IMMUNOBIOLOGY

'.) Check for updates

Dexamethasone-Induced Thymocyte Apoptosis: Apoptotic Signal Involves
the Sequential Activation of Phosphoinositide-Specific Phospholipase C,
Acidic Sphingomyelinase, and Caspases

By Maria Grazia Cifone, Graziella Migliorati, Raffaella Parroni, Cristina Marchetti,
Danilo Millimaggi, Angela Santoni, and Carlo Riccardi

Glucocorticoid hormones (GCH) have been implicated as
regulators of T-lymphocyte growth and differentiation. In
particular, it has been reported that GCH can induce thymo-
cyte apoptosis. However, the molecular mechanisms respon-
sible for this GCH-induced death have not been clarified. In
this work, the biochemical events associated with apoptosis
induced by Dexamethasone (Dex), a synthetic GCH, in nor-
mal mouse thymocytes, have been analyzed. Results indi-
cate that Dex-induced thymocyte apoptosis is attributable to
an early ceramide generation caused by the activation of an
acidic sphingomyelinase (aSMase). Caspase activity plays a
crucial role in Dex-induced apoptosis and is downstream the
aSMase activation in that inhibition of the early ceramide
generation inhibits caspase activation and thymocyte death.

Moreover, Dex treatment rapidly induces diacylglycerol (DAG)
generation, through a protein kinase C (PKC) and G-protein-
dependent phosphatidylinositol-specific phospholipase C (PI-
PLC), an event which precedes and is required for aSMase
activation. Indeed, PI-PLC inhibition by U73122 totally pre-
vents Dex-induced aSMase activity, ceramide generation,
and consequently, caspase activation and apoptosis. All
these effects require Dex interaction with GCH receptor (GR),
are countered by the GR antagonist RU486, and precede the
GCH/GR-activated transcription and protein synthesis. These
observations indicate that GCH activates thymocyte death
through a complex signaling pathway that requires the
sequential activation of different biochemical events.

© 1999 by The American Society of Hematology.

EGULATION OF T-cell survival is important as a physi- interaction?1® Although possible mechanisms responsible for
ological mechanism involved in determining the develop-the protection effect of GCH against apoptosis have been
ment of the immune response, and also as one of the mechaecently proposeéi18 the molecular mechanisms underlying
nisms that can contribute to control the expansion of T-cellthe GCH-activated induction of apoptosis are unknown.
tumors. Moreover, it is well accepted that apoptosis plays a Previous studies have shown that GCH can affect sphingo-
relevant role at the thymus level where massive cell deatHipid metabolism. In particular, Dexamethasone (Dex), a syn-
occurs in a continuous selection proc&dsAmong different  thetic GCH, increases sphingomyelinase (SMase) activity in rat
signals and stimuli involved in the regulation of T-cell death, epididymal fat cell$? human neutrophild} and HeLa cell$!
glucocorticoid hormones (GCH) have been shown to regulatésSCH also increase the activities of phosphatidylcoline:
apoptosis of thymocytes and normal and neoplastic T lympho€eramide cholinophosphotransferase and sphingomyelinase in
cytes*9 GCH-induced apoptosis involves the binding of GCH 3T3-L1 fibroblast$223 and in Epstein-Barr virus (EBV)-
to their receptor (GCH receptor [GR]), as the absence, defiinfected B lymphocyted*2> However, the role of those meta-
ciency, or malfunction of the latter can abrogate GCH-inducedbolic changes in cell death decision or the subsequent execution
cell deatht®-14The presence at the thymus level of the enzymesof apoptosis is currently unknown.
responsible for steroid synthesis and the defects of T-cell The induction of SMase activity as an effect of the GCH
development observed in GR-less mice, further suggest #&eatment may have major consequences in cell death induction.
physiological role of GCH in the control of thymocyte selec- Signaling through the sphingomyelin (SM) pathway is mediated
tion.® via generation of ceramide, which acts as a second messenger in
GCH, which by themselves are apoptosis activators andstimulating a variety of cellular functiort§2® Studies on the
induce thymocyte death, can also counteract thymocyte deatimvolvement of the SM signaling system showed that several
activated by other stimuli such as antigen—T-cell receptor (TCR)cytokines including tumor necrosis factor (TN&F°-31 CD95/
Fas/APO-132% and environmental stresses, such as ionizing

