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Abstract

Cell deathvia apoptosis induced by tumour necrosis facto(TNF-a) plays an
important role in many physiological and pathological conditidhg signal transduction
pathway activated bythis cytokine is known to be regulated Isgveral intracellular
messengers. In particular, in masystemanitric oxide (NO) hasheen shown tgrotect
cells from TNF-a-induced apoptosisHowever, vihether NO can be generated by the
cytokine to down-regulate its own apoptotic programmeneasr been studied. Waave
addressed this question teLa Tet-offcell clones stably transfectedith the endothelial
NO synthase undertatracycline-responsive promoter. Endothelial NO synthase, induced
about 100-fold in these cells lbgmoval of the antibiotiaetained the characteristics of the
native enzyme of endothelialls, both in terms ofntracellular localisation and functional
activity. Expression of the endothelial N§ynthasewas sufficient to protedtom TNF-a-
induced apoptosis. Thgrotection was mediated by the generation of NQF-a itself
stimulated endothelial NO synthase activity to generate NO through a patiwelng its
lipid messenger, ceramide. Our results identify a novel mechanism of regulation of a signal
transductiorpathwayactivated bydeath receptors argliggestthat NO may constitute a

built-in mechanism by which TNF-controls its own apoptotic programme.
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Introduction

Tumour necrosis factar (TNF-a)', is a pleiotropic cytokinenivolved in the regulation
of important physiological functions, including tlievelopment oftissues andhe co-
ordinate activation of immuneresponses, asvell as in theonset andprogress of
pathological conditions (1-4). Most of these actiars exerted by NF-a via its ability to
induce cell deathvia apoptosis. This process is activated thg cytokinethrough the
stimulation of itsp55 kDa, type | receptor (TNF-RI), whose signal transdugbathway
has been characterised in quite some detdihding of TNF-a results in receptor
trimerisation with clustering of the cytosolic death domains, interactioith the
complementary domains present in specific cytosolic proteins, includR@gDD and
FADD, and formation of the transduction complex, referred to a®I8E€ (5). This leads
to the recruitment and proteolytctivation of a specific pro-protease, procaspase-8 (and
possibly also -10) (5), which initiates a cascade of signalling events, including generation of
the lipid metaboliteceramide, cytochrome c release from itochondria, apoptosome
formation aswell as activation ofdownstream caspases, all of themtegrated in an
operational network leading to cell death (6-8).

The gaseous messengettric oxide (NO) plays aole in the modulation offNF-a
signalling. When generated after cytokine-stimulated expression of the inducible isoform of
its synthesisingenzymes, NOsynthase (NOS), NOnay contribute to later stages of
apoptosis (see e.g. refs. 9-12; but see also 13¢oBlyast, administration of N@rior to,

or together with TNF-chas been shown to inhibit apoptosis stimulated by the cytokine (13-

! List of abbreviationsfCa’"],, intracellular concentration of calciur@HX, cycloheximide;
DMEM, Dulbecco's modified Eagle medium; cGMP, guanosine 3":5-cyclic
monophosphate; Fum, fumonisin B1; MTT, 3-[4,5-dimethylthiazol-2yl]-2,5,-
diphenylterazolium bromide; NO, nitric oxid&OS and eNOShitric oxide synthase and
its endothelialisoform; L-NAME, N®-nitro-L-arginine methyl ester.-NMMA, N ®-
monomethyl-arginine; PDMP,  bL-threo-1-phenyl-2decanoylamino-3morpholino-1-
propanol;TNF-a and TNF-RI, tumour necrosis factarand its p55 receptor.
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19). Twolines of evidencesuggestthat this early protective effect of NO might be of
physiologicalrelevanceFirst, NO acts by inhibiting key apoptogenic signal transduction
eventstriggered by TNFa, including ceramide accumulation amé@ADD recruitment to
the DISC complex, cytochrome c release, agll asthe activity of initiator and effector
caspases, both before and after tharymatic cleavagél3-15,17-19). Second, inhibition

of endogenous NOS activity duringnstilation with TNF-a increases apoptosisduction

by the cytokine (18,20,21). A direct link between NOS activity and protection TidRia-
induced apoptosis was demonstrated by infection experiments with the inducible isoform of
NOS, an enzyme which generates NO continuo(i®hy. These experimentsowever, left
openthe question of Wmether endothelial and neurondDS, whose activity is instead
regulated by intracellular essengers(22), would be stimulated to counteract the
apoptogenic effect of NF-a, and whetherthis would be sufficient to protect cells from
death.

To address this question we have investigated cell death in response ¢oof ldFHeLa
Tet-off cell line expressindpovine endothelial NOSeNOS) in aninducible fashion. By
comparing the degree @iNF-a-induced apoptosis inells expressing or not expressing
the enzyme, we were able to show that expression of eNOS is sufficient to induce a partially
resistant phenotype, and this effect is due to generation of NO. Wmsave also
investigated the mechanism of this resistance, and found that eNOS activity is stimulated by
TNF-a itself through gpathway involving ceramidaccumulationOur study showshat
eNOS activity is regulated by, and itself regulates, the apomaicesgriggered byTNF-

a in a complex regulatory circuit.
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Experimental procedures

Cell culture, transfection and selection of stable clones

Bovine eNOS cDNA, subcloned in pBluescript SKyas a kind gift ofdr. William C.
Sessa (Yale University School of Medicine, New Haven, CT ). The cDNA was exdgtbed
EcoR1 and ligated in the EcoR1 site of plasmid pTRE (Clontech, Palo Alto, California). The
orientation of the insert was checked by restriction mapping.

HelLa Tet-off cells (Clontechwere grown in Dulbecco's modifiedEagle medium
(DMEM) (Gibco BRL Life Technologies, PaisleyJK), supplemented with 10 % Tet
SystemApprovedFBS (Clontech), 50 Ul/mbenicillin, 50 pg/ml streptomycin, 2 mM.-
glutamine, 100 pg/ml G418 (Roche Diagnostics, Mannheim, Germany) amaintained at
37 °C under a 5 % C@&tmosphere.

