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ABSTRACT

The stress-activated protein kinase (SAPK) and mitogen-acti-
vated protein kinase (MAPK) cascades mediate cytotoxic and
cytoprotective functions, respectively, in the regulation of leu-
kemic cell survival. Involvement of these signaling systems in
the cytotoxicity of 1-B-p-arabinofuranosylcytosine (ara-C) and
modulation of ara-C lethality by protein kinase C PKC inhibi-
tion/down-regulation was examined in HL-60 promyelocytic
leukemia cells. Exposure to ara-C (10 um) for 6 hr promoted
extensive apoptotic DNA damage and cell death, as well as
activation of PKC. This response was accompanied by down-
stream activation of the SAPK and MAPK cascades. PKC-
dependent MAPK activity seemed to limit ara-C action in that
the toxicity of ara-C was enhanced by pharmacological reduc-
tions of PKC, MAPK, or both. Thus, ara-C action was (1) par-
tially attenuated by diradylglycerols, which stimulated PKC and
MAPK, but (2) dramatically amplified by sphingoid bases, which
inhibited PKC and MAPK. The cytotoxicity of ara-C also was
substantially increased by pharmacological reductions of PKC,
including down-regulation of PKC by chronic preexposure to
the macrocyclic lactone bryostatin 1 or inhibition of PKC by
acute coexposure to the dihydrosphingosine analog safingol.

Significantly, both of these manipulations prevented activation
of MAPK by ara-C. Moreover, acute disruption of the MAPK
module by AMF, a selective inhibitor of MEK1, suppressed both
basal and drug-stimulated MAPK activity and sharply increased
the cytotoxicity of ara-C, suggesting the direct involvement of
MAPK as a downstream antiapoptotic effector for PKC. None
of these chemopotentiating agents enhanced ara-CTP forma-
tion. Ceramide-driven SAPK activity did not seem to mediate
drug-induced apoptosis, given that (1) neutralization of endog-
enous tumor necrosis factor-a with monoclonal antibodies or
soluble tumor necrosis factor receptor substantially reduced
ceramide generation and SAPK activation by ara-C, whereas
the induction of apoptosis was unaffected; (2) pharmacological
inhibition of sphingomyelinase by 3-O-methoxysphingomyelin
reduced ceramide generation and SAPK activation without lim-
iting the drug’s cytotoxicity; and (3) potentiation of ara-C action
by bryostatin 1 or safingol was not associated with further
stimulation of SAPK. These observations collectively suggest a
primary role for decreased MAPK, rather than increased SAPK,
in the potentiation of ara-C cytotoxicity by interference with
PKC-dependent signaling.

Multiple lipid messengers contribute to the physiological
regulation of leukemic cell survival. We recently reported
that the cytotoxic lipid messenger ceramide initiates apopto-
sis in myeloid leukemia cells through coordinate regulation
of the SAPK and MAPK cascades (Jarvis et al., 1997). Lethal
signaling by ceramide entails simultaneous recruitment of
SAPK activity (Verheij et al., 1996) and suppression of MAPK

activity (Jarvis et al., 1997), thereby redirecting the net bal-
ance between the two systems (i.e., away from cytoprotective
and toward cytotoxic signaling). Moreover, ceramide action is
subject to transmodulation by other lipid messengers that
regulate conventional and novel isoforms of PKC (cPKC,
nPKC), inasmuch as the proapoptotic actions of ceramide are
attenuated by diglyceride (Jarvis et al., 1994a, 1994b) and

ABBREVIATIONS: AMF, 2’'-amino-3’'-methoxy-flavone (PD-98059); ara-C, 1-B-p-arabinofuranosylcytosine; MAPK, mitogen-activated protein
kinase; ERK, extracellular signal receptor-activated kinase; SAPK, stress-activated protein kinase; JNK, c-Jun NH,-terminal kinase; cPKC,
conventional protein kinase C subfamily; nPKC, novel protein kinase C subfamily; rhTNFa, recombinant human tumor necrosis factor-q;
rhsTNFR-I, soluble type-l (p55) tumor necrosis factor receptor; antiTNFa mAb, tumor necrosis factor-a-directed monoclonal antibody; PBS,
phosphate-buffered saline; EGTA, ethylene glycol bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid.
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amplified by sphingosine (Jarvis et al., 1996). The divergent
influences of these lipids over ceramide action are mediated
through reciprocal modulation of one or more ¢cPKC/nPKC-
dependent signaling elements that antagonize apoptosis.
Given recent evidence of a critical involvement of MAPK in
cell survival (Xia et al., 1995), the MAPK cascade represents
a plausible downstream effector for the antiapoptotic effects
of PKC. Apart from an antiapoptotic role in leukemic cell
survival, it is conceivable that MAPK has a significant im-
pact on the lethal actions of genotoxic stressors such as
antineoplastic agents. Validation of this hypothesis could
have important implications for the design of novel chemo-
modulatory paradigms.

The antileukemic actions of the deoxycytidine analog ara-C
are well characterized (reviewed in Grant, 1997). The ara-C-
related cytotoxicity arises from its conversion to the lethal
derivative ara-CTP and incorporation of this metabolite into
template-specific sites within elongating DNA strands,
thereby interfering with normal DNA synthesis. ara-CTP
incorporation subsequently leads to extensive DNA fragmen-
tation and endonucleolytic chromatinolysis associated with
apoptotic cell death. In addition to effects on DNA synthesis,
ara-C engages an array of signaling elements in myeloid
leukemia cells, including generation of the lipid messengers
diglyceride (Kucera and Capizzi, 1992) and ceramide (Strum
et al., 1994), activation of cPKC (Kharbanda et al., 1991) and
the MAPK (Kharbanda et al., 1994) and SAPK (Saleem et al.,
1995) cascades, and up-regulation of various transregulatory
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factors (e.g., activator protein-1, nuclear factor-«B) (Khar-
banda et al., 1990; Brach et al., 1992a, 1992b)). Although the
functional contributions of these systems to the cytotoxicity
of ara-C remain to be established, simultaneous recruitment
of two distinct pathways could plausibly participate in ara-C
action: (1) ceramide-dependent activation of the SAPK cas-
cade (possibly via ceramide-activated protein kinase) and (2)
diglyceride-dependent activation of the MAPK cascade (via
cPKC/MPKC). ara-C action may therefore depend on the ex-
tent to which the proapoptotic effect of SAPK is engaged
relative to the antiapoptotic influence of MAPK.