radiation, ultraviolet-C, and heat, and oxidative st&%s
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generation, and phospholipase activity was evaluated. These were In vitro acidic and neutral SMase analysisAliquots of 6 X 10°
RU486, a glucocorticoid receptor antagoffist)73122 (Calbiochem,  cells/mL were treated for the indicated times with Dex (1@nol/L).
La Jolla, CA), a PI-PL@ inhibitor*%, D609 (Kamiya, Thousand Oaks, Treatment was stopped by immersion of samples in methanol/dry ice
CA), a phosphatydylcholine-specific phospholipase C (PC-PLC) inhibi-(—=70°C) for 10 seconds followed by centrifugation at 4°C in a
tor*l; monensin (Sigma, St Louis, M®%, NH,CI (Sigma)?® and microfuge. To measure neutral SMase (nSMase), pellets were dissolved
bafilomycin Al (a generous gift of Prof Cesare Montecucco, Depart-in a buffer containing 20 mmol/L HEPES (pH 7.4), 10 mmol/L MgQ
ment of Biomedical Science, University of Padova, Itéhtp inhibit mmol/L EDTA, 5 mmol/L dithiothreitol (DTT), 0.1 mmol/L N&/QOy,,
aSMase activity; the broad serine/threonine kinase inhibitor H7 dihydro-0.1 mmol/L NaMoOy,, 30 mmol/Lp-nitrophenylphosphate, 10 mmol/L
chloride (H7; Calbiochem) and the highly specific calphostin-C (Calbio- B-glycerophosphate, 750 mmol/L ATP, 1 pmol/L PMSF, 10 pumol/L
chem) to inhibit protein kinase C (PKC) activit/6 and Z-Val-Ala- leupeptin, 10 umol/L pepstatin, and 0.2% Triton X-100. After incuba-
Asp (Ome)-monofluoroketone (Z-VAD-FMK) (Calbiochem), an inhibitor tion for 5 minutes at 4°C, the cells were sonicated as described above
of caspases, including caspas®-In general, cells were incubated with  and centrifuged for 30 minutes at 14,000 rpm at 4°C. The supernatants
inhibitors for 30 minutes before the addition of Dex, at the concentra-were then collected, and protein concentration was determined through
tions indicated in the figure legends. the Pierce Micro BCA assay kit with bovine serum albumine standards.
Apoptosis evaluation by propidium iodide solutiorApoptosis was  Proteins (50 to 100 pg) were incubated for 2 hours at 37°C in a buffer
measured by flow cytometry as described elsewffeddter culturing, containing 20 mmol/L HEPES (pH 7.4), 1 mmol/L Mggcand 0.32 pL
cells were centrifuged, and the pellets were gently resuspended in 1.6f N-methyl44C SM (0.04 pCi/mL, specific activity 56.6 mCi/mmol;
mL hypotonic propidium iodide solution (PI, 50 pg/mL in 0.1% sodium Amersham). To measure aSMase, after treatment, the cells were
citrate plus 0.1% Triton X-100; Sigma). The tubes were kept at 4°C inwashed, and the pellet was resuspended in 200 pL of 0.2% Triton-X-100
the dark overnight. The PI-fluorescence of individual nuclei was and incubated for 15 minutes at 4°C. The cells were sonicated, and the
measured by flow cytometry with standard FACScan equipmentprotein concentration was assayed. Fifty to one hundred micrograms of
(Becton Dickinson, Mountain View, CA). The nuclei traversed the light protein were incubated for 2 hours at 37°C in a buffer (50 L final
beam of a 488-nm argon laser. A 560-nm dichroid mirror (DM 570) and volume) containing 250 mmol/L sodium acetate, 1 mmol/L EDTA (pH
a 600-nm band pass filter (band width 35 nm) were used to collect thé.0), and 0.32 pL of N-methy##C SM (0.04 pCi/mL, specific activity
red fluorescence caused by Pl DNA staining, and the data were recordegb.6 mCi/mmol; Amersham). The reaction was stopped by the addition
in logarithmic scale in a Hewlett Packard (HP 9000, model 310; Paloof 250 pL chloroform:methanol (2:1, by volume). The lipids were
Alto, CA) computer. The percentage of apoptotic cell nuclei (subdiploid extracted as described above. The organic phase, obtained in the
DNA peak in the DNA fluorescence histogram) was calculated with different extraction steps, was collected and washed once with 1 mL
specific FACScan research software (Lysis II). chloroform:methanol:water (3:48:47, by volume), to totally remove free
Ceramide mass measurement (diacylglycerol kinase assayi). radioactive phosphorylcholine. The aqueous phases were collected,
quots of 5x 10° cells were suspended in 1 mL of RPMI 1640 medium transferred to scintillation vials, and routinely counted by liquid
supplemented with 10% fetal calf serum (FCS), 2 mmol/L glutamine, scintillation counting. The counts/minute represented the choline phos-
and antibiotics, and treated for the indicated times with Dex in thephate generated from SM hydrolysis. The organic phase was analyzed
presence or absence of inhibitors. Treatment was stopped by immersioon thin-layer chromatography (TLC) plates by using chloroform:
of samples in methanol/dry ice-(0°C) for 10 seconds, followed by methanol:ammonia hydroxide (7 N):water (85:15:0.5:0.5, by volume).
centrifugation at 4°C in a microfuge. To measure ceramide levels,The hydrolysis of SM was quantitated by autoradiography and liquid
pellets were dissolved in a buffer containing Tris-HCI 20 mmol/L pH scintillation and expressed as picomoles SM hydrolyzedtgDs.
7.4), 1 pmol/L phenylmethylsulfonyl fluoride (PMSF), 10 umol/L ~ Ceramide synthase assayAssay of ceramide synthase activity was
leupeptin, 10 umol/L pepstatin, and 1 pmol/L aprotinin. After incuba- performed as previously describ®JAfter treatment with Dex for
tion for 5 minutes at 4°C, the cells were sonicated (5W, 80% output, 1different times (5 to 180 minutes), thymocytes were collected and
minute and 50 seconds, alternating 10-second sonication and 10-seconesuspended in 300 pL of homogenization buffer (25 mmol/L HEPES
pause) with a Vibracell sonicator (Sonic and Materials Inc, Danbury,(pH 7.4), 5 mmol/L EGTA, 50 mmol/L NaF, 10 pg/mL leupeptin, and 10
CT), and centrifuged for 30 minutes at 14,000 rpm at 4°C. The pg/mL soybean trypsin inhibitor), disrupted by sonication, and lysates
supernatants were then collected, and protein concentration was deterere centrifuged at 8@dfor 5 minutes. Protein concentrations in the
mined through the Pierce Micro BCA assay kit (Pierce, Rockford, IL), postnuclear supernatants were determined through the Micro BCA
with bovine serum albumine standards. Lipids were extracted by theprotein assay reagent kit (Pierce), with bovine serum albumine stan-
sequential addition of 400 pL methanol, 500 pL chloroform, and 200 pLdards. Proteins of 75 pg were incubated in a 1-mL reaction mixture
water. Samples were stirred for 2 minutes on a vortex-mixer andcontaining 2 mmol/L MgGJ, 20 mmol/L HEPES (pH 7.4), 20 pmol/L
centrifuged at 13,000 rpm for 10 minutes. The extraction and centrifugadefatted bovine serum albumine (Sigma), 20 umol/L dihydrosphingo-
tion steps were repeated twice. The organic phases, obtained frorsine, 70 pmol/L unlabeled palmitoyl-coenzime A, and 3.6 pmol/L
different extraction steps, were collected, washed once with 1 mL of(0.2 pCi) [1+4C]palmitoyl-coenzyme A (55 mCi/mmol; Amersham).
solvent system containing chloroform/methanol/water (3/48/47, byDihydrosphingosine was dried undeg flom a stock solution in 100%
volume), essiccated under nitrogen, and then incubated Bstth- ethanol and dissolved with sonication in the reaction mixture before
erichia coli diacylglycerol kinase (DAG kinase assay kit afiP- addition of cell extracts. The reaction was started by addition of
adenosine triphosphate (ATP) gamma (specific activity 3 Ci/mmol; palmitoyl-coenzyme A, incubated at 37°C for 1 hour, and then stopped
Amersham, Arlington Heights, IL). Ceramide phosphate was thenby extraction of lipids using 2 mL of chloroform/methanol (1/2, by
isolated by thin layer chromatography using CHHCH;OH/CH;COOH volume). Lower phase was removed, concentrated undgralNd
(65/15/5, vol/vol/vol) as solvent. Authentic ceramide from bovine brain applied to a silica gel 60 TLC plate. Dihydroceramide was resolved
(Ceramide Type lll, nonhydroxy fatty acid ceramides; Sigma) was from free radiolabeled fatty acid using a solvent system of chloroform/
identified by autoradiography at retardation factor (Rf).25. Specific ~ methanol/3.5 N ammonium hydroxide (85/15/1), identified by autoradi-
radioactivity of ceramide-1-phosphate was determined by scintillationography based on comigration with ceramide standards (stained with
counting of corresponding spots scraped off the gel. Quantitative resultiodine vapor), and quantified by liquid scintillation counting. The
for ceramide production were obtained from comparing the experimenamount of palmitoyl-CoA consumed did not exceed 5% of total.
tal values with a linear curve of the ceramide standards and are PI-PLC and PC-PLC activity assay.PI-PLC and PC-PLC activities
expressed as picomoles of ceramide-1-phosphdte&li8. were determined in vitro by their ability to hydroly2&C-PC or'4C-PI
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vesicles, respectively, to generate DAG. Cells were treated for thelA. In Figs 1B and C the results are reported showing ceramide
indicated times with Dex (10 mol/L) in the presence or absence of the generation from thymocytes incubated for 15 minutes in the
PC-PLC inhibitor, D609 (50 pug/mL4: or the PI-PLC inhibitor, U73122 presence of various concentrations of Dex (ranging fronv 10
(2.5 pmol/L)*° Treatment was stopped by immersion of samples in to 1012 mol/L), obtained by treating lipid extracts with DAG
methanol/dry ice{70°C) for 10 seconds followed by centrifugation at kinase for qua{ntitation of ceramide-1-phosphate amounts. A

