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Although Fas ligand (FasL) is primarily expressed by lymphoid cells, its receptor Fas (CD95/Apo-1) is
broadly expressed in numerous nonlymphoid tissues and can mediate apoptosis of parenchymal cells upon
injury and infiltration of inflammatory cells. Here we show that CCN1 (CYR61) and CCN2 (CTGF), matri-
cellular proteins upregulated at sites of inflammation and wound repair, synergize with FasL to induce
apoptosis by elevating cellular levels of reactive oxygen species (ROS). CCN1 acts through engagement of
integrin �6�1 and cell surface heparan sulfate proteoglycans, leading to ROS-dependent hyperactivation of p38
mitogen-activated protein kinase in the presence of FasL to enhance mitochondrial cytochrome c release. We
show that CCN1 activates neutral sphingomyelinase, which functions as a key source of CCN1-induced ROS
critical for synergism with FasL. Furthermore, Fas-dependent hepatic apoptosis induced by an agonistic
monoclonal anti-Fas antibody or intragastric administration of alcohol is severely blunted in knock-in mice
expressing an apoptosis-defective Ccn1 allele. These results demonstrate that CCN1 is a physiologic regulator
of Fas-mediated apoptosis and that the extracellular matrix microenvironment can modulate Fas-dependent
apoptosis through CCN1 expression.

Cell adhesion to several abundant extracellular matrix
(ECM) proteins via engagement of integrin receptors is known
to induce potent prosurvival signals, whereas detachment from
the ECM triggers many cell types to undergo anoikis, a form of
apoptotic cell death (13). This regulation of cell survival
through integrin-mediated cell adhesion plays a critical role in
controlling homeostasis and the integrity of tissue architecture,
whereas unligated or inappropriately ligated integrins may
elicit apoptotic signals (12). However, during embryogenesis,
inflammation, tissue remodeling, and wound repair, death-
inducing factors can provoke programmed or apoptotic death
in normal cells without requiring their detachment from the
ECM (4).

Fas (CD95/APO-1) is a member of the tumor necrosis factor
(TNF) receptor family of cell surface death receptors that
mediates apoptotic signals upon binding to its specific ligand,
FasL. Ligation of Fas to FasL or its agonistic antibodies results
in receptor clustering, recruitment of the adaptor protein
FADD, and activation of the proteolytic caspase cascade (19,
50). Whereas FasL is primarily expressed in activated T lym-
phocytes, natural killer cells, and tissues of immune privilege,
Fas is broadly expressed in most lymphoid and nonlymphoid
tissues (50). Fas-mediated apoptosis is critical for the regula-
tion of the immune response, including deletion of activated T
and B lymphocytes, cell death-inducing activity of cytotoxic T
cells, and removal of infiltrating lymphocytes in immune-priv-
ileged tissues (19, 50). Fas also plays an important role in
parenchymal cell apoptosis in many organs during tissue injury
and upon inflammatory infiltration of lymphocytes (7, 20, 38,

42, 46). Consistent with the notion that cell adhesion promotes
cell survival, integrin-matrix interactions inhibit Fas-dependent
apoptosis in a variety of cell types (22, 32). Thus, optimal
apoptotic responses to Fas/FasL signaling in adherent paren-
chymal cells must override the cytoprotective effects of inte-
grin-mediated cell adhesion. In these instances, dynamic
changes in the ECM induced by inflammation or injury repair
may establish conditions that are permissive of, or conducive
to, the apoptotic responses to FasL.

Recent studies have described the emergence of ECM pro-
teins that can induce or promote apoptosis (49, 60, 65). Among
them are members of the CCN family (9), which are secreted
cysteine-rich proteins that serve regulatory rather than struc-
tural roles in the ECM and are therefore considered matricel-
lular proteins (6). CCN1 (CYR61) and CCN2 (CTGF) support
cell adhesion, stimulate cell migration, induce angiogenesis,
and promote chondrogenic differentiation, exerting their func-
tions primarily through direct binding to integrin receptors.
CCN1 and CCN2 promote the survival of endothelial cells
through integrin �v�3 but induce apoptosis in p21-deficient
fibroblasts through �6�1 via a caspase-8-independent mecha-
nism (3, 40, 60). CCN1 and CCN2 are also critical for embry-
onic development, as Ccn1-null mice die during midgestation
due to cardiovascular abnormalities and Ccn2-deficient mice
perish perinatally as a consequence of severe skeletal malfor-
mations (29, 47, 48). In the adult, CCN proteins are highly
expressed at sites of inflammation, injury repair, and tissue
remodeling and are implicated in diseases where inflammation
plays a role, including fibrosis, atherosclerosis, arthritis, and
cancer (9). Furthermore, the presence of CCN1 in the ECM
enables TNF-� to induce apoptotic death in normal cells with-
out inhibition of NF-�B signaling or de novo protein synthesis,
conditions thought to be necessary for TNF-� to be cytotoxic
(10).
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Here we show that CCN1 and CCN2 can synergize with
FasL and significantly enhance FasL-induced apoptosis in fi-
broblasts. Mechanistically, CCN1 engages integrin �6�1 and
cell surface heparan sulfate proteoglycans (HSPGs), leading to
the reactive oxygen species (ROS)-dependent hyperactivation
of p38 mitogen-activated protein kinase (MAPK) in the pres-
ence of FasL, which greatly enhances mitochondrial cyto-
chrome c release and apoptosis. We show that CCN1 is a novel
activator of neutral sphingomyelinase (nSMase), which is an
essential contributor to CCN1-induced ROS. Further, Fas-
dependent hepatic cell death is greatly diminished in knock-in
mice expressing an apoptosis-defective mutant of CCN1 that is
unable to bind �6�1-HSPGs. Together, these results show that
CCN1 is a physiologic regulator of Fas-mediated apoptosis and
indicate that Fas-dependent cell death at sites of inflammation
and injury repair may be controlled by the matrix microenvi-
ronment through CCN1 expression.

MATERIALS AND METHODS

Cell culture. Normal human skin fibroblasts (HSFs) were obtained from the
American Type Culture Collection, maintained at 37°C and 5% CO2 in Iscove’s
modified Dulbecco’s medium (Invitrogen) with 10% fetal bovine serum (FBS;
HyClone), and used before reaching 20 population doublings.

Proteins, reagents, and antibodies. Recombinant CCN1 and CCN2 and mu-
tant proteins (DM, TM, D125A) were produced and purified from a baculovirus
expression system in Sf9 insect cells as described previously (11, 39). Human
trimeric Fas ligand was from Axxora. Human fibronectin (FN), vitronectin (VN),
mouse laminin, rat type 1 collagen (Col I), anti-Bax (6A7), anti-cytochrome c
(6H2.B4) for immunofluorescence, and anti-Fas (Jo2 and DX2) were from BD
Biosciences. Caspase-8-, caspase-9-, and caspase-3-inhibitory peptides (N-ben-
zyloxycarbonyl-IETD-fluoromethyl ketone [Z-IETD-FMK], Z-LEHD-FMK,
and Z-DEVD-FMK, respectively), SB202190, SB203580, and SP600125 were
from Calbiochem, and the caspase-10 inhibitor (Z-AEVD-FMK) was from R&D
Systems. Caspase-10 chromogenic substrate N-acetyl-AEVD-p-nitroanilide (Ac-
AEVD-pNA) was from AnaSpec. Antibodies for caspase-8 and phospho-c-Jun
N-terminal protein kinase 1/2 (phospho-JNK1/2; Thr183/Tyr185) were from As-
say Designs, those for caspase-9, -3, phospho-p38 MAPK (Thr180/182), phos-
pho-c-Jun (Ser63), and JNK1/2 were from Cell Signaling Technology, and those
for p38 MAPK, Fas (C-20), and poly(ADP ribose) polymerase (PARP; H-250)
were from Santa Cruz. Cytochrome c and cytochrome c oxidase 4 antibodies for
immunoblots were from Clontech. Mouse monoclonal anti-�-actin antibody
(AC-15), GW4869, and desipramine were from Sigma. Function-blocking mono-
clonal antibodies (MAbs) against integrins �6 (GoH3) and �v�5 (P1F6) were
from Chemicon, and anti-VNRI (anti-�v�3) was a generous gift from S. C. Lam.
CM-H2DCFDA [5- (and 6-)chloromethyl-2�,7�-dichlorodihydrofluorescein di-
acetate acetyl ester), DHC (dihydrocalcein), and DHE (dihydroethidium) were
from Invitrogen. Phosphatidylserine, porcine brain sphingomyelin, and ceramide
were from Avanti Polar Lipids. Choline-[methyl-14C]sphingomyelin was from
PerkinElmer.