We previously demonstrated that ara-C action is substan-
tially augmented by pharmacological reductions in PKC ac-
tivity, through either (1) down-regulation after chronic expo-
sure to the macrocyclic lactone bryostatin 1 (Jarvis et al.,
1994c¢) or (2) inhibition on acute exposure to the fungal me-
tabolite staurosporine (Grant et al., 1994). We also examined
the effects of the nonphysiological sphingoid base analog
L-threo-dihydrosphingosine (SPC-100270; safingol) (Kedderis
et al., 1995) based on evidence of a similar potentiation of
mitomycin C cytotoxicity by this agent in gastric carcinoma
cells (Schwartz et al., 1995). It is presently unknown whether
the influence of PKC-directed chemopotentiation is mani-
fested at the level of downstream signaling elements such as
the MAPK and SAPK cascades. To address this question
directly, we monitored MAPK and SAPK activity in HL-60
human promyelocytic leukemia cells accompanying potenti-
ation of ara-C-related apoptosis by bryostatin 1 and safingol.
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Fig. 1. Time course of ara-C-mediated cytotoxicity. HL-60 cells were exposed to ara-C (10 um) for 0—6 hr. A, Apoptotic DNA damage. Spectroflu-
orophotometric analyses for the total accumulation of double-stranded DNA fragments (V) or corresponding double-stranded breakage of bulk DNA
(A) were performed as described in Experimental Procedures. Values reflect the mean + standard error of triplicate determinations and are expressed
as a percentage of untreated controls. Data shown are from a representative study performed six times with comparable results. B, Apoptotic cell
death. Cells in fixed preparations were either (1) stained with fluorescein isothiocyanate-dUTP in the presence of terminal deoxynucleotidyl
transferase and examined by fluorescent microscopy to identify apoptotic cells by DNA damage (4 ) or (2) stained with modified Wright-Giemsa and
examined by conventional light microscopy to identify apoptotic cells by cytoarchitectural traits (M), as explained in Experimental Procedures. For each
assay, values reflect the mean * standard error of apoptotic cells noted on three fields of 100 or more cells and are expressed as a percentage of
untreated controls. Results are from a representative study performed three times with comparable outcomes.
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In addition, we compared those responses with the effects of
the selective MEK1 inhibitor AMF (Alessi et al., 1995; Dud-
ley et al., 1995). Our results demonstrate that potentiation of
ara-C lethality by inhibition or down-regulation of PKC cor-
relates closely with suppression of the MAPK cascade, rather
than recruitment of the SAPK cascade.

Experimental Procedures

Drugs and reagents. Crystalline preparations of ara-C (Sigma
Chemical, St. Louis, MO) were stored desiccated at 4° and dissolved in
sterile PBS immediately before use. Synthetic preparations of diglycer-
ide (1,2-sn-dioctanoylglycerol; 2,3-sn-dioctanoylglycerol; 1,3-sn-di-
octanoylglycerol) were obtained from Sigma Chemical. Synthetic prep-
arations of sphingosine (D-erythro-sphingosine, L-erythro-sphingosine,
L-threo-sphingosine, and D-threo-sphingosine) were obtained from BI-
OMOL Research Laboratories (Plymouth Meeting, PA) or were synthe-
sized and purified as described previously (Jarvis et al., 1996). All lipids
were initially dissolved in 100% ethanol and stored at —70°; for exper-
imental use, glycerolipids were used directly as organic stocks, whereas
sphingolipids were used complexed with delipidated albumin. Lipid
preparations were prewarmed to 37° and added directly to complete
medium as indicated below. Bacterial phospholipase C (type XI from B.
cereus; Sigma) in a vehicle of 3.25 M (NH,),SO,, pH 6.0, was stored at 4°.
Both bryostatin 1 (provided by Dr. A. J. Murgo, Cancer Treatment
Evaluation Program, National Cancer Institute) and UCN-01 (provided
by Dr. E. A. Sausville, Developmental Therapeutics Program, National
Cancer Institute) were dissolved in dimethylsulfoxide and delivered as
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concentrated organic stocks. Safingol (SPC-100270; obtained variously
from Sphinx (Durham, NC) Pharmaceuticals (Darmstadt, Germany) or
Calbiochem (San Diego, CA) was prepared and delivered as noted above
for sphingoid bases. AMF (Calbiochem) was dissolved in dimethylsulf-
oxide and delivered directly to complete medium. Lyophilized prepara-
tions of rhTNF«, rhsTNF-RI, and murine anti-hTNFa mAbs were ob-
tained from R and D Systems (Minneapolis, MN); rhsTNF-RI, anti-
hTNF«, and rhTNFa mAbs were dissolved in sterile PBS (138 mm
NaCl, 3 mm KCl, 10 mMm Na,PO,, 2 mM NaH,PO,) containing 0.2%
bovine serum albumin. The neutral/acidic sphingomyelinase inhibitor
3-0-methoxy-N-octanoyl-sphingosyl-1-phosphorylcholine (methoxysphin-
gomyelin, D-erythro isomer) was synthesized as described previously
(Lister et al., 1995); the ceramide synthase inhibitor fumonisin B,
was obtained from Sigma Chemical. Both methoxysphingomyelin
and fumonisin B; were dissolved in 100% methanol and diluted in
serum-free medium. All test reagents were presented at final con-
centrations in complete medium at 37°; the vehicles used were with-
out effect in HL-60 cells.

Cell culture. The human promyelocytic leukemia cell line was
grown in complete RPMI-1640 medium (phenol red-free formulation,
supplemented with 1.0% sodium pyruvate, nonessential amino acids,
L-glutamine, penicillin, and streptomycin; all from Life Technologies)
and 10% heat-inactivated fetal bovine serum (Hyclone). HL-60 cell
cultures were passed twice weekly and exhibited a doubling time of
~24 hr. Cultures were maintained under a humidified atmosphere of
95% room air, 5% CO,, at 37°. Cell densities were determined with a
Coulter Products (Buffalo, NY) counter, and basal cell viability was
assessed by vital dye exclusion.
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Fig. 2. Activation of PKC and the SAPK and MAPK cascades by ara-C. HL-60 cells were exposed to ara-C (10 um) for 0—6 hr as before. Activities of
cPKC/nPKC and of both SAPK and MAPK were determined by in vitro assays as described in Experimental Procedures. A, Particulate (i.e.,
membrane-associated) cPKC/nPKC () activity. B, SAPK (p46-JNK1/p54-JNK2; ¥) and MAPK (p42-ERK1/p44-ERK2; A) activities. In each case,
values reflect the mean * standard error of duplicate determinations and are expressed as a percentage of basal activity detected in untreated controls.
Data shown are from a representative study performed three times with comparable results.
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Test exposures. All experimental incubations were performed as
described previously (Jarvis et al., 1994a). Cells in log-phase growth
were pelleted, rinsed twice in complete medium, resuspended at a
density of 4 X 10° cells/ml, and maintained as indicated above. Cells
were exposed to test agents for appropriate intervals in complete
medium; loss of cells under these conditions caused by either wash-
ing or cell adherence was negligible (=5%). Test incubations were
terminated with gentle pelleting of the cells by centrifugation at
400 X g for 10 min at 4°; in some instances, aliquots of the medium
were retained for direct assay of released DNA. After the determi-
nation of cell density, the cells were pelleted and prepared as out-
lined below for agarose gel electrophoresis; spectrofluorophotometric
assays of DNA damage; assay of clonogenicity; SAPK, MAPK, and
PKC activities; quantification of cellular ceramide levels; or exami-
nation of cellular morphology.

