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Inactivation of Multiple Targets by Nitric Oxide in
CD95-Triggered Apoptosis
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Abstract Nitric oxide (NO) plays an important anti-apoptotic role by inactivating both upstream and downstream
apoptotic molecules. We now report that exogenously supplied NO protected Jurkat T cells from anti-CD95-stimulated
apoptosis. We have recently shown that nitrosation of the activator protein-1 (AP-1) transcriptional factor is crucial for
NO-mediated inhibition of cell death triggered by etoposide or ceramide. Since the inhibition of apoptosis by NO has
been reported to involve AP-1, we evaluated its involvement in in CD95-mediated cell death. Cross-linking of CD95
enhanced AP-1 DNA binding activity and AP-1-dependent CD95L transactivation, which were both significantly
reduced by different NO-donors compounds. However, AP-1 induction does not seem to significantly contribute to anti-
CD95-triggered apoptosis, as cell death could not be prevented by using the recombinant Fas-Fc fusion protein which
inhibits the CD95/CD95L interaction. We observed that caspase 3-like activity was negatively modulated by several
NO-donors in vitro and that titratable thiol groups of purified caspases 3, 7, and 9 decreased in the presence of NO-
releasing compounds. In conclusion, we demonstrated that NO-mediated inhibition of other targets, possibly caspases,
but not AP-1, is a crucial event responsible for protection against anti-CD95-stimulated apoptosis. Even though NO
affects multiple molecular mechanisms, the relevant target for exerting the cellular effects, may vary among different

models. J. Cell. Biochem. 82: 123-133, 2001. © 2001 Wiley-Liss, Inc.
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CD95 (APO-1/Fas), a member of the nerve
growth factor/tumor necrosis factor (TNF)
death receptor superfamily [Itoh et al., 1991],
is activated by cross-linking either with its
natural ligand CD95L [Suda et al., 1993], or
with agonistic anti-CD95 monoclonal antibo-
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dies [Trauth et al., 1989]. Activation of CD95
triggers the assembly of the death-inducing
signaling complex [Kischkel et al., 1995], in
which pro-caspase 8 is recruited and proteoliti-
cally activated [Yang et al., 1998]. Subse-
quently, caspase 8 is released into the cytosol,
where it can activate a cascade of downstream
executioner caspases, such as caspase 3 [Salve-
sen and Dixit, 1997], leading to cell death.
Caspase 8 activates the downstream caspases
also indirectly through the cleavage of Bid [Li
et al, 1998] and the cytochrome c¢/Apaf-1
signaling pathway [Li et al., 1997; Zou et al.,
1997; Luo et al., 1998].

CD95 cross-linking also results in the gen-
eration of ceramide which initiates the c-Jun N-
terminal kinase (JNK) signaling pathway,
leading to the activation of the transcription
factor activator protein-1 (AP-1) [Kyriakiset al.,
1994]. AP-1 has been implicated as both positive
and negative modulator of stress-induced apop-
tosis. Nevertheless, its role in cell death
remains to be determined, given the controver-
sial results present in the literature. It seems
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likely that the expression of AP-1-sensitive
genes is involved in the apoptotic pathway
depending on the stimulus, the microenviron-
ment, and the cell type.

The free radical nitric oxide (NO) and related
nitroso compounds are important messengers
playing central roles in pathophysiology. NO-
mediated signaling pathways are classified as
either cGMP-dependent or -independent; cGMP
formation results from NO binding to the haem
prosthetic group of soluble guanylyl cyclase,
thus leading to the enzyme activation. The
c¢GMP-independent mechanisms include inhi-
bition of iron—sulfur centers, DNA damage, and
protein modification due to nitrosation of thiol
groups, thiol oxidation to sulfenic and sulfinic
acid and tyrosine nitration [Stamler et al.,
1992a, 1992b, 1994; Stamler and Hausladen,
1998]. Proteins which undergo a change in
function upon nitrosation include membrane
ion channel [Lipton et al., 1993; Xu et al., 1998],
signaling proteins [Lander et al., 1995; So et al.,
1998], cytosolic enzymes, such as tissue trans-
glutaminase and caspases [Dimmeler et al.,
1997; Melino et al., 1997], extracellular mole-
cules [Catani et al., 1998], and transcriptional
factors such as NF-xB [Matthews et al., 1996],
OxyR [Hausladen et al., 1996], c-Myb [Brende-
ford et al., 1998], and AP-1 [Tabuchi et al., 1994,
Nikitovic et al., 1998].

