, BMP-2, or
GM-CSF were shown to regulate OB cell sur-
vival [Hay et al., 2001; Postiglione et al., 2003;
Debiais et al., 2004].

We recently showed that syndecan-2
(SYND2) is involved in the control of apoptosis
in OB cells [Modrowski et al., 2005]. SYND2 is
an heparan sulfate transmembrane proteogly-
can, which serves as a receptor for various
extracellular soluble and matrix components
[Bernfield et al., 1999]. Numerous data suggest
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the involvement of syndecan core protein in
signaling events. Indeed, some studies pointed
out interactions between the different cytoplas-
mic domains of syndecans and signaling mole-
cules [Hsueh et al., 1998; Granes et al., 1999;
Munesue et al., 2002]. Previously, we showed
that SYND2 is involved in modulation of MAP
kinases activation [Modrowski et al., 2000,
2005]. This supports that SYND2 may control
downstream signaling molecules to exert its
pro-apoptotic action.
Protein kinase C (PKCs) control many cellu-

lar events in which syndecans are involved,
such as matrix assembly, focal adhesion forma-
tion, and cell migration. SYND2 is subjected
to phosphorylation by PKCabg [Oh et al., 1997],
and PKCg regulates SYND2-mediated inside-
out signaling [Kramer et al., 2002]. PKCs were
shown to be diversely involved in apoptotic
signaling. PKCd, a novel PKC isoform, which
contains the DAG binding sites but lacks the
calcium-binding domain, displays pro-apoptotic
functions since overexpression of this kinase in
keratinocytes and in prostate cancer cells led to
TPA-dependent induction of apoptosis [Li et al.,
1999; Fujii et al., 2000]. Other studies support
an opposite role for PKCd in cell survival.
Indeed, in breast cancer cells, this kinase
promotes growth and metastasis and displays
a pro-survival function [McCracken et al.,
2003], suggesting that the pro- and anti-apop-
totic functions of PKCd are tissue specific. The
role of PKCd in the control of OB cell survival is
unknown. In this study, we show that SYND2
modulates PKCd activation and kinase activity.
We also demonstrate a dual role of PKCd in the
control of apoptosis in OB cells.

MATERIALS AND METHODS

Materials

Mouse anti-SYND2 antibody (10H4) was a
generous gift from Dr. Guido David (University
of Leuven, Leuven, Belgium). This antibody
recognizes the ectodomain of SYND2 after
heparan sulphate chain digestion. Rabbit anti-
SYND2 antibody was from Zymed (San Fran-
cisco, CA). This rabbit anti-SYND2 antibody
that reacts with the cytoplasmic domain of
SYND2 is able to recognize the different species
(glycosylated or not glycosylated forms). Using
this rabbit anti-SYND2 antibody for Western
blot analysis results in detection of low mole-
cular species (about 25 and 50 KDa) and high

molecular species. We analyzed the 50 KDa
band that is representative of the SYND2
expression level. Rabbit anti-PKCd antibody
that recognizes the carboxy terminus of PKCd
was from Santa Cruz Biotechnology (Santa
Cruz, CA). Rabbit anti-phospho-PKCd that re-
acts with PKCd when phosphorylated at threo-
nine 505, was from Cell Signaling (Beverly,
MA). Rabbit anti-actin antibody was from
Sigma-Aldrich (Saint Louis, MI).

Cell Culture and Transfections

Human OB cells MG63 were obtained from
the ATCC (USA) and cultured at 378C in humi-
dified atmosphere in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% of
fetal calf serum and antibiotics (100 IU/ml
penicillin and 100 mg/ml streptomycin). Human
SYND2 cDNA was obtained from Dr. Guido
David (University of Leuven). A 1,469 bp sequ-
ence was cloned into pcDNA 3.1 (Invitrogen,
San Diego, CA) to express full length SYND2.
PKCdWT, PKCdDN, and PKCdCAT constructs
in pcDNA 3.1 were a generous gift from Dr. Soh
(Herbert Irving Comprehensive Cancer Center,
Columbia University, NY) [Soh et al., 1999]. In
some experiments, cells were transfected with
the empty vector (EV) pEGFP-C1 (Clontech,
Paolo Alto, CA) to visualize control transfected
cells. Transfections were performed as pre-
viously described [Modrowski et al., 2005].
Briefly, 3 mg of the expression plasmids were
mixed to Transfast reagent (Promega, San Luis
Obispo, CA) in serum-free medium and applied
to pre-confluent MG63 cells. When SYND2 was
co-transfected with a PKCd construct, 1.5 mg of
each plasmid was mixed and pcDNA 3.1 (EV)
served to achieve the same total amount of
plasmid DNA per transfection. Fetal calf serum
was added to the medium 1 h after transfection
and cells were cultured for 2 days. In some
experiments, transfected cells were treated
with 2.5 mg/ml Rottlerin (Merck Biosciences,
Darmstart, Germany) or its solvent, DMSO,
1 day after transfection and for 24 h.

