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Neutral sphingomyelinase (nSMase), the initial enzyme of the sphingolipid signaling pathway, is thought to
play a key role in cellular responses to tumor necrosis factor alpha (TNF-«), such as inflammation, prolifer-
ation, and apoptosis. The mechanism of TNF-a-induced nSMase activation is only partly understood. Using
biochemical, molecular, and pharmacological approaches, we found that nSMase activation triggered by
TNF-a« is required for TNF-a-induced proliferation and in turn requires a proteolytic cascade involving furin,
membrane type 1 matrix metalloproteinase (MT1-MMP), and MMP2, and leading finally to extracellular
signal-regulated kinase 1/2 (ERK1/2) phosphorylation and DNA synthesis, in smooth muscle cells (SMC) and
fibroblasts. Pharmacological and molecular inhibitors of MMPs (batimastat), furin (a1-PDX inhibitor-trans-
fected SMC), MT1-MMP (SMC overexpressing a catalytically inactive MT1-MMP), MMP2 (fibroblasts from
MMP2~'~ mice), and small interfering RNA (siRNA) strategies (siRNAs targeting furin, MT1-MMP, MMP2,
and nSMase) resulted in near-complete inhibition of the activation of nSMase, sphingosine kinase-1, and
ERK1/2 and of subsequent DNA synthesis. Exogenous MT1-MMP activated nSMase and SMC proliferation in
normal but not in MMP2 ™/~ fibroblasts, whereas exogenous MMP2 was active on both normal and MMP2~/~
fibroblasts. Altogether these findings highlight a pivotal role for furin, MT1-MMP, and MMP2 in TNF-a-
induced sphingolipid signaling, and they identify this system as a possible target to inhibit SMC proliferation

in vascular diseases.

Tumor necrosis factor alpha (TNF-a) is the prototype of
proinflammatory cytokines that signal through cell surface re-
ceptors (20, 31, 52). Members of the TNF/TNF receptor
(TNFR) superfamily are cellular organizers of multicellular
structures, including lymphoid organs, hair follicles, bone, and
lactating mammary gland. They also coordinate the complex
intercellular cross talk involved in immune and inflammatory
responses (20, 31, 52). The TNF/TNFR superfamily system has
been implicated in a variety of diseases, such as bone diseases,
ectodermal defects, impaired immune response, immunoin-
flammatory diseases, septic shock, lymphoproliferation, tumor-
igenesis, cachexia, and atherosclerosis (11, 20, 31, 52).

TNF-a signals through TNFR1, an ubiquitously expressed
receptor for soluble TNF, and TNFR2, with restricted tissue-
specific expression and preferential affinity for membrane
bound TNF (20, 52). Binding of homotrimeric TNF-« to pre-
assembled receptor homotrimer triggers conformational changes
that enable the cytoplasmic domains to bind cognate adaptors.
These adaptors regulate several signaling pathways, including
nuclear factor kB (NF-«kB), Jun N-terminal protein kinases,
and reactive oxygen species, as well as expression of genes
involved in cell survival, proliferation, and apoptosis (2, 20, 31,
52). TNF-a activates the sphingomyelin pathway, which is
characterized by the hydrolysis of sphingomyelin at the plasma
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membrane by acid sphingomyelinase and neutral sphingomy-
elinase (nSMase) isoforms, through different cytoplasmic do-
mains of TNFR (28). Sphingomyelin hydrolysis generates the
second messenger ceramide, which exhibits different proper-
ties depending on the topological location of its generation and
the nature of the SMase involved (19, 28). Subsequent metab-
olism of ceramide involves acid or neutral ceramidases and
sphingosine kinases (SK) that may influence the balance be-
tween proapoptotic (ceramide and sphingosine) and antiapop-
totic (sphingosine-1-phosphate) metabolites (9, 40, 46, 50). So
far, the precise links between TNFR and nSMase activation
remain largely unknown (6), but they could involve metallo-
proteinases, as reported recently (5).

Matrix metalloproteinases (MMPs) are implicated in extra-
cellular matrix degradation, cell migration, proliferation, and
tissue remodeling and thereby may play a role in growth and
development, angiogenesis, tumor invasion, and atherosclero-
sis (37, 53). MMPs are synthesized as latent proenzymes which
are converted into mature, catalytically active forms by proteo-
lytic cleavage of the N-terminal propeptide mediated by serine
proteases, such as plasmin or thrombin, or by membrane-type
MMPs (MT-MMPs) (25, 34). Activation of pro-MMP2 takes
place at the cell surface and involves interactions with active
MT1-MMP, which is itself activated through rapid trafficking
to the cell surface and proteolytic processing (34, 48). MT1-
MMP is cleaved at a '®RRKR cleavage site of its prodomain
sequence by proprotein convertases such as furin (42, 44).
Furin is a Golgi-associated serine proteinase which is synthe-
sized as an inactive enzyme whose activation is spatially and
temporally regulated through a multistep autocatalytic pro-
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FIG. 1. The sphingomyelin/ceramide pathway is required for TNF-a-induced SMC and fibroblast proliferation. (A) TNF-a-induced DNA

