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undergo apoptosis as a response to numerous physio-
The mechanism for apoptosis induced by aburatubo- logical and nonphysiological signals such as TCR en-

lactam C was investigated in human Jurkat T cells. gagement (2), tumor necrosis factor (TNF) (3, 4), Fas
When the cells were treated with 3 mg/ml of aburatubo- ligation (5), oxidative stress (6), growth factor with-
lactam C, apoptotic DNA fragmentation was first de- drawal (7-9), corticosteroids (10, 11), heat shock (12),tectable in 3 hr and then increased time-dependently

irradiation (13), and chemotherapeutic agents (14),in accordance with upregulation in the protein level
Fas-mediated apoptosis upon interaction with Fas li-of Fas ligand (FasL). Both the DNA fragmentation and
gand (FasL) appears to be more critically involved inupregulation of FasL expression reached a maximal
elimination of cells in vivo. In tumors that can be gener-level in 7-8 hr, at which time a significant increase
ally characterized by a dysregulated cell growth, itin the tyrosine phosphorylation of multiple cellular
seems likely that the apoptosis pathway is disruptedproteins was detected, suggesting that the enhanced
and the consequent imbalance between apoptotic andtyrosine phosphorylation of cellular proteins may re-
mitotic rate confers a survival advantage causing tu-sult from activation of Fas-mediated death signaling.

However, these aburatubolactam C-induced cellular mor progression. It has been shown that many tumor
changes and accompanied apoptosis were completely cells are capable of escaping Fas-mediated cell death
blocked in the presence of genistein, a known protein by altering Fas expression (15, 16). Since chemother-
tyrosine kinase inhibitor. These results indicate that apy for tumors is principally based on agents that are
upregulation of FasL expression dictated by protein toxic to the cells and induction of apoptosis in tumor
tyrosine kinase activation and subsequent mediation cells can lead to their own destruction, apoptosis has
of Fas death signaling account for aburatubolactam C- been currently implicated as an efficient mechanism by
induced apoptosis in Jurkat T cells. q 1998 Academic Press which malignant tumor cells are removed when treated

with antineoplastic drugs. As a potential mechanism
in the drug-induced apoptosis, upregulation of FasL
and Fas expression with subsequent induction of apop-

Apoptosis, a programmed cell death, plays an im- totic cell death through activation of Fas signaling has
portant role in the development and homeostasis of been implicated (17, 18). However, the biochemical
multicellular organisms. During apoptosis, a distinc- mechanisms underlying the induction of FasL in tu-
tive series of morphological changes occurs, which in- mors by chemotherapeutic agents and Fas-mediated
volves cell shrinkage, loss of cell-cell adhesion, mem- apoptotic signaling pathway are still poorly defined.
brane blebbing, and chromatin condensation. These As a majority of studies on Fas-mediated apoptosisalterations are commonly associated with the internu- has been focused toward T cells, it has been elucidatedcleosomal DNA fragmentation resulting from activa- that Fas plays an important regulatory role for T-celltion of endogenous nucleases (1). Although cells can homeostasis as well as periphery tolerance and T cell-

mediated cytotoxic reactions (19-24). Perturbation of
Fas in Jurkat T cells by anti-Fas leads to the tyrosine1 To whom correspondence should be addressed. Fax:/82 (53) 955-

5522. E-mail: ykim@kyungpook.ac.kr. phosphorylation of a number of cellular proteins and
Abbreviations used: FasL, Fas ligand; TCR, T cell receptor com- this Fas-mediated apoptotic signal is blocked by tyro-

plex; TNF, tumor necrosis factor; FBS, fetal bovine serum; MeOH, sine kinase inhibitors, suggesting that one or more pro-mercaptoethanol; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
tein tyrosine kinases may be involved in relaying Fastrazolium bromide; DMSO, dimethylsulfoxide; Da, dalton; kDa, kilo-

dalton; IL-2, interleukin 2; IL-2R, interleukin 2 receptor. death signal (25). Recently it has been reported that a
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src-family protein tyrosine kinase p56lck and ZAP-70
tyrosine kinase are required for TCR-mediated FasL
expression and thus development of activation-induced
T cell apoptosis (26, 27). Subsequently it has also been
reported that a src-related protein tyrosine kinase
p59fyn is physically associated with Fas and may con-
tribute to Fas signal transduction in activated T cells
(28). These results indicate that p56lck, p59fyn, and ZAP-