PKCd Knockdown by siRNA

We used target-specific 20–25 nt small inter-
fering RNAs designed to knockdown PKCd
expression (Santa Cruz Biotechnology) and a
non-targeting siRNA (scramble sequence) as
control. MG63 cells were cultured for 24 h in
DMEMcontaining 10%FCS, thenwashed twice
with serum-free medium that did not contain
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antibiotics. Expression plasmids pEGFP or
SYND2 (1.5 mg) were mixed with siRNAs
(50 pmol) and X-tremeGene transfection reage-
nt (Roche, Indianapolis, IL) in serum- and
antibiotic-free medium and applied to MG63
cells. Two hours later FCS was added in the
culture medium and culture was continued for
2 days until analysis.

Immunocytochemistry

MG63 cells were seeded on chambered slides
(Nunc, Inc., Naperville, IL). Two days after
transfection, cells were washed twice with cold
phosphate buffered saline (PBS), fixed with
4% paraformaldehyde, permeabilized at �208C
with cold methanol and acetone then treated
with heparitinase III (10 mU/ml). After several
washes, cells were incubated overnight at 48C
with the primary antibodies. The cells were
then incubated for 1hat room temperaturewith
either donkey Cy3-conjugated anti-mouse or
Cy2-conjugated anti-rabbit secondary antibody
(Jackson Immunoresearch, West Grove, PA).
Controls for specific labelings were performed
using non-immune mouse or rabbit IgGs
instead of the primary antibodies. Cells were
finally washed with PBS and mounted using a
fluorescent mounting medium (Dako, Carpin-
teria, CA). Immunolabelingwas analyzed using
a Nikon fluorescent microscope and the Histo-
lab software (Microvision, Evry, France).

Immunoprecipitation and Immunoblot

Protein extracts were prepared 2 days after
the transfection. Cells were washed with cold
PBSand then lysed on ice in 50mMTris-HCl pH
8, containing 150 mM NaCl, 5 mM EDTA, a
protease inhibitor cocktail (Roche), and 1%
Nonidet P-40 (NP-40). Protein content was
determined using theDC protein assay (Biorad,
Hercules, CA). Immunoprecipitations (IP) were
performed using protein A linked to magnetic
beads (Dynal Biotech, Oslo, Norway). Rabbit
anti-PKCd or anti-SYND2 IgGs were captured
on protein A. The beads were then washed and
incubated overnight with 400 mg of cell lysates.
After washes, immunocomplexes were sus-
pended in SDS-PAGE loading buffer containing
50 mM dithiothreitol and boiled for 5 min. In
each experiment, negative controls for IP were
included using normal rabbit immunoglobulin
fraction (Dako).

Crude extracts or immunoprecipitated pro-
teins were subjected to SDS-PAGE and electro-

transferred onto polyvinylidene difluoride
membrane. The membrane was then blocked
overnight at 48C in 20 mM Tris-HCl pH 7.5,
137 mM NaCl, 0.1% Tween 20, 1% Bovine
Serum Albumine (TBSTA), incubated with
primary antibodies diluted in TBSTA, and then
with appropriate horseradish peroxidase-con-
jugated antibodies. The signals were visualized
using a chemiluminescent detection system
(Pierce Biotechnology, Rockford, IL).

Membrane Preparation

To detect proteins in subcellular compart-
ments, cells were sonicated in 20 mM Tris-HCl
pH 7.2, with 2 mM EDTA, 2 mM EGTA, 0.1%
b-mercaptoethanol, andprotease inhibitor cock-
tail. Themembrane fractionwas then separated
from cytosolic fraction by centrifugation at
100,000g for 1 h.

PKCd Kinase Assay

The kinase activity of PKCd was measured
2daysafter transfectionaspreviously described
[Chen and Faller, 1999]. Cultures were stop-
ped on liquidnitrogen, cellswere lysed in 50mM
Tris-HCl pH 8, 150 mM NaCl, 5 mM EGTA,
1 mM orthovanadate, protease inhibitor cock-
tail, and 1% NP-40. PKCd was immunoprecipi-
tated from 200 mg protein extracts as described
above, except that before being boiled with the
loading buffer, immunocomplexes were washed
twice with the kinase buffer (20 mM Tris-HCl,
10 mM MgCl2, pH 7.5) and then incubated for
10 min at 308C with 25 ml of the kinase buffer
containing 10 mM ATP, 0.4 mg/ml histone H1,
and 10 mCi of [g32P]-ATP (6,000 Ci/mmol).
Reagents were then separated by SDS-PAGE.
Immunoprecipitated PKCd was detected by
Western blot and phosphorylated histone was
detected by autoradiography. In control reac-
tions histone H1 was not present.