synthesis was quantified using [*H]thymidine incorporation, as indicated

in Materials and Methods. SMC were seeded in RPMI containing 10%

FCS and then were starved in RPMI without FCS for 24 h and stimulated by TNF-a (2 ng/ml) after pretreatment with DMAPP (10 pmol/liter,
12 h) or DMS (2 wmol/liter, 1 h) as indicated. (B) Western blot of ERK1/2 kinase activation by TNF-a, showing time course and effect of DMAPP
or DMS (used as for panel A). Western blots were revealed by anti-activated (phospho)-ERK1/2 and by anti-ERK2 antibodies. (C and D) Time
course of nSMase (C) and SK-1 (D) activation in SMC treated with TNF-a. (E) Effect of exogenous bacterial SMase (100 mU/ml, 1 h) on DNA
synthesis in SMC. (F to H) Effect of siRNA targeting human nSMase2 (h-nSM/siRNA) and/or cotransfection of a plasmid coding for the murine
nSMase2 (m-nSM-plasmid for rescue experiments, with m-nSM-plasmid being resistant to h-nSM/siRNA) on nSMase activation (F), DNA
synthesis (G), and ERK1/2 phosphorylation (H) triggered by TNF-a in human SMC. Results are means = SEM form three to five separate
experiments. *, P < 0.05 (comparison between cells treated with or without TNF-«, as indicated).

cessing of the N-terminal prosegment occurring in the endo-
plasmic reticulum (ER) and in the acidic trans-Golgi network
(TGN) (58).

We report here that the mitogenic effect of TNF-a on mes-
enchymal cells is mediated by the sphingolipid pathway and
that nSMase2 (Smpd3), the initial step of the sphingolipid
pathway, is regulated by a proteinase cascade involving furin,
MT1-MMP, and MMP2.

MATERIALS AND METHODS

Chemicals. [*H]thymidine (5 Ci/mmol) and [y-**P]JATP were from Perkin-
Elmer. Rabbit anti-MT1-MMP and rabbit antifurin were from Santa Cruz Bio-
technologies (Santa Cruz, CA), and rabbit anti-(activated) phospho-mitogen-

activated protein kinase was from Promega (Madison, WI). RPMI 1640
containing Glutamax and fetal calf serum (FCS) was from Invitrogen (France).
Pure recombinant MT1-MMP and MMP2 proenzymes were from VWR and
were activated by 2 h of incubation with 10 pmol/liter p-aminophenylmercuric
acetate (APMA), as reported previously (5). Batimastat was a generous gift of
H.-W. Krell (Roche Diagnostics, Penzberg, Germany). MMP substrates [dansyl-
Pro-Leu-Ala-Cys(p-OMeBz)-Trp-Ala-Arg-NH, for MT1-MMP and MCA-Pro-
Leu-Ala-Nva-Dpa-Ala-Arg-NH, for MMP2) and the fluorogenic furin substrate
(Pyr-Arg-Thr-Lys-Arg-AMC) were from VWR, and human TNF-« and the furin
inhibitor decanoyl-Arg-Val-Lys-Arg-chloromethylketone (FI) were from Abcys.
Brefeldin A, monensin, and other reagents were obtained from Sigma.

Cell culture. Rabbit femoral artery smooth muscle cells (SMC) and human
aortic SMC (CRL1999) were obtained from ATCC and were grown in RPMI
1640 supplemented with 10% FCS.

Mutant SMC/PDX were obtained by transfection with a plasmid containing
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FIG. 2. MMP2 is required for TNF-a-induced proliferation via nSMase activation. (A and B) SMC (A) or MMP2*/* or MMP2 "/~ fibroblasts
(Fbl) (obtained from MMP2*/*" and MMP2~/~ mice, respectively) (B) were serum starved for 24 h in RPMI and stimulated with TNF-« (T) or
10% FCS (8) in the presence or absence of batimastat (10 nM). DNA synthesis was evaluated by [*H]thymidine incorporation. (C to E) Enzyme
activities were measured in culture media (MMP2) and cell lysates (nSMase) from SMC or fibroblasts treated with or without TNF-a (2 ng/ml),
batimastat, and MMP2/siRNA. Results are means = SEM from three separate experiments. *, P < 0.05 (comparison with controls). ns, not

significant.

the furin inhibitor cONA «1-PDX and a gene coding for resistance to Geneticin
(55), using Lipofectamine solution (Invitrogen). Cells were grown in Geneticin
(0.4 mg/ml)-supplemented medium to obtain a stable cell line expressing PDX
(SMC/PDX). SMC expressing mutant catalytically inactive MT1-MMP (iMT1/
SMC) were obtained by transfection of a pcDNA3.1 vector containing a zeocin
resistance gene and the cDNA of MT1-MMP with the substitution E240A in the
active site (a generous gift from Alex Strongin, La Jolla, CA) (42). MMP2-
deficient fibroblasts from MMP2 ~/~ mice (26) were grown in Dulbecco modified
Eagle medium supplemented with 10% FCS. At 24 h before an experiment, the
medium was removed and replaced by serum-free RPMI or Dulbecco modified
Eagle medium.