4°C in a microfuge. The pellets were then resuspended in 250 mmol/| . . .
Tris-HCI buffer (pH 7.4), containing 10 pmol/L PMSE, 100 pmol/L asal level of ceramide was evident in the untreated control and

bacitracin, 1 mmol/L benzamidine, 1 pmol/L aprotinin, 10 umol/L further significantly increased after Dex treatmefit<( .001,
leupeptin, 10 pmol/L pepstatin, and 5 pg/mL soybean trypsin inhibitor. 1077, 108, and 10*° mol/L compared with untreated control).
Cells were lysed by sonication with a cell sonifier. Radiolabeled PC orMoreover, the dose able to induce maximal ceramide generation
Pl vesicles were prepared by sonicating (5 minutes, 5W, and 80%wvas 107 mol/L and corresponded to Dex concentration able to
output) L-3-phosphatidyl [N-methy#C] choline-1,2,dipalmitoyl (spe-  induce maximal levels of apoptosis in these cells (Fig 1A). As
cific activity 56 mCi/mmol; Amersham) or L-3-phosphatidylinositol- apoptosis, levels of ceramide declined almost to the basal
1stearoyl-2fClarachidonoyl for the detection of released DAG through level at the Dex concentrations of 18 mol/L, being not
PC-PLC or PI-PLC, respectively. Vesicles were resuspended at 10Q. '

pmol/L in the reaction buffer (50 mmol/L Tris-HCI [pH 7.4], 5 mmol/L SIQ_I[lrI]fICEntIyIdIffefrent fro% C(.)néml \_/aluef(P ss)'
CaCh, 5 mmol/L MgCh, and 0.01% fatty acid free—bovine serum e kinetics of ceramide induction after Dex treatment were

albumin [BSA]). Whole cell lysate (50 to 100 pg proteins) was added to@/S0 evaluated. Thymus cells were treated with Dex for different
250 pL reaction buffer containing the vesicles, incubated at 37°C for 1times, and lipid extracts from cell suspensions were prepared
hour, and the reaction buffer was stopped by the addition of 250 uland subjected to ceramide level determination through DAG
chloroform:methanol:acetic acid (4:2:1, by volume). To separate thekinase assay. Figure 2A shows that Dex caused a rapid ceramide
organic from the aqueous phase, 250 pL eDH250 pL of CHCY, and  |evel increase, which was evident within 5 minutes, reached a
100 pL of KCI were added, and the mixture was centrifuged at 4,000 gximum at 15 minutes, and declined after 2 hours of

