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ABSTRACT. Didemnin B (DB) is one member of a class of natural cyclic depsipeptides that display potent
cytotoxicity in vitro. The detailed mechanism of action of DB is unknown, although it appears to involve the
inhibition of protein biosynthesis. Additional activities of DB have established DB as a rapid and potent inducer
of apoptosis in HL-60 cells. Our aim was to determine if the induction of apoptosis by DB is mediated through
inhibition of protein synthesis in MCF-7 human breast carcinoma cells. Apoptosis was observed only at = 100
nM DB, even though inhibition of protein synthesis occurred at much lower DB concentrations (1C5o = 12 nM).
DB-induced apoptosis was mediated by caspase activation, since cleavage of the caspase substrate poly(ADP-
ribose) polymerase was observed as early as 6 hr after DB exposure. Two additional protein synthesis inhibitors,
cycloheximide (CHX) and emetine (ET), failed to induce apoptosis at concentrations that completely inhibited
protein synthesis. Moreover, DB-induced apoptosis was enhanced only slightly by pre- and co-treatment with
CHX and ET. Thus, inhibition of protein synthesis alone was not sufficient to induce apoptosis in these cells.
As a measure of antiproliferative potential, DB (1-5 nM) inhibited the colony forming ability of MCF7 cells
regardless of pretreatment with CHX. In conclusion, additional effects of DB, independent of protein synthesis
inhibition, are proposed to account for its ability to induce apoptosis and prevent cell proliferation. BIOCHEM
PHARMACOL 58;6:1067-1074, 1999. © 1999 Elsevier Science Inc.
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The didemnins are potent antineoplastic and immunosup-
pressive natural products isolated from the sea [1, 2]. One of
the more potent didemnins, DB, displays cytotoxic effects
against tumor cells in vitro at concentrations between 1 and
50 nM [3-5]. Following promising results with DB in small
animal model studies [2, 6], DB was evaluated clinically as
an antitumor agent against several human cancers [7-22].
In phase II clinical trials, no significant therapeutic effect of
didemnin was observed in patients with ovarian or colorec-
tal cancer [8, 11, 14] or carcinoma of the breast [7] or cervix
[10], although a weak response was reported against glio-
blastoma [15]. Side-effects associated with the use of DB are
largely restricted to nausea and vomiting, although neuro-
muscular toxicity and mild hepatotoxicity were reported in
a small number of cases. Despite these results, the recent
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discovery of didemnins that are more potent than DB [5,
23-25] has renewed interest in these compounds as poten-
tially efficacious clinical agents, and dehydrodidemnin B
entered phase I human clinical trials in 1998 [26, 27].
However, appropriate use of these compounds would benefit
from a clearer understanding of their mechanism of action.

Studies over the past 15 years have investigated the
mechanism of action of didemnins, but currently there is
little known about the primary target or the mode of action
of didemnins in cells. Didemnins inhibit protein biosynthe-
sis in cells and in cell-free assays [4, 5, 28—31]. This effect
was originally proposed to be the primary mechanism of
action for these compounds because the concentration
dependence for inhibition of protein synthesis in L1210
cells matches closely the concentration dependence for
inhibition of cell growth [4, 6]. The identification of EF-1a
as a didemnin binding protein [32] and the delineation of a
mechanism for inhibition of protein synthesis in vitro [29]
lend support to this hypothesis, as do comparisons of
didemnin analogs as cytotoxic agents and as inhibitors of
macromolecule synthesis (Ahuja D and Toogood PL, un-
published results).

In contradiction to this hypothesis, discrepancies in the
concentration dependence for inhibition of protein synthe-
sis by didemnins and for other activities of these com-
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pounds argue that inhibition of protein biosynthesis may
not be entirely responsible for the cytotoxic and antipro-
liferative effects of didemnins. For example, DB inhibits
T-cell blastogenesis at picomolar concentrations, but must
be present in nanomolar concentrations to inhibit general
protein synthesis in the same cells [33]. Nordidemnin
inhibits myo-inositol uptake into WRK; cells at concentra-
tions well below those necessary to inhibit the production
of vasopressin receptors [34]. Moreover, inhibition of pro-
tein synthesis in vitro requires concentrations of didemnins
that are approximately three orders of magnitude higher
than are required to inhibit cell growth or to inhibit protein
synthesis in intact cells [29]. Consistent with this latter
observation, N-acetyldidemnin A binds relatively weakly
to the translation factor EF-1a (K; = 15 pM), which is
believed to mediate the effect of didemnins upon protein
synthesis in cell-free assays [32]. The discovery of a second
didemnin-binding protein has fueled further speculation
that protein synthesis may not be the most important target
of didemnins in cells [35].