A small interfering RNA (siRNA) targeting human nSMase2 (sequence, AA
tgetactggetggtggace) was from Eurogentec, Belgium, and was used under the con-
ditions described by Marchesini et al. (32). siRNAs targeting furin (SMARTPool
furin; catalog number L-005882), MT1-MMP (SMARTPool MT1-MMP; catalog
number L-062241), and MMP2 (SMARTPool MMP2; catalog number L-
005959) and scrambled siRNA were purchased from Dharmacon (Lafayette,
CO). Murine fibroblasts and human SMC were transfected with 20 wM double-
stranded siRNA in Optimem medium (Gibco) mixed with Oligofectamine ac-
cording to the supplier’s instructions. At 3 hours after transfection, cells were
incubated in RPMI containing 10% FCS for 24 h. Fibroblasts were then incu-
bated for 12 h in RPMI containing 0.5% FCS before experiments. Rescue
experiments for nSMase2 and MT1-MMP were done by cotransfecting either a
plasmid coding for the murin form of nSMase2 in nSMase2/siRNA-treated-SMC
(32) or a plasmid coding for the human form of MT1-MMP (42) in MT1-MMP/
siRNA-silenced murin fibroblasts according to the manufacturer instructions.

DNA synthesis. DNA synthesis was evaluated by [*H]thymidine incorporation
under previously described conditions (7).

nSMase determination. Cells were harvested and homogenized by sonication
in 0.1% Triton X-100, 10 mM MgCl,, 5 mM dithiothreitol, 0.1 mM Na;VO,, 10
mM glycerophosphate, 750 pM ATP, 1 mM phenylmethylsulfonyl fluoride, 2

mM EDTA, 10 uM leupeptin, and 10 wM pepstatin. nSMase activity was deter-
mined as reported previously (4). Briefly, 100 wl of substrate [choline-methyl-
14CJsphingomyelin (120,000 dpm/assay) in 0.1% Triton X-100-20 mM HEPES
buffer (pH 7.4) containing 1 mM MgCl, was added to 100 wl of cell homogenate.
After 2 h of incubation at 37°C, the liberated [methyl-'“C]choline was partitioned
under the previously used conditions (4) and quantitated by liquid scintillation
counting.

SK-1 activity. SK-1 activity was determined as described previously with minor
modifications (7). Briefly, after incubation with or without TNF-«, cells were
washed with ice-cold phosphate-buffered saline (PBS), harvested, and sedi-
mented by centrifugation, and cell pellets were solubilized in kinase buffer (7).
The SK-1 assay was performed with cell extracts supplemented with 50 pM
sphingosine and 0.25% Triton X-100 (10 pl of substrate stock solution containing
1 mM sphingosine in 5% Triton X-100), [**P]ATP (0.5 wCi, 20 mM), unlabeled
ATP (1 mM), and 10 mM MgCl, in a final volume of 200 pl. After incubation for
30 min at 37°C, the reaction was stopped by the addition of 20 wl of 1 N HCI, and
the [**P]ATP-labeled sphingosine 1-phosphate (S1P) was extracted, isolated by
thin-layer chromatography, and quantified as described previously (7).

MMP activity. MMP2 activity in concentrated SMC medium or cell pellet was
determined by use of the fluorogenic substrates MCA-Pro-Leu-Ala-Nva-Dpa-
Ala-Arg-NH, for MMP2 and dansyl-Pro-Leu-Ala-Cys(p-OMeBz)-Trp-Ala-Arg-
NH, for MT1-MMP (Calbiochem-WWR) as described previously (35). The
experiment was performed in the presence and absence of EDTA (5 uM), and
two blanks (without cell and without substrate) were used. After 3 h of incuba-
tion (37°C), 1 ml Tris-HCI buffer (pH 7) was added and the fluorescence was
read (excitation and emission wavelengths, 325 to 395 and 260 to 340 nm,
respectively).

Furin activity. Furin activity was determined under the conditions recom-
mended by the supplier. Cells were washed twice in cold PBS, scraped in 3 ml
PBS, and suspended in 300 pl of reaction buffer (100 mM MES [morpho-
lineethanesulfonic acid]-NaOH, 1 mM CacCl,, pH 7.0). The fluorogenic substrate
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FIG. 3. Exogenous MMP2 mimics cell signaling induced by TNF-c.
(A to C) nSMase and SK-1 activities and DNA synthesis were mea-
sured in SMC treated or not with MMP2/siRNA and stimulated for 40
min by exogenous MMP2 (exoMMP2) (1 nM, activated for 2 h by 10
uM APMA) (2). (D) MMP2~/~ and MMP2*/* fibroblasts were stim-
ulated by exogenous MMP2 for 40 min as described above, and then
nSMase activities were determined. Control experiments for toxicity
using activated MMP2 were done simultaneously and exhibited no
toxicity for the cells during the time course of the experiment (not
shown). Results are means = SEM from three separate experiments.
*, P < (.01 (comparison between MMP2-treated and untreated cells).
ns, not significant.

for furin (Pyr-Arg-Thr-Lys-Arg-AMC; Calbiochem) was added at a 20 nM final
concentration. The cell suspension was incubated 4 h at 37°C under gentle
agitation. The reaction was stopped with 1 ml of 5 mM EDTA. The fluorescence
of AMC released was measured (excitation and emission wavelengths, 370 and
450 nm, respectively).

Western blotting. Western blotting was performed as described previously
(5). The protein concentration was determined using the Bradford reagent
(Bio-Rad).