Apoptosis assays. Non-tissue culture plates were coated by overnight incuba-
tion at 4°C with rat tail Col I (5 �g/ml), VN (3 �g/ml), FN (1 �g/ml), CCN1 (2
�g/ml), or CCN2 (2 �g/ml), onto which serum-starved HSFs were plated and
allowed to attach for 20 min in Iscove’s modified Dulbecco’s medium supple-
mented with 0.1% bovine serum albumin (BSA). Cells were treated with FasL,
and apoptosis was assessed either by TUNEL assay (ApopTag Red in situ
apoptosis detection kit; Millipore) using the manufacturer’s protocol or by DAPI
(4�,6-diamidino-2-phenylindole) staining (45). Briefly, incubation of cells with
apoptosis-inducing factors was terminated by addition of 10% formaldehyde to
the culture medium and fixation overnight at room temperature (RT). Fixed cells
were rinsed once with phosphate-buffered saline (PBS) and stained with 1 mg/ml
DAPI for 5 min at RT. Apoptotic cells were counted in 10 randomly selected
high-power fields (Nikon Optiphot). This method gives results comparable to
those obtained by terminal deoxynucleotidyltransferase-mediated dUTP-biotin
nick end labeling (TUNEL). Data are presented as mean % apoptosis � stan-
dard deviations (SD) from experiments done in triplicate. All apoptosis assays
were done at least three times with similar results.

Annexin V-PI staining and flow cytometry analysis. Briefly, 3 � 105 cells were
treated as noted in the figure legends, harvested, and rinsed twice with binding

buffer (10 mM HEPES-NaOH [pH 7.4], 140 mM NaCl, 2.5 mM CaCl2). Staining
with annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) was
done with annexin V-FITC apoptosis detection kit I (BD Biosciences) by fol-
lowing the manufacturer’s protocol.

Immunoblotting and immunocytochemistry. Immunoblotting was done by
standard methods after electrophoretic separation of proteins by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. To detect cytochrome c re-
lease, cells were treated as described in the figure legends and cytosolic extracts
were prepared and analyzed as described previously (45). For immunocytochem-
istry, cells were grown on chamber slides, treated as noted in the figure legends,
and probed with anti-cytochrome c (6H2.B4 clone) or monoclonal anti-Bax (6A7
clone). Images were acquired with a Zeiss Axiovert 200 M microscope with an
AxioCam MRc5 camera (AxioVision Rel 4.6 software).

In vitro caspase activity assay. Caspase-10 activity was measured by using a
modification of a published protocol (26). Briefly, cells were lysed in hypotonic
buffer (10 mM HEPES [pH 7.4], 50 mM NaCl, 2 mM MgCl2, 5 mM EGTA, 1
mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail). After incu-
bation on ice for 15 min and four freeze-thaw cycles, lysates were spun at
10,000 � g for 1 min at 4°C, and protein concentration in supernatants containing
the cytosolic fraction was measured with a Bio-Rad Dc protein assay kit. Extracts
containing 40 �g total protein were diluted with an equal volume of 2� reaction
buffer (50 mM HEPES [pH 7.4], 0.2% CHAPS {3-[(3-cholamidopropyl)-di-
methylammonio]-1-propanesulfonate}, 20% glycerol, 2 mM EDTA, 10 mM di-
thiothreitol), and caspase-10 chromogenic substrate (Ac-AEVD-pNA) was
added to a final 200 �	 concentration. The caspase-10 inhibitor Ac-AEVD-
FMK (50 �M) was added to demonstrate the specificity of the assay. The
absorbance of cleaved substrate at 420 nm was measured with the Labsystem
Multiskan MS plate reader.

Cell surface expression of Fas. Cells were harvested using 5 mM EDTA in
PBS, rinsed, and without permeabilization incubated with FITC-conjugated anti-
Fas (DX2; 10 �g/ml) or FITC-conjugated control immunoglobulin G (IgG) in
blocking solution (1% normal goat serum, 0.02% NaN3 in PBS). After 40 min of
incubation on ice, cells were rinsed and fixed in 1% paraformaldehyde in PBS,
pH 7.4, and 105 cells/sample were analyzed by flow cytometry (Cell Lab Quanta
SC MPL; Beckman Coulter). Histogram overlays were generated in Summit V31
software (Cytomation, Inc.).

ROS measurements. Hydrogen peroxide and superoxide species in live cells
were detected with indicator dyes CM-H2DCFDA and DHE, respectively, by
flow cytometry (62). Cells were loaded with the indicator dye (5 �M) for 15 min
at 37°C, followed by 10 min of incubation with CCN1, CCN2, or FasL. After
being rinsed, cells were harvested and resuspended to 0.2 � 106 cells/ml in cold
PBS containing 5% FBS. Fluorescence from 105 cells per sample was analyzed by
flow cytometry (Cell Lab Quanta SC MPL; Beckman Coulter). Data collected
from triplicate samples were plotted against geometric mean fluorescence inten-
sities or presented as histograms generated by Summit V31 software. For detec-
tion of ROS by fluorescence microscopy (Leica; model DM IRB) (2), cells were
loaded with 10 �M DHC and counterstained with Hoechst 33342. Five random
high-power fields per condition were photographed with a QImaging Retiga
2000R camera, and integrated DHC fluorescence intensities were measured with
ImageJ 1.36b software (NIH).

siRNA and semiquantitative RT-PCR. HSFs were transfected using Lipo-
fectamine 2000 reagent (Invitrogen) with 50 nM siGENOME SMARTpool small
interfering RNA (siRNA) against nSMase1 (NM_003080), siRNA against p38�
(sense: CCUACAGAGAACUGCGGUU-dTdT) (30), or control nontargeting
siRNA (Dharmacon). nSMase1 gene silencing was confirmed 72 h posttransfec-
tion by semiquantitative reverse transcription-PCR (RT-PCR) analysis. Total
RNA was isolated with Tri reagent (Molecular Research Center, Inc.). nSMase1-
specific primers (forward, 5�-CAACAAGTGTAACGACGATGCC-3�; reverse,
5�-CGATTCTTTGGTCCTGAGGTGT-3�) and GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) primers (forward, 5�-ATCGTGGAAGGACTCATG
ACCACA-3�; reverse, 5�-CCTGCTTCACCACCTTCTTGATGT-3�) were used
in RT-PCR to confirm downregulation.

Constructs and CCN1 and Bcl2 overexpression. Human CCN1 cDNA was
cloned into pCMV-Script vector (Stratagene) using XmaI and HindIII cloning
sites and was confirmed by sequencing analysis. HSFs grown in 35-mm dishes
until 80% confluent were transfected with 1 �g/ml empty vector or the pCMV-
CCN1 expression construct using Lipofectamine 2000 (Invitrogen). nSMase as-
says or ceramide measurements were done 24 h posttransfection. pBabe-eGFP
and pBabe-eGFP-BCL2 constructs were a kind gift from Nissim Hay. HSFs were
transiently transfected with 1 �g/ml plasmid using Lipofectamine 2000, and
overexpression was confirmed by immunoblot analysis after 24 h. To assess the
effect of Bcl-2 overexpression on CCN1/FasL apoptosis, transfected cells were
treated with CCN1 and/or FasL for 5 h and the apoptotic index in green fluo-
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rescent protein (GFP)-positive cells was determined by fluorescence microscopy.
At least 50 GFP-positive cells per treatment were assessed for apoptosis in
experiments done in triplicate.