FIG. 1. Structure of aburatubolactam C.70 tyrosine kinase may be critically involved in the
apoptotic death accomplished by interaction of Fas
with FasL in T cells.

values, each leukemia cell line was incubated with various concentra-
Aburatubolactam C that was originally isolated from tions of aburatubolactam C for 20 hr before addition of MTT solution.

a marine Streptomyces sp. as a novel inhibitor of super- After centrifugation, the supernatant was removed from each well
and then 150 ml of DMSO was added to dissolve the colored formazanoxide anionic generation in human neutrophils (29).
crystal produced from MTT. OD values of the solutions were mea-Recently we have shown that aburatubolactam C in-
sured at 540 nm by plate reader. The incorporation of [3H]thymidineduces apoptotic death in human Jurkat T cells. In the into DNA by Jurkat T cells treated by aburatubolactam C was deter-

present study, cellular responses underlying aburatu- mined by the addition of 105 cells to serial dilutions of aburatubolac-
bolactam C-induced apoptosis were investigated in Jur- tam C in 96-well plates. At each time point after incubation, 1 mCi/

well of [3H]thymidine was added for 1 hr before the cells were har-kat T cells not only to determine its potency as an
vested and assayed for the incorporation of [3H]thymidine by liquidantineoplastic agent but also to extend our understand-
scintillation.ing of mechanisms for chemotherapy-induced apoptotic

DNA fragmentation analysis. Apoptotic DNA fragmentation in-cell death. The results suggest that aburatubolactam
duced in Jurkat T cells following the treatment by external stimu-C rapidly induces apoptosis in Jurkat T cells through lants was determined as previously described (30). Briefly, the cells

upregulation of FasL expression and subsequent acti- were harvested by centrifugation and then treated with a lysis buffer
(1% NP-40, 20 mM EDTA, 50 mM Tris-HCl, pH 7.5). After centrifuga-vation of Fas death signal. Additional results indicate
tion for 5 min at 1600 x g, the supernatant is collected and broughtthat the drug-induced upregulation of FasL is dictated
to 1% SDS, and treated for 2 hr at 507C with RNase A and subse-by protein tyrosine kinase activation which can be
quently with proteinase K for 2 hr at 377C. The DNA fragmentsblocked by protein tyrosine kinase inhibitor genistein. were precipitated with 2.5 volumes of ethanol in the presence of 5
M ammonium acetate and visualized following electrophoresis on a
2% agarose gel as described elsewhere (2).MATERIALS AND METHODS

Western blot analysis. Cellular lysates were prepared by sus-
Reagents, antibodies, and cells. Aburatubolactam C was kindly pending 5 x106 Jurkat T cells in 100 ml of lysis buffer (20 mM Tris-

provided by Dr. Kaoru Yamada (Sagami Chemical Research Center, HCl, 137 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 1 mM sodium ortho-
Kanagawa, Japan), and genistein was purchased from Life Technolo- vanadate, 10 mg/ml aprotinin, 5 mg/ml leupeptin, 1 mM phenylmeth-
gies (Gaithersburg, MD, USA). Radioactive materials including [3H]- ylsulponyl fluoride, 1% NP-40, pH 8.0). The cells were disrupted by
thymidine (2 Ci/mM), 125I-goat anti-rabbit IgG, and 125I-rabbit anti- sonication and extracted at 47C for 30 min. Equivalent amounts of
mouse IgG were from NEN Biotechnology System (Boston, MA, cell lysates were subjected to electrophoresis on 8-16% gradient SDS
USA), and [g-32P]ATP (É3,000 Ci/mM) was from Amersham (Arling- polyacrylamide gels and electrotransferred to Immobilon-P mem-
ton Heights, IL, USA). Anti-phosphotyrosine antibody PY-20 was branes (Millipore Co., Bedford, MA, USA). The membranes were
purchased from ICN (Biomedicals, Inc., Costa Masa, CA, USA). allowed to react with anti-phosphotyrosine PY-20, anti-FasL, anti-
Monoclonal anti-FasL and anti-Fas antibodies were purchased from Fas, or anti-p56lck and then with 125I-labeled affinity purified rabbit
Transduction Laboratories (Lexington, KY, USA). Human Jurkat T anti-mouse IgG or 125I-labeled affinity purified goat anti-rabbit IgG.
leukemia cells, human myeloid leukemia U937 cells, and murine Autoradiography was obtained after exposure at 0707C.
lymphoma BW5.1.4.7.G.1.4 cells were kindly supplied from Dr. Al-
bert A. Nordin (Gerontology Research Center, NIA/NIH, Baltimore,