Quantitative analyses of DNA damage. The formation and
release of DNA fragments and the corresponding breakage of bulk
DNA were assessed by bisbenzimide spectrofluorophotometry as de-
scribed previously (Jarvis et al., 1997). To measure DNA fragments,
pelleted cells (4 X 10 cells/pellet) and medium aliquots were mixed
with 5 mM Tris'HCI1, 30 mMm EGTA, 30 mMm EDTA, and 0.1% Triton
X-100, pH 8.0. Lysate and medium preparations were centrifuged at
30,000 X g at 4° for 40 min; nonsedimenting DNA fragments in the
extracts were quantified by spectrofluorophotometry in the presence
of Hoechst-33258 (1 wpg/ml; Aex = 365, \em = 460). Values are
expressed as ng/ug DNA recovered or released from 10° cells. To
measure corresponding loss of integrity of bulk DNA, pelleted cells
(8.25 X 108 cells/pellet were resuspended in cold PBS and subjected
to timed alkaline denaturation in 0.1 N NaOH; denaturation was
terminated by neutralization in 0.1 N HCI. Cells then were lysed by
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the addition of 200 mm K,HPO,, 50 mMm EDTA, and 0.16% N-lau-
roylsarcosine. Bulk DNA breakage was quantified by spectrofluoro-
photometry in the presence of Hoechst-33258 (Aex = 350, Aem = 450).
Values are expressed as rad-equivalents.

Determination of clonogenicity. Pelleted cells were rinsed ex-
tensively and prepared for soft-agar cloning as described previously
(Jarvis et al., 1994c). Cells were resuspended in cold PBS and seeded
onto 35-mm culture plates at a fixed density (400 cells/ml/well) in
complete RPMI-1640 medium containing 20% fetal calf serum, 10%
5637-CM, and 0.3% Bacto agar. Cultures were maintained for 10-12
days before the formation of colonies (defined as groups of =50 cells)
was scored.

Cytological characterization of apoptosis. Pelleted cells were
resuspended in PBS and fixed in cytocentrifuge preparations accord-
ing to established procedures (Jarvis et al., 1997). For visualization
of apoptotic morphological alterations, fixed cells were stained with
20% Wright-Giemsa stain. At least five 100-cell fields were scored for
each treatment by conventional light microscopy by assessing the
expression of cytoarchitectural characteristics of apoptosis (i.e., con-
densed nucleoplasm and cytoplasm, formation of membrane blebs,
karyolytic degeneration of the nucleus into apoptotic bodies, and
overall cell shrinkage). For visualization of apoptotic DNA damage,
fixed cells were sequentially (1) treated with ethanol-acetic acid (2:1,
v/v) at 20° for 5 min, (2) stained for broken DNA by treatment with
terminal deoxynucleotidyl transferase in the presence of fluorescein
isothiocyanate-dUTP; Molecular Probes, Eugene, OR) at 37° for 60
min, and (3) counterstained for intact DNA with 0.01% propidium
iodide in sodium citrate at 20° for 10 min. At least three 100-cell
fields were scored for each treatment by fluorescent microscopy by
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Fig. 3. Acute PKC and SAPK/MAPK responses to diglyceride and sphingosine. HL-60 cells were exposed to synthetic preparations of diglyceride (2.5
uM) and sphingosine (750 nM) for 45 min. Relative activities of cPKC/nPKC the SAPK and MAPK cascades were then determined by in vitro assays
as described in Experimental Procedures. A, Particulate cPKC/nPKC ([J) activity. B, SAPK (p46-JNK1/p54-JNK2; %) and MAPK (p42-ERK1/p44-
ERK2; i) activities. In each case, values reflect the mean *+ standard error of duplicate determinations and are expressed as a percentage of basal
activity detected in untreated controls. Data shown are from a representative study performed four times with comparable results.
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assessing increased direct fluorescence of end-labeled double-
stranded DNA.

Assessment of ara-CTP metabolism. Pelleted cells were rinsed
in cold PBS, repelleted, and then lysed in 0.6 N trichloroacetic acid.
Pyrimidine nucleotide extracts were then prepared as previously
explained in detail (Jarvis et al., 1994c). Levels of ara-CTP were
separated by high pressure liquid chromatography; values are ex-
pressed as pmol of ara-CTP present in 1.5 X 10° cells.

Determination of cPKC/nPKC activity. Pelleted cells were
rinsed in PBS, repelleted, and homogenized in 20 mMm Tris-HCI, 500
uM EDTA, and 500 um EGTA, pH 7.5, containing protease inhibitors
(40 pg/ml aprotinin, 15 ug/ml leupeptin). After partial purification of
homogenates over DEAE-cellulose, particulate (i.e., membrane-asso-
ciated) and soluble (i.e., cytosolic) enzyme fractions were separated
by ultracentrifugation at 100,000 X g at 4° for 2 hr. Membrane
fractions were added to reaction mixtures containing lysis buffer and
mixed micelles of phosphatidylserine and synthetic dioleoylglycerol
(10 uMm). Particulate activity was assayed using synthetic acetylated
myelin basic protein N-terminal peptide AcMBP, ,, as described
previously (Grant et al., 1996). Reactions were initiated by the ad-
dition of 25 uCi of [y-**P]JATP and 20 uM nonisotopic ATP and
allowed to proceed for 5 min at 30°. Reactions were terminated by
transfer to nitrocellulose filters and immersion in cold orthophospho-
ric acid (1% v/v). Filters were rinsed sequentially in orthophosphoric

A

acid and PBS, and radioactivity was determined by liquid scintilla-
tion counting. Because this in vitro assay monitors only diglyceride-
driven PKC activity, only the activity conventional and novel iso-
forms are directly measured; the contribution of diglyceride-
insensitive (i.e., atypical) species is subtracted on correction for
nonspecific and background activity. Therefore, data derived form
this assay system are reported throughout the text as cPKC/nPKC
activity.