In vitro nSMase assay. The activity assay specific for nSMase was conducted
in neutral pH that is nonpermissive for acidic SMase (aSMase) activity (66). Cells
were lysed in a buffer containing 20 mM HEPES (pH 7.4), 10 mM MgCl2, 2 mM
EDTA, 1 mM dithiothreitol, 0.1 mM Na3VO4, 10 mM �-glycerophosphate, 750
�M ATP, 1 mM phenylmethylsulfonyl fluoride, protease inhibitor cocktail, and
0.1% Triton X-100 by 15 min of incubation on ice. After a brief sonication,
lysates were centrifuged at 14,000 � g and 4°C for 10 min. Protein concentration
in supernatants containing cytosolic and membrane fractions was determined by
Dc assay (Bio-Rad). Samples containing 30 to 50 �g of total protein (in a 50-�l
volume) were incubated with an equal volume of a buffer containing 20 mM
HEPES (pH 7.4), 1 mM MgCl2, 6.7% phosphatidylserine, and 100 �M choline-
[methyl-14C]sphingomyelin (10 cpm/pmol, 50 nCi/reaction). The reaction was
stopped after 2 h of incubation at 37°C by adding 0.25 ml of H2O and 0.8 ml
chloroform-methanol (2:1 [vol/vol]). After vortexing and phase separation at
1,500 � g for 5 min, the aqueous phase was removed and radioactivity was
measured with a liquid scintillation counter (Beckman Coulter).

Ceramide quantitation. Lipids were extracted from HSFs according to the
Bligh and Dyer method (5), and ceramide was measured by the diacylglycerol
kinase assay, which uses recombinant Escherichia coli diacylglycerol kinase,
which phosphorylates diacylglycerols and ceramides in lipid extracts (56). After
the reaction was carried out in the presence of [
-32P]ATP, lipids were separated
by thin-layer chromatography, and thin-layer chromatography plates were ex-
posed to X-ray film. Bands corresponding to the Rf value for ceramides were
quantified by densitometry. The amount of ceramide in cells was calculated after
comparison with ceramide standards, and results were expressed as pmol cer-
amide per 105 cells.

Bax immunofluorescence. Mitochondria were labeled by adding 80 nM Mito-
Tracker Orange CMTMRos to the culture medium for 10 min at 37°C and 5%
CO2. Cells were fixed with 2% paraformaldehyde, pH 7.5, for 15 min at RT.
After five rinses with PBS, cells were permeabilized for 30 min at RT in 0.5%
CHAPS, which does not induce an activating conformational change in Bax
protein, which nonionic detergents are known to do (28). After 1 h of blocking
in 2% normal goat serum and 3% BSA in PBS, cells were labeled with 5 �g/ml
anti-Bax (6A7 clone) by overnight incubation at 4°C. After staining with Alexa
Fluor 488-conjugated secondary antibody and counterstaining with DAPI, sam-
ples were mounted with Fluoromount G and images were acquired on Zeiss
Axiovert 200 M microscope with an AxioCam MRc camera.

Animals and MEFs. The animal protocols were approved by the Animal Care
Committee of the University of Illinois at Chicago. Two independent lines of
Ccn1dm/dm mice were generated in an svJ129-C57BL/6 mix background and
backcrossed a minimum of six times into the C57BL/6 background (10). MEFs
were harvested from embryonic day 12.5 embryos according to standard proce-
dures, and experiments were performed no later than passage 3.

Liver injury models. Ccn1wt/wt and Ccn1dm/dm male mice between 8 and 10
weeks old were treated with agonistic Fas antibody (Jo2 clone, endotoxin and
azide free) or control IgG at 0.5 �g/g body weight via tail vein injection (52).
Mice were sacrificed 2 h thereafter, and livers were paraffin embedded. Sections
(7 �m thick) were assayed for apoptosis by TUNEL, and positive nuclei were
counted in five random fields (200� magnification). Serum alanine aminotrans-
ferase (ALT) activities were measured 4 h after intraperitoneal delivery of Jo2
(0.5 �g/g body weight) with the Hitachi 912 automated analyzer. For alcohol-
induced liver injury, a binge drinking model was used (70). Male mice were fed
intragastrically with alcohol at a dose of 2 g/kg body weight, delivered by a single
gavage of 32% (vol/vol) ethanol, and sacrificed 24 h later. Liver tissue was
processed for histological analysis and TUNEL staining. Images were acquired
with a Zeiss Axiovert 200 M microscope with the AxioCam MRc5 camera
(AxioVision Rel 4.6 software). Apoptosis was quantified as described above.

Statistical analysis. Each experiment in this study was repeated at least three
times with similar results; the results of one representative experiment done in
triplicate are shown, and data are presented as means � SD. Student’s t test was
employed to calculate P values.

RESULTS

CCN1 and CCN2 synergize with FasL to induce apoptosis.
To test the hypothesis that FasL-induced apoptosis may be
modulated by the ECM microenvironment, we plated serum-
starved HSFs on surfaces coated with various ECM proteins,

including Col I, VN, FN, CCN1, and CCN2. These CCN pro-
teins support cell adhesion and cell spreading and induce ad-
hesive signaling, including activation of focal adhesion kinase,
paxillin, and Rac (8). Cells were either left untreated or incu-
bated with FasL, and apoptosis was monitored by TUNEL
assay (Fig. 1A). TUNEL-positive cells also showed nuclear
condensation, as indicated by DAPI staining, consistent with
apoptotic cell death (17). Cells adhered on purified CCN1 or
CCN2 exhibited a significantly higher apoptotic index than
those adhered on other ECM proteins in the presence of FasL,
although cell adhesion on CCN proteins per se did not induce
apoptosis under these conditions. Within 5 h of FasL treat-
ment, �80% of cells adhered on CCN1 or CCN2 were apop-
totic, whereas only �35% of cells adhered on other ECM
proteins were undergoing apoptosis, as revealed by DAPI
staining (Fig. 1B). CCN1 also synergized with FasL when
added as a soluble factor to cells adhered on tissue culture
dishes, as shown by flow cytometric analysis after annexin V-PI
staining (Fig. 1C). In addition, CCN1 synergized with FasL in
a dose-dependent manner (Fig. 1D). Apoptosis in response to
FasL was greatly reduced (to 2 to 3%) when cells were grown
in medium containing 10% FBS (Fig. 1E), reflecting a protec-
tive effect of serum against FasL-induced apoptosis (57). Nev-
ertheless, CCN1 enhances FasL cytotoxicity even in the pres-
ence of 10% serum, despite the antiapoptotic effects of serum
growth factors.