NO acts through several potential toxic
mechanisms eliciting necrotic as well as apop-
totic cell death. Protective actions from apopto-
tic pathways have also been implicated for NO
[Dimmeler et al., 1997; Kim et al., 1997; Melino
et al., 1997]. We have previously demonstrated
that exogenous NO inhibits CD95 signaling in
Jurkat T cells via nitrosation of caspase 3-like
proteases [Melino et al., 1997]. NO-mediated
inactivation of caspases has been also reported
in TNF a-stimulated endothelial cell lines and
rat hepatocytes [Dimmeler et al., 1997; Kim
et al., 1997; Dimmeler and Zeiher, 1999; Li and
Billiar, 1999; Liu and Stamler, 1999; Nicotera
et al.,, 1999]. It has been recently found that
caspases are endogenously nitrosated, and
that CD95 cross-linking activates caspase
3 either by inducing the cleavage of the protease
precursor, or by stimulating the denitrosation
of its catalytic site cysteine [Mannick et al.,
1999].

NO can also block the apoptotic pathway
acting upstream of caspase activation. Indeed,
the inhibition of mitochondrial permeability

transition pore opening, and subsequent cyto-
chrome crelease, hasbeen recently identified as
anovel mechanism through which NO exerts its
anti-apoptotic effects [Brookes et al., 2000]. We
have recently reported that NO may prevent
AP-1-dependent CD95L transactivation eli-
cited by several cytotoxic stressors in Jurkat T
cells [Melino et al., 2000]. Indeed, the promoter
of the CD95L gene contains putative binding
sites for different transcriptional factors includ-
ingthe consensus sequence for AP-1 [Takahashi
et al., 1994]. In some cases, the inhibition of
apoptosis is only transitory and possibly its
mode changes to necrosis. NO can switch
apoptosis to necrosis by impairing mitochon-
drial ATP generation, through the inhibition of
the mitochondrial respiratory chain. It has been
suggested that NO-mediated lowering of intra-
cellular ATP may in fact affect caspase activa-
tion by preventing cytochrome c release from
mitochondria or, alternatively, the formation of
the apoptosome complex from pro-caspase 9,
Apaf-1, and ATP [Leist et al., 1999].

Here, we explored the possibility that NO
may prevent CD95-triggered apoptosis by influ-
encing DNA binding ability of AP-1 and sub-
sequent regulation of CD95L expression or
by modulating caspase activity. To this end,
we first examined the effects of NO-donor
compounds on cell death induced by CD95
cross-linking. We then investigated whether
caspases, AP-1 binding activity and transacti-
vation of the AP-1 responsive CD95L promoter
could be affected by NO.

MATERIALS AND METHODS
Materials

Ribonuclease A and propidium iodide (PI)
were obtained from Sigma Chemical (St. Louis,
MO). Ham’s F-12 and minimal essential med-
ium were from Gibco (Berlin, Germany) and
fetal calf serum (FCS) from HyClone (Oud-
Beijerland, Holland). All the NO-donors were
purchased from Alexis Biochemicals (Laufelfin-
gen, Switzerland). The anti—CD95 agonistic
antibody (IgM), clone CH-11, was from Upstate
Biotechnology (New York). The genomic clone of
human CD95L containing the putative promo-
ter region was kindly provided by Dr. S. Nagata,
Department of Genetics, Osaka University
Medical School, Japan. A 1.2 kb fragment,
containing binding sites for several trans-
criptional factors including AP-1 consensus



Inhibition of Caspases and AP-1 by NO 125

sequence (TTAGTCAG), was subcloned by PCR
into the eukaryotic expression vector HsLuc
[Kasibhatla et al., 1998]. The mouse monoclonal
anti-PARP antibody (clone C-2-10) was kindly
provided by Dr. G. Poirier, Health and Environ-
ment Unit, CHUL Research Center, Quebec,
Canada. The recombinant Fas-Fc fusion pro-
tein, used as a competitive inhibitor of CD95/
CD95L interactions [Brunner et al., 1995], was
kindly provided by Dr. Douglas R. Green, La
Jolla Institute of Allergy and Immunology, San
Diego, CA.