Statistical analysis. Data are presented as means = standard errors of the
means (SEM). Estimates of statistical significance were performed by analysis of
variance (Tukey test; SigmaStat software). P values of <0.05 were considered
significant.

RESULTS

TNF-«-induced proliferation of SMC requires the sphingo-
myelin/ceramide/S1P pathway. TNF-a (2 ng/ml) stimulates
DNA biosynthesis in vascular SMC, as assessed by TNF-a-
stimulated [*H]thymidine incorporation (Fig. 1A). The mito-
genic effect of TNF-a (50% increase) was in agreement with
previous observations for SMC with TNF-a (49, 54) and other
inflammatory cytokines and oxidative stress (36), all of which
are found within the atherosclerosis plaque. It may be noted
that, under these conditions (0% FCS and absence of protein
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synthesis inhibitors), TNF-a was not found to be toxic for SMC
and fibroblasts (data not shown). TNF-a triggered extracellu-
lar signal-regulated kinase 1/2 (ERK1/2) activation, which
started 60 min following TNF-«a addition and was sustained for
at least 1 h (Fig. 1B).

TNF-a-induced DNA synthesis and ERK1/2 activation were
strongly reduced by inhibitors of the sphingolipid signaling
pathway, i.e., D-erythro-2-(N-myristoylamino)-1-phenyl-1-pro-
panol (DMAPP), an inhibitor of ceramidases, and N,N-dim-
ethylsphingosine (DMS), an inhibitor of SK (utilized under
nontoxic conditions) (7) (Fig. 1A and B). These data, together
with the TNF-a-induced activation of nSMase and SK1 (Fig.
1C and D), strongly suggest that the sphingolipid signaling
pathway is required for the mitogenic effect of TNF-a. The
role of sphingomyelin hydrolysis was also supported by exper-
iments with exogenous bacterial SMase, which hydrolyzes
sphingomyelin of the outer leaflet of the plasma membrane
and generates subsequent mediators of the sphingolipid path-
way (4, 50). Preincubation of SMC with exogenous bacterial
SMase under nontoxic conditions triggered DNA synthesis,
thus mimicking the mitogenic effect of TNF-a and supporting
the hypothesis of the mitogenic role of the SMase (Fig. 1E).

In order to further support this conclusion and to identify
the specific nSMase involved in the sphingolipid pathway im-
plicated in TNF-a-induced mitogenic signaling, we performed
experiments on human SMC with a specific siRNA targeting
human nSMase2 (anti-human SMPD3 siRNA), associated
with rescue experiments by transfection of a mouse nSMase2
cDNA (smpd3, insensitive to the anti-human SMPD3 siRNA).
As expected, the anti-human SMPD3 siRNA inhibited the
TNF-a-stimulated nSMase activity in human SMC (Fig. 1F).
Transfection of SMC with mouse nSMase2 cDNA induced a
rise of both basal and TNF-a-stimulated nSMase activity that
was resistant to the anti-human SMPD3 siRNA (Fig. 1F). In
the same way, TNF-a-induced DNA synthesis and ERK1/2
activation were inhibited by the anti-human SMPD3 siRNA in
human SMC and were rescued in human SMC transfected with
the mouse nSMase cDNA (Fig. 1G and H).

Altogether, these data suggest that nSMase2 (SMPD3) and
the sphingolipid signaling pathway are required for the mito-
genic effect of TNF-a in SMC.

MMP2 is required for TNF-a-induced activation of the
nSMase and mitogenic effect. We recently reported that MMP2
mediates both activation of nSMase and subsequent prolifer-
ation induced by oxidized low-density lipoprotein (LDL) in
SMC and fibroblasts (5). This led us to investigate whether
MMP2 plays a role in TNF-a-induced nSMase activation and
mitogenic effect.

Consistent with this hypothesis, the MMP inhibitor batimas-
tat (10 nmol/liter) inhibited TNF-a-induced DNA synthesis in
SMC (Fig. 2A and B). Moreover, as shown in Fig. 2A, bati-
mastat (like DMS [data not shown]) did not inhibit DNA
synthesis triggered by FCS, suggesting that TNF-a and growth
factors activate distinct mitogenic signaling pathways.

The involvement of MMP2 was assessed on the basis of
several approaches. (i) In wild-type (wt) fibroblasts expressing
MMP2, TNF-«a induced the activation of MMP2 and nSMase,
as well as DNA synthesis (Fig. 2B to E). (ii) In contrast, in
MMP2-deficient fibroblasts (isolated from MMP2™/~ mice),
TNF-a failed to activate DNA synthesis and nSMase (Fig. 2B
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FIG. 4. Role of MT1-MMP in TNF-a-induced proliferation via MMP/SMase. (A) Time course of MT1-MMP enzymatic activity in wt SMC,
zv-SMC (SMC transfected with an empty pcDNA3-zeo vector), and iMT1-SMC (SMC overexpressing pro-iMT1-MMP, a mutated form of
MT1-MMP [MMP-E240A], which is catalytically inactive but cleavable by furin to form iMT1-MMP). Cells were treated with TNF-a (2 ng/ml).
MT1-MMP activity in cell lysate was determined using a fluorogenic substrate, as described in Materials and Methods. (B) Western blot
of MT1-MMP in SMC and iMT1-SMC treated or not with TNF-a (0 to 120 min) and revealed by anti-MT1-MMP and anti-B-actin (upper and
lower panels, respectively). (C to E) Evaluation of MMP2 and nSMase activities and DNA synthesis in wt SMC and iMT1-SMC treated (when
indicated) by TNF-a. (F to H) Rescue experiment using mouse fibroblasts transfected with MT1-MMP/siRNA and cotransfected with a plasmid
coding for the human form of MT1-MMP (MT1) or with the empty vector (E). After 24 h of transfection, siRNA and plasmid were removed and
MT1-MMP (F), MMP2 (G), and nSMase (H) activities were quantified. Inset in panel F, silencing effect of MT1-MMP siRNA on MT1-MMP
expression in SMC. (I) Western blot showing ERK1/2 activation in the presence of TNF-« in cells transfected or not with MT1-MMP/siRNA in
the presence or absence of MT1-MMP plasmid. Results are means = SEM from three separate experiments. *, P < (.05 (comparison between
cells treated or not with TNF-a, or as indicated). ns, not significant.