RESULTS AND DISCUSSIONMD, USA), and murine lymphoid neoplasm P388D1 cells and murine
fibroblast NIH3T3 cells were from American Type Culture Collection

Cytotoxic activity of aburatubolactam C. Aburatu-(Rockville, MD, USA). Jurkat and U937 were maintained in RPMI
1640 (Life Technologies, Gaithersburg, MD, USA) containing 10% bolactam C is a natural product that has been isolated
FBS (UBI, Lake placid, NY, USA), 20 mM HEPES (pH 7.0), 5 x 1005

from the culture broth of a marine Streptomyces sp. as
M b-MeOH, and 100 mg/ml gentamycin. The culture medium used a novel inhibitor of superoxide anionic generation infor BW5147.G.1.4, P388D1 and NIH3T3 was Dulbecco’s Modified

human neutrophils (29). Aburatubolactam C is a newEagles Medium (Life Technologies, Gaithersburg, MD, USA) supple-
lactam compound and the molecular formula is de-mented with 10% FBS, 20 mM HEPES (pH 7.0), 1 mM sodium py-

ruvate, 5 x 1005 M b-MeOH, and 100 mg/ml gentamycin. duced to be C30H40N2O5 with molecular mass of 508
Da (Fig. 1). Aburatubolactam C is cytotoxic for variousCytotoxicity assay. The cytotoxic effect of aburatubolactam C on

Jurkat T cells was analyzed by either MTT assay reflecting the cell continuously proliferating tumor cell lines, and the IC50
viability or [3H]thymidine-incorporation assessing cellular replica- values determined by MTT assay appeared to be 1.9
tive capacity. For MTT assay, Jurkat T cells (105) were added to the

mg/ml for Jurkat T cells, 1.2 mg/ml for U937 cells, 0.3serial dilution of aburatubolactam C in 96-well plates. At the various
mg/ml for BW5.1.4.7.G.1.4 cells, 0.3 mg/ml for P388D1times after incubation, 50 ml of MTT solution (1.1 mg/ml) was added

to each well and incubated for an additional 2 hr. To determine IC50 cells, and 7.9 mg/ml for NIH3T3 cells.
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to be a critical response to aburatubolactam C, it
was highly likely that elucidation of the cellular
mechanisms underlying aburatubolactam C-induced
apoptosis is essential not only to determine its potency
as an antineoplastic agent but also to understand the
mechanism regulating drug-induced apoptosis. Evi-
dence that autocrine and/or paracrine activation of Fas
signaling caused by the upregulation of FasL and Fas
expression as a mechanism for chemotherapeutic drug-
induced apoptosis has been accumulated (31). In order
to investigate whether upregulation of FasL and Fas
expression is involved as an underlying mechanism
that accounts for aburatubolactam C-induced apoptosis
in Jurkat T cells, kinetic expression of FasL and Fas
was analyzed by Western blotting. As shown in Fig. 3,
both FasL and Fas protein were detected at low levels
in untreated Jurkat T cells. After the cells were treated
with 3 mg of aburatubolactam C, an increase in the
protein level of FasL and Fas was first detected by 3
hr and increased progressively until at least 8 hr. These
results indicate that apoptosis mediated by aburatubo-
lactam C in Jurkat T cells correlates with upregulation
of FasL as well as Fas expression and subsequent acti-
vation of Fas death signal.