A recent report that DB is a potent and rapid inducer of
apoptosis in HL-60 cells suggests that DB may be more
effective as an inducer of programmed cell death than as a
general cytotoxic agent [36]. However, previous studies
were performed with relatively high concentrations of the
peptide, which also would be expected to inhibit protein
synthesis completely. At these concentrations it is not
possible to distinguish between inhibition of protein bio-
synthesis and other mechanisms of action. Therefore, to
determine whether DB triggers apoptosis as a consequence
of its inhibition of protein synthesis or via a different
mechanism of action entirely, we examined the effect of
this drug upon cells from the MCF7 human breast carci-
noma cell line. This cell line is well characterized for
studying apoptosis [37, 38] and is known to be sensitive to
low concentrations of DB. We compared the potencies of
DB for the induction of apoptosis and for inhibition of
protein biosynthesis in these cells, and performed parallel
studies with other inhibitors of protein synthesis. From
these experiments it is clear that inhibition of protein
synthesis by DB is not sufficient, and may not be necessary,
for the initiation of programmed cell death in MCF7 cells.

MATERIALS AND METHODS
Cell Lines and Chemicals

The M1 subclone of MCF7 human breast carcinoma cells
has been described previously [38]. Cells were cultured
routinely in RPMI-1640 medium (GIBCO) supplemented
with 10% heat-inactivated (50°, 15 min) fetal bovine
serum (HyClone), L-glutamine (GIBCO), penicillin/strep-
tomycin (GIBCO), and MEM non-essential amino acids
(GIBCO). Cells were kept in a humidified 5% CO,
incubator at 37°. DB was provided by the Drug Synthesis
and Chemistry Branch of the Developmental Therapeutics
Program, Division of Cancer Treatment, National Cancer
Institute. CHX and ET (both obtained from Sigma) were

D. R. Beidler et al.

prepared as 10 mg/mL stock solutions in ethanol and
ddH,0O, respectively. zVAD-fmk (Enzyme Systems) was
prepared as a 10 mM stock solution in DMSQO. Aliquots of
drug stocks were stored at -20°. Pl was obtained from
Sigma. [*>S]Methionine (~1000 Ci/mmol) was purchased
from NEN.

Apoptosis Assay

Apoptosis was measured by the assessment of nuclear
morphology of Pl-stained cells as described previously [38].
Briefly, MCF7 cells were plated onto sterile glass coverslips
(Fisher Scientific 22 x 22 mm? No. 1) in 6-well plates at a
concentration of 2 X 10° cells/well. After drug exposure,
the medium was aspirated, and wells were washed briefly
with PBS. The coverslips were fixed in methanol at —20°
for 10 min followed by two washes with PBS. Coverslips
were incubated in PI (50 pg/mL, Sigma) in PBS for 5 min
at room temperature. After three washes with PBS, the
coverslips were mounted onto microscope slides using
Vectashield mounting medium (Vector Laboratories). PI-
stained nuclei were visualized by fluorescence microscopy
using a FITC range barrier filter cube. Apoptotic and
nonapoptotic nuclei were counted based on condensed
nuclear morphology. For each sample a minimum of 200
cells was counted to determine the percentage of apoptotic
cells present.