Determination of MAPK and SAPK activities. Pelleted cells
were rinsed in PBS, repelleted, and flash-frozen. Cell pellets were
lysed in 25 mm HEPES, pH 7.4, containing 5 mM EGTA, and 5 mMm
EDTA, supplemented with protease inhibitors (5 mM benzamidine, 1
mM phenylmethylsulfonyl fluoride, 1 mg/ml soybean trypsin inhibi-
tor, 40 pg/ml pepstatin, 40 pg/ml chymotrypsinogen, 40 pug/ml E64,
40 pg/ml aprotinin, 1 uM microcystin LR), phosphatase inhibitors
(0.5 mM trisodium orthovanadate, 0.5 mM tetrasodium pyrophos-
phate), and containing 0.05% sodium deoxycholate (w/v), 1% Triton
X-100 (v/v), and 0.1% 2-mercaptoethanol (v/v). Lysates were clarified
by centrifugation at 5000 X g at 4° for 5 min. MAPK/SAPK was
immunoprecipitated from clarified lysates with Protein A/agarose-
conjugated antibody/antisera, and activities were determined as de-
scribed previously (Jarvis et al., 1997). MAPK activity was assayed
after immunoprecipitation of p42-ERK1/p44-ERK2 using MBP as
substrate; alternatively, SAPK activities were assayed after immu-
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Fig. 4. Attenuation of ara-C-related apoptosis by dig-
lyceride. HL-60 cells were exposed to ara-C (10 puMm) in
the absence or presence of synthetic 1,2-sn-dioctanoyl-
glycerol (10 um) for 6 hr. Apoptotic DNA damage and
cell death were assessed as before. A, Accumulation of
double-stranded DNA fragments (&) and occurrence of
double-stranded breakage of bulk DNA () as de-
scribed; for both measurements, values represent the
mean * standard error of quadruplicate determina-
tions. B, Induction of apoptosis (M) and suppression of
clonogenicity (). All values represent the mean =+
standard error of triplicate determinations. Data
shown are from a representative study performed four
times with comparable results.
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noprecipitation of p54-JNK1/p46-JNK2 using GST-c-Jun 1-169 as
substrate. Preimmune controls were also run to ensure selectivity of
substrate phosphorylation. Reaction mixtures consisted of immuno-
precipitated enzyme, substrate, and [y->2P]ATP (5000 Ci/pmol) in 25
mM HEPES, pH 7.4, containing 15 mm MgCl,, 100 mM trisodium
orthovanadate, 0.01% (v/v) 2-mercaptoethanol, and 1 uM microcystin
LR. Reactions were initiated by the addition of substrate. MAPK
reactions were terminated by transfer to p81 filter paper; filters were
rinsed repeatedly in 185 mM orthophosphoric acid and then dehy-
drated in acetone. SAPK reactions were terminated by transfer to
10% polyacrylamide gels; phosphorylated products were resolved by
electrophoresis, and appropriate substrate bands were excised. Total
radioactivity in gels/filters was determined by liquid scintillation
counting.

Quantification of cellular ceramide levels. Pelleted cells were
resuspended in 1X PBS containing 100 mM EGTA/EDTA and placed
on ice. Cellular lipids were extracted by the addition of CHCl;-
MeOH-HCI (100:100:1, v/v/v), and the organic phase was reparti-
tioned by the addition of CHCl;-MeOH-H,0 (1:1:1, v/v/v). Glycero-
lipids were removed by mild alkaline hydrolysis in methanolic KOH
followed by reextraction and repartitioning. Final lipid extracts were
assayed for ceramide content through phosphorylation by recombi-
nant bacterial diglyceride kinase as described previously (Jarvis et
al., 1994a). Assay products were recovered by reextraction and
repartitioning as before. The organic phase was dried under gN,, and
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the residue was dissolved in CHC1;-MeOH (2:1, v/v). Ceramide phos-
phate in final extracts was resolved by silane high performance thin
layer chromatography with development (kieselguhr-G-hp; EM Sci-
ence, Darmstadt, Germany) in CHCl;-MeOH-HAc (65:15;5, v/v/v);
authentic ceramide standards (type III ceramide; Sigma Chemical)
were run in parallel. Radiolabeled chromatographic bands in sample
and standard lanes were visualized by radioautography and recov-
ered from the silane adsorbent. Radioactivity in each sample was
determined by conventional liquid scintillation counting. Values are
expressed as pmol of ceramide/10° cells.

Results

Activation of cPKC/nPKC and the SAPK and MAPK
cascades by ara-C. Although exposure to ara-C elicits acti-
vation of PKC (Kharbanda et al., 1991), as well as the SAPK
(Saleem et al., 1995) and MAPK (Kharbanda et al., 1994)
cascades, a simultaneous assessment of these signaling ele-
ments in chemomodulation of ara-C action is currently lack-
ing. The current results therefore characterized the contri-
bution of these signaling processes to ara-C-mediated
lethality in HL-60 cells. In initial trials, activation of cPKC/
nPKC and coordinates changes in SAPK and MAPK activi-
ties were examined in response to ara-C in detailed time
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Fig. 5. Amplification of ara-C-related apoptosis by

sphingosine. HL-60 cells were exposed to ara-C (10 um)
Y in the absence or presence of synthetic D-erythro-sphin-
gosine (850 nm) for 6 hr. Apoptotic DNA damage and
cell death were assessed as described in Experimental
Procedures. A, Total accumulation of double-stranded
DNA fragments (#Z) and occurrence of double-stranded
breakage of bulk DNA () as before; for both measure-
ments, values represent the mean *+ standard error of
quadruplicate determinations. B, Induction of apopto-
sis () and suppression of clonogenicity (Il). All values
represent the mean * standard error of triplicate de-
terminations. Data shown are from a representative
study performed four times with comparable results.
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course studies. Exposure of HL-60 cells to ara-C (10 um) for
1-6 hr elicited time-dependent increases in the activities of
SAPK, MAPK, and ¢cPKC/nPKC that were coincident with
the induction of apoptosis (Figs. 1 and 2). Bisbenzimide spec-
trofluorophotometry demonstrated time-dependent degrada-
tion of DNA reflected by accumulation of small double-
stranded DNA fragments and corresponding double-stranded
breakage of bulk DNA (Fig. 1A); significant DNA degradation
was detected within 2—-3 hr and continued throughout the
exposure interval. Examination of apoptotic cells by fluores-
cent and light microscopy revealed the progressive occur-
rence of DNA damage and cell death within the population of
treated cells (Fig. 1B). In vitro kinase assays demonstrated
sequential, but closely coupled, stimulations of cPKC/nPKC
and of SAPK and MAPK (Fig. 2). ara-C potently stimulated
cPKC/MmPKC activity, which increased within 1 hr and re-
mained at a stable, maximum level after 3 hr (Fig. 2A). In
addition, ara-C promoted (1) rapid, but transient, activation
of SAPK (JNK1/JNK2), which peaked within 2 hr and then
subsided to basal levels within the subsequent 1 hr, and (2)
slower, but sustained, activation of MAPK (ERK1/ERK2),
which peaked within 4 hr and remained elevated throughout
the exposure interval (Fig. 2A). The profile of MAPK activa-
tion followed that of PKC, with a latency of <1 hr.