and E). (iii) In SMC, TNF-a triggered the activation of MMP2
and nSMase, which was abrogated by the MMP inhibitor
batimastat and by anti-MMP2 siRNA (Fig. 2C and D). These
data strongly suggest that MMP2 is required for the TNF-a-
induced activation of nSMase.

Complementing these data, addition of exogenous activated
MMP2 induced the activation of both nSMase and SK-1 (Fig.

3A and B), as well as DNA synthesis in SMC (Fig. 3C). As
expected, MMP2 silencing by siRNA did not inhibit the acti-
vation of nSMase and DNA synthesis induced by exogenous
MMP2 in SMC (Fig. 3A and C). Moreover, exogenous MMP2
was able to induce nSMase activation in MMP2 /" fibroblasts
(Fig. 3D).

Altogether, these data strongly support the hypothesis that
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MMP2 is required to mediate the TNF-a-induced activation of
nSMase and subsequent mitogenic effect.

MT1-MMP acts upstream from MMP2 to mediate the TNF-
a-induced nSMase activation. Next, we investigated whether
MT1-MMP was involved in TNF-a-induced MMP2 activation,
since MT1-MMP is known to activate MMP2 through the
cleavage of the N-terminal prosegment (34, 48). Serum pro-
teases that may also activate MMP2, such as plasmin or throm-
bin (25), were probably not implicated in our system, since cells
were treated with TNF-« in serum-free medium.

To investigate the potential role of MT1-MMP, we used
SMC transfected with a pcDNA3-zeo vector coding for a cat-
alytically inactive form of MT1-MMP (iMT1-SMC) and SMC
transfected with an empty pcDNA3-zeo vector (zv-SMC) as a
control. In wt SMC and in zv-SMC, TNF-« triggered MT1-
MMP activation (with activity peaking at 60 min), concomitant
with the cleavage of pro-MT1-MMP into active MT1-MMP
(Fig. 4A and B, upper panels). In contrast, in iMT1-SMC,
TNF-a triggered no activation of MT1-MMP (Fig. 4A),
whereas overexpressed pro-iMT1-MMP (and possibly pro-
MT1-MMP) was cleaved (with a delayed time course) (Fig. 4B,
lower panels). This is consistent with the hypothesis of cleav-
age of iMT1-MMP by furin, since the furin cleavage site is
intact in iMT1-MMP (E240A). It may be noted that self-pro-
teolysis did not occur (or was very low), since this mutant is
catalytically inactive (42) and since the whole MT1-MMP ac-
tivity is very low in iMT1-SMC (Fig. 4A). This dominant neg-
ative effect of iMT1-MMP could be explained by inhibition of
pro-MT1-MMP processing resulting from competition be-
tween the overexpressed pro-iMT1-MMP and pro-MT1-MMP.
In addition, mutants devoid of the catalytic domain exert a
dominant negative effect by interfering with the oligomeriza-
tion of MT1-MMP (29).

TNF-a triggered the activation of MMP2 and nSMase and
stimulated DNA synthesis in wt SMC (Fig. 4C to E) (as well as
in zv-SMC [data not shown]). In contrast, in iMT1-SMC,
TNF-a failed to activate MMP2 and nSMase (Fig. 4C and D)
and DNA synthesis (Fig. 4E).

In an alternative approach, MT1-MMP was silenced in mu-
rine fibroblasts with siRNA specific for the murine form of
MT1-MMP (Fig. 4F, inset). This induced the inhibition of the
TNF-a-induced activation of MT1-MMP, MMP2, nSMase,
and ERK1/2 (Fig. 4F, G, H, and I). This inhibitory effect was
prevented by cotransfecting the siRNA-treated cells with a
plasmid coding for human MT1-MMP, which rescued both
MMP and nSMase activation and ERK1/2 phosphorylation
induced by TNF-a (Fig. 4F, G, H, and I).