Cell Cultures

Jurkat T cells were grown in a 1:1 mixture of
minimal essential medium and Ham’s F-12
medium supplemented with 10% heat-inacti-
vated FCS, 1.2 g/l Na-bicarbonate, 1% non
essential amino acids and 15 mM HEPES, at
37°C with 5% COg in a humidified atmosphere.
The amount of free NO released from the
NO-donor compounds in the culture medium
was determined by using the Iso-NO meter
(WPI, World Precision Instruments Inc., Sar-
asota, FL).

Determination of Cell Death

To estimate DNA fragmentation, cells sub-
jected to different treatments were collected at
800g for 10 min and fixed with 1:1 PBS and
methanol-acetone (4:1 v/v) solution at —20°C.
The cell cycle was evaluated by flow cytometry
using a propidium iodide (PI) staining (40 ug/
ml) [Piacentini et al., 1993; Melino et al., 1994]
in the presence of 13 kU/ml ribonuclease A
(20 min incubation at 37°C) on a FACScalibur
flow cytometer (Becton-Dickinson, CA). Cells
were excited at 488 nm using a 15 mW Argon
laser and the fluorescence was monitored at 578
nm at a rate of 150-300 events/sec. Ten
thousand events were evaluated using the Lysis
IT Programme (ibid). Electronic gating forward
side scatter (FSC)-a/vs/FSC-h was used, when
appropriate, to eliminate cell aggregates. For
ultrastructural examination, cell suspensions
were fixed in 2% glutaraldehyde, postfixed in
1% OsO,, and dehydrated in a graded series of
ethanol, embedded in Epon resin and then
semithin and ultrathin sections were cut on an
ultramicrotome (Reichert Ultracut E, Leica,
Wien, Austria). Ultrathin sections were mou-
nted onto uncoated grids and stained with
uranyl acetate and lead citrate, before obser-

ving in a transmission electron microscope
(CM100, Philips, Eindhoven, The Netherlands).

PARP Western Blotting

Cells (15 x 10° cells/ml) were incubated at
37°C with the apoptotic stimulus alone or with
the NO-donors for the indicated time. After
treatment, cells were pelleted and then washed
twice with phosphate buffered saline (PBS).
Cell lysis was achieved with lysis buffer (50 mM
Tris pH 6.8, 6 M urea, 10% glycerol, 2% SDS, 5%
2-mercaptoethanol) and sonication on ice (30 s,
40% duty cycle, microtips at limit), followed by
Bradford protein determination. Proteins were
normalised to 100 ug/lane, separated on 8%
SDS-polyacrylamide gels and blotted onto nitro-
cellulose sheets. Filters were washed twice with
PBS containing 0.1% Tween-20 before blocking
non-specific binding with PBS/5% bovine serum
albumine, 0.5% gelatin. The mouse anti-PARP
antibody (clone C-2-10, 1:1000 in PBS+5%
BSA, 0.5% gelatin) was added and incubated
overnight at 4°C. Nitrocellulose filters were
washed five times and detection was performed
by horseradish peroxidase-conjugated goat
anti-mouse monoclonal antibody (1:2500) for
1 h at room temperature, using the ECL method
(Amersham). Quantification of immunolabeled
proteins was performed by scanning laser
densitometry.

Measurement of Caspase 3-Like Activity

Caspase activity was measured using con-
tinous fluorometric assay, as previously de-
scribed [Nicholson et al., 1995]. Briefly,
activity of caspase 3 was detected by measuring
the proteolytic cleavage of the fluorogenic
substrate 7-amino-4-coumarin (AMC)-DEVD
and AMC as standard. Aliquots of caspase 3
(2 ng/100 pl) were combined with 500 pl of an
enzymatic reaction mixture which consisted of a
standard buffer (10 mM HEPES, pH 7.4, 2 mM
EDTA, 0.1% CHAPS, 10% sucrose, 5 mM
dithiothreitol (DTT), and the protease inhibi-
tors, including 1 mM phenylmethylsulfonyl
fluoride, 1 pg/ml aprotinin, 1 pg/ml pepstatin
and leupeptin each) containing 100 pM fluor-
escent substrate. The cleaved substrate was
measured continuously at room temperature,
using an excitation wavelength of 380 nm and
an emission wavelength of 460 nm. When the
effect of NO was studied, caspase 3 was treat-
ed with increasing concentrations of NO-
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generating donors for 10 min on ice, before
starting the reaction.