CCN1 synergizes with FasL through integrin �6�1 and
HSPGs. CCN proteins are known to elicit various cellular
responses through direct binding to distinct integrin receptors,
and the specific integrins utilized are dependent on the cell
type and context (36). In HSFs, CCN1 binds integrins �6�1,
�v�5, and �v�3 to regulate aspects of cell behavior including
cell adhesion, migration, and DNA synthesis, respectively, with
�6�1 acting with cell surface HSPGs as a coreceptor (9). To
identify the CCN1 receptors required for its synergism with
FasL, we tested the effects of function-blocking MAbs against
the known integrin receptors for CCN1. Pretreatment of cells
with anti-�6 MAb (GoH3) abolished CCN1/FasL synergism,
whereas control IgG had no effect (Fig. 2A). The addition of
soluble heparin to the culture medium eliminated the effect
of CCN1, most likely by saturating the heparin-binding sites of
CCN1 and thus preventing its interaction with cell surface
HSPGs (Fig. 2B). By contrast, function-blocking MAbs against
integrins �v�3 and �v�5, alone or in combination, did not
inhibit CCN1/FasL synergism (Fig. 2C). These results are con-
sistent with the interpretation that CCN1 interaction with
�6�1-HSPGs is crucial for its synergism with FasL. To test this
notion further, we examined the effects of CCN1 mutants that
are unable to bind specific integrins. In accord with antibody-
blocking results, the CCN1 mutants DM and TM, which are
defective for binding �6�1-HSPG (39), were completely unable
to enhance FasL-induced apoptosis (Fig. 2D). By contrast, the
integrin �v-binding-defective CCN1 mutant, D125A (11), was
still capable of synergizing with FasL (Fig. 2D). Together,
these results show that CCN1 functions to augment FasL-
induced apoptosis primarily through engagement of integrin
�6�1 and HSPGs.

CCN1 amplifies the Fas-induced caspase cascade without
altering Fas expression or cell surface localization. In some
cell types, Fas receptor complexes activate a sufficient amount
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of the initiator caspase-8 to trigger apoptosis through direct
activation of the executioner caspase-3, whereas in other cell
types the apoptotic signals must be amplified through mito-
chondrial cytochrome c release facilitated by caspase-8 cleav-
age of the BH-3-containing protein Bid (41). Cytoplasmic cy-
tochrome c forms the apoptosome with Apaf-1 to activate
caspase-9, which in turn activates caspase-3 and triggers apop-
tosis. Treatment of HSFs with inhibitory peptides for
caspase-8, -10, -9, or -3 completely abolished Fas-induced
apoptosis either in the presence or absence of CCN1, indicat-
ing that caspases are required for both FasL- and CCN1/FasL-

dependent apoptosis (Fig. 3A). We then monitored the acti-
vation of caspase-8, -9, and -3 by cleavage of their proenzymes
and the activity of caspase-10 by hydrolysis of the caspase-10-
specific chromogenic substrate, Ac-AEVD-pNA (Fig. 3B to
D). In each case, CCN1 by itself did not activate any of these
caspases but greatly enhanced their activation in the presence
of FasL.

Since CCN1 amplified the FasL-induced caspase cascade,
we tested the possibility that it might enhance Fas receptor
expression or cell surface localization. Pretreatment of cells
with cycloheximide or anisomycin (AN) increased apoptosis

µ

µ

FIG. 1. CCN1 and CCN2 synergize with FasL to induce apoptosis. (A) Serum-starved HSFs were adhered to dishes precoated with Col I, VN,
FN, CCN1, or CCN2 in serum-free medium. Cells were untreated or treated with FasL (50 ng/ml) at 37°C for 3 h, and apoptosis was detected by
a TUNEL assay. TUNEL-positive nuclei (red) appear condensed, as shown by DAPI counterstaining. (B) Cells adhered to various matrix proteins
were either untreated or stimulated with FasL, and apoptosis was scored 3 and 5 h thereafter by DAPI staining. (C) Serum-starved HSFs adherent
to tissue culture dishes were treated with various factors added to the culture medium and harvested after 4 h. After HSFs were double-stained
with annexin V-FITC and PI, cell death was assessed by flow cytometry. Results are shown as a bivariate distribution of annexin V-FITC and PI
fluorescence. Cells in the lower left quadrants were defined as viable (double negative), those in the lower right quadrants as early apoptotic
(annexin V positive, PI negative), those in the upper left quadrants as necrotic (PI positive, annexin V negative), and those in the upper right
quadrants as late apoptotic (double positive). Percentages of cells in all quadrants except the lower left are shown. (D) Apoptosis in response to
increasing amounts of soluble CCN1 in the presence of FasL (100 ng/ml) was quantified after 4 h of treatment. (E) Apoptosis was induced by
treatment of cells with FasL (200 ng/ml) and/or CCN1 (1 �g/ml) in medium containing 10% FBS and quantified after 6 h.
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induced by FasL alone (Fig. 3E), most likely due to destabili-
zation of the antiapoptotic protein FLIP, which inhibits acti-
vation of caspase-8 and -10 (57). However, CCN1 was still able
to enhance FasL-induced cell death, showing that de novo
protein synthesis is not required for CCN1/FasL synergism.
Furthermore, the steady-state level of Fas protein was un-
changed in cells treated with CCN1 and/or FasL, as judged by
immunoblot analysis (Fig. 3F, top), indicating that CCN1 does
not work by enhancing Fas synthesis or inhibiting Fas degra-
dation. We then monitored cell surface localization of Fas by
flow cytometry using an anti-Fas MAb, DX2. Treatment of
cells with CCN1 and FasL, alone or in combination, had no
effect on Fas localization on the cell surface (Fig. 3F, bottom,
and data not shown). Therefore, CCN1 amplifies the Fas-
dependent caspase cascade without regulating Fas expression
or cell surface localization.

CCN1 and CCN2 enhance FasL-induced apoptosis by ele-
vating ROS. Since ROS can mediate or augment Fas-induced
apoptosis in some cell types (63), we investigated their poten-
tial role in CCN/FasL synergism. Although CCN1 has been
shown to induce ROS through integrin signaling, no informa-
tion is available on CCN2 in this regard (10). By loading cells
with the indicator dye CM-H2DCFDA, followed by flow cy-
tometry, we found that both CCN1 and CCN2 were able to
induce substantial accumulation of ROS (Fig. 4A and B). The
ROS scavenger N-acetylcysteine (NAC) abrogated the syner-
gism of CCN1 and CCN2 with FasL and partially inhibited
FasL-induced apoptosis (Fig. 4C, top). Moreover, cotreatment
of cells with CCN1 and FasL enhanced FasL-induced cleavage
of the caspase-3 substrate PARP (59), an activity that was

blocked by NAC (Fig. 4C, bottom). NAC blocked ROS accu-
mulation and apoptosis concomitantly (Fig. 4C and D), con-
sistent with the notion that intracellular ROS play an essential
role in CCN/FasL synergism.

nSMase1 is essential for CCN1-induced ROS accumulation
and synergism with FasL. Inflammatory cytokines, ionizing
and UV irradiation, and anticancer drugs can activate SMases,
which hydrolyze sphingomyelin into phosphocholine and the
lipid messenger ceramide (34). Ceramide, in turn, can enhance
cellular ROS levels by activation of NADPH oxidase, disrup-
tion of mitochondrial integrity, and/or downregulation of an-
tioxidant enzymes (67). Since apoptotic signaling through Fas
can activate SMase activity (15), we investigated whether
SMases may play a role in Fas-mediated apoptosis in fibro-
blasts and in CCN1/FasL synergism. Two distinct forms of
SMases are known: membrane-associated nSMase and a lyso-
somal aSMase, which functions only in acidic environments
(16, 34). We found that GW4869, an inhibitor of nSMase,
completely abrogated CCN1/FasL synergism but had no effect
on apoptosis induced by FasL alone (Fig. 5A, top). By contrast,
the aSMase inhibitor desipramine had no effect on apoptosis
induced by FasL with or without CCN1, indicating that
nSMase, but not aSMase, is specifically required for CCN1/
FasL synergism. Moreover, the enhancement of FasL-induced
PARP cleavage by CCN1 was blocked by GW4869 (Fig. 5A,
bottom), providing a biochemical demonstration of the role of
nSMase in CCN1/FasL synergism. Next we tested whether
CCN1-induced ROS is dependent on nSMase activity. As
shown by fluorescence microscopy following DHC staining,
CCN1 treatment induced a large increase in cellular ROS
levels, which was significantly reduced in the presence of
GW4869 (Fig. 5B and C). These results show that nSMase is an
important contributor to CCN1-induced ROS accumulation. It
is interesting that treatment with both CCN1 and FasL results
in less ROS accumulation than CCN1 alone (Fig. 4D and 5C),
most likely because FasL can activate NF-�B, which induces
antioxidant proteins such as Mn superoxide dismutase and
ferritin heavy chain (35, 54). However, CCN1 and FasL induce
more ROS accumulation than FasL alone (Fig. 5B), and this
increased level of ROS is apparently sufficient to mediate the
apoptotic synergism of CCN1.