:jp!mdi” e;micrffuge for 5 mi”“;eZ'_ngoor?_a”ri]T phfase Waz remlc_"’sctjtreatment. Values relative to Dex-treated samples were signifi-
ried under nitrogen, resuspended in UL chloroform, and applied to . .
a silica gel TLC plate (Merck, Darmstadt, Germany), with an automaticcantIy different from corresponding control values at all the

applicator (Linomat IV; CAMAG, Muttenz, Germany). Samples were analyzgd timesR < .01). .
chromatographed in chloroform:methanol:acetic acid:water (100:60: N Fig 2B, the results are reported of a representative
16:8) to separate the parent phospholipids from the product of PC-PLEXPeriment showing that thymocytes undergo apoptotic death
and PI-PLC, ie, DAG. Authentic standards were cochromatographedn exposure to cell-permeant synthetic C2-ceramide (10 pumol/L)
with the lipid extracts to locate the compounds of interest by exposure tdor 18 hours. Similar results were obtained with thymocytes
iodine vapor. Radioactive spots, visualized by autoradiography andxposed to synthetic ceramide (10 umol/L) for 1 hour, exten-
corresponding to standards, were scraped from the plate and counted kyely washed, and cultured for 17 additional hours in fresh
liquid scintillation. Radioactive measurements were converted to pico'medium. In this experiment, the percentage of apoptosis was as
moles of product by using the specific activity of substrate. Blankvaluest”OWS_ untreated controls, 17%; ceramide treated, 65%. By
obtained from controls lacking cell proteins were subtracted from the : ’ ’ . T
ontrast, the structural analogue C2-dihydroceramide (10

experimental values. PC-PLC or PI-PLC activities were expressed ag ; _ ) )
picomoles DAG produced/f@ells. umol/L) was totally ineffective, thus supporting the stereospeci-

CPP32 activity assay. The CPP32/Caspase-3 protease activity wasficity of ceramide (not shown, Obeid et33L Moreover,
assayed by using the ApoAlert CPP32 Caspase-3 Colorimetric Assag@poptosis induced by exogenous ceramide was inhibited by
Kit (Clontech Laboratories, Inc, Palo Alto, CA), based on spectrophoto-treatment with mRNA (actinomycin-D) and protein synthesis
metric detection at 405 nm of the chromophgreitroanilide (pNA) (cycloheximide) inhibitors (Fig 2B).
after cleavage from the labeled substrate Asp-Glu-Val-Asp (DEVD)- - pex induces activation of both acidic and neutral SMases.
PNA. The units of protease activity can be quantitated using a standargrne conribution of acidic and neutral SMase to Dex-induced
curve established with the chromogenic molecule. Briefly, the Ce"sceramide generation in thymocytes was investigated. The two

(2 X 10°/mL), after treatment with Dex (10 mol/L) for 8 hours, in the f SM be defined based in vit H optima:
presence or absence of inhibitors, were collected and resuspended incszl"’ls'seS 0 ases can be defined based on In Vitro pri opima:

lysis buffer. Cellular lysates were then incubated in a microplate in theaSMaSe requires pH of 4.5 to 5.5 and DAG for activation,
presence of conjugated protease substrate for 1 hour at 37°C and théWhereas nSMase prefers pH of 7.0 to 5% In addition,
analyzed using a 96-well plate reader. To verify that the signal detecte@SMase, consistent with its subcellular localization in vivo, is
was attributable to protease activity, the effect of the irreversible CPP3Particularly resistant to the action of proteases and phosphata-
inhibitor DEVD-FMK on the Dex-induced caspase activity was also ses, unlike nSMase, which is in turn associated with the outer
tested. Thus, the cell lysates from Dex-induced samples were treatege]] membrane or within the cytos#55 nSMase does not
with CPP32 inhibitor k_)efore incubation with the s_ut_)strgte, according torequire DAG for activation and may require iy Moreover,
;haenOrr?]irl‘;;ﬁxrl%rfce'lrl‘:tmC"O”S' Caspase activity is expressed ag,o residual aSMase activity at neutral pH was totally abolished
Statistical analysis. For in vitro data analysis, the Studentest in the .presence of A.TP gnﬁ-glycerophosphate. Thu_s, the
was performed by the STATPAC Computerized Program (STATPACanaIySIS of SMaseS. in 'dlfferent buffers (see Materials and
Inc, Minneapolis, MN), and & value less than .05 was used as the Methods) allows to discriminate between aSMase and nSMase
significance criterion. activity. Cellular extracts from mouse thymocytes treated for
different times (5 to 180 minutes) with Dex 10mol/L were
RESULTS incubated with radiolabeled SM vesicles to detect aSMase or
Dex treatment induces thymocyte apoptosis and ceramidaSMase activity. Results of a representative experiment pre-
generation. Dex treatment caused a dose-dependent increassented in Fig 2C show that both aSMase and nSMase activities
in the concentration of endogenous ceramide, which correlatedould be detected in extracts from untreated cells and signifi-
well with the dose-related Dex-induced apoptosis showed in Figcantly increased after Dex treatment. In particular, the Dex-

20z aunr g0 uo isanb Aq Jpd'z8zz/8182591/2822/L/€6/Pd-al0E/PO0|qABU"SUOHEDIIgNdYSE//:d}Y WOy papeojumog



CERAMIDE AND DEX-INDUCED APOPTOSIS

Fig 1. (A) Dex-induced apoptosis. Mouse thymo-
cytes incubated for 18 hours with or without differ-
ent doses of Dex (10-7 to 10-'2 mol/L), were pro-
cessed for DNA content analysis by propidium iodide
staining. Nuclei were analyzed with a FACScan cyto-
fluorymeter (Becton Dickinson, Mountain View, CA).
Percentage numbers of hypodiploid nuclei are re-
ported for each condition. Data shown are represen-
tative of one out of four experiments. (B) Ceramide
generation after Dex treatment. Thymocytes were
treated with Dex at indicated doses for 15 minutes.
Lipids were then extracted, subjected to DAG kinase
assay, and separated by TLC. Radioactive spots were
visualized by autoradiography, scraped from the
plate, and counted by scintillation counting. Data
shown are representative of one out of three experi-
ments. (C) Quantitative results for ceramide-1-
phosphate levels, expressed as picomoles/106 cells.
Mean values of three different experiments in dupli-
cate are reported. Standard deviations <10% of the
mean values are omitted for clarity.
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induced augmentation of aSMase activity was indeed evideninduces two different temporal waves of SM hydrolysis and
and statistically significantR < .001) as early as 5 minutes consequent ceramide generation through the sequential activa-
from Dex addition, was maximal at about 15 to 30 minutes, andtion of aSMase and nSMase.