Effects of cPKC/nPKC modulation on ara-C action
and modulation of MAPK/SAPK. To assess the suscepti-
bility of ara-C action to the influences of lipid messengers and
potential consequences for MAPK and SAPK activation, syn-
thetic diradylglycerols and sphingoid bases were evaluated
with respect to their capacity to alter ara-C-related apoptosis
and modulate MAPK/SAPK activity (Fig. 3). Brief (30-min)
exposure to diglyceride (2.5 um) alone sharply increased ac-
tivities of cPKC/nPKC (by 370%) and ERK1/ERK2 (by 220%),
whereas the activity of JNK1/JNK2 was not significantly
modified. Parallel exposure to sphingosine (750 nm) alone
decreased cPKC/nPKC (by =90%) and ERK1/ERK2 (by 57%)
but moderately increased JNK1/JNK2 (by 44%). Modulation
of these kinase activities by synthetic lipids was closely as-
sociated with reciprocal alterations in the genotoxic potential
of ara-C, as shown in Figs. 4 and 5. First, exposure to diglyc-
eride (10 um) alone for 6 hr failed to promote DNA damage
but attenuated ara-C-related accumulation of DNA frag-
ments by 64% and breakage of bulk DNA by 61% (Fig. 4A).
Second, exposure to sphingosine (750 nM) alone for 6 hr failed
to promote DNA damage and cell death but markedly aug-
mented ara-C-related accumulation of DNA fragments by
190% and bulk DNA breakage by 215% (Fig. 5A). DNA dam-
age was closely associated with both induction of apoptosis

TABLE 1
Steric aspects of diglyceride action

and loss of clonogenic potential. ara-C (10 um) triggered
apoptosis in 33% of the treated cell population and decreased
clonogenic survival commensurately (i.e., by 48%). Diglycer-
ide moderately limited drug-induced apoptosis (to only 19%)
and partially restored the potential for clonogenic growth (to
68%) (Fig. 4B), whereas sphingosine potently augmented
drug-induced apoptosis (to 94%) and diminished clonogenic-
ity (to =5%) in parallel exposures (Fig. 5B). Cell survival was
unaffected by a 6-hr exposure to either lipid alone (not
shown).

Steric aspects of diglyceride and sphingosine action.
In related studies, steric aspects of the chemomodulatory
properties of these lipids indicated that the reciprocal actions
of diglyceride and sphingosine on ara-C-related cytotoxicity
were mediated proximally through cPKC/nPKC. First, atten-
uation of ara-C-related apoptosis by diglyceride was exclu-
sively associated with the 1,2-sn-substituted isomer, whereas
the 2,3-sn-substituted and 1,3-rac-substituted species were
ineffective (Table 1), consistent with the established selectiv-
ity of this species for activation of cPKC/nPKC (Nomura et
al., 1986; Go et al., 1987). Second, the D and L forms of erythro
and threo enantiomers of sphingosine comparably potenti-
ated ara-C-induced apoptosis (Table 2), consistent with the
documented lack of stereoselectivity of sphingoid bases in
inhibition of ¢cPKC/MPKC (Merrill et al., 1989). Moreover,
sphingosine and dihydrosphingosine were equivalent in their
capacity to potentiate ara-C lethality (not shown), further
supporting involvement of cPKC/nPKC (Merrill et al., 1989).
Acute modulation of ara-C by lipid messengers thus seemed
to be directly related to alterations in cPKC/mPKC activity
and presumably in the status of a critical downstream cyto-
protective system.

MAPK in ara-C action. The preceding observations indi-
cated that alteration of ara-C-mediated lethality by diradyl-
glycerols and sphingoid bases involved selective targeting of
conventional and novel isoforms of PKC, a phenomenon sim-
ilar to the transmodulation of ceramide-mediated cell death
that we described previously (Jarvis et al., 1994a, 1996). This
in turn raised the possibility that analogous pharmacological
reductions in net PKC activity could enhance the toxicity of
ara-C. As shown in Fig. 6, the cytotoxic capacity of ara-C,
manifested by the induction of apoptotic cell death or the
suppression of clonogenic survival, was comparably en-
hanced (i.e., by ~65%) through (1) preexposure to bryostatin
1 (10 nM) or (2) coexposure to safingol (825 nm). Both of these
responses were associated with reductions in assayable
cPKC/MmPKC activity. Thus, membrane-associated cPKC/
nPKC activity was decreased =96% by bryostatin 1 and

HL-60 cells were exposed to ara-C (10 uMm) for 6 hr in the absence or presence of sn-1,2-, sn-2,3-, and 1,3-rac-substituted isomers of dioctanoylglycerol (1,2-sn-diCg, 2,3-sn-diCg,
and 1,3-rac-diCg) at equimolar concentrations (2.5 um). Apoptotic DNA degradation was quantified by spectrofluorophotometry. Values reflex mean * standard error of

triplicate determinations.

Treatment DNA fragments Bulk DNA breaks Apoptosis
ngl10° cells rad eq % control

Vehicle 215 + 21 117 + 19 2+1
ara-C 735 = 93% 1727 += 131* 27 = 7¢
1,2-sn-Dioctanoylglycerol + ara-C 334 + 69° 736 * 70° 11 = 3°
2,3-sn-Dioctanoylglycerol + ara-C 767 + 108 1765 + 197¢ 28 + 4*
1,3-rac-Dioctanoylglycerol + ara-C 720 + 88“ 1828 + 93¢ 29 + 4°

“ Increased versus vehicle (p < 0.001).
® Decreased versus ara-C (p < 0.001).
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=T72% by safingol (Fig. 6, inset), demonstrating that active,
lipid-driven ¢cPKC/nPKC activity was substantially reduced
by both treatments. Furthermore, Western analyses revealed
that expression of ¢cPKCa (the dominant PKC isoform ex-
pressed in HL-60 cells) was virtually absent in bryostatin-
treated cells but intact in safingol-treated cells (not shown).
Taken together, these observations indicated that the effects
of bryostatin 1 and safingol derived from down-regulation
and inhibition of cPKC/nPKC, respectively.

TABLE 2
Steric aspects of sphingosine action
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Parallel trials sought to establish the downstream impor-
tance of the MAPK and SAPK cascades in the actions of
bryostatin 1 and safingol (Fig. 7). Basal MAPK and SAPK
activities were not discernibly modified by treatment with
bryostatin 1 for 24 hr or safingol for 6 hr alone. As noted
above, ara-C stimulated both ERK1/ERK2 (by 365%) and
JNK1/JNK2 (by 310%). These responses exhibited strikingly
dissimilar sensitivities to experimental reductions in cPKC/
nPKC, however. MAPK responses to ara-C were completely

HL-60 cells were exposed to ara-C (10 um) for 6 hr in the absence or presence of both b and 1 forms of erythro-spingosine and threo-spingosine at equimolar concentrations
(750 nm). Apoptotic DNA degradation was quantified by spectroflourophotometry. Values reflect mean + standard error of triplicate determinations.