RT-PCR Analysis

Total RNAs were isolated from the cultured
cells using a ready-to-use monophasic solution
of phenol and guanidine isothiocyanate. RNA
was digested by DNase I to remove genomic or
plasmid DNA contamination. Two micrograms
were subjected to cDNAsynthesis for 1hat 378C
using 200 U M-MLRV reverse transcriptase
(Gibco, Gaithersburg,MD). The cDNAproducts
were submitted to 25 cycles amplification
(annealing at 558C)using the followingprimers:
for PKCd, sense 50-AACAATCTATGCGCAGT-
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GAGG-30, anti-sense 50-GGCATGTCGATGTT-
GAAGC-30; for SYND2, sense 50-GACGATGA-
CTACGCTTCTGC-30, anti-sense 50-TTGTAT-
CCTCTTCGGCTGG-30; for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), sense 50-
GGGCTGCTTTTAACT-CTGGT-30, anti-sense
50-TGGCAGGTTTTTCTAG-ACGG-30. Co-ampli-
fication of the specific gene and GAPDH as
internal control was performed by using two
primer sets in a single reaction mixture.
Amplified sequences were separated on agarose
gel and visualized on UV light.

In Vitro Determination of Caspase Activity

MG63 cells were lysed on ice in 10 mM Tris-
HCl, 200 mMNaCl, 5 mM EDTA, 10% glycerol,
and 1% NP40. The activity of effector caspases
(caspases-3, -6, -7) was determined by the
cleavage of synthetic fluorogenic substrates
containing the specific amino acid sequence
recognized by these caspases (DEVD). Cell
extracts were incubated for 2 h at 378C with
20 mMsubstrate diluted in 10mMHepes/NaOH
pH 7.4, 10 mM dithiothreitol, and 0.1 mM
PMSF. Fluorescent emission was detected
using a spectrofluorimeter (F-2000, Hitachi).
Results were expressed as arbitrary units (AU)
after correction for protein content.

Detection of Cell Apoptosis-Hoechst Staining

MG63 cells were fixed 2 days after trans-
fection. Cells transfected with SYND2 were
submitted to SYND2 immunodetection as
described above. Transfected control cells were
detected by green fluorescent protein (GFP)
expression. To examine nuclearmorphology the
cells were incubated with 2.5 mg/ml Hoechst
33258 (Sigma-Aldrich) in PBS for 5 min. Cells
showing apoptotic chromatin changes (i.e.
mainly chromatin condensation) in their nuclei
were counted. Only cells that displayed GFP
(EV-transfected cells) or high-level of SYND2
expression (SYND2-transfected cells) were con-
sidered. At least 100 labeled cells were counted
for each condition.

MTT Reduction Assay

Cell-mediated reduction of 3-(4,5-dimethyl-
thiazol-2-yl)-205-diphenyl-tetrazo-lium bromide
(MTT) in formazan was used as a cell viability
assay. MG63 cells were seeded in 96-well plates
and transfected as described above. Two days

after, 10 ml of 3 mg/ml of MTT were added in
each well for 30 min. The insoluble formazan
salt that has been producted was then solubi-
lized inDMSOandabsorbancewasmeasured at
540 nm.

Statistical Analysis

All experimentswereperformedat least three
times. Photographied bands resulting from
Western blot or PCR analysis were quantified
using QuantityOne analysis software (Biorad).
All values are expressed asmean�SD. Statisti-
cal analysis was performed using the Student’s
t-test to determine the significance between
groups (P< 0.05).