Cells grown on 35 mm Petdishes to ~ 40%onfluencewere co-transfected by the
calcium phosphate methd@@3) using 0.5 g of pTRE/eNOS plasmid and 25 ngm@FK-
Hygr plasmid (Clontech) per cof culturedish. 3 daysafter transfection, the cellsere
detachedwith trypsin andplated in the presence of doxycycline hydrochlor{@edD1-1
ug/ml) (Sigma, St. Louis, MO) and hygromycin B (20§/ml) (Roche Diagnosticspfter
3 weeks, hygromycin-resistant colonies were expanded in 24-well Petri dishes.

Stable transfectants were maintained in medsupplementedvith 100 pg/ml G418,
100 pg/ml hygromycin and 10 ng/ml doxycycline. To inducemssion of eNOSgells
were plated in thabsence of doxycycline. Unlesgherwise specified, experimenigere
carried out on cells cultured for 72 h with or without the antibiotic.

A mouseendothelial cell line immrtalisedwith the middle Tantigen (EZcells), akind
gift of Elisabetta DejanéMario Negri Institute, Milan, Italy) was maintained in culture as

described (24)
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Protein extraction and immunoblot analysis

Cell monolayersverewashed free ofmedium,solubilised bydirect addition of a pre-
heated (to 80°C) denaturing buffer, containing 50 Mis-Cl pH 6.8, 2% SDSand a
protease inhibitor cocktail (CompletBoche Diagnostics), and inediately boiledfor 2
min. After addition of 0.05% bromophenialue, 10% glycerol and 2%-mercaptoethanal,
sampleswere boiled again and loaded onto 10% SDS-polyacrylamigids. After
electrophoresis, polypeptidegere electrophoreticallyransferred to nitro-cellulose filters
(Schleicher & Schuell, Dassel, Germany). Monoclonal anti-eNOS (Transduction
Laboratories, Lexington, KY) and monoclonal giactin (Sigma) antibodiesereused to
revealthe respectivantigens.After incubationwith secondary reagent (polyclonal anti-
mouse horseradish peroxidase conjugate, Transduction Laboratories)yvaredeveloped
with the enhanced chemiluminescence proced®€L-Plus; Anersham Pharmacidjttle

Chalfont, UK).

Immunofluorescence and diaphorase cytochemistry

Cells plated orglasscoverslips, fixedwith 4% paraformaldehyde (Sigma) 20 mM
sodium phosphate, piA4, for 30 min at 37°C, werpermeabilisedvith Triton X-100 and
processed for immunofluorescence as described previd@sly Cells were doubly
immunostained with monoclonal anti-eNOS and anti-giantin polyclonal antibodidatténe
a kind qift of Dr. M. Renz (Institute of Immunology and Molecul&enetics, Karlsuhe,
Germany; see re26). Boundmonoclonal and polyclonal antibodiegere revealed by
fluorescein-labelled anti-mouse Ig&hd rhodamine-conjugated anti-rablgiG (Jackson
Immunoresearch Laboratories Ind/est Grove, PA). Preparationsvere observed under a
Nikon Optiphot 2 microscope equipped fpifluorescence owith a Bio-Rad MRC 1024
laser confocal microscope.

For the diaphorase reaction cells, fixed as above, were incubated for 30 min at 37 °C in a

buffer containing 100 mM Tris-Cl pH.4,0.2% Triton X-100, 1 mMB-NADPH (Sigma)
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and 0.2 mM nitrdblue tetrazolium (Sigmaand observed by bright-field light microscopy
(27).

Assay of NOS activity
NOS activity was assayed in both homogenised anthct cells by measuring the
conversion ofi-[*H] arginine (Amersham Pharmacia) inte[*H] citrulline. In the first

approach, HelLa or E2 celgere detached by trypsinisation, pelletadd resuspended (2 x
10’ cells/ml) in an homogenisation buffer containing: 320 mM sucros#| dithiothreitol,

1 mM EDTA, 20 mM HEPES, pH.2, supplementedith a protease inhibitor cocktail

(Complete,Roche Diagnostic)After sonication(30 sec at 4°C), 50l of cell extractwere

assayed in a total wohe of 150 pl as described (28). In some samples 500 M N
monomethyle-arginine (-NMMA) or 1 mM EGTA wereincluded.NOS activity in itact
cells was measured anonolayers washed and then incubd®d20 min at 37°C in a
reactionbuffer containing:145 mM NaCl, 5 mM KCI, 1 mM MgS{) 10 mM glucose, 1
mM CaCl, and 10 mM HEPES, pH.4, with or without I¥-nitro-L-arginine methyl ester
(L-NAME; 500 pM) (Sigma). Inthe experimentsvith fumonisin B1 (Fum) (10 pM,;
Sigma) orpL-threo-1-phenyl-2decanoylamino-3morpholino-1-propgd®MP) (50 uM;
Calbiochem,Bad Soden, Germanyell were pre-incubatedfor 3 h in culture medium
containing the compounds, whigkerealso added durinthe subsequenincubation in the
reaction buffer. At the end of the pre-incubation, 2.5 uCi/m#[df] arginine was added 5
minutes before cell isbulation with ATP (100 puM) orTNF-a (100 ng/ml; Alexis Italia,
Florence, Italy). Non stimulated cellgererun in parallel. 15 minutelater the nonolayers
were washed with 2 ml of ice-cold phosphate buffered saline, pH 7.4, suppleméhted
arginine (5 mM) and EDTA (4 mM). 0.5 ml of 100% cold ethamat added to thdishes
and left to evaporate before a final addition of 2 ml of 20 mM HEPES;.pHSeparation
of L-[*H] citrulline from L-[*H] arginine was obtained by DOWEX0X8-400

chromatography (Sigma) as described (29). In the assay carried out with homogenised cells,
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values obtaineffom samples incubatedithout cell extractswere subtracted. Data in the
intact cells are presentaslithout background correction.-[*H] citrulline formed was

normalised to protein content (bicinchoninic acid assay, Pierce, IL).