returned to the basal level within 180 minutes. Augmentation of Ceramide synthase was not influenced by Dex treatment.
nSMase activity was detectable and statistically significantThe possibility that Dex-induced ceramide level increase in
(P < .02) at 30 minutes, reached a peak at 120 minutes aftethymocytes could also be caused by the activation of ceramide
synthase was assessed. This enzyme, also known as sphinga-
Taken together, these data indicate that Dex treatmennine N-acyl transferas® catalyzes the condensation of sphinga-

treatment, and then decreased.
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Fig 2. (A) Kinetics of ceramide generation induced by Dex treatment. Thymocytes were treated with Dex (107 mol/L) for different times.
Lipids were then extracted, subjected to DAG kinase assay, and separated by TLC. Radioactive spots were visualized by autoradiography,
scraped from the plate, and counted by scintillation counting. On the left, the quantitative results for ceramide-1-phosphate levels, expressed as
picomoles/106 cells are reported (mean values of three different experiments in duplicate; standard deviations, less than 10% of the mean values,
are omitted for clarity). On the right side, a representative autoradiography of a ceramide chromatogram is shown. (B) C2-ceramide-induced
apoptosis. Thymocytes were incubated for 18 hours with 10 pmol/L C2-ceramide in the presence or absence of actinomycin-D (Act-D; 2.5 pg/mL)
and cycloheximide (CHX; 50 png/mL) and analyzed for apoptosis. Percentage numbers of hypodiploid nuclei are reported for each condition. Data
shown are representative of one out of two experiments. (C) Dex-induced SMase activation. Acidic (on the left) and neutral (on the right) SMase
activity induced by Dex treatment at the indicated times. Hydrolyzed SM was quantitated and expressed as picomoles/106 cells. The mean
values from two determinations are reported. Standard deviation values were lower than 3% of mean values. The results are representative of
one out of three separate experiments.

nine and fatty acyl-coenzyme A to form dihydroceramide, ceramide increase could not be attributable to a stimulation of
which is rapidly oxidized to ceramide. This pathway seemed tothis pathway.

be slightly activated in control thymocytes (data not shown). Role of acidic compartmentin Dex-induced ceramide genera-
This constitutive activity (about 5 to 8 pmol ceramideé/&6lls) tion and apoptosis. Because of the lack of a specific inhibitor,
did not change when cells were incubated for 180 minutes anave used some agents able to undirectly inhibit aSMase through
could account, together with constitutive SMase activity (Fig different mechanism®&:44 In fact, to evaluate the possible
2C), for the basal ceramide generation observed in these cellsontribution of aSMase and nSMase to Dex-induced apoptosis,
On the other hand, Dex treatment did not significantly changehymocytes were treated for different times with Dex 10
the ceramide synthase activity in our experimental conditionamol/L in the presence of three different endolysosomotropic
and during the analyzed time interval (5 to 180 minutes; notagents such as monensin (10 umol/L), J&H(8 mmol/L), or
shown), thus indicating that the above described Dex-inducedbafilomycin A1 (1 pmol/L), able to raise, through different
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mechanisms, the pH to neutrality in endolysosomal compartas well as bafilomycin A1, showed a strong protective effect on
ments, thus impeding the activation of lysosomal enzymesDex-induced apoptosis, being able to totally abrogate thymo-
including aSMasé>%6 As expected, pretreatment with monen- cyte death (Fig 3C). Similar results were obtained with,8H

sin, a N& ionophore able to form stable complexes with (not shown).

monovalent cation& prevented the Dex-induced activation of ~ These findings suggest that Dex-induced thymocyte death is
aSMase (Fig 3A, left panel) without affecting nSMase (Fig 3A, caused by aSMase activation responsible for the early ceramide
right panel), as assayed in vitro on radiolabeled SM vesicles agjeneration.

15 and 120 minutes, respectively. Moreover, monensin treat- Dex-induced activation of aSMase is dependent on PI-PLC
ment was able to inhibit the early (5 to 15 minutes) ceramideactivity. It has been previously reported that aSMase, associ-
generation caused by the activity of the aSMase, but did noated with the lysosomal intracellular compartment or the
affect the ceramide level increase observed later (120 minute)aveolae, requires DAG for activatiéhi®2 The possible effect
and caused by the activity of nSMase (Fig 3B). Similar resultsof Dex on the activity of DAG-generating enzymes, such as
(not shown) were obtained with N8I, a weak base that PI-PLC or PC-PLC, was directly addressed by evaluating the
increases vacuolar p#d,and with the highly specific inhibitor enzymatic activities in vitro using appropriate radiolabeled
of the H"-ATPase pump, able to alkalinize lysosomes and latesubstrates and TLC analysis of the reaction products. In Fig 4,
endosomes, bafilomycin A1 (1 pmol/¢dMoreover, monensin, results are reported showing that Dex induced PI-PLC activity
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Fig 3. Effect of monensin on Dex-induced ce- oL . ) ) ) )
ramide generation, aSMase and nSMase, and apop- 5 18  30° 60' 120' 180
tosis. Thymocytes were treated with Dex (10-7 mol/L) Time
for the indicated times in the presence or absence of
monensin (10 pg/mL). (A) Effect of monensin on & % Monensin Bafilomycin