RESULTS

Syndecan-2 and PKCd Interact in
Transfected Osteoblastic Cells

To determine whether PKCd is involved in
the pro-apoptotic signaling induced by SYND2,
we first examined the distribution of the two
proteins in OB cells. To this aim, MG63 cells
that display a low-level of SYND2 expression
were transfected to overexpress SYND2. The
proteoglycan and PKCd were then detected by
double immunofluorescence. In cells with low-
level of SYND2 (Fig. 1A, arrow heads) and in
SYND2-overexpressing cells (Fig. 1A, arrow),
the proteoglycanwas present over thewhole cell
surface. In these cells, PKCdwas also present at
the cell membrane. In SYND2-overexpressing
cells, PKCd expression was markedly increased
in cytosolic perinuclear compartments (Fig. 1A).
At the membrane level there was no coincident
distribution of the two proteins. However, as
shown by yellow staining in merge views, the
kinase and the proteoglycan displayed partial
overlapping distribution in cytosolic compart-
ments where SYND2 is present during protein
maturation and glycosylation (Fig. 1A). To
determine if this partial co-localization may
reflect a molecular interaction, SYND2 and
PKCd were immunoprecipitated with specific
antibodies and associated proteins were ana-
lyzed by Western blot. As shown in Figure 1B,
PKCd co-immunoprecipitated with SYND2.
Furthermore, low molecular weight proteins
recognized by the anti-SYND2 antibody were
found associated with PKCd. These data sug-
gest that PKCd can associate with SYND2 in
OB cells.
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Syndecan-2 Induces Accumulation of
PKCd in Osteoblastic Cells

Since the double immunolabeling of SYND2
and PKCd (Fig. 1A) suggests that PKCd level
was increased in SYND2-overexpressing cells,
we examined the effect of SYND2 overexpres-
sion on endogenous PKCd level by Western blot
analysis of proteins extracted from transiently
transfected MG63 cells. Using a liposome
system, the transfection resulted in 15–25%
of overexpressing cells in the culture, as
previously observed [Modrowski et al., 2005].
Transfection with SYND2 resulted in a signifi-
cant increase in SYND2 level as compared with
control cells transfected with the EV (Fig. 2A).
The increase in SYND2 level was associated
withahigher level ofPKCd (Fig. 2A).Analysis of
four independent experiments indicated that
the increase in PKCd level was about threefold,
similar to the increase in SYND2. Transfection
with SYND2 also resulted in a marked increase
in SYND2mRNA level as shown by theRT-PCR
analysis (Fig. 2B). However, no change in PKCd

mRNA levelswas found in cells transfectedwith
SYND2 as compared to cells transfected with
EV (Fig. 2B). These results suggest that SYND2
regulates PKCd expression at a post-transcrip-
tional level to induce PKCd accumulation in
OB cells.

Syndecan-2 Overexpression Inhibits PKCd
Activation and Activity in Osteoblastic Cells

PKCd is a kinase that is responsive to DAG,
and translocation to the membrane is required
for its activation [Gschwendt, 1999]. We, there-
fore, investigatedwhether SYND2 couldmodify
the recruitment of PKCd at the membrane. To
this aim, SYND2 and PKCd were detected by
immunoblotting after fractionation of themem-
brane and cytosol proteins of transiently trans-
fected cells. As expected, SYND2 was mainly
increased in the membranes in SYND2-trans-
fected cells. Moreover, the high molecular
weight smear was increased in these cells,
indicating that recombinant SYND2 was glyco-
sylated (Fig. 3A). A high-level of PKCd was

Fig. 1. SYND2 and PKCd distribution in MG63 OB cells.
A: Double immunofluorescence was performed on MG63 cells
that were transiently transfected with SYND2, using a mouse
monoclonal antibody (10H4) that recognizes the ectodomain of
SYND2 after heparitinase III digest (a) and a rabbit anti-PKCd
antibody (b). Arrow heads indicate cells with low-level of
SYND2. Arrows indicate cells that overexpress SYND2. Yellow

staining indicates overlapping distribution in merge views (c).
B: PKCd and SYND2 were immunoprecipitated from total lysates
of cells transfected with SYND2. Rabbit IgG were used as IP
control. Total cell lysate and immunoprecipitated proteins were
separated by SDS-PAGE and electrotransferred. The upper part of
the resulting membrane was incubated with anti-PKCd antibody
and the lower part with anti-SYND2.
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found in themembranes ofMG63 cells (Fig. 3A).
In cells that overexpressed SYND2, membra-
nous PKCd level was not modified whereas it
wasmarkedly increased in the cytosolic fraction
(Fig. 3A). Thus, SYND2 transfection induced
cytosolic accumulation of thekinase, suggesting
that SYND2 may regulate PKCd activation. To
further document the effect of SYND2 on PKCd
activation, the phosphorylation of the kinase
was examined using an anti-phospho-PKCd
antibody. Figure 3B shows that at short time
after culture medium replacement, phospho-
PKCd level was increased in control cells (EV).
In SYND2-transfected cells, phospho-PKCd
level was significantly reduced compared to
EV control cells. This confirms that SYND2
inhibits PKCd activation in OB cells. We then
investigated the effect of SYND2 overexpres-
sion on PKCd kinase activity. To this aim, an
in vitro kinase assay was performed with PKCd
immunoprecipitated from cells transfected
with EV, SYND2, or a plasmid coding the
DN mutated form of PKCd. Phosphorylation of
histone was significantly reduced both in DN

kinase and SYND2-overexpressing cells as
compared to control cells (Fig. 3C). Altogether
these data indicate that interaction between
SYND2 and PKCd results in downregulation of
the activity of the kinase.