Titration of Thiol Groups

The highly reactive active site cysteine resi-
due of caspases was titrated by alkylation with
iodoacetamide. Reaction mixtures containing
0.1 M Tris-acetate pH 7.5, 20 mM CaCly, 0.5 mM
[**C] iodoacetamide (59 mCi/mmol) and 0.3 pg
of caspases were incubated 5 min at 23°C.
Reactions were terminated by addition of
100 mM DTT and 20 mM EDTA. Aliquots were
spotted on 3 mm filter paper. Filters were
washed in 20% trichloroacetic acid (TCA), 10%
TCA, 5% TCA, and absolute ethanol dried and
counted. When the effect of NO was studied,
increasing concentrations of the NO-donors
were added to the reaction mixture and incu-
bated for 5 min, before the initiation of the
reaction with [**C] iodoacetamide.

Electrophoretic Mobility Shift Assay (EMSA)

Nuclear mini-extracts obtained from 107 cells
were prepared according to Schreiber et al.
[1989] with the modifications reported in Lee
et al. [1996]. Mobility shift experiments were
performed as described [Lee et al., 1996]. The
AP-1 consensus oligonucleotide was CGCT-
TGATGAGTCAGCCGGAA, the AP-1 mutant
oligonucleotide was CGCTTGATTAGTTAGC-
CGGAA. The complexes were resolved on non-
denaturing 6% polyacrylamide gels in 0.5X TBE
buffer for 1 h at 14 V/em and autoradiographed
overnight.

Transient Transfections of Jurkat T Cells

Jurkat T cells were co-transfected with a
reporter construct consisting of the luciferase
gene under the control of the human CD95L
promoter and the pCAT control vector (1 pg
DNA/108 cells) by using Superfect Transfection
Reagent (Qiagen; Hilden, Germany). Briefly,
cells were washed once with PBS and plated in
duplicate at 10° cells/ml in complete medium.
The formation of Superfect-DNA complexes
(ratio Superfect: DNA 20:1) were allowed to
proceed for 10 min at room temperature. Then,
diluted complexes were applied to cells and
incubation was prolonged for 48 h before
treatment with the apoptotic stimulus and
NO-donors. Transfected Jurkat T cells were
incubated with 0.5 pg/ml anti CD95 antibody
for 1 h, with or without different NO-donor
compounds. After incubation, cells were har-

vested, washed once in PBS and lysed in 200 ul
Reporter Lysis Buffer (Promega; Madison, WI).
For gene expression assay, 20 pl of cell extracts
were mixed with 100 pl of Luciferase Assay
Reagent (Promega; Madison, WI) and light
emission was measured with a highly sensitive
LUMI-A (SEAS) luminometer [Roda et al.,
1993]. Differences in transfection efficiency
were normalised by chloramphenicol acetyl
transferase activity, as described [Sambrook
et al., 1989].

RESULTS

Anti CD95-Triggered Apoptosis is Prevented by
NO-Donors in Jurkat T Cells

In order to investigate the effect of NO on
CD95-induced cell death, Jurkat T cells were
exposed to 1 ug/ml anti-CD95 agonistic anti-
body, for 1.5, 3, and 6 h, in the presence or the
absence of increasing concentrations of the NO-
donor SNAP (0.1-5 mM). Kinetic analysis
showed that 1 mM SNAP released free NO con-
centrations in the nanomolar range, showing a
maximum peak of release of 0.53 pM at 0.6 h, as
evaluated by a modified Clarke electrode at
37°C in normal culture medium. Apoptosis was
then assessed by flow cytometry analysis using
PI staining. As shown in Figure 1A, CD95
ligation significantly increased the percentage
of hypodiploid events within 3 h of treatment;
nevertheless, co-incubation with SNAP result-
ed in a dose-dependently marked inhibition of
CD95-mediated apoptosis. This result confirms
our previous report which demonstrated the
ability of NO to prevent receptor-induced
apoptosis [Melino et al.,, 1997]. In order to
characterise morphological features of apopto-
sis at ultrastructural level, we performed
electron microscopy on anti-CD95-stimulated
Jurkat T cells. Unlike the control (Fig. 1B), in
anti-CD95-treated cells typical morphological
features of apoptosis, such as highly condensed
and cap-shaped marginated chromatin, could
easily be seen (Fig. 1C). Co-incubation of Jurkat
T cells with anti-CD95 and 1 mM SNAP resulted
in a significant decrease in the percentage of
apototic cells, even though cells with character-
istic apoptotic changes were still evident (Fig.
1D). Apoptotic cell death was also confirmed by
the absence of a significant release of lactate
dehydrogenase (data not shown). Altogether,
these dataindicate the absence of necrosisin the
experimental conditions used.