Measurement of cGMP formation

NO-dependent guanosine 3:5-cyclic monophosphate (cGMEheration by the
transfected HelLa clone ABas measured in both the cells themselves and in a co-incubation
system using PC12 cells as a reporter system. REllEiveregrown at 37°C, 5% CQOin
DMEM supplementedvith 10% heat-inactivatetiorse serum and 5 %oetal Clone I,
then detached by trypsinisatifor the experimentSamples of suspended 2 x°18eLa
and 0.5 x 1OPC12 cells, either separate or together, were tréatetb minutes at 37°C in
the presence or absence of either ATB0 uM), TNF-a (100 ng/ml) or S-nitrosoacetyl
penicillamine(100 uM; Calbiochem) in 1 ml of a solution containint5 mM NaCl, 5
mM KCI, 1.2 mM MgSQ, 1.2 mM KHPO,, 2 mM CaCJ, 6 mM glucose, 1 mM-
arginine, 0.6 mM isobuthylmethylxanthine and 25 mM HEPES,7gH with or without.-
NAME (500 pM). In the experimentswith Fum (10 uM) and PDMP (5@M), pre-
incubations were for 3 h as described above. The reaction was terminated by adaigon of
cold trichloroacetic acid (final concentration 6%). After ether extraction, c@Vils were
measured using a radioimmunoaskiayNEN™, Boston, MA) and normalised t®llular

proteins as described above.

Induction and detection of cell death

HelLa cells seeded i6-well plates (18 cells/cn?) wereincubated in the presence or
absence of NF-a (100 ng/ml) and cycloheximide (CHX; ug/ml). In some samples
NAME (500 puM) wasalso presentCell death was measuredingthe colorimetricassay

with 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT; Signa)). At
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the end of the treatments, cell plates were washed with RPMI 1640 (without phenol red) and
incubated for 3 h at 37 °C with 2.4 mM MTT in the same mediumutiv@nsformed MTT
carefully removed and the dyeystals solubilised in 1 ml of 2-propanol. Absorbance was
read immediately in aJVIKON 941 spectrophotometer (test wave-length 59f0 nm;
reference wave-length of 690 nm).

Apoptosiswas measured bijow cytometry usingwo different protocols as described
(31). In the first approach, phosphatidyl serine expoaae monitored by staininipr 15
min at room temperatungith fluorescein-iso-thiocyanate-labelled annexiffO5 pg/ml in
phosphate buffered saline). ime second approacthe hypodiploid DNA peak insingle
parameter DNA histograms typical of apoptotic cells was identified. TeetitidDNA was
stained in unfixed cells incubatédr 60 min at 37°C ir0.1% sodium citrate, 50 mg/ml
propidium iodide, 100 pg/ml RNAse A (Sigma) and.01% Nonidet P40. €lis were
analysedor eitherDNA content or annexin V staining using adtescence-activatecell

sorter (FACStar Plus, Becton Dickinson, Sunnyvale, CA).

Measurement of ceramide concentration
Samples containing 2 x 1MeLa cellswere incubated at 37°Gwith or without

PDMP (50 uM) and Fum (10 uM) for 3 then treatedvith TNF (100ng/ml) for further
15 min. Conversion oferamide to th&P-labelled ceramidphosphatavas carried out by

diacylglycerol kinase treatment of the extracted lipids in the presence of $0R4&TP as
previously described19). The ceramidgphosphates produceslere separated on a one-
dimensional thin layer chromatograpluging chloroform/methanol/acetic aci(5:15:5;
VviVV) as solvent. Therelevant spots were identified by autoradiography antheir
radioactivity measured by liquid scintillation counting. The concentratiomesamide per
sample was determined vssi@andardcurve encompassinghe range of ceramide expected

in the samples.
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Statistical analysis

The results are expressed as means * standard etha wiean (S.E.M.)) represents
the number of individual experiments. Statisticahnalysis was carried out using the
Student’st testfor unpairedvariables (two-tailed). Thenarks *, ** and*** or +, ++,
+++ in the figure panels and tables refer to statistical probabiR)esf(< 0.05,<0.01 and

< 0.001, respectively, as detailed in the legends to figures and tables.

Results

Characterisation of HeLa Tet-off clones inducibly expressing eNOS

For our experiments we chose the Tet-off System (32), that allows repression of a single
gene by tetracycline or a tetracycliderivative,such as doxycyclinédfter transfection of
HelLa Tet-off cellswith eNOS ©NA togetherwith a plasmid conferring resistance to
hygromycin, we expanded 30 resistant clones tichv 6 expressed eNO®hen
doxycycline was rewved from the medium as established bye®¥ernblotting and by
immunofluorescence. Since the Tet-off System, by allowing comparetoreen théon”
and“off” states of the transfectefDNA, permits direct assessment of t@nsequences
of the expression of a singlgene in an internally controlled system, we carried out a
detailed analysis on only one of the selected clones, cldone A