Inhibition of PKCd Activity Increases
Apoptosis in Osteoblastic Cells

The precise role of PKCd in the control of
OB cell life span is not known. To determine
whether SYND2-mediated regulation of PKCd
contributes to SYND2-induced apoptosis, PKCd
activity was repressed by specific inhibitors.
Rottlerin, a pharmacological agent that was
found to inhibit PKCd activity in OB cells [Li
et al., 2002] induced a strong increase in effector
caspase activity in MG63 cells (Fig. 4A). Tran-
sient expression of a DNmutated form of PKCd
also resulted in a significant enhancement of
caspase activity in control cells (Fig. 4B). The
20% increase in caspase activity in PKCdDN-
transfected cells corresponds to the 15–25%
transfected cells in this system. These results
suggest that inhibition of PKCd activity induces

Fig. 2. SYND2 overexpression results in increased PKCd level.
A: PKCd and SYND2 levels were determined by immunoblot in
total lysate of cells transfected with an EV or with a vector
encoding SYND2. Signals resulting from four independent
experiments were analyzed and reported to the actin signal (B)
level of SYND2 and PKCd gene expression was determined by

RT-PCR using 2 mg of total RNA extracted from MG63 cells
transfected with EV or with SYND2. Signals resulting from three
independent experiments were analyzed and GAPDH served as
control gene to normalize PKCd and SYND2 mRNA levels.
Results are the means� SD. a: indicates a significant difference
(P< 0.05) with control cells transfected with the EV alone.
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apoptosis. To further support this finding, we
evaluated the effect of inhibition of PKCd
activity using Hoechst staining to reveal apop-
totic changes in chromatin of transfected cells.
These cells were detected by GFP expression in
control pEGFP-transfected cells or by immuno-
labeling of SYND2 in SYND2-transfected cells.
The rate of apoptotic cells was similar in the
total cell population and inGFPexpressing cells

(12� 2 %) indicating that the transfection by
itself had no effect on cell apoptosis. The DN
kinase increased the number of apoptotic cells
among control cells labeled forGFP (Fig. 4C).As
previously shown, overexpression of SYND2
resulted in a significant increase in the activity
of effector caspases and induced chromatin
apoptototic changes (Fig. 4A, B, C). However,
inhibition of PKCd activity by co-transfection

Fig. 3. SYND2 overexpression results in inhibition of PKCd
activation. MG63 cells were transfected with the EV or SYND2.
A: Immunoblot analysis of PKCd and SYND2 expression in
subcellular compartments. Membranes were separated from
cytosol by centrifugation. Unprocessed 75 kDa PKCd or SYND2
were detected using rabbit polyclonal antibodies. B: Levels of
(Thr505) phosphorylated PKCd was detected in MG63-trans-
fected cells. Two days post-transfection medium was replaced
and the cells were lysed at different times as indicated. Signals
obtained for P-PKCd were quantified and normalized with the
corresponding signal obtained for PKCd. C: A kinase assay was
performed using histone H1 as substrate and PKCd immunopre-
cipitated from MG63 cells transfected with EV, SYND2, or a DN
mutant of PKCd. Immunoprecipitated PKCd was detected by
immunoblot. Phosphorylation of histone H1 was evaluated by
autoradiography.

Fig. 4. Inhibition of PKCd activity results in increased apopto-
sis. Effector caspase activity was measured using a synthetic
fluorogenic substrate. MG63 cells were transfected with EV or
SYND2 and treated with 2.5 mM Rottlerin for 24 h (A) or MG63
cells were co-transfected with the dominant negative mutant
PKCdDN (B). C: Apoptotic chromatin modifications were
evaluated after Hoechst staining in cells co-transfected with
pEGFP-C1 or SYND2 and PKCdDN. Cells expressing GFP or
high-level of SYND2, as detected by immunofluorescence, and
displaying nuclear apoptotic modifications were counted.
Results are representative of independent experiments and are
the means� SD of the values obtained from triplicate wells.
a: indicates a significant difference (P<0.05) with control cells
transfected with the EV alone.
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with PKCdDN did not significantly modify
SYND2-induced apoptosis (Fig. 4B, C). Overall,
these results indicate that inhibition of the
kinase activity in MG63 cells induces apoptosis
and hence suggest that PKCd exerts a survival
function in these cells.