Inhibition of Caspases and AP-1 by NO 127

k'

£ 40

: o CERE

T a4

BEm

&

g o & 0 0060 T AP

_§ @ COBG1 mM SHAF

25 o

QE " ';:Eﬁ1ﬁrlum

Fig. 1. Effect of NO-donors on CD95-triggered apoptosis in
Jurkat T cells. A: Inhibition of apoptosis by increasing
concentrations of SNAP (0.1-5 mM) after the addition of 1
pg/ml anti-CD95 antibody. Apoptotic events were evaluated by
flow cytometry. Results are means=%SE of duplicate determina-
tions carried out on two different experiments. B: Electron
microscopy of Jurkat cells without any treatment; a particular of
the nucleus is reported (13,000x). C: Nucleus of cells under-
going apoptosis after 3 h treatment with 1 pg/ml anti-CD95
antibody (13,000x). D: Ultrastructural changes in the nucleus

Since caspase 3-like enzymes are early acti-
vated in CD95-triggered cell death [Schlegel
etal., 1996], we also tested the ability of the NO-
donors to interfere with this protease activity.
Jurkat T cells were exposed to 1 pg/ml anti-
CD95 antibody or co-incubated with anti-CD95
and increasing concentrations of SNAP or S-
nitrosoglutathione (GSNO) for 90 min, and then
Western blotting analysis of PARP cleavage was
performed. CD95 cross-linking led to proteolytic
cleavage of the 116 kDa enzyme into the 85 kDa
fragment, 90 min after incubation. Addition of
SNAP (Fig. 1E) or GSNO (data not shown) dose-
dependently blocked caspase-mediated PARP
digestion, as revealed by densitometric analy-
sis, in which PARP breakdown product was

% FARF brankoown

of Jurkat cells co-incubated with anti—CD95 antibody and 1 mM
SNAP for 3 h (18,000x). E: Inhibition of anti—-CD95-induced
proteolytic cleavage of PARP by SNAP. Cells were left
untreated, incubated with 0.1, 1, or 5 mM SNAP, 1 ug/ml anti
CD95 antibody or co-incubated with anti CD95-antibody and
the NO-donor for 90 min. Cell extracts were analysed by
Western blotting (panel inside) and immunolabeled bands were
quantified by gel scanning densitometry. PARP breakdown
product was expressed as the ratio of the cleaved fragment
density over the total immunoreactivity.

expressed as a percentage of total immunor-
eactivity. Treatment with SNAP alone had no
effect on proteolytic digestion of PARP.

We then investigated the effect of NO and
NO-related species on caspase activity in vitro,
after incubation of purified recombinant cas-
pase 3 with increasing concentrations of differ-
ent NO-releasing compounds. As shown in
Figure 2A, all the NO-donors employed were
able to inhibit the enzymatic activity in a dose-
dependent manner, although with distinct kine-
tics. SNAP and GSNO were the most effective
inhibitors, leading to 100% inactivation
at higher concentrations, whereas, spermine-
NO (SPER-NO) and 3-morpholinosydnoni-
mine (SIN-1) caused 71 and 56% inhibition,
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Fig. 2. Effect of NO-releasing compounds on caspase activity.
A: Effect of NO on caspase 3 activity in vitro. Purified
recombinant caspase 3 (2 pg/100 pl) was incubated with
increasing concentrations of NO-generating compounds [SPER-
NO (@), GSNO (O), SNAP (W), SIN-1 ()] for 10 min on ice,
before starting the assay, and the activity was monitored by
continously measuring the proteolytic cleavage of the fluoro-
genic AMC-DEVD substrate. Data are means=SE of triplicate

respectively. The spermine has been shown to
trigger intracellular caspase activation [Stefa-
nelli et al., 1998], suggesting that the release of
the polyamine from the NO-donor compound
might counteract the inhibitory action of NO.
Accordingly, the exposure of recombinant cas-
pase 3 to increasing doses of spermine resulted
in enzyme activation (9, 15, 22, 33, and 48% for
0.001, 0.01, 0.1, 1, and 10 mM spermine,
respectively). The ability of SIN-1 to weakly
inhibit caspase 3 may be due to the release of
both NO and superoxide anion, which can
rapidly react to produce peroxynitrite.