We first analysedhe time-course oENOS induction by removal ofloxycycline from
the medium (Fig. 1 A). Ashown in Fig. 1 Athe removal ofdoxycycline led to a rapid
induction of the expression of eNOS, detectable as a 140 000 Mr(drao-head irFig.
1 A), which was visible already at 4 h and continued to increase in intensity during the
following 3 days. At the later timpoints, lower M bands appeared (s24, 48and 72 h
time-points of Fig. 1A); thesewere presumably products of eNQ8oteolysis, since they

were not present in non-induced cells (0 and 2 h time-points).
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Next, we investigated the dependencelfOS levels ondoxycycline concentration. As
can be seen from Fig. 1 Byduction was detectable dbxycyline concentrations 0.1
ng/ml (lanes 3-7). With decreasing doxycyline concentrations, the expression of the enzyme
gradually increased, to reach a maximum at an antibiotic concentration of 0.001 ng/ml.
To obtain a semiquantitativevaluation of thalegree of induction cdNOS expression
by doxycylineremoval, we comared by Wésternblotting 30 ug of total proteinextract
from cells grown in the presence of doxycyclingh different quantities of extradtom
cells grown in the absence of the antibiotic (Fig. 1 C). By loading a large amount of protein
and by increasing exposure time of the blot, it wassible todetect a faineNOSband in
non inducedcells, due to basal expression tife cloned DNA (lane 1). This band was
much less prominent thahat obtainedvith 1/10 the amount of lysatfom inducedcells,
whereas it was of intensity comparable to that of the band from 1/100 this amdys@#tef
(0.3ug protein, lane 3). This result indicatist in response tdoxycyclineremovalfrom
the medium, this clone exhibits an approximately 100-fold induction of eNOS expression.
We also comparedhe level of eNOS expression innduced cells with that of
endogenous eNOS inmaurine endotheliatell line (E2 cells). As shown in Fig. 1 D, the
level of eNOS in induced cloned cells (lane 1) wasnly slightly higher compared to the
endothelial cell line (lanes 2 and 3).

To investigate whether eNOIBcalisation in induced cells correspondsthat of the

endogenous enzyme in endothelial cells (33), we carried out immunofluorescence analysis.

As shown in Fig. 2 A, eNOSappeared most concentrated the surface and in a
perinuclear structure in th@olgi region ofthe cells, ashown by stainingor the Golgi
marker giantin in the same field of ce{lsig. 2 B). Confocal analysis (panels D, E and F)
confirmed the Golgi localisation of eNOS, as is apparent by the yellow colour in the merged
image of the double-stained cells (F).

We then analysed the Calependent activity oENOS inhomogenised anuhtact cells,

by measuring the conversion of its substnatginine, inta_-citrulline. As shown inFig 3
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A, citrulline formation in eNOS-expressing (dox-) cells was stimulated B (363 + 4.1

%, n= 4 over the activity in the presence of EGTA). Thé"@apendenactivity was ~ 2.5
pmol/mg min* a valueapproximately threefold higher than those reportethn literature

for endothelial cells (see e.g. 34). We atdmained similar activity values in the E2Il
extracts (not shown). The €alependent NOS activity was nearly completely abolished by
the NOS inhibitor -NMMA. In cells grown in the presence of doxycycline, éast, neither
EGTA norL.-NMMA induced significant changes in citrulline formation.

In intact cells (Fig. 3 B), NOS activitwas stimulated usingTP, an agonist of £
receptors known to increase fGain HeLa cells. ATP increaseecitrulline formationwith
respect to untreated controls only eNOS-expressing (dox<gells, and this effect was
prevented by th&OS inhibitor L-NAME, In contrast, nachangeswere observed in cells
cultured in the presence of doxycycli(féig. 3 B). The amplitude of the [CY, increase
induced by ATP (measured with fura-2, see ref. 35) was similar in dox- and dox+ cells (not
shown).

We also carried out a morphological analysishaf diaphorase activity 0ENOS. As
shown in Fig. 3 Cthe NADPH-dependent reduction of nitldue tetrazolium generated a
dark precipitate ineNOS-expressingells grown in the absence of doxycyline (panel b),
whereas cells cultured in the presence of the antibiotic remedtedriess (panel a). The
localisation of the precipitate in induced cells was reminiscent of that of the enzyme itself
detected by immunofluorescence (Fig. 2).

To investigate whether eNOS-expressiogdls are able to generate dmtive NO, we
measured formation of cGMP, good proxy for NOsince soluble guanylate cyclase is
activated by nanomolar concentrations of glas (36). Exposure #&TP (15 min) of cells
grown in the presence of doxycycline did not result in any increase in c@&Pnon
stimulated controls (0.36 + 0.02 and 0.35 + Qpd3ol/mg min', respectively; n = 4). In
eNOS-expressingells, administration of ATP resulted in a slight increasec@MP

formation over control$0.44 + 0.03 and 0.33 = 0.Gdmol/mg mir', respectivelyn = 3)
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which wasnot observed in the presence GNAME (0.28 + 0.02 pmol/mg mib),
suggestinghat these cells express ldevels ofguanylate cyclase. Therefore, ander to
detect generation adfGMP, we used anotheell type, thepheochromocytoma PC12, as a
reporter system. Thesells werechosen because thegspond to NOwith generation of
cGMP (0.33 + 0.04 and 9.45 + 0.1 pmol/mg min controls and cellgcubatedwith 100

UM of the NO donor S-nitroso acetyl penicillamine; 3, P < 0.001), whereas they do not
generate cGMP when treataith ATP (not shown). As shown in Fig. 3 Bg-incubation

of eNOS-expressing (doxHelLa cells together with PC1&ells resulted in an increased
generation of cGMP after administration of ATP, which was inhibited by the presence of
NAME. No changes in cGMP formation were observed with cells grown in the presence of

doxycycline (Fig. 3 D).

eNOS expression inhibits TNFinduced cell death

To investigate the effects of the expression of eNOS on diNfetucedcell death, cells
grown in the presence or absence of doxycyieee treated witif NF-a togethemwith the
protein synthesis inhibitor CHX for 6 h. trells grown in the presence of doxycyline this
treatment resulted in death as measured by the decreased conversion of MTT into formazan
(Tablel). eNOS-expressing (dox9ells were less sensitive to death induction by TNF-
o/CHX. However, vinen these cellsvere exposed to TNF+/CHX in the presence af-
NAME, cell sensitivity to the treatment was similar to that observed inroalexpressing
eNOS (Table I). The effect aNAME on eNOS-expressing cells was due to its inhibition
of eNOS activity since thecompoundwas withoutany appreciable effect idox+ cells
(Table I).