Treatment

DNA fragments

Bulk DNA breaks Apoptosis

ng/10° cells rad eq % control
Vehicle 215 £ 21 117 =19 2+1
ara-C 735 + 93¢ 1727 = 131¢ 27 = 7¢
D-erythro-Sphingosine + ara-C 1127 = 117° 2930 + 614° 49 + 9°
L-erythro-Sphingosine + ara-C 1076 + 112° 2718 + 560° 44 + 6
D-threo-Sphingosine + ara-C 1188 + 1274 2803 + 439° 48 * 6°
L-threo-Sphingosine + ara-C 1207 + 138° 2990 + 622° 48 + 11°

“ Increased versus vehicle (p < 0.001).
® Increased versus ara-C (p < 0.001).
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Fig. 6. Potentiation of ara-C-induced apoptosis by bryo-
statin 1 and safingol. HL-60 cells were incubated for 6 hr in
the absence or presence of ara-C (10 uM) in conjunction
with either (1) 24-hr pretreatment bryostatin 1 (10 nM) or
(2) 6-hr cotreatment safingol (1 um). Apoptotic cell death
was assessed by fluorescent microscopy as before. Inset,
HL-60 cells were exposed either to bryostatin 1 (10 nm) for
24 hr or to safingol (1 um) for 6 hr; changes in basal
cPKC/nPKC activity (defined as membrane-associated,
phorboid-sensitive activity) were determined by in vitro as
described in Experimental Procedures.

a
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suppressed by either pretreatment with bryostatin 1 or co-
treatment with safingol, consistent with the premise that
potentiation of ara-C action arises from blockade of drug-
induced MAPK activation. In marked contrast, the SAPK
response to ara-C was unaffected by either ¢cPKC/nPKC
down-regulation by bryostatin 1 or cPKC/nPKC inhibition by
safingol, indicating that potentiation of ara-C-related cell
death did not involve modulation of SAPK.

PKC activity and ara-C metabolism. Because PKC has
been implicated in the biosynthesis of ara-C-derived nucleo-
tides (i.e., through phosphorylation by dCyd kinase) in leu-
kemia cells (Wang and Kucera, 1994), other trials deter-
mined whether lipid-mediated augmentation of ara-C action
reflected increased production of ara-CTP. Both diglyceride
and sphingosine were without discernible effect on cellular
ara-CTP levels (Table 3), indicating that lipid-dependent
changes in the response to ara-C could not be attributed to
increased conversion of the prodrug to its lethal derivative.
Similarly, neither bryostatin 1 nor safingol significantly al-
tered ara-CTP levels (Table 4), demonstrating that aug-
mented responses to ara-C associated with these agents did
not stem from increased ara-C nucleotide formation.

Enhancement of ara-C-induced apoptosis by AMF.
The ability of bryostatin 1 and safingol to augment ara-C-
induced apoptosis seemed to be directly linked to loss of
MAPK activity downstream of cPKC/nPKC suppression. To
test this possibility directly, additional studies evaluated the
potentiation of ara-C action by pharmacological interference
with MAPK function using AMF, a potent and highly selec-
tive inhibitor of MEK1 (Alessi et al., 1995; Dudley et al.,
1995) (Fig. 8A). Exposure to AMF alone over a broad range of
concentrations (1-100 um) for 3 hr resulted in a pronounced
concentration-related decline in basal MAPK activity (de-
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Fig. 7. Effects of bryostatin 1 and safingol on ara-C-induced activation
of MAPK and SAPK. HL-60 cells were incubated for 2 hr in the absence
or presence of ara-C (10 uM) in conjunction with either (1) 24-hr pretreat-
ment bryostatin 1 (10 nM) or (2) 6-hr cotreatment safingol (1 um). Relative
activities of SAPK (p46-JNK1/p54-JNK2; 7Z) and MAPK (p42-ERK1/p44-
ERK2; i) were determined by in vitro assays as before. In each case,
values reflect the mean =+ standard error of duplicate determinations and
are expressed as a percentage of basal activity detected in untreated
controls. Data shown are from a representative study performed three
times with comparable results.

creased maximally by =65%, with an EC,, value of =5 um).
Coexposure to AMF and ara-C (10 um) completely suppressed
drug-related stimulation of MAPK, reducing activity to well
below basal levels. Additional studies evaluated the capacity
of AMF, at a concentration sufficient to prevent ara-C-related
MAPK activation (5 uMm), to potentiate the cytotoxicity of
ara-C. AMF sharply augmented the ability of ara-C to pro-
mote DNA damage (Fig. 8B), augmenting both the accumu-
lation of double-stranded DNA fragments (by 236%) and
corresponding double-stranded breakage of bulk DNA (by
194%). Cell survival also was affected by AMF (Fig. 8C). The
induction of apoptosis by ara-C was sharply increased in the
presence of AMF (from 29% to 98%); drug-related inhibition
of clonogenicity was similarly enhanced by AMF (reducing
the surviving fraction from 61% to =2%). The ability of AMF
to potentiate the toxicity of ara-C was comparable to that
noted above for bryostatin 1 or safingol.

SAPK in ara-C action. Ceramide generation and activa-
tion of SAPK have been implicated in the apoptotic response
to ara-C in HL-60 cells (Strum et al., 1994; Saleem et al.,
1995). A mechanism coupling ara-C action to enzymatic pro-
cesses that mediate ceramide formation (e.g., hydrolysis of
sphingomyelin by sphingomyelinase or de novo synthesis
from free dihydrosphingosine by ceramide synthase) has not
been identified, however. Similarly, a mechanism underlying
recruitment of the SAPK cascade by ara-C has not been
established, nor is there evidence that SAPK activity contrib-
utes directly to the drug’s antileukemic actions. Increased
production of ceramide (via sphingomyelinase or ceramide
synthase) and downstream activation of the SAPK cascade
have been implicated in the cytotoxicity of several antineo-
plastic agents (Strum et al., 1994; Bose et al., 1995; Saleem et
al., 1995). The functional importance of ceramide in the le-
thal response to ara-C has not been definitively estab-
lished; therefore, alternate pathways for ceramide gener-
ation and their possible relationship to ara-C-related
SAPK activation were examined (Table 5). Exposure to
ara-C produced a 253% increase in cellular ceramide levels

TABLE 3

Insensitivity of ara-CTP metabolism to diglyceride and sphingosine
HL-60 cells were exposed to ara-C (10 um) for 6 hr in the absence or presence of
synthetic preparations of diglyceride (2.5 um) or sphingosine (850 nm). Intracellular
levels of ara-CTP were then determined by high performance liquid chromatography
as described in Experimental Procedures. Values reflect mean *+ standard error of
triplicate determinations.