Caspase activity is strongly dependent on the
presence of reducing agents. All the experi-
ments were carried out using 5 mM DTT. To
assess whether the inhibitory effect of NO on
the protease enzymatic activity was influenced
by the reducing agent DTT, we incubated
purified recombinant caspase 3 with 1 mM
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determinations of three separate experiments. B-D: Thiol groups
titration of caspase 3 (panel B), 7 (panel C), and 9 (panel D),
evaluated by alkylation with ['*Cl-iodoacetamide. Purified
enzymes were incubated with increasing concentrations of
SPER-NO (@), GSNO (O), SNAP (l), SIN-1 () and titration
was performed after 5 min. Data are means%SE of triplicate
determinations carried out on duplicate different experiments.

NO-releasing compounds, in the presence of
0.5 mM DTT. As shown in Table I, 5 mM DTT
reversed a significant portion of the effect of the
NO-donors, thus indicating that inactivation by
NO may proceed through nitrosation of cataly-
tic cysteine residues, or through other reversi-
ble chemical modifications, such as disulfide or
sulfenic acid formation.

To address whether caspase activity may be
modulated by chemical modification of a reac-
tive cysteine residue, we performed titration of
thiol groups of purified caspases 3, 7, and 9 in

TABLE 1. Effect of DTT on NO-Mediated
Inhibition of Caspase Activity

DTIT

(mM) SNAP GSNO SPER-NO  SIN-1
5 30% 19% 34% 3%
0.5 37% 57% 57% 71%
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the presence of NO-releasing compounds.
Figure 2 (B—D) shows that the NO-donors were
able to decrease the number of titratable thiol
groups from 1 to 0; in accordance with the
activity data, SIN-1 was unable to completely
abolish the titratable cysteine residue. These
data indicate that the mechanism by which NO
or NO-related species inactivate caspases in-
volves the chemical modification of their active
cysteine residue.

NO Inhibits the CD95-Stimulated Increase
of AP-1 Activity

In agreement with our recent findings
[Melino et al., 2000], we studied whether
cross-linking of CD95 on Jurkat T cells did
result in activation of AP-1 DNA binding
activity. As determined by EMSA, nuclear
extracts derived from Jurkat T cells stimulated
with 1 pg/ml of anti-CD95 antibody, showed an
enhanced ability to shift a TRE-containing
oligonucleotide (Fig. 3A, lane 4), as compared
to untreated cells (Fig. 3A, lane 3). Treatment
with SNAP led to a dose-dependent decrease of
AP-1 activity (Fig. 3A, lanes 5-7). The specifi-
city of AP-1 binding was confirmed by competi-
tion studies, using 50-fold molar excess of AP-1
mutant oligonucleotide (Fig. 3A, lane 1), or
unlabeled AP-1 consensus oligonucleotide
(Fig. 3A, lane 2). We have previously reported
that SNAP decreased the number of titratable
cysteines per monomer of c-Jun from 3 to 2
[Melino et al., 2000]. Furthermore, analysis by
nanoelectrospray tandem mass spectrometry of
the NO-donor-treated c-Jun, revealed that Cys
269, on the DNA binding site, reacted with NO
[Melino et al., 2000]. Hence, the loss of AP-1
DNA binding activity might be caused by the
nitroso compound-induced modification of a
cysteine residue of c-Jun.

The increase of AP-1 binding activity in
CD95-ligated Jurkat T cells results in an en-
hanced AP-1-dependent gene transactivation,
as demonstrated by transfection experiments.
Jurkat T cells were transiently transfected with
a reporter construct consisting of the luciferase
gene under the control of the human CD95L
promoter. Forty-eight hours after transfection,
cells were stimulated for 1 h, either with 1 pg/ml
anti-CD95 antibody alone or in combination
with increasing concentrations (0.01-5 mM) of
four NO-donors, SNAP, GSNO, SPER-NO, and
SIN-1. As shown in Figure 3B, Jurkat T cells
stimulated with anti-CD95 antibody displayed
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Fig. 3. Effect of NO-releasing compounds on AP-1 activity. A:
Effect of NO on the increase of AP-1 binding activity induced by
CD95 ligation. Cells were left untreated (lane 3), stimulated with
1 pg/ml anti-CD95 antibody (lane 4) or co-incubated with
SNAP and anti-CD95 antibody (lanes 5-7) for 1 h. Molar excess
of AP-1 mutant oligonucleotide (lane 1) and unlabeled AP-1
consensus oligonucleotide (lane 2) were used as specificity
controls. The positions of DNA—protein complexes and free
oligonucleotide probe are indicated by B and F respectively. B:
Effect of NO-donors on CD95L promoter-regulated luciferase
activity induced by cross-linking of CD95. Cells were transiently
transfected with the luciferase construct containing the CD95L
promoter and then left untreated or incubated with 1 ug/ml anti-
CD95 antibody for 1 h. Where indicated, cells were co-
incubated with increasing concentrations (0.01, 0.1, 1, 5 mM) of
SNAP, GSNO, SIN-T and SPER-NO. Results are means£SE of
duplicate determinations carried out on two different experi-
ments.