To further characteristhe protective effect 6cdNOS expression, we measured, thyw
cytometry, an early feature of apoptosis, i.e. the appeararg®osphatidyl serine on the
outer leaflet of the plasmaembrane, awell asanother apoptosis hallmark, tfemation

of hypodiploid DNA. Phosphatidyserine, measured by annexin V staining, was not
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detected in cells either in theresence or absence of doxycycline (Fig. 4 A, a and c,
respectively, Tablell). Incubation with  TNF-a/CHX (12 h) resulted, in both cell
preparations, in the appearance pifosphatidyl serine (Fig. 4 A, panels b and d,
respectively), however to significantly lower extent ireNOS-expressingells (panel d,
Tablell). Similarly, the increase of Ippdiploid DNA after treatmentvith TNF-a/CHX
observed in cells grown in the presence of doxycycline was significantly higheth#tan
dox- cells (Fig. 4 B, panels g h, and irespectively; Tabldl). When eNOS-expressing
cellswereexposed to TNFE/CHX in the presence of-NAME, the appearance dfoth
phosphatidyl serine (Fig. 4 A, f) and hypodiploid DNA (Fig. 4 B,w&s significantly
enhanced and not significantly different frahat observed in non-inducédox+) cells.
The effect ofL-NAME was specific because incubatianth this compound had no

appreciable action in dox+ cells (Table II).

Stimulation with TNFea increases eNOS activity and NO generation

In order to investigate whether generation of MOm eNOS was induced as a
consequence otell simulation with TNF-a, we measured the effect of a 15 min
stimulation with the cytokine (in the absence of CHX)N@S activity inintact HeLa cells
and the generation of cGMP in the PGEH reporter system. As shown kig 5 A, NOS
activity was stimulated byfNF-a in eNOS-expressing (doxHeLa cells. Consistently,
thesecells, when stimulated by the cytokine, caused increased cGMP generation in co-
incubated PC12 cell§Fig. 5 B). Boththese effectavere prevented by-NAME. In
addition, TNF-adid not have any effect on NOS activity and cGMP generatlmmviHelLa
cells grown in the presence of doxycycline were used.

We considered the mechanism by which TNBEtimulates eNOS activity. TNF4s not
known to increase [C§,, the best known activator of eNOS (22). In accordance, we did not
detect any increases in [Clain HelLa cellsduring a 15 min stiulationwith the cytokine

(not shown). Generation of ceramide is among the intraceutnts involved in induction

0202 ‘2 yore |\ uo 1s9nb Aq /B10-0q[-mmmy/:dny woly papeojumoq


http://www.jbc.org/

Bulotta et al., page 15

of apoptosis by TN (6). Since short-chain analogues of thsdimessengehavebeen
reported recently to activate eNOS (37), we investigated whether ceramide cowldzel

in the activation oeNOS by TNFa. To this end we preincubatetie cells with the
ceramidesynthaseinhibitor, Fum, and the glycosylceramidsynthaseinhibitor, PDMP,
which are known to decrease and increase, respectively, the generation of ceraiiiile by
a, presumably by altering the levels of substrate for sphingomyelinases (19, 38, 39).

The data of Table 11l show that ceramide levels &ncalls were affected by TNFdrum
and PDMP inthe same way adescribed forother cells (1938, 39). TNF-a caused an
early increase in ceramide concentration, which was augmented by preincua#ttion
PDMP and diminished by Fum. These compounds had no signiéffant on basakevels
of ceramide.

We then proceeded tovestigate theeffects of Fum andPDMP on TNFe-induced
activation ofeNOS. Inthe absence of NF-a, Fum andPDMP did not modify NOS
activity and cGMP formation in eitheeNOS-expressing onot expressingcells (not
shown). These compounds had eftect also when given in comibation to TNF-a to
HelLa cells not expressing eNOS (Fig. 5; doxHpwever, similarly to the effects on
ceramide generation, PDMé&hhancedand Fum reduced the stimulatory effectTodF-a
on NOSactivity in the induced cell§Fig. 5; dox-), suggestingthat eNOS activation by

TNF-a is mediated through a pathway involving ceramide.

Discussion

The aim of this study was tavestigate the interaction between eN@®i TNF-a, and
the effect of this interaction on TNd=nduced cell death via apoptosis. To do thishaee
chosen HelLaells because thegxpress TNF-Rhnd die viaapoptosis whertreatedwith
TNF-a (40,41). Wegenerated clones stably transfectégth theeNOS ©NA under the

control of a doxycycline-responsive promoter, ihich transcription of the mRNA and
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expression of the proteisuppressed ithe presence of the antibiotic, irgtiated by its
removal, at levelsnversely proportional to the concentration of antibiotic. The induced
eNOS localised mainly to the plasma membrane and to the Gwigilex, was positive for
NADPH diaphorase staining and showed &-@apendent activity in HeLeell extracts, at
levels comparable to those of the endogenous enzyme in endothelial cells. In afl@Rion,
which increases [C§,, stimulated eNOS activity with generation ofdsitve NO, the latter
assessed byormation of cGMP in a PC12ell reporter system. These observations
indicate thaeNOS, vhen induced in HelLaells, retains the intracellular distribution and
functional characteristics of the native enzyme (33,34,42). Thus, eNOS Tet-off HeLa clones
represent a clean, well-controllsgistem to studyhe interaction between eNC#id TNF-

a, and the effect of thigiteraction on apoptosis, becausedifierences observebetween

cells cultured with or withoutloxycycline can be attributed to the presence/absence of the
enzyme.