acidic (on the left) and neutral (on the right) SMase
activity induced by Dex treatment for 15 or 120
minutes, respectively. Hydrolyzed SM was quanti-
tated and expressed as picomoles/108 cells. Mean
values of three different experiments in duplicate are
reported. Standard deviations, less than 5% of the
mean values, are omitted for clarity. (B) Ceramide
levels in thymocytes treated for 15 minutes with Dex
(10-"mol/L) in the presence or absence of monensin.
The quantitative results for ceramide-1-phosphate
levels, expressed as picomoles/10° cells, are re-
ported (mean values of three different experiments
in duplicate; standard deviations, less than 10% of
the mean values, are omitted for clarity). (C) Effect of
monensin or bafilomycin A1 (1 pmol/L) on Dex-
induced thymocyte apoptosis at 18 hours. Percent-
age numbers of hypodiploid nuclei are reported for
each condition. The results are representative of one
out of three separate experiments.
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in mouse thymocytes. In particular, augmentation of PI-PLCactivity could be detected in extracts from thymocytes treated
activity was evident and statistically significaft € 0.001) at  with Dex (not shown).

1 minute, peaked at 5 minutes, and then declined within 15 PI-PLC seemed to be crucial for Dex-induced aSMase
minutes after Dex treatment (Fig 4A, left panel). Furthermore,activation. Indeed, the pretreatment of cells with U73122 totally
Dex-induced PI-PLC activation could be totally blocked by blocked Dex-induced aSMase activation assayed at 15 minutes
pretreatment of cells with U73122, a selective PLi@hibitor (Fig 4B, left panel), without affecting the nSMase assayed at
able to interfere with the G-protein-PLC coupliffFigure 4A 120 minutes (Fig 4B, right panel), suggesting that PI-PLC and
(right panel) shows the results of a representative TLC autoradiaSMase activation are two sequentially related steps of the same
ography relative to the U73122-inhibitory effect of Dex- pathway. In accordance, ceramide generation was strongly
induced DAG generation at 5 minutes. No induction of PC-PLCcompromised in Dex-treated cells cultured in the presence of

08
Control

hed

Dex
U73122+Dex Fig 4. PI-PLC activity involve-
- ment in Dex-induced thymocyte
DAG apoptosis. Effect of U73122 on
04r s — v, (A) Dex-induced PI-PLC activity,
(B) aSMase (left) and nSMase
NT Dex U73122 U73122+Dex (right), (C) ceramide generation,
and (D) apoptosis. Thymocytes
e o % were treated with Dex (10-7
) ) ) mol/L) for the indicated times in
1 3 5 10 15 the presence or absence of
Time U73122 (2.5 pmol/L) or D609 (50
rg/mL). (A) Dex-induced PI-PLC
50 aSMase 50 nSMase activity. Cell extracts were re-
Eld?g?g‘zed Runyested actgd with radiolabeled PI
vesicles, and then DAG released
was separated by TLC, visual-
ized by autoradiography, scraped
from the plate, and counted by
scintillation counting. PI-PLC ac-
tivity is expressed as picomoles
DAG/10¢ cells (left side). Mean
values of three different experi-
ments in duplicate are reported.
0 Control Dex Standard deviations (SD), less
Control Dex than 3% of the mean values, are
omitted for clarity. On the right
250 side, a representative autoradi-
HUnyeated ography of a DAG chromato-
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left) and neutral (on the right)
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U73122 (Fig 4C) as a result of inhibition of the early ceramide the role of PKC activity in the Dex-induced thymocyte apopto-
peak (15 minutes) attributable to aSMase. Of note, the presencsgs, we tested the possible effect of H7 and calphostin-C on Dag
of U73122 in Dex-treated cells totally prevented steroid-and ceramide generation. Results indicate that both H7 and
induced apoptosis, whereas D609, a PC-PLC inhiBitdici not ~ calphostin-C, at concentrations able to inhibit Dex-induced
(Fig 4D). apoptosis (Fig 5A), also prevented DAG (Fig 5B) and ceramide
These results indicate that Dex treatment activates aeneration (Fig 5C). These results suggest that Dex treatment
G-protein—dependent PI-PLC, but not PC-PLC. PI-PLC activa-induces PKC activity that is then involved in the apoptotic
tion leads to a sequence of events including DAG releasetransduction pathway upstream PI-PLC activation.
aSMase activation, ceramide generation, and apoptosis. Dex-induced proteases activity is dependent on the PI-PLC/
Dex-induced DAG and ceramide generation is countered byaSMase pathway. It has been previously suggested that sev-
PKC inhibitors H7 and calphostin-C. Dex-induced apoptosis eral interleukin-B—converting enzyme (ICE)-family cysteine
is also dependent on PKC activity, and previous studiegproteases (caspases) play a prominent role in GCH-induced
indicated that PKC inhibitors, including the broad serine/thymocyte apoptosi®. To further evaluate the caspase role in
threonine kinase inhibitor H4¥and the more specific calphostin- the Dex-induced thymocyte apoptosis, we tested the possible
C,% completely counter thymocyte apopto3i$? To evaluate effect of Z-VAD-FMK, a highly specific cell-permeable, irrevers-
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Fig 5. Effect of PKC inhibitors on Dex-induced a
apoptosis and signaling pathway. Effect of H7 and ,8 100 -
calphostin-C on (A) Dex-induced apoptosis, (B) DAG, E
and (C) ceramide generation. Thymocytes were 3 50 |
treated with Dex (10-7 mol/L) for the indicated times
in the presence or absence of H7 (50 pmol/L) or

calphostin-C (1 pmol/L). Control Dex

20z aunr g0 uo isanb Aq Jpd'z8zz/8182591/2822/L/€6/Pd-al0E/PO0|qABU"SUOHEDIIgNdYSE//:d}Y WOy papeojumog



