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1. ABSTRACT

2. INTRODUCTION

Modulation of ara-C-induced apoptosis in human
leukemia cells by the macrocyclic lactone PKC activator
bryostatin 1 occurs at multiple levels, and involves a
variety of oncogenes and signalling pathways. Under some
circumstances, bryostatin 1 may lead to enhanced
conversion of ara-C to its lethal metabolite, ara-CTP.
However, bryostatin 1 is able to potentiate ara-C-mediated
cytotoxicity in the absence of metabolic perturbations,
presumably by modulating the cell death pathway itself.
For example, chronic exposure of cells to bryostatin 1
leads to PKC down-regulation, which may alter the
balance between survival (e.g., ERK) versus stress (e.g.,
SAPK/JNK)-related pathways. The ability of bryostatin 1
to enhance ara-C-mediated apoptosis is inversely related to
its capacity to induce leukemic cell maturation and may
involve the failure to down-regulate expression of the cell
cycle progression-related proto-oncogene, c-myc. Finally,
recent evidence suggests that bryostatin 1 may act, through
modification of Bcl-2 phosphorylation status, at a distal
site in the cell death pathway. These studies could provide
a paradigm important for understanding the mechanism(s)
by which agents acting through signal transduction
pathways modulate cytotoxic drug-induced cell death.

The last decade has witnessed a significant
increase in interest in a sequence of events referred to as
programmed cell death, or apoptosis. Apoptosis is known
to play an important role in various aspects of cell biology,
including development, immunology, and senescence,
among many others. It represents an active, energydependent process in which a cell commits itself to an
organized program of self-destruction (1). An important
characteristic of apoptosis is that it can be regulated, at
least in its initial stages, by a variety of genes whose
products govern the activity of diverse cellular signal
transduction pathways. As a consequence of this
relationship, the cell death pathway is susceptible to
pharmacologic manuipulation capable either of promoting
or antagonizing cellular survival.
Apoptosis has particular relevance for cancer
treatment, particularly that involving hematologic
malignancies. Hematopoietic cells have long been known
to undergo a classic apoptotic form of cell death when
subjected to adverse conditions, such as growth factor
deprivation (2). In contrast, tumors of epithelial cell origin
tend to be relatively resistant to apoptosis, at least in its
classic form (3). In leukemic cells, a very wide range of
antineoplastic agents, acting by a variety of mechanisms,
induce apoptosis in vitro (4). The potential importance of
this phenomenon has been underscored by the
identification of apoptotic cells in the peripheral blood of
leukemic patients receiving cytotoxic chemotherapy (5).
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The concept of modulation of drug-induced
apoptosis in leukemia has a precedent in what has been
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activity of this enzyme in ara-C-treated leukemic cells
(19). Since PKC serves to oppose apoptosis in
hematopoietic cells (20), elevations in DAG activity could
theoretically antagonize ara-C-mediated cell killing.
Treatment of leukemic cells also leads to the generation of
ceramide (21), which is known to be a strong inducer of
apoptosis in multiple cell lines (22,23). Thus, the lethal
actions of ara-C may be regulated by its net effect on proversus anti-apoptotic lipid messengers.

referred to as biochemical modulation. In biochemical
modulation, antineoplastic agents are combined in such a
way as to maximize drug metabolism and achieve
antitumor synergy. A classical example is the combination
of an inhibitor of de novo pyrimidine biosynthesis with a
nucleoside analog i.e., thymidine and 1- -Darabinofuranosylcytosine (ara-C) (6). While similar in
some respects to this approach, the strategy of modulating
apoptosis has a fundamentally different basis. Thus,
instead of augmenting the metabolism of the target drug,
the modulating agent would act primarily to lower the
threshold of the apoptotic process itself. Recentlly, interest
in the development of such modulating agents has focused
on the calcium- and lipid-dependent serine/threonine
kinase, protein kinase C (PKC) (7). A prototypical
example of this strategy has been the combination of the
PKC activator bryostatin 1 and ara-C, which has been
shown to exert schedule-dependent antileukemic
synergism in several leukemic cell systems (8,9). The
purpose of this review is to summarize what is known
about the interaction between these agents, and to
speculate about the basis for their synergism in light of
existing knowledge. Such information could provide a
rationale for the development of an entirely novel strategy
for the treatment of leukemia and perhaps other
hematologic and non-hemtological malignancies.