The protective effect of NO omNF-o-induced apoptosis, wen the gas was
administered together with qrior to the cytokinehad already beeshown in several
studies. Thiseffect of NO,however,had been demonstrated usiegher NO donors or
continuous fluxes of endogenous NQ@enerated as a consequence aoinstitutive
expression of inducibleNOS after adenoviral gendransfer (13-19).These studies,
therefore, did not establishhether generation of NO could be ailtsin, physiological
mechanism triggered by TNéto modulate its own apoptotic effect. €cidate this, we
havestudiedcell death induced by the cytokine, in theegence of the proteisynthesis
inhibitor CHX, in cells either expressing or devoid of eNOSdrticular, wemeasured the
activity of mitochondrial dehydrogenases and two markers of apoptesithe cellsurface
appearance of phosphatidyl serine and the formatidmypbdiploid DNA. Our results
show that induction of eNOS is sufficient per se to redugpaificantly, yet not tabolish,
the degree otell death induced by NF-a. This partial protection was eliminated by the

NOS inhibitor.-NAME, indicating that the action &NOSwas due to generation of NO.
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This generation of NQvas due to stimulation of eNOS by TNf-and was already
observed in thefirst minutes after its administration. Takemogether, these results
demonstrate that, in cells endowed with eNOS, the apoptotic programme triggarbidFby
a is modulated through the autocrine generation of NO induced by the cytokine.

To elucidate the pathway responsible for TiF-a-inducedgeneration of NO we have
taken into consideration intracellular evekt®wn to stimulateeNOS. TNFea did not
induce any changes in [€h thusexcluding the cation as the intracellular mediator. We
concentrated on ceramide apassible messenger since itgenerated byyNF-a (6) and
its short-chain analoguesn stimulateeNOS (37). Tanvestigate the role of ceramide we
used PDMPand Fum, inhibitors respectively of glycosylceramidg/nthase anderamide
synthase, which increased and decreased, respectively, the early wave of ceramide generation
induced by TNF-ain our Tet-off Hela cells.PDMP increased, whild=um inhibited the
stimulation by TNF-oof eNOS activity and cGMBenerationsuggestinghat ceramide is
involved in the activation of eNOS by TNFE-Other mechanisms, however, may also play a
role. In particular, Aktkinase hadveen shownecently to phosphorylate, atigus activate
eNOS(42,43),and in some, although not all cell systemsTNF-a may stimulate this
kinase (44,45). Ishould be rantioned,howeverthat ceramide inhibit&\kt kinase (46,47)
so that it is unlikely that this enzyme plays a major role imattiwation ofeNOS by TNF-

o reported here.

Severallines of evidencesuggestthat generation of ceramide BYNF-a plays an
important role in the induction of apoptosis by the cytokine. In particular, impairment of the
activity of sphingomyelinases, hich generate ceramide followingNF-a stimulation,
reducesthe ability of the cytokine to inducapoptosis (48-52). Iraddition, sha-chain
ceramide analogues increase cell sensitivity ToNF-a (19,53). Recently, we have
demonstrated that this is due at least in part to stimulation, by ceramide, of the recruitment of

TRADD to TNF-RI with subsequent increased activationcakpase-8, arocess \ich
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occurs shortly (a few minutes) after receptor activation (19imPértance exogenous NO

was able to prevent these effects of ceramide by inhibiting theaFiNBuced accumulation

of the lipid messenger. Now we show that, in cells endowed with elI®S;a induces an

early stimulation of the enzyme activity in a ceramide-dependent way. Taken together, these
results suggedhat ceramide and NO constitute a two-messenger system, triggered by
TNF-a to regulate bidirectionally the initial steps of its own apoptotic signalling pathway. A
model for this mechanism of regulation is described in Fig. 6.

In the present studyhe mechanisms by hch endogenously enerated NO protects
cells from TNFe-stimulated apoptosisavenot been investigated. Although the model of
Fig. 6 focuses on the NO-ceramide feedbladp, it is likely that more than one of the
effects describetbr exogenous NO, such ashibition of caspaseactivity, Bcl-2 cleavage
and cytochrome c release (13-15, 17-19), in addition to inhibitioce@mide formation
(19), arerelevantalso to the action oéndogenous NO. Aamg thesubstrates of NO,
particularly relevant is caspase-3 because of its rolecasteal effector in many apoptotic
pathways (7). Recent evidence with CD95 indicates that the inhibition of casplasgege
by S-nitrosylation, and the removal of this inhibition dgtivation of thedeath receptor, act
as a switch to turn the apoptotic programme on (54). Furthermore, NO-dependent inhibition
of caspase-8leavagepbserved in endothelial cells when eNOS actmifis increased by
shear stress, was found to protect from apoptosis inducedrioys stimuli(20). Thus, in
situations in \kich other apoptogens amresent togethewith TNF-a, such as during
inflammation, the functional coupling of the cytokine weNOS wehaveshown, might act

as a broad regulator of apoptosis.
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Figure Legends

Fig. 1. Immunoblots of proteins eatted from clone A). A: time-course ofeNOS
induction by removal ofloxycycline fromthe medium. A cells were grown in 100 mm
dishes to 80%onfluence in the presence of doxycycl{d® ng/ml). Attime O cellswere
washed with phosphate buffered saline, split into smaller culishes (1/20 of the initial
cultures per 35-mm dish), and incubated further in the absence of the antibiotic. At the
indicated time-points, cellwere harveste@nd analysed by 9% SDS-PAGE |ésved by
electroblotting. ~1Qug of total cellular protein were loaded onto each lane. Protein load was
checked by factin immunostaining, shown in the lower part of the panel. B: Dependence of
eNOS expression on doxycyline concentration. Cells grown in the presence of doxycycline
weresplit as described fqgranel A and then cultured in the presence dd.3, 0.1, 0.05,