Of the two known mammalian nSMases, nSMase1 (SMPD2)
is ubiquitously expressed, whereas nSMase2 (SMPD3) is brain
specific (16). Therefore, we targeted nSMase1 specifically by
siRNA-mediated silencing to examine its role in apoptosis
(Fig. 5D, top). Knockdown of nSMase1 abolished the syner-
gism between CCN1 and FasL without blocking FasL-induced
apoptosis (Fig. 5D, bottom), consistent with the effects of
nSMase inhibition by GW4869 (Fig. 5A). These results show
that nSMase1 is a critical mediator of CCN1-induced ROS
accumulation and is essential for apoptosis induced by CCN1
and FasL, but not FasL alone.

CCN1 activates nSMase and increases ceramide levels.
Since nSMase mediates ROS generation by CCN1, we assessed
the ability of CCN1 to activate this class of enzymes using an
assay specific for nSMase. Measuring nSMase activity in cell
lysates at neutral pH, we found an �80% increase in nSMase
activity in cells transfected with a pCMV-CCN1 expression
vector compared to control cells transfected with the empty
vector (Fig. 5E). Moreover, the ceramide level in CCN1-over-

FIG. 2. Integrin �6�1 and cell surface HSPGs are required for
CCN1/FasL synergism. Apoptosis of HSFs treated as described below
was quantified by DAPI staining after 4 h of incubation. (A) Anti-
integrin �6 rat MAb (GoH3) or normal rat IgG (50 �g/ml each) was
preincubated with HSFs 30 min prior to treatment with FasL with or
without CCN1. (B) Soluble heparin (10 �g/ml), CCN1, and FasL were
added where indicated. (C) Cells were untreated (ctrl) or incubated
with MAbs against �v�3 and/or �v�5 or normal IgG for 30 min before
addition of FasL with or without CCN1. (D) Cells were treated with
FasL and wild-type CCN1 (WT) or CCN1 mutant protein D125A
(defective in binding integrin �v), DM, or TM (defective in binding
integrin �6�1-HSPG).
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expressing cells as measured by diacylglycerol kinase assay was
�70% higher than that in control cells (Fig. 5F). An increase
in ceramide was also observed in HSFs after treatment with
recombinant CCN1 protein (data not shown). These results
show that CCN1 can activate nSMases and increase the cellu-
lar levels of ceramide.

ROS-dependent hyperactivation of p38 MAPK mediates
CCN1/FasL-induced cytochrome c release and apoptosis. ROS
are potent inhibitors of cellular phosphatases, and through this
mechanism ROS can sustain the phosphorylation and activa-
tion of MAPKs, including JNK and p38 MAPKs (31, 37). We
therefore analyzed the activation of MAPKs by FasL in the
presence of CCN1. Inhibition of JNK activity by SP600125 did
not block FasL-induced apoptosis with or without CCN1 (Fig.
6A, top), even though CCN1 was able to enhance the activa-

tion of JNK by FasL, as judged by JNK phosphorylation at
Thr-183/Tyr-185 (Fig. 6B). SP600125 annihilated JNK-depen-
dent phosphorylation of c-Jun at Ser-63 (Fig. 6C), demonstrat-
ing the efficacy of this JNK inhibitor. These results show that
JNK is not required for CCN1/FasL synergism, in concordance
with previous findings that JNK is dispensable for Fas-medi-
ated apoptosis in lymphocytes (44). By contrast, the chemical
blockers SB202190 and SB203580, which inhibit both p38� and
p38� isoforms, significantly diminished FasL/CCN1-induced
apoptosis (Fig. 6A, top). Similarly, SB203580 inhibited the
synergistic processing of procapase-9 in the presence of CCN1
and FasL (Fig. 6A, bottom). Since HSFs express a high level of
p38� and only a minimal amount of p38�, we investigated the
specific role of p38� by siRNA silencing (30) (Fig. 6D, top).
Indeed, depletion of p38� severely blunted CCN1/FasL-in-

FIG. 3. CCN1 amplifies caspase activation by FasL without affecting the expression or cell surface localization of Fas. (A) HSFs were incubated
with the vehicle (dimethyl sulfoxide) or inhibitory peptides against caspase-8, -10, -9, or -3 (Z-IETD-FMK, Z-AEVD-FMK, Z-LEHD-FMK, and
Z-DEVD-FMK, respectively; 20 �M each) before treatment with FasL with or without CCN1. (B) Caspase-10 activity in lysates from cells treated
with CCN1 and/or FasL was assayed using the chromogenic substrate Ac-AEVD-pNA in the presence or absence of the caspase-10 inhibitor
(Z-AEVD-FMK). OD 420 nm, optical density at 420 nm. (C) Whole-cell lysates from cells treated as indicated for 4 h were immunoblotted with
antibodies specific for caspase-8 or �-actin. The experiment was done at least three times with similar results. (D) Processing of caspase-9, and
caspase-3 was detected by immunoblotting in lysates of cells treated as described above. The experiment was done at least three times with similar
results. (E) Effects of cycloheximide (CHX) and anisomycin (AN) (10 �g/ml each) on apoptosis induction by CCN1 and/or FasL (*, P � 0.01; **,
P � 0.05). (F, top) Lysates of cells treated as indicated were immunoblotted with anti-Fas (C-20) and �-actin antibodies. (Bottom) Cell surface
expression of Fas was detected by flow cytometry. The histogram overlay shows staining with FITC-conjugated normal mouse IgG and anti-Fas
MAb (DX2-FITC) in BSA-treated cells and in cells treated for 2.5 h with CCN1 and FasL.
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duced apoptosis, indicating that p38� MAPK plays a critical
role in this process (Fig. 6D, bottom).

CCN1 significantly enhanced the activation of p38 MAPK by
FasL without activating p38 by itself, as judged by immunode-
tection of dual phosphorylation on Thr-180/Tyr-182 (Fig. 6E).
Hyperphosphorylation of p38 MAPK by CCN1/FasL treat-
ment is ROS dependent, since it was blocked by NAC (Fig.
6E). This result prompted us to postulate that CCN1-induced
ROS generation through nSMase1 may be critical for p38
MAPK hyperphosphorylation. Both knockdown of nSMase1
expression by siRNA and treatment of cells with the nSMase
inhibitor GW4869 greatly diminished CCN1/FasL-induced p38
MAPK phosphorylation, showing that redox-sensitive hyper-
phosphorylation of p38 MAPK is indeed dependent on
nSMase1 (Fig. 6F).