Resistance of leukemic cells to ara-C, as in the
case of virtually all antineoplastic drugs, may occur at two
distinct levels. The first level is drug-specific, and
involves alterations in drug metabolism or interaction with
cellular targets. In the case of ara-C, resistance has been
correlated with decreased transport (24), diminished
activity of deoxycytidine kinase (25), increased activity of
cytidine deaminase (26), increased rates of ara-CTP
dephosphorylation (27), increased intracellular levels of
dCTP (28), and reduced incorporation of ara-C into DNA
(29). However, resistance to ara-C can also result from a
generalized reduction in the susceptibility of cells to an
apoptotic cell death. For example, increased leukemic cell
expression of the proto-oncogene bcl-2 confers resistance
to a broad range of cytotoxic drugs, including ara-C (30).
Cells expressing increased levels of the Bcl-2 protein are
less susceptible to ara-C-related activation of proteases
involved in the degradation phase of apoptosis,
particularly the Yama protease (CPP32) (31,32).
Diminished sensitivity of Bcl-2-overexpressing cells to
ara-C-mediated lethality occurs in the absence of
alterations in ara-C metabolism or the degree of DNA
damage (33), supporting the notion that resistance stems
from a distal defect in the cell death pathway.

3. ARA-C
The deoxycytidine analog ara-C is among the
most effective agents used in the treatment of acute
leukemia in man (10). It is transported across the cell
membrane by facilitated nucleoside diffusion (11), and
converted to its nucleoside monophosphate derivative, araCMP, by the pyrimidine salvage pathway enzyme,
deoxycytidine kinase. This process represents the rate
limiting step in ara-C metabolism (12), and has been
reported to involve, at least in in vitro systems,
participation of the PKC α isoform (13). The metabolism
of ara-C and its derivatives are opposed by degradative
enzymes such as cytidine deaminase and deoxycytidylate
deaminase, which convert them to inactive ara-U
catabolites (14). ara-C is ultimately converted to ara-CTP,
which is an inhibitor of DNA polymerase α and β (15),
and is also incorporated into elongating strands, thereby
interfering with chain elongation and inducing premature
chain termination (16). The lethal actions of ara-C
correlate closely with its incorporation into DNA (17), and
the bulk of evidence suggests that it is this phenomenon,
rather than inhibition of DNA polymerase, that leads to
cell death.

4. BRYOSTATIN 1
Bryostatin 1 is a macrocyclic lactone derived
from the marine organism Bugula neritina (34). It was
initially identified in the NCI's marine product discovery
program, and was found to have activity against a variety
of hematopoietic and non-hematopoietic tumor cells both
in vitro and in vivo (35-38). Based upon this activity,
several phase I trials of bryostatin 1 in humans have been
completed (39-41), and phase II trials are currently
underway.
Bryostatin 1 shares several features with tumorpromoting phorbols such as phorbol 12-myristate 13acetate (PMA) in that it binds to and activates protein
kinase C, thereby inducing enzyme translocation to
membrane and nucleus (42). The actions of bryostatin 1,
like those of PMA, are synergistically enhanced by agents
like calcium ionophore (A23187) which increase the
availability of intracellular calcium ((Ca2+)i) (43). In this
way, A23187 mimics activation of phospholipase C, which
results in generation of IP3 and liberation of (Ca2+)i.
However, bryostatin 1 exhibits a different spectrum of
activity from the phorbols, and in fact blocks certain

The metabolism of ara-C is also linked to
perturbations in levels of intracellular lipid messengers
that regulate apoptosis. For example, conversion of araCTP to ara-CDP involves a reversal of the
cholinephosphotransferase reaction, which leads to the
generation of diacylglyceride (DAG) (18). DAG is a potent
activator of PKC, which may explain reported increases in