0.01, 0.001 and 0 ng/ml of doxycycline (larfe¥, respectivelyfor 72 h. Shown is a
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Western blot, in which ~1fdg of total protein foreach conditiorwere analysed. Théower
part of the panethows[-actin immunostaining of the sansamples. Csemiquantitative
evaluation ofinduction of eNOS expression byloxycycline depletion. Lysatewere
prepared from cells grown e presence or absence of the antibifirc72 h. Lane 1
contained 3Qug protein of total extradrom cells grown inthe presence of doxycycline,
whereas lane and 3 contained g and 0.3ug, respectively. Removal afoxycycline
results in a ~100-foléhduction ofeNOS expression. Dcomparison ofeNOS levels in
induced Adand E2 cells. The indicated amounts of proteins frantdls (lane 1) and E2
cells (lanes 2 and 3) weleaded. Inall panels, thearrow-head indicates eNOS (M40
000), whereas thasterisk in panels A, B and Ddicate 3-actin immuno-staining for the
same samples. Numbers on the left represent® of molecular weighstandards from

BioRad Laboratories (Richmond, CA).

Fig. 2. Double-staining immunofluorescencectine AS cells. Cells expressingNOS
were doubly stainedwith monoclonalanti-eNOS andpolyclonal anti-giantin antibodies
followed by fluorescein-labelled anti-mouse IgG (A and D) and rhodamine-conjugyated
rabbit IgG (B and E), respectively. Panels A, B, C show the same field ofieal=d under
the fluorescein filtefor eNOS (A), the rhodamine filterfor giantin (B) and in phase
contrast (C)eNOS (A) appears concentrated tre surface and in a perinuclear structure
corresponding tehe Golgi region, asshown by the giantin stainin@®). Panels D, E, F
show the same field of cells analysed by confocal microscopy: fluordsed¢®S -D), and
rhodamine (giantin -E) fluorescence argperimposed othe transmitted light image; co-
localisation of the two is demonstrated by ylelow colour in the merged iage(F). Bar,

panels A, B, C, 15m; panels D, E, F, 10m.

Fig. 3. Characterisation o€NOSactivity in clone &. A: calciumdependency oENOS

activity in cell lysates. Lysates, prepared from cells grown in the presence (dox+) or absence
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(dox-) of doxycycline for 72 h, were resuspended in a buffer contair(ittd] arginine and
either0.45 mM CaCJ (C&"), 0.45 mM CaCl and 1 mMEGTA (EGTA) or0.45 mM

CaCl, and 500 pM.-NMMA (L-NMMA) for 10 min at 37°C. eNOS activitwas estimated

as pmol/min ofi-[®H] citrulline formed in thereaction,normalised to protein content. B:
Ca*-dependency of eNOS activity in intact cells. Cell monolayers, grown in the presence or
absence of doxycycline, were incubated for 15 min at 37° C in a medium conta[fitig
arginine without other additions (controljjth 100 uM ATP (ATP) orwith 100 uM ATP

and 500 uML-NAME (ATP + L-NAME). eNOS advity was estimated as in A. C:
Cytochemicalanalysis ofNADPH tetrazolium blue reductase activity eNOS in cells
grown in the presence (a) or absence (b) of doxycycline in the culture medium. Preparations
were examined in bright field. A dark precipitate is visible in cells inducexpoesseNOS

(b), whereasion-induced cellsare barelyisible (a). Photographydligital acquisition, and
printing were exactly the same for ttveo panels. Br, 15 ym. The results showare from

one experimentepresentative ofour consistent ones. D: cGMgeneration induced by
activation of eNOS. 2 x 2&\3 cells, grown in the presence or absence of doxycyaiiass
suspended together with 0.5 x°1®C12 cells and incubatddr 15 min at 37°Qunder the
conditions described in B. cGM&cumulation was estimated by a radioimmunoassay and
normalised to protein content. Statistical probability in panels A, B and D is indicated by the
asterisks andalculated vs. EGTA-containingsates(A) or untreated control cells (B and

D), whereas the crosses refer to the statistical probability in satrgdésd in the presence

vs. absence of eitherNMMA or L-NAME (n = 4) (seeExperimentalProcedures for

details).

Fig. 4. Effects ofeNOS expression on TNFinduced apoptosiell monolayers, grown
in the presencédox+) orabsencddox-) of doxycyclinewereincubated without (control)
or with TNF-a (100 ng/ml) and CHX (1 pg/mifor further 12 h.-NAME (500 pM) was

added duringhe incubation where indicatedpoptosiswas analysed measuring, fgw
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cytometry, phosphatidyl serine exposure and DNA staining with propdium iodiddeffFhe
hand panekhowsthe exposure of phosphatidyerine,assessed using fluorescein-iso-
thiocyanate labelled-annexin V (x ax@épitrary units). The increase in annexirpdsitive
cells after treatmenwith TNF-a/CHX is lower in eNOS-expressingells (d) than in non-
induced cells (b) or eNOS-expressinglls treated with.-NAME (f). No significant
annexin V staining is present in control cells egposed to the cytokine and the protein
synthesis inhibitor (a, ¢ and e). The rigiaind paneshowsthe DNA content analysed by
flow cytometry measuring the binding of propidium iodide (x axis, arbitrary units). In these
experiments HelLa cellwerenot synchronisedaccordingly, GO/G1, S an@2/M phases
were present as already described for these cells (55). The sub-G1, hypodiploioe8RA
characteristic of apoptosis, is clearly detectable in cells treated withoddDHEX (h, | and n)
with respect to untreated contrdty 1 and m) and isower in eNOS-expressingells (I).
Incubationwith L-NAME resulted in asub-G1peak similar to the one observednaon-
induced cells (n)The results showrarefrom one out of fourepresentative experiments.

M1 indicates the region considered for the statistical analyses of Table II.