Protein Biosynthesis Assays

MCF7 cells in RPMI-1640 medium supplemented with
10% fetal bovine serum, l-glutamine, penicillin, and MEM
non-essential amino acids were seeded in 6-well plates at an
initial concentration of 4 X 10 cells/mL. After incubation
in a CO, atmosphere for 24 hr at 37°, the cells were washed
with PBS and resuspended in RPMI-1640 without methi-
onine (4 mL) supplemented as described above. The
appropriate inhibitor solution or carrier solvent as control
also was added at this time. Following incubation of the
cells for 1 hr, [*>S]methionine was added to each sample to
a final concentration of 9 nM. Incubation was continued
for 18 hr, and then the cells were washed with PBS and
precipitated with cold 10% trichloroacetic acid. The pre-
cipitate was redissolved in 0.2 M NaOH at room tempera-
ture, and aliquots were removed for scintillation counting
to determine the extent of methionine incorporation.

To examine the reversibility of protein synthesis inhibi-
tion, MCF7 cells were seeded in 6-well plates as described
above. To plate A was added 4 mL/well of supplemented
RPMI-1640 medium without methionine; to plates B and C
was added 4 mL/well of supplemented RPMI-1640 medium
with methionine. Inhibitor solutions (or EtOH for con-
trols) were added to the culture medium in all three plates.
Following incubation of plate A at 37° for 1 hr, 4 uL of
[>>Slmethionine (1175 Ci/mmol; final concentration 9
nM) was added to each well. All three plates then were
incubated at 37° for 2 hr (or 18 hr). At the end of this time,
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the cells in plate A were assayed for the incorporation of
3S-label as described above. This plate was used to estab-
lish the extent of protein synthesis inhibition following a
2-hr (or 18-hr) incubation with drug. The drug-containing
medium from plates B and C was aspirated, and the cells
were washed with PBS (4 mL/well). Drug-free RPMI-1640
without methionine plus 4 pL of [*’S]methionine was
added to each well in these plates. Plate B then was
incubated at 37° for 1 hr, and the amount of >’S-label
incorporated into cells was determined as before. Similarly,
plate C was incubated at 37° for 18 hr, and the amount of
¥S-label incorporated into cells was determined.

PARP Western Blot Analysis

For the analysis of PARP cleavage, 6 X 10° cells were
plated onto 60-mm? dishes in drug-free medium. After drug
exposure, cells were harvested by scraping, washed with
ice-cold PBS, and lysed in 0.5 mL of a urea lysis buffer (6 M
urea, 50 mM Tris pH 6.8, 6% 2-mercaptoethanol, 3% SDS,
and 0.003% bromophenol blue). Whole cell lysates were
sonicated for 40 sec on ice and heated to 95° for 8 min
before 45-uL samples were loaded onto 7.5% SDS-PAGE
gels. The proteins were transferred to nitrocellulose mem-
branes, and immunoblotting was performed as described
previously [37]. The anti-PARP monoclonal antibody (En-
zyme Systems) was used at a dilution of 1:10,000, and the
secondary antibody (anti-mouse Ig/horseradish peroxidase,
Pierce) was used at a dilution of 1:4000. The peroxidase
signal was visualized by chemiluminescence (Pierce).

Colony Forming Assays

To quantitate the effects of DB on colony forming ability,
dilutions of 750, 250, and 100 cells per well were plated
onto 6-well plates and further incubated for 18 hr. Test
compounds were added to each of the wells, and incubation
was continued for 18 hr. The medium was aspirated, and
the wells were washed in drug-free medium for 1 hr
followed by a 10-day incubation in drug-free medium to
allow colony formation. At the end of this incubation,
medium was aspirated, and the cells were fixed and stained
by the addition of 0.5% methylene blue in 50% ethanol for
45 min at room temperature. The 6-well plates were washed
gently with water and allowed to air-dry. Visible colonies
were counted to determine the percent colony formation of
plated cells for each drug treatment. Colony formation
percentages for each drug treatment were compared with
percentage values of untreated controls.