In order to confirm the role of MT1-MMP in MMP2-medi-
ated nSMase activation, SMC were treated with exogenous re-
combinant MT1-MMP. Exogenous MT1-MMP triggered the ac-
tivation of MMP2, nSMase, and SK-1 (peaking at 60 [MMP2 and
nSMase] and 90 [SK-1] min) and stimulated DNA synthesis in
SMC, thereby mimicking the effect of TNF-a (Fig. 5A to D).
Exogenous MT1-MMP was able to activate MMP2 (Fig. SE),
thus indicating that MMP2 is downstream of MT1-MMP. Im-
portantly, exogenous MT1-MMP was unable to induce nSMase
activation in MMP2 ™/~ fibroblasts (Fig. 5F), thus demonstrat-
ing that MMP2 mediates MT1-MMP-induced activation of
nSMase.

Altogether, these data suggest that in SMC and fibroblasts,
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FIG. 5. Exogenous MT1-MMP triggers cell signaling (activation of
MMP2, nSMase, and SK-1) and DNA synthesis. (A to D) Effect of
exogenous MT1-MMP (Exo MT1, 1 nM) activated by 10 uM APMA.
The MMP2, nSMase, and SK-1 activities and DNA synthesis were
evaluated in SMC treated or not with activated MT1-MMP (Exo MT1)
for 40 min, as indicated in Materials and Methods. (E and F)
MMP2~/~ and MMP2"/* fibroblasts were stimulated by exogenous
active MT1-MMP for 40 min as described above, and then MMP2 and
nSMase activities were determined. Control experiments for toxicity
using activated MT1-MMP were done simultaneously and exhibited no
toxicity for the cells during the time course of the experiment (not
shown). Results are means = SEM from three separate experiments.
*, P < 0.01 (comparison between cells treated or not with exo MT1-
MMP).

TNF-a-induced activation of nSMase requires MT1-MMP
(upstream MMP2), and is involved in cell proliferation.
Furin is required for TNF-a-induced MMP/sphingolipid
pathway activation and cell proliferation. As the inactive pro-
MT1-MMP is generally converted into active MT1-MMP by
proteolysis mediated by the ubiquitously expressed proconver-
tase furin (12, 38, 51, 59), we investigated whether furin is
implicated in the TNF-a-induced signaling MMP/sphingolipid
pathway. For this purpose, we used several molecular and
pharmacological approaches, i.e., specific sSiRNA, pRc/CMV
vector coding for the furin inhibitor a;-PDX (SMC/PDX) (55),
and the specific, potent, and cell-permeative furin inhibitor
decanoyl-Arg-Val-Lys-Arg-chloromethylketone (FI). TNF-a
triggered furin activation peaking at 30 to 60 min in wt SMC
(Fig. 6A) (and in SMC transfected with an empty pRc/CMV
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FIG. 6. Furinis required for TNF-a-induced MMP/nSMase/SK-1 activation. (A) Time course of furin activation in wt SMC, furin-silenced SMC
(pretreated with specific siRNA for 24 h), SMC/PDX (SMC transfected with pCR/CMV-PDX plasmid), and SMC treated with the furin inhibitor
decanoyl-Arg-Val-Lys-Arg-chloromethyl-ketone (FI) at 25 uM for 16 h and then treated with TNF-a (2 ng/ml) and time course of furin in
MMP2*/* or MMP2~/~ fibroblasts treated with TNF-a (2 ng/ml). (B) Western blot of MT1-MMP activation induced by TNF-« in wt SMC or

SMC/PDX. Membranes were blotted with anti-MT1-MMP and anti-3-

actin antibodies (the arrow indicates the active form of MT1-MMP). (C to

F) Determination of MT1-MMP, MMP2, nSMase, and SK-1 activities in wt SMC, SMC/PDX, FI-treated SMC, and furin-silenced SMC stimulated
with TNF-a (2 ng/ml). (G) TNF-a-induced ERK1/2 phosphorylation in wt SMC and SMC/PDX. Western blots were labeled with anti-activated-
ERK1/2 and ERK2 antibodies. Results are representative of three separate experiments. (H) DNA synthesis induced by TNF-a in wt SMC,
furin-silenced SMC, SMC/PDX, and FI-treated SMC. Results are means = SEM from three or four separate experiments. *, P < 0.05 (comparison

between cells treated or not with TNF-a).

vector [data not shown]). In contrast, TNF-a did not activate
furin in SMC/PDX, in Fl-treated SMC, or in SMC with furin
silenced by siRNA (Fig. 6A).

TNF-a induced the proteolytic processing and activation of
MT1-MMP in SMC but not in furin-silenced SMC and in
SMC/PDX (Fig. 6B and C), thus indicating that MT1-MMP
processing and activation induced by TNF-« are dependent on
furin. Similarly, TNF-« did not activate the MT1-MMP-medi-
ated proteolytic cascade leading to the activation of MMP2,
nSMase, and SK-1 in SMC/PDX and in cells treated with
furin-directed siRNA or with FI (Fig. 6D to F). In addition,

TNF-a induced no ERK1/2 activation and DNA synthesis in
furin-inhibited cells (Fig. 6G and H).

Altogether, these data demonstrate that furin is involved in
TNF-a-induced mitogenic signaling by inducing proteolysis
and activation of MT1-MMP that in turn activates MMP2 and
the MMP2/sphingolipid pathway.