Fig. 5. Hfect of TNF-a on eNOS activitand cGMP generatiorA: dependency of NOS
activity on TNF-a and drugs interfering with sphingolipid metabolismCell monolayers,
grown in the presenagox+) orabsencddox-) of doxycycline, werencubatedfor 3 h at
37°C in culture medium with 10 uM Fum(Bar), 50 uM PDMP (5bar), or without other
additions (first 3 bars). €ls werethen treatedor a further 15 min aB7°C in a medium
containingL-[°H] arginine with or without eitheFNF-a (100 ng/ml), L-NAME (500 uM),
Fum or PDMP as indicated. NOS activity was estimated as described in Fig. 3 B. B: effects
of TNF-a anddrugsinterferingwith sphingolipid metabolism on cGMP generation. 2 X
10° AS cells, grown in the presence or absence of doxycycline, and incutititedelim or
PDMP as in A, were suspended together with 0.5PT12 cells and treated for 15 min at
37°Cwith or without eithefTNF-a, L-NAME, Fum and PDMP as described panel A.

0202 ‘2 yore |\ uo 1s9nb Aq /B10-0q[-mmmy/:dny woly papeojumoq


http://www.jbc.org/

Bulotta et al., page 29

cGMP accumulation was estimated as describeffign 3 D. Satistical probability vs.
untreated control cells is indicated by the asterisks, that of samples incubated withiiT NF-
the presence vs. absence of eitht®lAME, PDMP or Fum bycrosses, botlkalculated as

described under Experimental Procedures 4).

Fig. 6. Schematic model for modulationtbé TNFa triggered apoptosis by NO and
ceramide. Activation by TNF-@f TNF-RI results in receptor trimerisation artruitment

of TRADD and then FADD, Wwich leads toactivation ofcaspase-8The ensuingceramide
generation (56,57), acts as an amplifying factor ofrésponse to TNF-oby increasing
TRADD recruitment. Moreover, it may contribute to apoptosis by triggering other signalling
events (58). Ceramide, however, stimulates also eNOS activity and the generated NO down-
regulates the accumulation of the lipreessenger. laddition, NO may counterbalance the
apoptogenic effect of ceramiddéso because of itaction on additional eventavolved in
TNF-a-induced apoptosis (see text for details). The functional coupling between eNOS and
TNF-RI might befacilitated by thesubcellular localisation of the enzyme and rtheeptor,

both known to concentrate in the caveolae at the plasma membrane (34,59,60).
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Table I: effects of eNOS expression on the TéNFduced conversion of MTT into formazan

control TNF-a/CHX
* %%
+++
dox + 0.159+0.003 0.115 + 0.001
*k*
dox + /L-NAME 0.160 + 0.002 0.113 + 0.003
*
dox - 0.161 + 0.004 0.149 + 0.001
Fi+
dox - /L-NAME 0.162 + 0.005 0.118 = 0.002
lw}
s
HelLa Adcells, seeded in 6-well plat¢s0 x 10 cells/cnf), werecultured in the presendeox +) or %
absence (dox-) of doxycycline and then treated with ®NEOO ng/ml) and CHX (M) for 6 h or %
left untreatedcontrol). When indicated,this treatment was carriedut in the presence aFNAME g
(500 uM). Cell were then washed and incubated with MTT (2.4 mM) for a further 3 h. Conversi<§1 (

MTT into its derivative formazan by mitochondr@d¢hydrogenasesas measured as descrihater
Experimental Procedures. Statistical probability vs. controls is indicated by the astatiskated as

described under Experimentatoceduresn( = 4). The differencesbetween values observed afte

0202 ‘vz TN o 1nb Aq /B

TNF-a/CHX treatment in dox + vs. dox- and dox--NAME vs. dox- (indicated by thecrosses) are

highly significant (P< 0.001 in both cases).
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Tablell: effects of eNOS expression otihe TNF-a-induced exposure of phosphatidyl serine and
formation of hypodiploid DNA

annexin V staining propidium iodide staining
control TNF-a/CHX control TNF-a/CHX
*k* *k*
+++ + +
dox + 51+0.3 41.3+1.6 16.8 + 0.9 66.2 £ 3.4
* k% * * o
dox+ /L-NAME 4.98 £ 0.6 453+ 25 185+1.3 65.3+4.9 2
g
g
S
* k% * k% =
dox - 55+1.1 21.2+1.3 16.2 £ 0.8 46.2 + 2.3 g
* k% *k* Er
+++ + + <
dox- /L-NAME 6.6 £ 1.2 428 + 2.0 16.9 £ 0.9 60.3 + 3.5 g
HelLa A0 cells,cultured in the presenddox+) orabsencgdox-) of doxycyclinewere treatedwvith %
TNF-a (100 ng/ml) and CHX (1 uM) for 12 h, teft untreated (controlfefore analysis of annexin§

V and propidium iodide staining by flow cytometry as described uBd@erimentalProcedures.
Values represent the percentage of cells measured in the M1 regions, defstemvasin Fig. 4.
Statistical probability vscontrols is indicated by the asterisks, thatdok+ vs. dox- and dox-

NAME vs. dox- cells after TNIE/CHX treatment by therosses, botlealculated aslescribed under

Experimental Procedures € 4).
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Table IlI; effects of TNF-aPDMP and fumonisin B1 on ceramide accumulation in HeLa dox+ cells.

control TNF-a
*%*%
dox+ 135+0.1 33.3+20
* %%
++
dox+ / PDMP 155+1.4 578 £+ 3.1
* %
++
dox+ / Fum 124 +1.2 18.8 + 0.2

HelLa Adcells, cultured in the presence of doxycycline were inculdated h with or without PDMP
(50 uM) or Fum (10 uM) prior to a 15 mireatment in the absengeontrol) or presence of TN&-
(100 ng/ml). Ceramide was measured as describeder Experimental Procedures.Values are
expressed as pmol/mg proteins. Statistical probability vs. controls is indicated by the astatisis,
cells incubatedvith PDMP or Fumvs. non-incubated cells aftdiNF-a/CHX treatment by the

crosses, both calculated as described under Experimental Procadu)s (
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