increasing levels of CD95L promoter-regulated
reporter activity of 2.5-fold over untreated
transfected cells. The CD95L promoter-driven
luciferase transcription could be powerfully
blocked by the different NO-releasing com-
pounds, with complete inactivation occurring
at the higher concentrations of NO-donor
(Fig. 3B). We have previously reported the
inhibitory effect of the NO-donors on the basal
activity of AP-1-dependent luciferase activity
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Fig. 4. Effect of guanylyl cyclase inhibition on CD95-triggered
apoptosis. Jurkat T cells were left untreated or incubated for 6 h
with anti-CD95 antibody (1 pg/ml), with or without SNAP
(1 mM) and SNAP (T mM)+ODQ (1 uM). Apoptotic events
were evaluated by flow cytometry. Results are means+SE of
duplicate determinations carried out on two different experi-
ments.

[Melino et al., 2000]. Taken together, these
findings indicate that NO may interfere with
this circuit by inactivating primary components
of the AP-1 complex.

In other cell types, NO-stimulated ¢cGMP
synthesis has been shown to prevent either
caspase activation [Kim et al., 1997] or
upstream signaling events [De Nadai et al.,
2000]. We have therefore investigated whether
a cGMP-dependent mechanism may contribute
to the anti-apoptotic actions of NO in our
experimental model. As shown in Figure 4,
co—incubation of CD95-stimulated cells with
SNAP and the soluble guanylyl cyclase inhibitor
H-[1, 2, 4]oxadiazolo[4, 3-a]quinoxalin-1-one
(ODQ) was not able to reverse the protective
effect exerted by the NO-donor; ODQ alone had
no effect (not shown). This result demonstrates
that the anti-apoptotic actions of NO in CD95-
induced apoptosis of Jurkat T cells are not
mediated by cGMP generation.

As it is schematically described in Figure 5, it
seems likely that the signaling pathway leading
to CD95L expression and subsequent apoptosis,
may be activated also through AP-1. Prevention
of cell death by nitroso compounds may be
therefore achieved through at least two inde-
pendent molecular mechanisms, (i) inactivation
of downstream caspases (Fig. 5, arrow a), and
(ii) inhibition of AP-1-dependent CD95L trans-
activation (Fig. 5, arrow b). Even though it is
difficult to comment on the reaction occurring in
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Fig. 5. Schematic model of the CD95/CD95L pathway and its
regulation by NO. Ligation of CD95 activates two main
pathways indicated as grey arrows: (i) downstream caspase
activation via a direct or mitochondria-mediated activation and
(i) production of ceramide which might activate the down-
stream caspases. CD95 ligation may also induce AP-1-
dependent CD95L transactivation. As indicated by the dashed
arrows, potential molecular targets for NO may be signaling and
executioner caspases, tissue transglutaminase, transcriptional
factors (e.g., AP-1 and NF-kB) and the mitochondrial respiratory
chain. Nitrosation of AP-1 and downstream caspases (grey
arrows) may inhibit AP-1-dependent CD95L transactivation and
cleavage of cellular substrates (e.g., I/CAD and PARP), thus
preventing apoptosis. Not all pathways and connections are
represented in this simplified scheme. a: Nitrosation of down-
stream caspases, (b) Nitrosation of AP-1.

vivo, inactivation by NO may proceed through
direct nitrosation of active cysteine residues, or
through other reversible chemical modifica-
tions, such as disulfide or sulfenic acid forma-
tion [Stamler and Hausladen, 1998].