Brefeldin A and monensin inhibit TNF-a-induced mitogenic
signaling in SMC. The activation of furin is mediated by a
multistep autocatalytic processing that is spatially regulated
during its translocation from the ER towards the TGN and
plasma membrane (51). This led us to speculate that TNF-a-
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FIG. 7. Role of TGN and vesicular transport in furin and nSMase
activation by TNF-a. Brefeldin A (10 wM) or monensin (10 nM) was
incubated with SMC for 6 h before stimulation with TNF-« and furin
(A) or nSMase (B) activity determination. Brefeldin and monensin
controls were done simultaneously and exhibited no toxicity for the
cells during the time course of the experiment (not shown). Results are
means = SEM from three separate experiments. *, P < 0.05 (com-
parison between treated and untreated cells at time zero).

induced furin-dependent signaling should be inhibited by
brefeldin A and monensin, two inhibitors that induce the dis-
assembly of the Golgi complex and block ER-Golgi-cell sur-
face vesicular transport of proteins, respectively. Under the
conditions used, these inhibitors blocked the TNF-a-induced
activation of furin and subsequent nSMase activation (Fig. 7),
without altering the basal level of furin.

DISCUSSION

TNF-« is a pleiotropic cytokine involved in the regulation of
multiple cellular functions such as cell growth, differentiation,
or apoptosis, and it is associated with the development of
various inflammatory diseases, atherosclerosis, cardiovascular
dysfunction, and ischemia-reperfusion injuries (43). TNF-« is
expressed in vascular SMC within atherosclerotic plaques and,
like the other proinflammatory cytokines, may play a role in
the formation and development in neointima by promoting cell
migration and proliferation, which are critical for the progres-
sion of vascular lesions (21). The sphingomyelin/ceramide
pathway is thought to play a key role in TNF-« signaling and
subsequent biological responses, including endothelium vaso-
constriction, endothelial nitric oxide synthase expression,
cell proliferation, and apoptosis (20, 23, 27, 28). So far, little
is known about the precise mechanisms linking TNF-a to
nSMase, a key enzyme involved in sphingomyelin hydrolysis,
ceramide generation, and further signaling (23). This is, to our
knowledge, the first report of a mechanism of nSMase activa-
tion by TNF-a that involves complex regulation by a proteo-
lytic cascade (furin, MT1-MMP, and MMP2) which plays a
role in the mitogenic effect of TNF-a in SMC.

Our data show that activation of nSMase (and SK-1) is a
prerequisite for TNF-a-induced proliferation of SMC and fi-
broblasts. The involvement of nSMase, and more precisely
nSMase type 2 (SMPD3), was clearly demonstrated by the use
of an siRNA specific for human nSMase2, which completely
inhibited the TNF-a-induced activation of the enzyme (in
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agreement with previous results [32]) and subsequent SMC
proliferation, whereas rescue experiments using cotransfection
of a plasmid coding for the murine form of nSMase2 (smpd3)
allowed restoration of both parameters. These data confirm
the role of nSMase2 in the mitogenic effect of TNF-q, in this
cell type, and are in agreement with the role of nSMase in
TNF-a-induced signaling as reported previously (28). It is to be
noted that nSMase2 transfection in MCF7 cells induces the
opposite effect (growth arrest) in response to TNF-a (32). This
may be attributed to the cell type, the tumoral state of these
cells, the lack of MT1-MMP expression in MCF7 cells (41, 42),
and/or the lack of coupling of sphingomyelin hydrolysis to
activation of SK-1 in MCF7 cells, all of which appear to be
necessary for the mitogenic effect of TNF-«, via MMP2 and
nSMase activation, as reported in this work. This is consistent
with the effect of DMS (an SK-1 inhibitor), which inhibited
both ERK1/2 phosphorylation and cell proliferation elicited by
TNF-a, indicating that SK-1 activation and subsequent S1P
generation are required for SMC proliferation triggered by
TNF-«. This is also in agreement with the role of the sphin-
golipid pathway in the mitogenic effect of oxidized LDL or
plasminogen activators (7, 33). Finally, the early activation of
nSMase2 by TNF-a was clearly involved in increased DNA
synthesis, as assessed by the use of an siRNA specific to
nSMase2. Beside nSMase2, the acid SMase has been implicated
in sphingolipid metabolism triggered by TNF-« (1, 22, 23, 28).
The membrane-proximal region of the cytoplasmic portion of
TNFR is required for nSMase activation, whereas the mem-
brane-distal region is implicated in acidic SMase activation
(28). Ceramide generated from sphingomyelin hydrolysis by
acidic SMase is apparently proapoptotic (39), whereas the
apoptotic role of nSMase is still controversial.

Therefore, the specific roles of various SMases (and of
nSMase2) in determining the cellular fate may depend on stim-
ulus intensity, cell type, concomitant signaling pathways, and
gene expression, including SK-1 and the balance between pro-
and antiapoptotic factors (7, 24, 33, 46, 56, 57). It may be noted
that, under the conditions used here (absence of an inhibitor of
protein synthesis), nSMase activation by TNF-a was not asso-
ciated with appreciable apoptosis (data not shown), in agree-
ment with the recent observation that mice deficient in
nSMase2 (smpd3) do not exhibit any apparent defect in apop-
tosis (3, 47). This is also in agreement with the role of the
sphingolipid pathway in the mitogenic effect of oxidized LDL
and plasminogen activators (7, 33).