Next we assessed the importance of the mitochondria in
CCN1/FasL synergism. We found that overexpression of Bcl-2,
an antiapoptotic protein known to block all mitochondrial
apoptogenic activity (33), was sufficient to completely abolish
apoptosis induced by FasL and CCN1/FasL (Fig. 7A). Thus,
both FasL and CCN1/FasL synergism require mitochondrial
participation to induce apoptosis. Since p38 MAPK contrib-
utes to several apoptotic pathways by regulating the transloca-
tion of the proapoptotic protein Bax from cytosol to mitochon-
dria to trigger cytochrome c release (23), we monitored
cytochrome c release by immunostaining (Fig. 7B, top) and

subcellular fractionation (Fig. 7B, bottom). Stimulation of cells
with CCN1 and FasL triggered a massive release of cyto-
chrome c to the cytoplasm compared to treatment with FasL
alone (Fig. 7B, bottom). The synergistic effect of CCN1/FasL
on cytochrome c release was completely blocked by SB203580,
indicating its dependence on p38 MAPK. We also assessed the
subcellular localization of Bax by immunocytochemistry using
the monoclonal anti-Bax antibody 6A7, which recognizes an
N-terminal epitope that is exposed after Bax activation (Fig.
7C) (51). When MAb 6A7 was used, a large number of cells
showed the presence of activated Bax localized to the mito-
chondria in cells treated with CCN1 and FasL. The number of
cells positive for activated Bax was greatly reduced by
SB203580, indicating that p38 MAPK augments cytochrome c
release through Bax activation (Fig. 7C). Together, these re-
sults show that nSMase1 is critical for CCN1-induced ROS
accumulation, leading to hyperactivation of p38 MAPK and
enhanced cytochrome c release in the presence of FasL, re-
sulting in synergistic apoptosis.

CCN1 regulates Fas-induced apoptosis in vivo. Since Ccn1-
null mice are embryonic lethal, we turned to mice expressing
mutant CCN1 to test the role of CCN1 in Fas-mediated apop-
tosis in vivo. For this purpose, we employed Ccn1dm/dm

knock-in mice, in which the Ccn1 genomic locus has been
replaced by an allele encoding DM, a mutant defective for
binding �6�1-HSPG and therefore completely unable to syn-

FIG. 4. CCN1- and CCN2-induced ROS are essential for their synergism with FasL. (A and B) Cellular levels of ROS were detected by flow
cytometry in HSFs loaded with 5 �M CM-H2DCFDA and treated with 2 �g/ml of CCN1 (A) or CCN2 (B). Histogram overlays show fluorescence
intensity in BSA-treated control cells and cells treated with CCN1 or CCN2. (C, top) Apoptosis in cells treated for 4 h with FasL and CCN1 or
CCN2, with or without preincubation with 10 mM NAC. (Bottom) Immunoblot detection of PARP cleavage in lysates of cells treated as indicated
(B, BSA; C, CCN1; F, FasL; CF, CCN1 and FasL), with or without NAC preincubation. The experiment was done at least three times with similar
results. (D) ROS levels in cells treated with FasL and/or CCN1, in the presence or absence of 10 mM NAC, were determined by flow cytometry.
Experiments were done in triplicate, and the geometric mean fluorescence intensity (MFI) � SD was expressed as the increase over the
BSA-treated control.
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ergize with FasL (Fig. 2D) (10). Ccn1dm/dm mice are viable and
fertile and exhibit no overt morphological or behavioral de-
fects. We isolated MEFs from Ccn1dm/dm mice and found that
they showed reduced sensitivity to FasL-induced cell death
compared to wild-type MEFs, responding only at very high
concentrations of FasL (Fig. 8A). Intracellular peroxide and
superoxide levels in Ccn1dm/dm MEFs were significantly lower
than those in wild-type MEFs (Fig. 8B), showing that endog-
enously expressed CCN1 plays an important role in cellular
ROS generation.

In addition to lymphocytes, Fas mediates apoptosis in many
nonlymphoid tissues in the organism upon inflammation and
injury (19). Systemic administration of the agonistic anti-Fas
MAb Jo2 causes massive hepatic apoptosis and liver hemor-
rhage and serves as a model to examine Fas-specific apoptosis

in vivo (52). We delivered Jo2 intravenously into wild-type and
Ccn1dm/dm knock-in mice and analyzed hepatic apoptosis 2 h
later by TUNEL assay (Fig. 9A). Whereas Jo2 elicited sub-
stantial hepatic cell death in wild-type mice, Fas-dependent
apoptosis was suppressed by 65% in Ccn1dm/dm mice (Fig.
7B). By contrast, injection of control IgG did not result in any
detectable hepatic apoptosis. Two independent lines of
Ccn1dm/dm mice showed comparable results. Consistent with a
reduced level of apoptotic liver damage, the serum ALT levels
measured after Jo2 delivery were significantly lower in
Ccn1dm/dm mice than in wild-type mice, whereas control mice
of either genotype had barely detectable ALT levels (Fig. 9C).
The specificity of the Jo2 MAb and the Ccn1dm mutation
allows us to conclude that Fas-mediated apoptosis is critically
dependent on CCN1 functions in vivo.

FIG. 5. nSMase is essential for CCN1-induced ROS accumulation and synergism with FasL. (A, top) Apoptosis in HSFs that were either
untreated (ctrl) or incubated with GW4869 (20 �M) or desipramine (25 �M) before addition of FasL and CCN1. (Bottom) Immunoblot detection
of PARP cleavage in lysates of cells treated as indicated (B, BSA; C, CCN1; F, FasL; CF, CCN1 and FasL), with or without preincubation with
GW4869. (B) After preincubation with 20 �M GW4869 or vehicle (1.3% dimethyl sulfoxide), cells were treated with CCN1 and/or FasL for 2 h
and loaded with DHC for fluorescence microscopy. (C) Five randomly selected high-power microscopic fields of cells/sample, treated as above,
were photographed, and the average fluorescence intensity was analyzed using ImageJ software and presented as mean � SD. (D) HSFs were
transfected with either SMPD2 (nSMase1) or control siRNA. Expression of SMPD2 and GAPDH was determined after 72 h using semiquanti-
tative RT-PCR (top; duplicate samples). Transfected cells were treated with CCN1 and/or FasL, and apoptosis was scored (bottom). Data
represent the means � SD of an experiment done in triplicate (*, P � 0.05; NS, not significant). (E) nSMase activity was measured 24 h after
transfection of HSFs with the pCMV-CCN1 construct or an empty vector (pCMV). Results are presented as % of vector-transfected control �
SD obtained from three independent experiments. (F) Ceramide levels in HSFs were determined by diacylglycerol kinase assay 24 h after
transfection with either an empty vector or pCMV-CCN1.
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To assess the role of CCN1 in Fas-mediated apoptosis under
physiologic conditions further, we employed an alcohol-in-
duced-apoptosis model. It has been shown that the intake of a
single bolus of alcohol in mice results in Fas-dependent hepatic
apoptosis, an effect that is eliminated by intravenous delivery
of a neutralizing anti-FasL antibody (70). Therefore, we
treated wild-type and Ccn1dm/dm mice with a single dose of
alcohol intragastrically and examined liver apoptosis 24 h
thereafter. Hepatic apoptosis was reduced by 60 to 70% in
Ccn1dm/dm mice compared to wild-type mice, indicating that
physiologic cell death mediated through Fas is regulated by
CCN1 (Fig. 9D). Together, these results show that the matri-
cellular protein CCN1 in the ECM microenvironment acts as a
contextual regulator of physiologic Fas-mediated apoptosis.

DISCUSSION

The present study provides new insights into how Fas-me-
diated apoptosis may be regulated in a context-dependent
manner by the ECM microenvironment. In addition to the

deletion of activated T and B cells and the suppression of
inflammation in immune-privileged tissues, FasL also induces
apoptosis in parenchymal cells of many nonlymphoid tissues
through its broadly expressed receptor Fas upon injury and
inflammatory infiltration of lymphocytes (20, 42, 46). Our
study shows that the matricellular proteins CCN1 and CCN2,
which are highly expressed in wounded and inflamed tissues,
significantly synergize with Fas-mediated apoptosis through
integrin-dependent redox signaling. Furthermore, Fas-medi-
ated apoptosis is severely blunted in knock-in mice expressing
a Ccn1 allele encoding an �6�1-HSPG-binding-defective pro-
tein. These results demonstrate that the cellular response to
Fas-mediated apoptosis is regulated by the ECM milieu
through the expression of CCN matricellular proteins.