Rescue of PKCd Activity in Syndecan-2-
Overexpressing Cells Inhibits Apoptosis

To further investigate the role of PKCd in
SYND2-induced apoptosis, we co-transfected
MG63 cells with SYND2 and a plasmid coding
PKCdCAT, a constitutively active form of the
kinase [Soh et al., 1999]. Rescue of PKCd
activity resulted in reduced caspase activation
in cells transfected with SYND2 (Fig. 5A).
Moreover, as shown in Figure 5B, the nucleus
of most cells that overexpressed SYND2 was
apoptotic. In contrast, the nucleus of cells that
expressed the transgenes after co-transfection
with SYND2 and PKCdCAT did not differ from
that of control transfected cells that expressed
GFP (Fig. 5B). Co-transfectionwith SYND2and
PKCdCAT allowed to decrease apoptotic cell
number by 55%as compared to cells transfected
with SYND2 alone (Fig. 5C). This inhibitory
effect of PKCdCAT on apoptosis induced by
SYND2was confirmedusing theMTTreduction
assay that measures cell viability (Fig. 5D).
These data demonstrate that SYND2 induces
apoptosis in OB cells in part through inhibition
of PKCd activity.

Overexpression of PKCd
Wild Type Induces Apoptosis

To further document the action of PKCd dur-
ing OB cells apoptosis, we transfected MG63
cells with a construct encoding the full length
PKCdWT. Overexpression of PKCd did not
modify significantly effector caspase activity in
transfected cells (Fig. 6A). However, PKCdWT
induced cell death in control cells to the same
extent as SYND2 alone, but did not modify
SYND2-induced apoptosis (Fig. 6B and C). This
pro-apoptotic action of PKCdWTwas confirmed
with annexin V binding assay (data not shown).
These results show that in OB cells, PKCd
displays a pro-apoptotic action beside its pro-
survival function.

Effects of PKCd Suppression by siRNA on
Osteoblastic Cell Apoptosis

Since the anti-apoptotic function of PKCd
seems to depend on the catalytic activity

whereas the pro-apoptotic action seems to
depend on the protein level, we attempted to
discriminate the different activities of PKCd
using siRNA to reduce specifically the level of
endogenous kinase in these cells. As shown
in Figure 7A, co-transfection with a plasmid
coding for SYND2 and siRNA targeted against
PKCd inducedan increase inSYND2expression
and a marked decrease in PKCd levels. Inhibi-
tion of the kinase expressionwith siRNAdid not
significantly modify SYND2-induced effector
caspase activity (data not shown). Inhibition of
the kinase expression resulted in a strong
decrease in cell viability as shown by the MTT
reduction test (Fig. 7B). In contrast, co-transfec-
tion with SYND2 and PKCd siRNA increased
cell viability as compared to cells transfected
with SYND2 and control siRNA (Fig. 7B).
Inhibition of the kinase expression also strongly
increased thenumber of controlGFPexpressing
cells showing apoptotic chromatin changes
but reduced the number of apoptotic SYND2-
expressing cells (Fig. 7C). These results show
that suppression of PKCd resulted in opposite
effects in control and SYND2-overexpressing
cells. This suggests that a high-level of PKCd
is required for the pro-apoptotic activity of
SYND2, and that accumulation of inactive
kinase induced by overexpression of SYND2
may be involved in SYND2-induced apoptosis.

DISCUSSION

Recent data indicate that syndecans act as
signaling molecules. Notably, SYND2 is con-
nected to key signaling pathways through
interactions with kinases, cytoskeleton elemen-
ts, or scalfolding proteins [Couchman, 2003].
However, SYND2 downstream signals are lar-
gelyunknown.We recently reportedanovel role
for this proteoglycan in the control of OB cell
apoptosis [Modrowski et al., 2005]. In the
current study, we identified downstream sig-
naling events that contribute to the pro-apopto-
tic signaling effect of SYND2 in OB cells.