Induction of tyrosine phosphorylation of cellular pro-
teins by aburatubolactam C. It is generally accepted
that protein tyrosine kinase activation is an early sig-

FIG. 2. Effect of aburatubolactam C on [3H]thymidine-incorporation nal in Fas-induced apoptosis, because Fas ligation rap-
and cell viability (A), as well as apoptotic DNA fragmentation (B) in idly induces the tyrosine phosphorylation of multiple
Jurkat T cells. Continuously growing Jurkat T cells (105) were incubated cellular proteins (25). In addition, the possible involve-with 3 mg/ml of aburatubolactam C in 96-well plate. For the indicated

ment of a src-family protein tyrosine kinase p59fyn hastime the cells were processed to assess either the incorporation of [3H]-
been suggested in Fas-mediated apoptosis in T cellsthymidine as an index of proliferation or the colored formazan crystal

produced from MTT as an index of cell viability. Equivalent cultures (28). Based on these previous data, we decided to exam-
were prepared and the cells were collected at the indicated times to ine whether an increase in the tyrosine phosphoryla-
analyze apoptotic DNA fragmentation by NP-40 lysis method using 2% tion of cellular proteins is accompanied with aburatu-agarose gel electrophoresis as described in Materials and Methods.

bolactam C-induced apoptosis in Jurkat T cells. When
the kinetic analysis of cellular proteins derived from
Jurkat T cells treated with 3 mg/ml of aburatubolactamTo understand the mechanisms underlying the cyto-

toxicity, the effect of aburatubolactam C on Jurkat T cells
was investigated. When cells were treated with aburatu-
bolactam C at a concentration of 3 mg/ml, [3H]thymidine-
incorporation rapidly declined and only 17% of the prolif-
erative capacity remained at 7 hr and was completely
abrogated by 14 hr. Cell viability determined by MTT
assay was sustained to the level of 65% in 7 hr and de-
clined to a minimal level in 24 hr (Fig. 2A). Under these
conditions, apoptotic DNA fragmentation was detectable
by 3 hr and continuously increased time-dependently

FIG. 3. Upregulation in the protein level of FasL in Jurkat T(Fig. 2B). These results demonstrate that aburatubolac-
cells after aburatubolactam C treatment. The cells (6-8 x106) weretam C is able to rapidly inhibit the incorporation of [3H]-
incubated at a concentration of 1 x 106/ml with 3 mg/ml of aburatubo-thymidine under conditions that cell viability is main- lactam C for the indicated times and prepared for the cell lysates.

tained, and suggest that the cytotoxic effect of aburatubo- Equivalent amounts of cell lysate (100 mg) were electrophoresed on
lactam C is attributable to the induced apoptotic DNA 8-16% SDS gradient polyacrylamide gels and electrotransferred to

Immobilon-P. The membrane was probed with anti-FasL (A) andfragmentation.
anti-Fas (B), and then with 125I-labeled affinity-purified rabbit anti-

Upregulation of FasL by aburatubolactam C. Since mouse IgG. The protein FasL and Fas were visualized by autoradiog-
raphy after exposure at 0707C.induction of apoptotic death in Jurkat T cells appeared
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tectable by Western blot analysis. Previously it was
reported that ligand binding to either TCR or IL-2R
alters the phosphorylation state of p56lck, resulting in
a change in electrophoretic mobility from p56lck to
p60lck on polyacrylamide gels, and that the IL-2-in-
duced appearance of p60lck form was preceded by a
rapid and significant activation of p56lck (32-34). As
shown in Fig. 4B, a characteristic shift in p56lck mobil-
ity was detectable in 30 min and sustained until 8 hr
after addition of aburatubolactam C, indicating that
p56lck was rapidly activated well before the significant
increase in tyrosine phosphorylation of the cellular pro-
teins. These results suggest that a potential candidate
for the tyrosine protein kinase involved in the early
stage of aburatubolactam C-induced apoptosis may be
the src-related p56lck, and that a rapid activation of
p56lck and subsequent change in electrophoretic mobil-FIG. 4. Kinetic analysis of the tyrosine phosphorylation of the
ity may be required for the upregulation of FasL andcellular protein (A), and electrophoretic mobility shift of p56lck to
Fas expression in Jurkat T cells after treatment ofp60lck (B) in human Jurkat T cells following addition of aburatubolac-