Another major point of this work is the precise mechanism
by which nSMase2 (and consequently the sphingolipid path-
way) is activated by TNF-a. Our data point out the role of
MMPs in the TNF-a-induced activation of the sphingolipid
pathway, as assessed by the use of the MMP inhibitor batimas-
tat, of mutant iMT1-SMC overexpressing an inactive form of
MTI1-MMP (which acts in our system as a dominant negative
form), of MMP2 /= fibroblasts, and of siRNA strategies,
which led to a complete inhibition of nSMase, ERK1/2 phos-
phorylation, and DNA synthesis. Moreover, exogenous MMP2
and MT1-MMP triggered per se nSMase activation and DNA
synthesis in SMC. MT1-MMP and MMP2 are required for
nSMase activation, with MMP2 being involved in the activa-
tion of nSMase, and MT1-MMP being necessary for MMP2
processing and activation, since neither iMT1-SMC nor
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MMP2~/~ cells exhibited nSMase activation in response to
TNF-a (these data were further confirmed in SMC and fibro-
blasts silenced for MMP2 and MT1-MMP by specific siRNA).
This crucial role of MMPs in the TNF-a-induced nSMase
activation and subsequent mitogenic effect is similar to that
triggered by oxidized LDL (5). The precise molecular mecha-
nism by which MMP2 induces nSMase activation remains to be
elucidated. One hypothesis is that TNF-a may trigger the for-
mation of a complex involving MT1-MMP, MMP2, and inte-
grins (as reported previously [13]) but also nSMase, which
could be indirectly activated by MMP2 within this complex,
perhaps after the degradation of an inhibitory extracellular
matrix component or of a more specific nSMase inhibitor spe-
cifically degraded by MMP2. 1t is likely that TIMP-2 also in-
teracts with this signaling complex, since it is essential for
cell-mediated activation of MMP2, by forming a complex with

MT1-MMP and pro-MMP?2 that allows pro-MMP2 cleavage by
a second MT1-MMP molecule (18, 29, 48). However, the ac-
tivation of MMP2 by exogenous APMA-activated MT1-MMP
suggests that the role of TIMP-2 could not be essential in this
system.

Finally, an important message is the mechanism by which
MT1-MMP is activated by TNF-a. Previous results have shown
that nSMase is inhibited by serine protease inhibitors, suggest-
ing an involvement of such proteases in the activation of
nSMase (5). Furin is a serine protease (proprotein convertase)
involved in the activation of newly synthesized MT1-MMP
during its translocation from the Golgi compartment to the cell
surface (41, 48). In our experiments, the involvement of furin
in MT1-MMP activation by TNF-a was clearly demonstrated
by the lack of MT1-MMP and nSMase activation in SMC in
which furin was silenced by siRNA treatment and in a1-PDX-
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transfected SMC, in which furin is constitutively inhibited with
al-antitrypsin Portland, a potent furin inhibitor (51). The
TNF-a-induced furin activation was abrogated by brefeldin A
and monensin, two agents that block ER-Golgi transport and
Golgi-cell surface vesicular transport of proteins, respectively
(14), in agreement with the proposal that furin is activated
during its transport from the TGN to the cell surface (16, 51).
Moreover, as expected, TNF-a-induced nSMase activation was
also blocked by these inhibitors, thus confirming that TNF-a-
induced activation of nSMase requires furin that acts upstream
from the MMPs. The mechanism of activation of the furin
propeptide is a multistep process with compartment- and pH-
specific proteolytic cleavages leading to active enzyme, as re-
ported previously (16, 51). This mechanism remains unknown
for TNF-a (release of the excised propeptide in late secretory
compartments, activation of furin autocleavage) and is cur-
rently under investigation.

In summary, TNF-a triggers a signaling cascade (summa-
rized in Fig. 8), including the transport of furin from the TGN
network to the cellular membrane and sequential processing
and activation of MT1-MMP and MMP2, which in turn acti-
vates nSMase2, the sphingolipid pathway, and cell prolifera-
tion (Fig. 7). So far the links between the TNF-a receptor and
furin activation are not known. An involvement of oxidative
stress could be hypothesized, since N-acetylcysteine totally in-
hibited this signaling cascade, including furin, MMPs, and the
sphingolipid pathway, as well as SMC proliferation (data not
shown), in agreement with reference 45 and previous reports
showing an inhibition of nSMase by glutathione depletion and
N-acetylcysteine (30).

Recent evidence indicates that MT1-MMP promotes arte-
rial wall invasion by SMC and could thereby play a major role
in vascular wall remodeling and neointima formation (15).
MMP?2 expression is also associated with extracellular matrix
proteolysis and migration and proliferation of SMC (8, 10, 15,
17). These events play a potential crucial role in atherosclerotic
intima thickening, plaque formation, vascular wall remodeling,
and restenosis (10). Moreover, MMPs are also thought to be
involved in tumor spreading, metastasis invasion, and angio-
genesis (15). Our results suggest a new cellular signaling net-
work including furin, MT1-MMP, and MMP2, leading to the
activation of nSMase2. Interestingly, this pathway is not acti-
vated by classical growth factors such as platelet-derived
growth factor (data not shown) or FCS and thus could repre-
sent a general mechanism shared by various stress-inducing
agents (oxidized LDL, oxidative stress, and cytokines) which
are involved in vascular diseases and cancers.
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