243

Modulation of ara-C-induced by bryostatin 1

Subsequent studies were conducted to determine
if bryostatin 1 might increase ara-C-related inhibitory
effects by potentiating drug metabolism. In primary
leukemic blast samples, bryostatin 1 exerted a
heterogeneous effect on ara-CTP formation, although
significant increases in ara-C activation were noted in a
subset of samples (64). In the human leukemic cell line
HL-60, pretreatment of cells with 10 nM bryostatin 1 for
24 hr increased the formation of ara-CTP after a 6-hr
exposure to 10 µM ara-C, but only when cells were
cultured under plateau phase conditions (cell density 106
cells/ml) (65). In contrast, under log phase conditions (cell
density 5 x 105 cells/ml), no potentiation was observed.
A possible explanation for these findings is that cell cyclerelated changes in plateau phase cells (i.e., decrease in the
S-phase fraction) or exhaustion of nutrients leads to
reduction in activity of deoxycytidine kinase activity, the
enzyme catalyzing the rate-limiting step in ara-C
metabolism. Under these circumstances, adminstration of
bryostatin 1 may provide a signal that prevents the
accompanying inhibition of ara-C phosphorylation. It may
also be relevant that the initial phosphorylation step in
ara-C metabolism has been found to be dependent upon
PKC, at least under in vitro conditions (18).

phorbol-associated actions that it does not share, including
tumor promotion (44) and induction of leukemic cell
differentiation (45). The unique characteristics of
bryostatin 1 may stem from specific patterns of PKC
isoform activation (46) or nuclear translocation (47).
Alternatively, they may result from bryostatin 1's capacity
to induce profound PKC down-regulation (48), a
consequence of enzyme ubiquitinization and proteasomal
degradation (49).
Bryostatin 1 has been shown to exert pleiotropic
effects on leukemic cell differentiation. For example,
bryostatin 1 induces maturation in some human
promyelocytic leukemic (HL-60) sublines, but not others
(50,51). Bryostatin 1 may also trigger a differentiation
program in the human monocytic leukemia cell line U937,
but its actions are considerably weaker than those of PMA
(52). Against primary human leukemic cell cultures,
bryostatin 1 inhibits both clonogenicity and self-renewal
capacity (53,54). In contrast to inhibitory effects toward
leukemic cells, bryostatin 1 stimulates the in vitro growth
of normal hematopoietic progenitors (55,56), although
accessory cell actions have been invoked to account for
this effect (57). The basis for bryostatin 1's antileukemic
selectivity remains to be established.

5.2 Signalling interactions
Further insights into the mechanism by which
bryostatin 1 might modulate cellular susceptibility to ara-C
arose from studies in logarithmically growing HL-60 cells.
It was found that in such cells, pretreatment with 10 nM
bryostatin 1 for 24 hr (and, to a lesser extent, phorbol
dibutyrate) significantly increased the degree of DNA
fragmentation and induction of apoptotic morphologic
changes resulting from a 6-hr exposure to 10 µM ara-C
(66,67). These effects correlated with the extent of PKC
down-regulation, suggesting that one of the mechanisms
by which such agents might potentiate drug-mediated
lethality involves overcoming the protective effect of PKC.
Support for this concept was provided by the observations
that (1) acute exposure to bryostatin 1, which was
associated with an increase in PKC activity, opposed araC-mediated apoptosis; and (2) increases in PKC activity
induced
by
membrane-permeable
synthetic
diacylglycerides (e.g., diC8) or phospholipase C opposed
ara-C-related apoptosis (67). Additional evidence that
PKC opposes apoptotic events is provided by the
observations that tumor-promoting phorbol esters (e.g.,
PMA) oppose drug-induced apoptosis in hematopoietic
cells (68), and that PKC inhibitors induce leukemic cell
apoptosis (69) and faciliate drug-induced cell death (70).
Thus, the ability of ara-C to trigger leukemic cell
apoptosis may be enhanced by two separate but related
mechanisms: direct inhibition by PKC inhibitors, and
down-regulation by chronic exposure to PKC activators
such as bryostatin 1. Although the mechanism by which
PKC activity promotes cell survival is unknown, it may be
related to perturbations in the level of activity of opposing
cell signalling pathways. For example, exposure of cells to
ionizing radiation, TNF, and chemotherapeutic agents