tam C. The cells were incubated with 3 mg/ml of aburatubolactam C aburatubolactam C.
for the indicated times. For each time point an equivalent amount

Effect of genistein on aburatubolactam C-inducedof cell lysate (100 mg) was electrophoresed on 8-16% SDS gradient
apoptosis. The effect of genistein, a known protein ty-polyacrylamide gels and electrotransferred to Immobilon-P. The tyro-

sine-phosphorylated protein and p56lck were detected by probing with rosine kinase inhibitor (35), on aburatubolactam C-in-
anti-phosphotyrosine antibody PY-20 and rabbit antiserum to p56lck, duced cellular changes and apoptosis in Jurkat T cells
and then with 125I-labeled affinity-purified rabbit anti-mouse IgG or was investigated in order to elucidate further the re-125I-labeled affinity-purified goat anti-mouse IgG. Autoradiography

quirement of protein tyrosine kinase activation in thewas obtained after exposure at 0707C.
aburatubolactam C-induced upregulation of FasL ex-
pression accompanying apoptosis. The induced apop-
totic DNA fragmentation by aburatubolactam was sig-

C was performed by anti-phosphotyrosine immunoblot- nificantly inhibited in the presence of 200 mM of
ting, a significant increase of tyrosine phosphorylation genistein (Fig. 5). The effect of genistein was also exam-
of several cellular proteins ranging in molecular mass ined on aburatubolactam C-induced tyrosine phosphor-
from 32 to 120 kDa was detected at 5 hr and a maximal ylation of cellular proteins and alteration in electropho-
level was attained within 7 hr (Fig. 4A). The time- retic mobility of p56lck. As shown in Fig. 6A, there was
dependency of tyrosine phosphorylation of multiple cel- no detectable increase in tyrosine phosphorylation of
lular proteins in Jurkat T cells after addition of abura- cellular proteins in the presence of 200 mM of genistein.
tubolactam C appeared to be consistent with that of Under these conditions, upregulation of FasL expres-
induced apoptotic DNA fragmentation as well as en-
hanced expression of FasL (Figs. 2B and 3A). These
results suggest that an increased level of tyrosine phos-
phorylation of multiple cellular proteins accompanied
with aburatubolactam C-induced apoptosis in Jurkat
T cells is due to protein tyrosine kinase activation that
occurs proximal to induction of Fas signal transduction
through upregulation of FasL expression.

Although p56lck kinase activation is known to be a
proximal signaling event dependent on the presence
of CD45 tyrosine phosphatase for T-cell activation
through TCR stimulation and triggers several signal-
ing pathways that drive induction of cytokine gene ex-
pression and clonal expansion, it has been also reported
that p56lck kinase is required for FasL expression and

FIG. 5. Inhibitory effect of genistein on aburatubolactam C-in-thus induction of apoptotic death in response to anti-
duced apoptotic DNA fragmentation in Jurkat T cells. The cells wereCD3 (26). To investigate the involvement of p56lck in
treated with 200 mM of genistein for 1 hr prior to the incubationupregulation of FasL expression upon aburatubolac- with 3 mg/ml of aburatubolactam C for 5 hr, and then processed to

tam C-treatment, alteration of p56lck was investigated analyze the apoptotic DNA fragmentation as described in Materials
and Methods.based on electrophoretic mobility shift that can be de-
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important role in mediating signals downstream from
TCR/CD3 and IL-2 receptor signaling pathway (32-34).
Investigations of cellular signaling pathway underly-
ing upregulation of FasL expression in Jurkat T cells
following aburatubolactam C-treatment is currently
being undertaken.
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