2290 CIFONE ET AL

ible inhibitor of caspases including caspase-1, also able tonduced apoptosis. Furthermore, Dex-induced aSMase (Fig 7B,
inhibit the activation of ProCPP32 to its active fofrResults  left panel), nSMase (Fig 7B, right panel), and PI-PLC (Fig 7C)
indicate that Z-VAD-FMK (50 pmol/L) totally inhibited Dex- activation as abrogated in the presence of RU486. As expected,
induced thymocyte apoptosis (Fig 6A), whereas ceramideRU486 also prevented ceramide generation (not shown) and
generation was not influenced (data not shown). CPP32 activity (Fig 6B) induced by Dex, indicating that signals
We also performed experiments to evaluate the possible roleesponsible for ceramide generation and caspase activation
of PI-PLC/aSMase pathway in protease activation. For thisrequire the Dex/GR interaction.
purpose, thymocytes were treated for 8 hours at 37°C with Dex Dex-induced apoptosis, but not DAG and ceramide genera-
(107 mmol/L) in the presence or absence of U73122 (2.5tion and caspase activation, is inhibited by mRNA and protein
pmol/L) or bafilomycin A1 (1 umol/L), and then CPP32/caspasesynthesis inhibitors. It has been previously reported that
3 activity was evaluated. Dex-induced apoptosis is countered by mRNA and protein
In vitro experiments showed that Dex significanfy€ .002)  synthesis inhibitor&52We performed experiments to evaluate
augmented the basal CPP32 activity, expressed as nanomol#d®e possible effect of MRNA and protein synthesis inhibitors on
pNA/106 cells, and that the PI-PLC inhibitor U73122 and the ceramide generation and CPP32 activity. For that purpose,
aSMase inhibitor bafilomycin Al inhibited this augmented thymocytes were treated with Dex, Dex plus actinomycin-D, or
CPP32/caspase 3 activity (Fig 6B). The inhibition of CPP32Dex plus cycloheximide. Results of a representative experiment
activity observed in the presence of the irreversible CPP32ndicate that both actinomycin-D and cycloheximide inhibited
inhibitor DEVD-FMK allowed to verify the assay specificity. the Dex-induced apoptosis (Fig 8A), but not the Dex-induced
These results indicate the Dex-induced caspase activatiod)AG and ceramide generation (Fig 8B) and induction of CPP32
required for apoptosis, is downstream and dependent on thactivity (Fig 8C). These data confirm previously reported results
PI-PLC/aSMase pathway. suggesting that transcription and protein synthesis are required
Dex-induced ceramide generation and caspase activation ardor Dex-induced apoptosis and also show these events are
dependent on binding to GRIt has previously been shown downstream in the pathway after DAG and ceramide generation
that Dex-induced apoptosis is dependent on GR binding and iand caspase activation.
inhibited by the receptor antagonist RU4861We performed
experiments to evaluate the effect of RU486 on ceramide DISCUSSION
generation and apoptosis. Figure 7A shows the results of a In the present study, we show results indicating that an early
representative experiment confirming that RU486 inhibits Dex-generation of ceramide, caused by the sequential activation of
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A) T B an
%] Z-VAD-FMK %) Z-VAD-FMK
+ Dex
8%
1%
Fig 6. Dex-induced apoptosis is dependent on
caspase activation, an event downstream Dex/GC
’1 (X3 T8 e

receptor binding and PI-PLC/aSMase pathway induc-
tion. (A) Effect of the caspase inhibitor, Z-VAD-FMK
(50 pol/L), on Dex-induced apoptosis, analyzed after
18-hour culture. Percentage numbers of hypodiploid
nuclei are reported for each condition. The results
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are representative of one out of three separate
experiments. (B) Thymocytes were treated for 8
hours at 37°C with Dex (10-7 mol/L) in the presence
or absence of RU486 (10~ mol/L), U73122 (2.5 pmol/
L), or bafilomycin Al (1 pwmol/L). Crude cell lysates
were then assayed for CPP32/Caspase 3 activity by
using a colorimetric assay based on spectrophoto-
metric detection of the chromophore pNA after
cleavage from the labeled substrate DEVD-pNA.
Caspase activity is expressed as nanomoles pNA/10%
cells. The results are the mean values of two determi-
nations (standard deviation < 2%). The results are
representative of one out of three separate experi-
ments.
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Fig 7. RUA486 inhibition of Dex-induced apoptosis and signaling pathways. (A) Effect of RU486 (10-6 mol/L) on Dex-induced apoptosis as
detected after an 18-hour culture. Percentage numbers of hypodiploid nuclei are reported for each condition. The results are representative of
one out of three separate experiments. (B) Effect of RU486 on Dex-induced acidic (left) and neutral (right) SMase activities after 15 or 120 minutes
of Dex treatment, respectively. Hydrolyzed SM was quantitated and expressed as picomoles/10° cells. Mean values of three different
experiments in duplicate are reported. SD, less than 10% of the mean values, are omitted for clarity. (C) Effect of RU486 on Dex-induced PI-PLC
activity at 5 minutes. Cell extracts were reacted with radiolabeled PI vesicles, and then DAG released was separated by TLC, visualized by
autoradiography, scraped from the plate, and counted by scintillation counting. PI-PLC activity is expressed as picomoles DAG/106 cells. Mean
values of three different experiments in duplicate are reported. SD, less than 3% of the mean values, are omitted for clarity.