5. BRYOSTATIN 1/ARA-C INTERACTIONS
5.1. Biochemical interactions
Initial studies examining the interaction between
bryostatin 1 and ara-C were prompted by the discoveries
that both bryostatin 1 (54) and ara-C (58) are highly
inhibitory to leukemic cell self-renewal capacity, a
biological determinant that correlates closely with clinical
outcome in patients with acute leukemic (59). In addition,
an accumulating body of evidence indicates that
administration of DNA-damaging drugs in conjunction
with differentiation-inducing agents often leads, in a
sequence-dependent manner, to potentiation of cell death
(60-63). Consequently, it is reasonable to propose that the
combination of these agents might exhibit even greater
antileukemic activity.
Initial empiric studies employing primary
cultures of human AML cells did in fact demonstrate that
pretreatment of cells with bryostatin 1 (10 nM; 24 hr),
with or without the hematopoietic growth factor rGMCSF, followed by ara-C resulted in a marked reduction in
primary colony formation (L-CFU) (54). In addition, such
combinations virtually abrogated the self-renewal ability
of these cells (PE-2 capacity). Interestingly, the same drug
exposures were considerably less inhibitory toward the in
vitro growth of normal committed (CFU-GM) and early
(HPP-CFU) hematopoietic progenitor cells (54). This
suggests that the antileukemic selectivity of bryostatin 1,
administered as a single agent, may also apply to its
modulatory effects toward cytoxic drugs.
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potentiation of cell death (82-84). The mechanism
underlying this phenomenon is unknown, but has been
postulated to stem from differentiation-related inhibition
of DNA repair (84). Studies in an HL-60 cell line
essentially immune to bryostatin 1's differentiationinducing actions demonstrated that exposure of cells to
bryostatin 1 after ara-C failed to enhance apoptosis (65).
In contrast, in the monocytic leukemic cell line U937,
which is weakly differentiation-responsive to bryostatin 1
(52), pretreatment with bryostatin 1 failed to increase araC-related apoptosis, whereas exposure to ara-C followed
by bryostatin 1 did lead to a significant increase in cell
death (85). The sequence-dependent nature of the
bryostatin 1-ara-C interactions raises the possibility that
factors other than, or in addition to, biochemical
perturbations (e.g., cell cycle-related events) may
contribute to the observed enhancement of apoptosis.

leads to activation of stress-activated protein kinases
(SAPK/JNK; p46/p54)(71), whereas survival signals are
associated with activation of extracellular receptor kinaserelated pathways (EFK/MAPK/p42/p44) (72). PKC
activity has recently been linked to activation of the latter
pathway through the generation of sphingosine-1phosphate (73). In view of evidence that cellular
susceptibility to apoptosis may depend upon the net
balance between stress- versus survival-related signalling
pathways (74), it is conceivable that a reduction in PKC
activity by bryostatin 1 favors a typical stress response
after ara-C exposure.
5.3. Differentiation and apoptosis
In leukemia cells, a complex relationship exists
between differentiation and apoptosis. Following exposure
to inducers of maturation such as retinoic acid and PMA,
leukemic cells undergo differentiation and ultimately die
an apoptotic death, primarily as a late event. (75,76). On
the other hand, induction of leukemic cell maturation (e.g.,
by PMA) can reduce their susceptibility to induction of
apoptosis by agents such as VP-16 (77). In addition,
leukemic cells exhibiting dysregulation of PKC respond to
PMA by undergoing apoptosis rather than maturation (78).
Based upon such evidence, it has been postulated that
apoptosis represents an alternative pathway for cells
unable to engage a normal differentiation program (79).