Cell adhesion to the ECM typically induces integrin signal-
ing and invokes cytoprotective functions against numerous
proapoptotic stimuli, including serum withdrawal, cytokines,
chemotherapeutic agents, and loss of cell adhesion (13). Mech-
anistically, ligation of integrins activates focal adhesion kinase,
integrin-linked kinase, and Src kinases, resulting in signals

FIG. 6. ROS-dependent hyperactivation of p38 MAPK is critical for FasL/CCN1-induced apoptosis. (A, top) Apoptosis of HSFs treated with
vehicle (dimethyl sulfoxide), the p38 MAPK inhibitor SB203580 or SB202190 (10 �M each), or the JNK inhibitor SP600125 (12 �M) prior to
stimulation with FasL with or without CCN1. *, P � 0.05; **, P � 0.01. (Bottom) Immunoblot analysis of caspase-9 processing in lysates of cells
treated as indicated (B, BSA; C, CCN1; F, FasL; CF, CCN1 and FasL), with or without preincubation with 40 �M SB203580. (B) HSFs were
treated with various proteins, and total cell lysates, collected after 4 h of incubation, were analyzed for phospho-JNK1/2 (Pi-JNK; Thr183/Tyr185)
and total JNK1/2 by immunoblotting. (C) HSFs were pretreated with various concentrations of SP600125 for 1 h and left uninduced or induced
with CCN1 and FasL (C�F) for 4 h. Whole-cell lysates were immunoblotted against phospho-c-Jun (Ser63) and �-actin. (D, top) Lysates from
cells transfected with control or p38� siRNA were immunoblotted with antibodies against p38 MAPK and �-actin. (Bottom) Transfected cells were
stimulated with CCN1 and/or FasL; apoptosis was scored 4 h thereafter. (E) HSFs were treated as indicated in the presence or absence of NAC.
After 4 h, total lysates were collected and analyzed for phospho-p38 MAPK (Thr180/Tyr182) and total p38 by immunoblotting. (F) Cells
transfected with control or SMPD2 siRNA or treated with the nSMase inhibitor GW4869 (20 �M) were stimulated with CCN1 and/or FasL as
described above. Cell lysates were immunoblotted for phosphorylated and total p38.
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transduced downstream to phosphatidylinositol 3-kinase/Akt
and MAPK survival pathways. Indeed, ligation of integrin �2�1

or �5�1 inhibits Fas-mediated apoptosis in T lymphocytes or
synovial cells, respectively (22, 32). Contradictory to the notion
that cell adhesion promotes cell survival, a group of ECM
proteins that can induce apoptosis has recently begun to
emerge. For example, whereas CCN1 and CCN2 promote sur-
vival in endothelial cells through binding to integrin �v�3, they
can also induce apoptosis in fibroblasts through the engage-
ment of �6�1-HSPGs (40, 60). Likewise, other ECM proteins,
including thrombospondin-1 and EMILIN-2, have been re-
ported to induce apoptosis through upregulation of FasL ex-
pression or activation of the death receptor DR-4, respectively
(49, 65). This study shows that the presence of CCN matricel-
lular proteins can profoundly regulate Fas-mediated apoptosis,
thereby adding another layer of complexity to the contextual
control of cell death and survival by the ECM.

CCN1/FasL-induced apoptosis occurs with rapid kinetics
within 4 to 6 h and is independent of de novo protein synthesis.
CCN1 does not regulate Fas expression but synergizes with Fas
signaling through its engagement of integrin �6�1 and HSPGs
to induce cellular ROS accumulation, in part through
nSMase1. CCN1-induced ROS produce hyperactivation of p38
MAPK and increased activation of Bax in the presence of

FIG. 7. CCN1 augments Fas apoptosis by p38 MAPK-dependent Bax activation and mitochondrial cytochrome c release. (A, top) Lysates of
cells transfected with empty vector (pBabe) or a Bcl 2 overexpression construct (pBabe-BCL2) were immunoblotted against Bcl 2 or �-actin as a
loading control. (Bottom) Apoptotic index in GFP-positive transfectants 5 h after treatment with factors as indicated (B, BSA; C, CCN1; F, FasL;
CF, CCN1 and FasL). (B, top) HSFs grown on chamber slides were serum starved prior to treatment with CCN1 and FasL. Cytochrome c was
detected by immunofluorescence staining using anti-cytochrome c MAb (6H2.B4) followed by Alexa Fluor 488-conjugated secondary antibody
(green). Nuclei were counterstained with DAPI (blue). Arrowheads point to cytochrome c released to cytoplasm. Magnification, �400. (Bottom)
HSFs were preincubated with the p38 inhibitor SB203580 (40 �M) or vehicle (dimethyl sulfoxide [DMSO]) and stimulated with CCN1 and/or FasL
for 3 h. The cytosolic fractions were analyzed for cytochrome c, �-actin, and mitochondrial marker cytochrome c oxidase 4 (COX4) by
immunoblotting. UV-irradiated cells were used as a control for cytochrome c release. (C, left) Cells were treated as indicated, and Bax was detected
by immunofluorescence using the 6A7 antibody. Bax (green) and mitochondrial (red) signals were superimposed with DAPI (blue), and merged
images reveal Bax and mitochondrial colocalization (yellow). Magnification, �400. (Right) HSFs were preincubated with the p38 inhibitor
SB203580 (40 �M) or vehicle (DMSO) and stimulated with CCN1 and/or FasL for 4 h. Bax-positive cells from approximately 100 cells/sample in
five randomly chosen fields were counted, and triplicate treatments are presented as means � SD (*, P � 0.05).

FIG. 8. MEFs from Ccn1dm/dm mice show reduced sensitivity to
FasL-induced apoptosis and lower levels of ROS. (A) MEFs from
wild-type (WT) or Ccn1dm/dm (DM) mice were treated with FasL in
serum-free media, and apoptosis was scored after 6 h by DAPI stain-
ing. (B) Wild-type and Ccn1dm/dm MEFs were labeled with ROS indi-
cator dye CM-H2DCFDA for peroxide (H2O2) or DHE for superoxide
(O2

�). Fluorescence intensity was detected by flow cytometry.
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FasL, resulting in enhanced cytochrome c release and apopto-
sis (Fig. 7). Cytoplasmic cytochrome c forms the apoptosome
with Apaf-1 to activate caspase-9 and consequently caspase-3,
which triggers apoptosis. Activated caspase-3 may further ac-
tivate caspase-8 in a positive-feedback loop, thereby amplifying
the upstream caspase cascade (68). Since CCN2 is highly ho-
mologous to CCN1 and binds the same receptors, its mecha-
nism of action is likely similar (8, 10).