The results presented here confirm that re-
combinant SYND2 expressed inMG63 cells was
mainly directed to the membranes. In osteo-
blasts, SYND2 appeared in the same punctuate
pattern at the cell surface and in compartments
of the cytoplasm in osteoblasts, as previous-
ly shown by Tumova et al. [2000] in fibrob-
lasts. PKCd was also found to be associated
to the plasma membrane and in perinucleus
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compartments. Although PKCd and SYND2 did
not display any overlapping distribution at the
plasmamembrane level, theywere both present
in cytoplasmic compartments. Moreover, co-IP
analysis suggested that SYND2 can associate

with PKCd in OB cells. Several types of asso-
ciation have been described between syndecans
and PKCs or other kinases. In particular, PKCd
and PKCg are able to phosphorylate serines of
the C1 domain of syndecan-4 and the V domain

Fig. 5. Rescue of PKCd activity results in inhibition of SYND2-
induced apoptosis. A: Effector caspase activity was measured
using a synthetic fluorogenic substrate in MG63 cells co-
transfected with EV or SYND2 and the sequence coding the
catalytic domain of the kinase (PKCdCAT). B: Two days after
transfection SYND2 was detected by immunofluorescence using
the rabbit antibody in cells co-transfected with SYND2 plus EV
or PKCdCAT. Apoptotic chromatin changes were examined
in control transfected cells that expressed GFP or in SYND2-
overexpressing cells (arrows) after Hoechst staining. C: MG63

cells were transfected with the indicated plasmids and the cells
expressing GFP or high-level of SYND2 and displaying nuclear
apoptotic modifications were counted. D: Cell viability was
assessed in transfected cells by a MTT reducing assay. Results are
repesentative of independent experiments and are the means�
SD of the values obtained from triplicate wells. a: indicates a
significant difference (P<0.05) with control cells transfected
with the EV alone. b: indicates a significant difference (P< 0.05)
with cells transfected with SYND2 alone.
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of SYND2, respectively [Kramer et al., 2002;
Murakami et al., 2002]. Another type of associa-
tion is exemplified by the interaction between
syndecan-4, phosphatidylinositol 4,5-bipho-
sphate (PIP2), and PKCa that results in activa-
tion of the kinase [Horowitz and Simons, 1998].
Although SYND2 does not have the appropriate
V domain to complex directly PIP2, this proteo-
glycan is able to interact with PDZ containing
proteins, such as syntenin, that were shown to
bind PIP2 [Grootjans et al., 1997]. Indeed, the
best described mode of activation for the novel
PKCs involves conformational changes induc-
ed by interaction with the membrane lipids,
that allows release of the inhibitory pseudosub-
strate domain and facilitates the PKC-mediat-
ed phosphorylation of membrane substrates
[Gschwendt, 1999]. Conversely, we show here
that SYND2 induced cytosolic accumulation
of PKCd. Moreover, we found a lower level of

PKCd-Thr505 phosphorylation in SYND2-over-
expressing cells. In contrast, PMA and other
activators of PKCd induce PKCd-Thr505 phos-
phorylation in different cell types [Rybin et al.,

Fig. 6. PKCdWT induces apoptosis in MG63 cells. A: Effector
caspase activity was measured using a synthetic fluorogenic
substrate in MG63 cells co-transfected with EV or SYND2 and a
construct coding the full length PKCdWT. B: Two days after
transfection, SYND2 was detected by immunofluorescence in
MG63 cells transfected with the indicated plasmids and the cells
expressing GFP or high-level of SYND2 and displaying nuclear
apoptotic modifications were counted. C: Cell viabilty was
assessed in transfected cells by a MTT reducing assay. Results are
repesentative of independent experiments and are the
means� SD of the values obtained from triplicate wells. a:
indicates a significant difference (P<0.05) with control cells
transfected with the EV alone.

Fig. 7. SYND2 requires PKCd expression to induce apoptosis.
siRNA were used to inhibit PKCd expression in SYND2-
overexpressing cells. MG63 cells were transfected with EV or
SYND2 and control scramble siRNA or PKCd targeted siRNA.
Inhibition of PKCd expression was checked by immunoblot (A).
Apoptosis was assessed by MTT reducing assay (B). The number
of apoptotic cells was evaluated by counting GFP or SYND2-
overexpressing cells that presented a condensed chromatin (C).
Results are repesentative of independent experiments and are the
means� SD of the values obtained from at least triplicate wells.
a: indicates a significant difference (P<0.05) with control cells
transfected with the EV and control siRNA. b: indicates a
significant difference (P<0.05) with cells transfected with
SYND2 and control siRNA.
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2004] which increases the catalytic activity of
the membrane-associated activated kinase
[Stempka et al., 1999]. We also showed that
PKCd immunoprecipitated from cells trans-
fected with SYND2 had a reduced ability to
phosphorylate histone in vitro. Overall, these
results indicate that overexpression of SYND2
decreases activation of PKCd through the
membrane pathway and decreases PKCd cata-
lytic activity in OB cells, which provides a novel
functional interaction between a syndecan and
a kinase. We cannot exclude however the
possibility that inhibition of PKCd by SYND2
may not result from the direct physical interac-
tion but may depend on intermediate signals.
Since activation of PKC by phorbol ester treat-
ment enhances its degradation via the ubiqui-
tin-proteasome pathway [Lu et al., 1998], the
accumulation of full length PKCd protein may
be related to its reduced activation via the
membrane pathway that results from SYND2
overexpression.