5.5. Role of c-Myc
The proto-oncogene c-Myc, encodes a protein (cMYC) intimately involved in cell cycle progression and
differentiation (86). A recent study has identified the
phosphatase cdc25 as a potentially important down-stream
target of c-myc (87). Bryostatin 1 induces c-myc downregulation in human leukemic cells susceptible to
maturation induction (50,88), whereas it fails to reduce cmyc expression in cells unresponsive to its differentiating
actions (50,88). Furthermore, inappropriate expression of
c-myc has been linked to induction of apoptosis under
certain adverse conditions (e.g., growth factor deprivation)
(89). These observations raise the possibility that the
inability of bryostatin 1 to induce c-myc down-regulation
may contribute to its capacity to promote ara-C-related
apoptosis.
To
test
this
possibility,
antisense
oligodeoxyribonucleotides (AS-ODN) directed against cmyc were employed to reduce c-MYC expression in
bryostatin 1-treated cells, and to determine what effect this
might have on ara-C-related apoptosis. It was found that a
reduction in levels of c-MYC had no effect on ara-Crelated apoptosis itself, but abrogated the ability of
bryostatin 1 to potentiate ara-C-induced cell death (90).
These findings support the notion that the failure of
bryostatin 1 to reduce expression of c-MYC contributes to
its modulatory effects on ara-C-related apoptosis.

These considerations have implications for
attempts to understand the interaction between bryostatin
1 and ara-C. For example, in HL-60 cells immune to
bryostatin
1's
differentiation-inducing
actions,
pretreatment with bryostatin 1 potentiates ara-C-induced
apoptosis (65). It has recently been shown that coadministration of A23187 with bryostatin 1 partially
restores the ability of HL-60 cells to undergo
differentiation (80). Interestingly, when A23187 was
combined with bryostatin 1, it abrogated bryostatin 1related potentiation of ara-C-mediated apoptosis. Coadministration of the organotellurium compound AS101
also enhanced induction of HL-60 cell differentiation by
bryostatin 1, although its effects were weaker than those of
A23187 (81). The combination of bryostatin 1 and AS101
also failed to potentiate ara-C-induced apoptosis. These
findings suggest that a reciprocal relationship exists
between bryostatin 1-induced maturation and potentiation
of apoptosis, in that interventions that restore bryostatin
1's capacity to induce differentiation prevent potentiation
of cell death. It is important to note that while A23187 and
AS101 reduced the ability of bryostatin 1 to augment araC-induced apoptosis, they resulted in a further decline in
clonogenicity (80,81). This suggests that differentiation
and apoptosis represent alternative pathways by which
leukemic cell self-renewal capacity may be inhibited.

5.6.Involvement of Bcl-2
Bcl-2 represents a member of a family of
proteins that reciprocally regulate cell death (91). Antiapoptotic proteins include Bcl-2, Bcl-xL, Mcl-1, and A1;
pro-apoptotic proteins include Bax, Bad, Bak, and Bcl-xs,
among others (92). Bcl-2 homodimerizes with itself, and
also forms heterodimers with Bax, which has the net effect
of antagonzing Bax-induced cell death (93). Increased
expression of Bcl-2 (and Bcl-xL) protects leukemic cells
from a wide variety of cytotoxic agents, including ara-C
(30). One of the actions of these anti-apoptotic proteins
appears to be to prevent activation of the protease cascade
involved in the regulation of apoptosis (94). Chief among
these is the Yama protease (CPP32), whose substrates