Treatment ara-CTP formation
pmol/1.5 X 107 cells
Vehicle 324 + 31
1,2-sn-Dioctanoylglycerol 304 + 23
D-erythro-Sphingosine 305 + 27

TABLE 4

Insensitivity of ara-CTP metabolism to bryostatin 1 and safingol

HL-60 cells were treated with ara-C (10 um) for 6 hr in conjunction with either 24-hr
pretreatment with bryostatin 1 (10 nm) or 6-hr cotreatment with safingol (1 um).
Intracellular levels of ara-CTP were then determined by high pressure liquid chro-
matography as described in Experimental Procedures. Values reflect mean * stan-
dard error of triplicate determinations.

Treatment ara-CTP formation
pmol/1.5 X 107 cells
Vehicle 251 = 38
Bryostatin 247 + 14
Safingol 218 *+ 43
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(from 94 to 335 pmol/10° cells) within 30 min and a corre-
sponding 345% stimulation of JNK1/JNK2 activity at 2 hr;
after 6 hr, apoptotic cell death was noted in ~30% of the
cell population. Cotreatment with 3-O-methoxy-N-oc-
tanoyl-sphingosine-1-phosphorylcholine (methoxysphingo-
myelin), a synthetic lipid inhibitor of neutral/acidic
sphingomyelinase (Lister et al., 1995), abolished ara-C-
dependent production of ceramide and reduced JNKI1/
JNK2 activity by 65%. In contrast, cotreatment with fu-
monisin B;, a mycotoxin inhibitor of ceramide synthase
(Merrill et al., 1993), produced a modest increase in SAPK
activity but failed to failed to modify the effects of ara-C on
ceramide availability or JNK1/JNK2 activity. However,
neither methoxysphingomyelin nor fumonisin B; modified
drug-induced apoptosis. Because the antiproliferative
properties of some agents are mediated through autocrine
elaboration of TNFa (Lilly et al., 1991) and consequent
activation of neutral and acidic sphingomyelinases
through the type-1 TNF receptor (TNFR1; CD120a) (Wieg-
mann et al., 1994), SAPK activation by ara-C was tested in
conjunction with experimental blockade of endogenous
TNF« (Table 6). Ara-C (10 um) increased cellular ceramide
levels by 327% (from 71 to 393 pmol/10° cells) within 30
min; this response was associated with a 646% increase in
JNK1/JNK2 activity at 2 hr and induction of apoptotic cell
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death in ~30% of treated cells. Neutralization of endoge-
nous TNFa by cotreatment with either (1) anti-TNF mAb
or (2) soluble ligand-binding domain of CD120a (type I
TNF receptor) eliminated the ara-C-stimulated increase in
ceramide generation and significantly reduced drug-
related JNK1/JNK2 activity, but neither of these manipu-
lations modified the drug’s lethal capacity. Parallel control
studies showed that the apoptotic responses to exogenous
rhTNFa were completely eliminated by these treatments
(not shown). These findings indicated that recruitment of
SAPK activity by ara-C derived at least in part from the
actions of endogenous TNFa but suggested that these
events did not underlie the drug’s lethal effects. Collec-
tively, these findings indicated that the SAPK response to
ara-C resulted from production of ceramide by sphingomy-
elinase (but not ceramide synthase), presumably via the
action of autocrine TNFa but suggested that ceramide-
driven SAPK activity was not required for the lethal ef-
fects of ara-C.

Discussion

The specific effector system coupling ara-C-induced DNA
damage to the initiation of cell death has not yet been estab-
lished. Treatment of myeloid leukemic cells with ara-C is
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Fig. 8. Suppression of MAPK and potentiation of ara-C action by AMF. HL-60 cells were exposed to ara-C (10 uM) in the absence or presence of AMF
(2.5 um). A, MAPK (p42-ERK1/p44-ERK2 was determined by in vitro assay after 3 hr; all values reflect the mean * standard error of duplicate
determinations and are expressed as a percentage of basal activity present in untreated controls. Apoptotic DNA damage and cell death were assessed
after 6-hr exposure. B, Accumulation of double-stranded DNA fragments (Z) and occurence of double-stranded breakage of bulk DNA (E); for both
measurements, values represent the mean * standard error of quadruplicate determinations. C, Induction of apoptosis (M) and suppression of
clonogenicity ([l); values represent the mean + standard error of triplicate determinations. Data shown are from a representative study performed four

times with comparable results.
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associated with (1) generation of diradylglycerols (Kucera
and Capizzi, 1992; Strum et al., 1994), (2) stimulation of
cPKC/MmPKC activity (Kharbanda et al., 1991), and (3) re-
cruitment of the MAPK cascade (Kharbanda et al., 1994).
Other observations demonstrate that pharmacological sup-
pression of ara-C-related cPKC/nmPKC activity enhances
drug-induced apoptosis (Jarvis et al., 1994c; Grant et al.,
1994, 1996), suggesting that the diglyceride-driven ¢cPKC/
nPKC does not underlie the apoptotic influence of ara-C. On
the contrary, we have proposed that activation of this path-
way instead mediates an antiapoptotic influence that reduces
drug-induced cell death and therefore represents an intrin-
sically self-limiting component of ara-C action (reviewed in
Grant, 1997). Other investigators have reached similar con-
clusions (Whitman et al., 1997). Thus, inhibition or down-
regulation of cPKC/nPKC may eliminate a critical subcellu-
lar target for diglyceride, thereby preventing recruitment of
an antiapoptotic downstream effector. Although the signal-
ing system involved in these processes remains to be identi-
fied, the MAPK cascade represents a plausible candidate
target.

The present data provide direct support for these hypoth-
eses. Preliminary studies demonstrated that (1) exogenous
diglycerides activated the MAPK cascade and attenuated
ara-C action, whereas (2) exogenous sphingoid bases potently
suppressed MAPK activity and amplified the drug’s toxicity.
Thus, modulation of cPKC/nPKC and (MAPK further down-
stream) by physiological lipid messengers reciprocally al-
tered ara-C-related cell death. In similar fashion, pharmaco-
logical reductions in cPKC/nPKC produced substantial
increases in ara-C lethality. Specifically, induction of apopto-
tic DNA damage and cell death by ara-C was enhanced
through either (1) inhibition of cPKC/nPKC by acute coexpo-

TABLE 5
Sensitivity of ara-C action to inhibitors of ceramide generation

sure to safingol or (2) down-regulation of cPKC/nPKC by
chronic preexposure to bryostatin. Moreover, reduction of
assayable ¢cPKC/nPKC activity and potentiation of ara-C-
mediated lethality seemed to be closely coupled. Potentiation
of ara-C action was not associated with altered ara-C metab-
olism, again consistent with a lowered threshold for initia-
tion cell death.