The ability of CCN1 and CCN2 to induce significant ROS
accumulation is central to their apoptotic synergism with FasL
(Fig. 4). Indeed, wild-type MEFs accumulate more peroxides
and superoxides than Ccn1dm/dm MEFs (Fig. 8B) and are more
susceptible to apoptosis induction by a variety of pharmaco-
logical agents such as taxol, AN, and methyl methanesulfonate
(data not shown). Our previous studies have shown that CCN1
can induce ROS accumulation through 5-lipoxygenase and the
mitochondria via a Rac1-dependent mechanism (10). Indeed,
inhibitors of 5-lipoxygenase or mitochondrial complex I

blocked both FasL-induced and CCN1/FasL-induced apopto-
sis, suggesting that these mechanisms of ROS generation can
contribute to Fas signaling (data not shown). Since aSMases
can regulate Fas-mediated apoptosis in specific cell types (43),
we investigated the potential role of SMases in CCN1/FasL-
induced apoptosis. We show for the first time that CCN1 can
activate nSMase activity and that nSMase1, but not aSMases, is
critical for CCN1-induced ROS and synergism with FasL. This
result is unexpected because nSMase has not been previously
associated with apoptotic signaling and is not required for
apoptosis induced by FasL alone (Fig. 5A and D). CCN1
activates the membrane-associated nSMase enzyme activity
and the accumulation of ceramide (Fig. 5E and F), which, in
turn, can increase cellular ROS (67). Little is known about the
mechanisms of nSMase activation by extracellular signals, al-
though the adaptor protein FAN is required for its activation
by TNF-� (1). The mechanism by which ECM proteins activate
nSMase is currently unknown and without precedent, whereas

µ

FIG. 9. Ccn1dm/dm mice are blunted in Fas-mediated apoptosis. (A) Anti-Fas MAb (Jo2) or normal hamster IgG was delivered via tail vein
injection to wild-type (WT) and Ccn1dm/dm (DM) male mice, and animals were sacrificed 2 h thereafter. Apoptosis in liver sections was detected
by TUNEL assay, and cells were counterstained with DAPI. (B) Apoptotic cells in Jo2-treated livers as described above in five randomly chosen
fields were counted. Results are presented as means � standard errors (SE) (WT IgG, n � 3; DM IgG, n � 3; WT Jo2, n � 6; DM Jo2, n � 7;
*, P � 0.02 between Jo2-treated samples). Two independent Ccn1dm/dm knock-in mouse lines showed similar results. (C) Serum ALT levels in
control mice or in mice 4 h after intraperitoneal delivery of Jo2 were measured. Results are presented as means � SE (WT IgG, n � 4; DM IgG,
n � 4; WT Jo2, n � 6; DM Jo2, n � 7; *, P � 0.05 between Jo2-treated samples). (D) Wild-type and Ccn1dm/dm male mice received alcohol by
intragastric feeding, and livers were collected 24 h after treatment. Apoptosis was detected by TUNEL assay (WT water, n � 3; DM water, n �
3; WT ethanol, n � 6; DM ethanol, n � 5; *, P � 0.005 between ethanol-treated samples).
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it has been suggested that the lysosomal aSMase is negatively
regulated by �v integrins. Engagement of �v�3 leads to sup-
pression of aSMase activity and reduced apoptosis in oligoden-
drocytes, and blockade of �v�3/�v�5 increases ceramide accu-
mulation and apoptosis in endothelial cells through aSMase
(14, 21). Understanding how nSMase is activated through
CCN1-integrin interaction will require further investigation.

A critical point of convergence between signaling induced by
CCN1 and FasL is the superactivation of p38 MAPK (Fig. 10).
Although CCN1 alone does not activate p38 MAPK, it greatly
amplifies the effect of FasL on p38 MAPK activation in a
ROS-dependent manner (Fig. 6E and F), possibly through the
inhibition of phosphatases by ROS (18). Under our experimen-
tal conditions, CCN1-induced ROS are insufficient to trigger
apoptosis but suffice to superactivate p38 in the presence of
FasL to mediate synergism. Since CCN1/FasL synergism is
independent of de novo protein synthesis, the ability of p38
MAPK to regulate transcription is not critical. Rather, hyper-
activation of p38 is necessary for the activation of the proapop-
totic protein Bax and its recruitment to mitochondria, thus
enhancing cytochrome c release and apoptosis (Fig. 7). Con-
sistent with this observation, p38 MAPK has been shown to
phosphorylate and diminish the antiapoptotic activity of mem-
bers of the Bcl-2 family, thereby promoting the translocation of
Bax/Bak to the mitochondria (24, 61). Concordant with our
finding that p38� plays a role in CCN1/FasL-induced apopto-
sis, MEFs and cardiomyocytes derived from p38��/� mice are
more resistant to Jo2-induced, Fas-mediated apoptosis (55).
Nevertheless, p38 MAPK can also play a prosurvival role in
some cell types, suggesting that its role in apoptosis can be
highly contextual (53, 69).

We conclude that CCN1 is an important regulator of Fas-
mediated apoptosis in vivo based on experiments carried out
using Ccn1dm/dm knock-in mice, which express a mutant CCN1
that is impaired for binding �6�1-HSPG and is thus defective
for apoptotic synergism with FasL. First, endogenously ex-
pressed CCN1 contributes significantly to cellular ROS pro-
duction and responsiveness to FasL in MEFs (Fig. 8). Second,
hepatic apoptosis induced by Jo2, an agonistic anti-Fas MAb,
is severely blunted in Ccn1dm/dm mice (Fig. 9). Reduced
hepatic injury induced by Jo2 treatment is also demonstrated
by reduced levels of serum ALT in Ccn1dm/dm mice (Fig. 9C).
Jo2 is highly specific for Fas, and Jo2-induced apoptosis is
completely obliterated in the Fas-deficient lpr mutant mice
(52). These results establish the ability of CCN1 to regulate
Fas-mediated apoptosis in vivo.

In what physiological contexts might CCN1 regulate Fas-
mediated apoptosis? In this study, we show that hepatic cell
death is severely curtailed in Ccn1dm/dm mice compared to
wild-type mice upon intragastric administration of alcohol
(Fig. 9D), a model of binge drinking that elicits FasL-depen-
dent hepatic apoptosis (70). Thus, the matrix microenviron-
ment, as defined by the expression of CCN1, significantly reg-
ulates Fas-mediated apoptosis in this physiologic model. Since
CCN1 expression is highly induced in many organs and tissues
at sites of inflammation and wound repair, where lymphocytes
infiltrate and express cytokines such as FasL, the potential
interaction of CCN1 and FasL may occur in numerous circum-
stances of injury repair (9). For example, CCN1 is highly ex-
pressed in cardiomyocytes after myocardial infarctions and
ischemic injuries (27), conditions that induce Fas-dependent
cardiac apoptosis (38, 42). CCN1 is also induced upon vascular
injury following balloon angioplasty and in atherosclerotic
plaques (25, 58), where Fas/FasL-dependent apoptosis is ob-
served (7, 46). The potential involvement of CCN1 in Fas-
mediated cell death in these and other physiologic contexts can
be tested directly in future studies using animal models such as
Ccn1dm/dm mice or by siRNA-mediated knockdowns in vivo.
Since CCN2 also synergizes with FasL, it is anticipated that
double mutants that eliminate the apoptotic activity of both
CCN1 and CCN2 may evoke an even stronger cytoprotective
effect against Fas-mediated apoptosis than that observed in
Ccn1dm/dm mice.

Multiple protein factors are expressed within the microen-
vironment of inflammation and tissue injury including TNF-�,
a potent proinflammatory cytokine that induces prosurvival
and antiapoptotic pathways through its strong activation of
NF-�B (64). The presence of CCN1 or CCN2 turns TNF-�
from being a proliferation-promoting factor in fibroblasts into
an apoptotic inducer, without inhibiting NF-�B functions (10).
Furthermore, the cytotoxicity of TNF-� is also dependent on
CCN1 in vivo. These results and our current findings show that
CCN1 and CCN2 are able to significantly modify the activities
of TNF family cytokines, including FasL and TNF-�, and this
interaction has been demonstrated in vivo at least for CCN1.
These observations point to an unexpected interaction be-
tween members of two unrelated protein families—the CCN
matricellular proteins and the TNF family of cytokines—and
reveal a novel mechanism by which the ECM can modulate
TNF cytokine-dependent apoptosis through the expression of
CCN proteins.

FIG. 10. Model for the signaling cross talk between CCN1 and
FasL. CCN1 engages integrin �6�1 and HSPGs to induce accumulation
of cellular ROS through nSMase1. CCN1-induced ROS in the pres-
ence of FasL lead to hyperactivation of p38 MAPK, which triggers a
significant increase in Bax activation, cytochrome c (Cyt c) release, and
apoptosis.
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