To determine whether the altered PKCd
activity can account for the pro-apoptotic action
of SYND2 overexpression, we examined the
effect of inhibition of the PKCd kinase activity
on OB cell apoptosis. We found that either a
low dose of Rottlerin, a kinase-dead PKCd, or
inhibition of PKCd expression by specific siRNA
induced cell death in control cells, indicating
that PKCd has a pro-survival function in OB
cells. Anti-apoptotic functions for this kinase
were described in other cell types including
malignant breast cells in which PKCd activa-
tion triggers the MEK/ERK survival pathway
[McCracken et al., 2003]. PKCd was also found
to be involved in the anti-apoptotic effects of
TNFa and FGF-2 through modulation of the
JNK and p38 pathways [Brodie and Blumberg,
2003]. Interestingly, we show here that, as
compared to transfection with SYND2 alone,
co-transfection of SYND2 with DN PKCd
mutant had the same effect on cell death. The
absence of any additive effect of PKCdDN and
SYND2 overexpression suggests that the induc-
tion of cell death might be mediated through
a common pathway that involves inhibition
of PKCd activity. Consistently, the rescue of
PKCd activity in SYND2-overexpressing cells
resulted in reduced apoptosis. Altogether,
these results demonstrate that SYND2 induces
apoptosis in OB cells, at least partly, by
inhibiting the pro-survival catalytic activity of
PKCd.

Our data also reveal that overexpression of
PKCdWT results in increased number of apop-
totic MG63 cells. This is not specific to MG63
cells because overexpression of PKCdWT in
human primary pre-OB cells also decreased cell
viability (data not shown). We speculated that,
in the absence of allosteric activators, over-
expression of PKCd might result in accumula-
tion of full length PKCd in the soluble fraction,
comparable to that occuring in SYND2-over-
expressing cells. Since treatment with siRNA
that inhibited SYND2-induced accumulation of
PKCd resulted in reduced apoptosis, we suggest
that PKCd may have a pro-apoptotic function
that is dependent on the non-processed protein
and is independent of the membrane activating
pathway, and that SYND2 may also induce
apoptosis through PKCd accumulation. To our
knowledge this is the first demonstration that
PKCd could display both a pro- and an anti-
apoptotic role in the same cell type. This dual
effect is consistent with the finding that PKCd
mediates distinct functions of the pro-apoptotic
cAbl and the anti-apoptotic Atm in OB cells
subjected to oxidative stress. Indeed, these
kinases were found to destabilize and stabilize
PKCd, respectively [Li et al., 2004].Ourdata are
also consistent with the finding that the cata-
lytic form of PKCd free from the regulatory
domain and the full length PKCd display
different lipid requirements and substrate
specificity [Hamaguchi et al., 2003; Steinberg,
2004], indicating distinct functions for the
different forms of the kinase. Hence, SYND2
may drive a switch from a catalytic activity of
PKCd to another activity. Another possibility is
that SYND2maypromote a kinase independent
activity of PKCd. Indeed, PKCd is able to induce
apoptosis in vascular smooth muscle cells
independently of its kinase activity [Goerke
et al., 2002]. Other functions that do not seem
to be linked to kinase action were described
for PKCd, such as Dishevelled recruitment
[Kinoshita et al., 2003] or docking function for
Src kinase and associated proteins [Zang et al.,
1997]. It is worth noting that inhibition of the
catalytic activity by Rottlerin or the kinase-
dead construct induced cell death and activa-
tion of effector caspases whereas the apoptotic
activity of PKCd was not associated with mar-
ked changes in caspase activity inOB cells. This
is consistent with the finding that the apoptotic
activity of PKCd in vascular smoothmuscle cells
is independent of caspase activation [Goerke
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et al., 2002], and supports the idea that PKCd
may have opposite actions involving indepen-
dent mechanisms.
In conclusion, our data indicate that over-

expression of SYND2 modulates PKCd action,
by inhibition of the canonical allosterical activa-
tionpathway that plays ananti-apoptotic role in
OB cells, and promotion of a pro-apoptotic role
that participates to the induction of cell deathby
SYND2, which establishes a novel functional
interaction between SYND2 and PKCd.
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