The involvement of AP-1 in CD95-triggered
apoptosis was an unexpected result because this
pathway proceeds without transcription. How-
ever, this result is relevant because we have
recently demonstrated that AP-1 is a crucial
target for NO in the inhibition of apoptosis
[Melino et al., 2000]. To address whether AP-1-
induced CD95L expression may amplify the
CD95 death signal or may alternatively repre-
sent a delayed bystander event which follows
apoptosis, we used the recombinant human Fas-
Fc fusion protein as a competitive inhibitor of
CD95/CD95L interactions [Brunner et al.,
1995]. The Fas-Fc protein blocks the interaction
between CD95 and CD95L by binding to the
ligand, while it has no effect on anti-CD95
agonistic antibody activation of the receptor. We
tested the effect of increasing concentrations
(1-15 pg/ml) of Fas/Fcprotein on CD95 ligation
in Jurkat T cells.
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Fig. 6. Effect of the fusion protein Fas-Fc on anti CD95-
stimulated apoptosis. Cell were left untreated or stimulated with
1 pg/ml anti-CD95 agonistic antibody in the absence or in the
presence of increasing doses (1—15 pg/ml) of the Fas-Fc protein
for 6 h. Apoptotic events were assessed by flow cytometry after
Pl staining. Results are means£=SEM of duplicate determinations
carried out on two different experiments.

As shown in Figure 6, the Fas/Fc protein was
not effective in blocking anti-CD95 agonistic
antibody-stimulated apoptosis. These results
indicate that AP-1 activation, and subsequent
CD95L induction and apoptosis, are not crucial
events in CD95 signaling pathway and exclude
the existence of an autocrine loop amplifying the
death signal, at least in the experimental model
tested. Furthermore, while AP-1 is essential for
NO to inhibit apoptosis in certain models
[Melino et al., 2000], this is not true for all
systems. This indicates that, while NO has
many targets in the apoptotic machinery, the
relevant/crucial events differ among the cellu-
lar models and contexts used.

DISCUSSION

In this paper, we show that exogenous sources
of NO-related species may influence the apop-
totic pathway elicited by CD95 cross-linking.
Indeed, we found that the NO-donor SNAP
strongly inhibited apoptotic cell death in a
concentration-dependent manner. Moreover,
NO-releasing compounds were able to reduce
anti-CD95 antibody-induced caspase 3-like
activation.

AP-1 activation participates in the induction
of apoptosis triggered by cytokines [Verheij
et al., 1996; Wilson et al., 1996], and various
environmental and pharmacological stresses

[Sawai et al., 1995; Chen et al., 1996; Verheij
et al., 1996; Herr et al., 1997; Kasibhatla et al.,
1998]. The role of JNK pathway in CD95-
triggered apoptosis is controversial because it
isnot hindered by disruption of the JNK cascade
[Lenczowsky et al., 1997]. AP-1 function was
enhanced in our experimental model after CD95
ligation. This was an unexpected result, since
there is strong evidence in the literature that
CD95-triggered apoptosis does not require
transcription. The same NO-donor concentra-
tions which protected from cell death, also
blocked AP-1 DNA binding activity and
CD95L promoter-driven transcription. How-
ever, in this model, the absence of interference
with the CD95/CD95L interaction by employ-
ing a recombinant Fas-Fc protein, indicated
that anti-CD95-induced apoptosis does not
seem to depend on AP-1-regulated CD95L ex-
pression. Therefore, the autocrine circuit may
be a secondary event in cell death triggered by
CD95 ligation, while it may be essential in other
cellular models, such as chemotherapic drug-
induced apoptosis, or pathologies, in which the
leading death pathway is less efficient, and
therefore requires to be potentiated.

The presented results indicate that despite
the fact that nitroso compounds inactivate AP-
1, thisisnot arelevant target in the inhibition of
CD95-triggered apoptosis. This is in marked
contrast with our recent data, indicating that
AP-1 was the relevant target of NO in both
etoposide- and ceramide-induced apoptosis
[Melino et al., 2000]. Taken together, NO has
many different targets in the cell death machin-
ery (see Fig. 5), but the relevant target to exert a
biological action clearly depends on the cellular
model and context. NO overproduction has been
implicated in the pathogenesis of many dis-
orders, including inflammatory and autoim-
mune diseases and cancer. The NO-mediated
inhibition of CD95 signaling might play a major
role in modulating immune responses, as well
as in the pathogenesis of autoimmune diseases.
Resistance to CD95-mediated cell death might
also contribute to the development of some
forms of cancer, such as lymphoid neoplasms
which may express CD95 without undergoing
apoptosis.
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