Although the precise mechanism underlying the general
antiapoptotic influence of PKC has not been identified, it is
significant that reductions of cPKC/nPKC by either bryosta-
tin 1 or safingol were accompanied by downstream suppres-
sion of ERK activity. In marked contrast, there was no evi-
dence of corresponding alterations in JNK activity. These
findings strongly suggest that collapse of MAPK signaling
downstream from suppression of cPKC/nPKC is directly in-
volved in pharmacological enhancement of ara-C action. Con-
sistent with this conclusion, the cytotoxicity of ara-C was
sharply enhanced after disruption of the MEK-ERK module
by AMF. Thus, pharmacological agents that decrease MAPK
activity indirectly through suppression of PKC (i.e., bryosta-
tin, safingol), as well as those that bypass cPKC/nPKC and
suppress MAPK more proximally (i.e., AMF), equivalently
abrogated the MAPK response to ara-C. The role of MAPK
activity in cell survival and various other cellular processes
(e.g., proliferation) is well documented (Xia et al., 1995). The
present observations provide strong, if indirect, evidence of a
role for the MAPK cascade in determining the sensitivity of
myeloid leukemia cells to antineoplastic agents. Signifi-
cantly, these findings raise the possibility that pharmacolog-
ical interference with the MEK-ERK module may prove use-
ful in increasing the susceptibility of leukemic cells to ara-C
and potentially other antineoplastic agents. Studies examin-
ing this approach are under way.

HL-60 cells in serum-free medium were pretreated for 90 min with neutral/acidic sphingomyelinase inhibitor 3-O-methoxysphingomyelin (25 um), the ceramide synthase
inhibitor fumonisin B; (10 uMm), or vehicle (0.01% MeOH in PBS) as indicated and then treated with ara-C (10 um). Cells were prepared for quantification of cellular ceramide
after 0.5 hr, determination of SAPK (JNK1/JNK2) activity after 2 hr, and assessment of apoptotic cell death after 6 hr as described in Experimental Procedures.

Treatment Cotreatment Ceramide levels SAPK activity Apoptosis
pmol /106 cells % control % total
Control Vehicle 94 + 37 100 = 7 3+1
ara-C Vehicle 335 = 79 345 + 11¢ 36 + 4*
Control Methoxysphingomyelin 74 22 77+ 2 4+2
ara-C Methoxysphingomyelin 82 + 21° 122 + 15° 27 + 6°
Control Fumonisin B, 86 = 33 159 + 28 5+2
ara-C Fumonisin B, 369 = 67° 319 = 10¢ 31 + 4°

“ Increased versus vehicle (p < 0.05).
® Decreased versus ara-C (p < 0.05).

TABLE 6
Effects of TNFa neutralization on the response to ara-C

HL-60 cells in complete medium were treated with ara-C (10 uM) in the presence of a monoclonal antibody directed against rhTNF« (anti-TNFa mAb; 3.25 pg/ml), soluble
type I TNF receptor cytoplasmic domain (rhsTNF-RI; 200 ng/ml), or inactive carrier (0.2% BSA in PBS). Cells were prepared for measurement of cellular ceramide, SAPK

activity, and apoptotic cell death as before.

Treatment Cotreatment Ceramide levels SAPK activity Apoptosis
pmol/10° cells % control % total
Control Carrier 71 = 18 100 £ 8 2+1
ara-C Carrier 393 + 86“ 846 + 4 31+ 3¢
Control Anti-TNFa mAb 68 + 24 175 £ 9 2+1
ara-C Anti-TNFa mAb 89 + 21° 367 + 7° 33 = 8*
Control rhsTNF-RI 68 + 29 189 £ 4 2+1
ara-C rhsTNF-RI 75 + 25° 178 + 4° 28 + 4

“ Increased versus vehicle (p < 0.05).
® Decreased versus ara-C (p < 0.05).
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Although the MAPK cascade seems to oppose the cytotox-
icity of ara-C, a role for the SAPK cascade in ara-C action is
uncertain. ara-C promotes generation of ceramide, which
mediates activation of the SAPK cascade in various settings
(Westwick et al., 1995; Verheij et al., 1996; Jarvis et al.,
1997); furthermore, both activation of SAPK (Saleem et al.,
1995) and induction of c-Jun/AP1 have been associated with
the apoptotic response to ara-C (Kharbanda et al., 1990;
Brach et al., 1992). Several lines of evidence argue against
the involvement of this stress pathway in ara-C action. First,
ara-C-related increases in ceramide accumulation and JNK
activity were limited by blockade of autocrine TNFa (by
anti-TNFa mAb or rhsTNFR), whereas cytotoxicity was pre-
served, indicating that recruitment of the SAPK cascade was
not essential to ara-C action. Second, the sphingomyelinase
inhibitor methoxysphingomyelin abolished ara-C-related cer-
amide generation and partially limited downstream activa-
tion of JNK yet failed to modify drug-induced apoptosis; in
contrast, the ceramide synthase inhibitor fumonisin B; was
entirely without effect. This suggested that drug-related
SAPK activity involved generation of ceramide from hydro-
lysis of sphingomyelin (rather than de novo synthesis from
dihydrosphingosine) and suggested that neither pathway for
ceramide generation contributed to ara-C lethality. Third,
cPKC/mPKC-directed treatments that enhanced ara-C action
(e.g., down-regulation by bryostatin, inhibition by safingol)
failed to augment drug-dependent SAPK activity. Collec-
tively, these observations indicate that the ceramide-driven
SAPK responses associated with ara-C action do not underlie
the drug’s lethal capacity but may instead represent a con-
sequence of apoptotic cell death. This is consistent with other
findings from our laboratory demonstrating that dominant-
negative ablation of the primary SAPK substrate c-Jun
(which disables normal AP1-dependent trans-activation) ab-
rogates ceramide-mediated apoptosis (Verheij et al., 1996;
Jarvis et al., 1997) but does not compromise ara-C lethality
(Grant et al., 1996). In conclusion, the present data demon-
strate that the lethal actions of ara-C are partially limited by
the intrinsic capacity of this agent to activate the MAPK
cascade downstream of cPKC/nPKC. The cytoprotective ef-
fector engaged by the MAPK cascade that is ultimately re-
sponsible for antagonizing ara-C-induced cell death remains
to be identified; among several plausible candidates is the
transcription factor nuclear factor-«B, the activation of which
reportedly opposes drug-mediated apoptosis (Mayo et al.,
1997). Further support for involvement of the cPKC/nPKC —
Raf-1 — MEK1 — ERK1/ERK2 sequence in cytoprotective
responses to ara-C is provided by the findings that ¢cPKC/
nPKC down-regulation (by bryostatin) or inhibition (by safin-
gol) was associated with corresponding reductions in ERK
activity and increases in drug-associated lethality. Alterna-
tively, disruption of the MEK-ERK module by AMF exerted a
similar influence. Finally, the discordances between stimu-
lation of JNK activity and induction of apoptosis by ara-C
suggest that recruitment of the SAPK cascade (presumably
via ceramide) represents a secondary event in ara-C-induced
cell death. These findings underscore the potential utility of
interrupting MAPK cascade signaling in attempts to aug-
ment drug-induced apoptosis and raise the possibility that
specific elements within this signaling system represent suit-
able targets for chemomodulatory interventions in future
trials.
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