5.4.Sequence-dependent interactions
It has been shown by several investigators that
exposure of leukemic cells to DNA damaging agents
followed by a differentiation-inducing stimulus leads to
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acid or dexamethasone (101,102). In fact, potentiation of
ara-C-mediated apoptosis in human myeloid leukemia
cells by differentiation-inducing stimuli has been
attributed to Bcl-2 down-regulation (102). In addition,
induction of maturation in lymphoid leukemia cells by
bryostatin 1 has also been reported to result in decreased
expression of Bcl-2 (103). In the human promyelocytic
leukemia (HL-60) cell however, bryostatin 1 does not
down-regulate Bcl-2 expression, at least over an initial 24hr period, nor does it increase expression of Bax (104).
Instead, bryostatin 1 up-regulates expression of the antiapoptotic protein, Mcl-1. This suggests that the ability of
bryostatin 1 to facilitate ara-C-related apoptosis in these
cells involves factors other than a reduction in expression
of the Bcl-2 protein.
Recently, phosphorylation of Bcl-2 and related
proteins (e.g., BAD) has been proposed as a posttranslational mechanism by which cell death may be
regulated (105). For example, exposure of cells to taxol
and other microtubule-active agents has been associated
with Bcl-2 phosphorylation (106), and this event has been
postulated to contribute to the induction of cell death
(107). In the case of prostate cancer cells, taxol-associated
phosphorylation of Bcl-2 is accompanied by reduced
heterodimerization with Bax, providing a possible
mechanism by which cell death may be facilitated (108).
Interestingly, bryostatin 1 has been shown to induce
phosphorylation of Bcl-2 in 32D hemtoapoieitic cells,
although this phenomenon was associated with resistance
to growth factor-induced apoptosis (109). In contrast,
treatment with bryostatin 1 effectively restores the ability
of ara-C to induce apoptosis in HL-60/Bcl-2
overexpressing cells to wild-type levels, an event
associated with Bcl-2 phosphorylation (110). In addition,
bryostatin 1 administration prevented Bcl-2 from blocking
ara-C-mediated CPP32 activation and PARP cleavage. The
differential effect of bryostatin 1 on apoptosis in these two
systems may stem from (1) divergent effects in normal
versus neoplastic cells; (2) different cell death-inducing
stimuli (e.g., growth factor deprivation versus exposure to
a cytotoxic agent); (3) phosphorylation site-specific events;
or a combination of these factors. In any event, these
findings suggest that post-translational modifications of
Bcl-2 induced by bryostatin 1 may contribute to the ability
of this agent to potentiate drug-induced apoptosis in
leukemia.

Figure 1 Summary of potential interactions between
bryostatin 1 (Bry) and ara-C in relation to leukemic cell
death. (1) Under some circumstances, bryostatin 1 may
augment ara-C conversion to ara-CTP; (2) Chronic
exposure to bryostatin 1 down-regulates PKC activity,
thereby reducing its presumed cytoprotective effects; (3)
Bryostatin 1 may phosphorylate Bcl-2, potentially
antagonizing its anti-apoptotic actions; (4) Bryostatin 1
may augment ara-C's lethal actions by permitting
continued expression of c-Myc; (5) Induction of leukemic
cell differentiation in susceptible cells by bryostatin 1
prior to ara-C administration precludes potentiation of
apoptosis; (6) In contrast, induction of differentiation by
bryostatin 1 after ara-C promotes this process.
include
nuclear
lamin
and
poly(ADP-ribosyl)
polymerase(95). Thus, overexpression of Bcl-2 in human
leukemia cells (HL-60) has been shown to prevent ara-Cmediated Yama activation and PARP degradation (96). It
is noteworthy that the mitochondrial protein cytochrome c
serves as a cofactor for Yama activation (97), and that Bcl2 blocks translocation of cytochrome c from mitochondria
to cytosol in response to various apoptotic stimuli (98). In
view of similarities in structure between Bcl-2/Bcl-xL and
certain bacterial pore-forming proteins (99), it is tempting
to postulate that Bcl-2 and Bcl-xL act to block
mitochondrial channels permitting cytosolic redistribution
of cytochrome c, thereby preventing activation of the
apoptotic protease cascade.

6. FUTURE DIRECTIONS
The completion of phase I trials of bryostatin 1
(39-41) has set the stage for the development of successor
studies in which bryostatin 1 and related compounds will
be combined with other agents, based upon their ability to
facilitate apoptosis. For example, the PKC inhibitor
safingol has recently been reported to enhance mitomycin
C-induced apoptosis in gastric cancer cells (111). This
suggests that interruption of the PKC pathway, either by
down-regulation or direct inhibition, may promote

In hematopoietic cells, expression of Bcl-2 is
linked to differentiation state. For example, as myeloid
hematopoietic cells mature, expression of Bcl-2 declines
(100). This phenomenon may account for apoptosis
occurring in leukemic cells undergoing maturation in
response to differentiation-inducing agents such as retinoic
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apoptosis in tumors of epithelial cell origin, and in
response to agents other than ara-C.

DNA strand breaks associated with apoptosis during
treatment of leukemias. Leukemia 7, 659-70 (1993).

7. PERSPECTIVES
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