PI-PLC and aSMase, is required for Dex-induced thymocyteresults indicate that the early ceramide generated by aSMase (5
apoptosis. In particular, both induction of ceramide and cellminutes) is necessary and sufficient to signal Dex-induced cell
death are dose-dependent with doses ranging betweeh 1Odeath.

mol/L and 102 mol/L, being evident also at low Dex Our findings further indicate that nSMase and aSMase are
concentrations (13° mol/L, Fig 1). Moreover, thymocytes are independently activated by Dex treatment and that the ceramide
sensitive to the apoptosis induction by soluble cell permeangenerated from the action of each SMase may be involved in
ceramide (Fig 2B). As for most of the GCH-mediated effects,separate and distinct signaling events, as previously suggested
treatment with the GR antagonist RU486! results in the (as a review, see Riboni et°8). The different contribution of
complete inhibition of Dex-induced ceramide generation andaSMase and nSMase in apoptosis induction could thus be
apoptosis (Fig 7). Dex-induced ceramide generation is causedttributed to the distinct cellular compartmentalization of these
by SMase activation. Interestingly enough, both aSMase an@nzymes. Ceramide generated from nSMase seems to remain
nSMase, respectively, are activated, although at different timesassociated to or near the plasma membrane facilitating the
within 5 minutes and 30 minutes after Dex treatment (Fig 2).targeting plasma membrane—associated proteins, whereas the
However, the inhibition of aSMase activity through agents ceramide generated through the action of the aSMase is
(monensin, NHCI, or bafilomycin Al) able to cause, by associated with an endosomal/lysosomal compartment.
different mechanisms, alkalinization of endolysosomal compart- Experiments performed to analyze the possible mechanisms
ment#2-44 counteracts Dex-induced apoptosis (Fig 3). Theseinvolved in Dex-induced aSMase activation, indicate that Dex
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treatment rapidly induces DAG generation (Fig 4A), an eventenzymes$%7In particular, GCH-induced &-11-protein regu-
which precedes and is required for aSMase activaiidh. lation modulates PLC signal transducti®&nSimilar mecha-
Dex-induced DAG generation is caused by PI-PLC, but not bynisms could be involved in the Dex-induced activation of
PC-PLC activation. This Dex-induced PI-PLC is prevented bythymocyte death. Studies are in progress to further analyze the
U73122 (Fig 4), a G-protein—PLC coupling inhibitSrand by =~ mechanisms underlying the proposed Dex-induced G-protein
PKC inhibitors (Fig 5), thus suggesting that Dex may act by activation potentially responsible for PI-PLC activity.

inducing the activation of PLE, an enzyme regulated hy Activation of proteases has been postulated as a general
subunits of G proteins (§Gfamily) and phosphorylatiof®%®  feature of apoptosi®."°Many proteins have been reported to be
Interestingly, PI-PLC inhibition through U73122 also totally cleaved during apoptosis, including fodrin, terminin, the protein
prevented Dex-induced aSMase activity, ceramide generatiorgomponent of the Ul small nuclear ribonucleoprotein, and
and apoptosis (Figs 4B, C, and D). Our preliminary data suggegpoly(adenosine diphosphate [ADP]-ribose) polymerase
that a pertussis-toxin unsensitive G-protein, activated by Dex, i§PARP)7! Ceramide has recently been shown to induce cleav-
responsible for PL@ activation. Indeed, pertussis-toxin treat- age of PARP, a nuclear enzyme that converts nicotinamide
ment of thymocytes did not influence either Dex-induced BLC adenine dinucleotide (NAD) to ADP-ribose polymétst the
activation or apoptosis (unpublished results). Of note, GCHonset of apoptosis, PARP is cleaved to an 85-kD apoptosis-
have in the past been shown to regulate G-protein level andpecific fragment in different cells, including thymocytes. The
activity in different cell systems, thus modulating several protease pro-ICE (YAMA/CPP32b/apopain), a mammalian
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family of transcription factors that share as a common feature a
zinc finger structure able to recognize specific DNA se-
quencesg?®80 Interestingly, both &,25-dihydroxyvitamin D3
and retinoic acid, which bind specific receptors belonging to the
same receptor superfamily of GR,are able to induce in
different cell systems an increase of ceramide, which has been
associated with crucial events such as differentiation and
apoptotic deatfi!-88

Either transcription-dependent or transcription-independent
GCH-induced apoptosis has been previously descfibe.
However, mRNA and/or protein synthesis inhibitors counteract
thymocyte apoptosis, suggesting that transcription events, con-
sequent to Dex/GR interaction, are required for apoptosis
induction®77n our experiments, treatment with actinomycin-D
or cycloheximide, although it completely inhibited Dex-
induced thymocyte apoptosis, did not influence the signaling
pathway including DAG release, ceramide generation, and
caspase activation (Fig 8), thus suggesting that all these events
precede the Dex-induced transcription regulation required for
thymocyte apoptosis. Moreover, as shown in Fig 2B, apoptosis
induced by exogenous ceramide is inhibited by mRNA and
protein synthesis inhibition, further suggesting that transcrip-
tion is a downstream event required for Dex-induced apoptosis.
Interestingly enough, these observations indicate that both Dex
and ceramide, which is also generated after Dex treatment,
induce thymocyte apoptosis in a transcription/translation-
dependent manner. However, whether ceramide pathway affects
the Dex/GR-mediated transcription is a matter of debate and
requires further studies.

In conclusion, although the role of transcription in Dex-
induced apoptosis remains to be clarifiédiuture studies will

homolog of theCaenorhabditis elegandeath gene ced-3, has be addressed to analyze the molecular mechanisms linking the
been identified as the protease that cleaves PARP durinaignaling pathway described here to transcription regulation.
apoptosig375The finding that ceramide is able to induce PARP _ 1he knowledge of the molecular events involved in the
cleavage provides the first evidence of the signal transductiof? CH-mediated apoptosis in thymocytes and T lymphocytes is

pathway leading to activation of the ICE-like protea&es.

important for the understanding of mechanisms contributing to

The role of ICE-like proteases as mediators of glucocorticoid-t1€ immune response regulation. Moreover, these observations
induced apoptosis, even if currently receiving great attention@n be informative for the development of new pharmacological
has not been completely clarified (as a review, see Distel@PProaches aimed to control neoplastic T-cell growth.

horst?). A specific involvement of CPP32 has been recently
proposed in Dex-induced thymocyte apopté8ig our hands,
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