RESULTS
Induction of Apoptosis and Inhibition of Protein
Synthesis by DB

To determine if DB induced apoptosis in MCF7 cells, a
quantitative apoptosis assay was performed involving visual
analysis of nuclear condensation in DB-treated and un-
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FIG. 1. Concentration—response profile of DB-induced apopto-
sis and protein synthesis inhibition in MCF7 cells. (A) Apopto-
sis. MCF7 cells were cultured in the presence of the indicated
DB concentrations for 18 hr followed by quantitation of apo-
ptosis as described in Materials and Methods. (B) Protein
synthesis inhibition. MCF7 cells were cultured in the presence
of the indicated concentrations of DB for 18 hr followed by
quantitation of protein biosynthesis as described in Materials
and Methods. Values represent means * SD from at least three
separate experiments.

treated cells. Significant levels of apoptosis were seen at
concentrations of DB = 100 nM after an 18-hr exposure
(Fig. 1A). The concentration—response curve ranged be-
tween 100 and 500 nM DB with apoptotic percentages
ranging from 10 to 80%, respectively. No increase in
apoptosis was seen above 500 nM DB. Inhibition of protein
biosynthesis in MCF7 cells was examined by measuring the
incorporation of [*>S]methionine into cellular proteins.
Following an 18-hr exposure of the cells to DB, protein
synthesis was inhibited with 1cs5 = 12 = 2.8 nM; 94%
inhibition was achieved with 50 nM DB (Fig. 1B). It is
clear from a comparison of panels A and B of Fig. 1 that
inhibition of protein synthesis by DB was complete at
concentrations below those at which any significant apo-
ptotic effect was observed.
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FIG. 2. Inhibition of protein synthesis and alteration of DB-
induced apoptosis by CHX and ET. (A) Protein synthesis
inhibition profiles. Protein synthesis was measured after a 1-
and 18-hr exposure to CHX (10 pg/mL) and a 2- and 18-hr
exposure to ET (1 pg/mL). Values are representative of an
experiment that was run three times. (B) Apoptosis. CHX (10
pg/mL) was added 1 hr and ET (1 pg/mL) was added 2 hr before
an 18-hr co-incubation with increasing concentrations of DB.
Apoptosis was quantitated as described in Materials and Meth-

ods, and values represent the means = SDfrom four separate
experiments. Symbols: (@) DB alone; (A) DB + CHX; and (H)
DB + ET.

Involvement of Protein Synthesis Inhibition in

DB-Induced Apoptosis

Since DB inhibits protein synthesis at concentrations lower
than those at which apoptosis is observed, we wanted to
determine whether apoptosis is a consequence of the
inhibition of protein biosynthesis. To address this question,
we examined the effect on cells of two other protein
synthesis inhibitors, CHX and ET. Protein synthesis in
MCEF7 cells was inhibited by these agents with 1C5, values of
0.43 = 0.19 and 0.07 = 0.02 pg/mL for CHX and ET,
respectively. Treatment of cells with 10 pg/mL CHX
resulted in 95% inhibition of protein synthesis, and treat-
ment with 1 wg/mL ET resulted in 98% inhibition of protein
synthesis (Fig. 2A). The inhibition of protein synthesis by
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FIG. 3. Induction of PARP cleavage by DB and co-incubations
of DB + CHX and DB + ET. (A) DB- induced PARP cleavage.
After an 18-hr incubation with the indicated concentrations of
DB, cells were prepared for PARP western blot analysis as
described in Materials and Methods. The 116-kDa band repre-
sents the intact PARP protein, and the 85-kDa band represents
a signature 85-kDa PARP cleavage product. Pre- and co-
treatment with ET (B) and CHX (C) were as described in the
legend of Fig. 2B.

these two agents persisted for 18 hr since incorporation of
the *°S-label at 18 hr was only marginally greater than at 1
and 2 hr. Under these conditions, neither CHX nor ET
induced apoptosis, indicating that the inhibition of protein
synthesis alone was not sufficient to cause apoptosis.

To examine the effect of co-incubating CHX or ET with
DB, MCEF7 cells were treated with either 10 wg/mL CHX
for 1 hr or 1 pg/mL ET for 2 hr to inhibit protein synthesis
completely, followed by DB for 18 hr. As shown in Fig. 2B,
pre- and co-treatment with CHX or ET slightly sensitized
cells to DB-induced apoptosis at lower DB concentrations
(50-250 nM). The levels of apoptosis observed at 100 and
250 nM DB were significantly (P < 0.05) higher when DB
was combined with CHX or ET; however, by 500 nM DB
the apoptotic levels were identical regardless of pretreat-
ment with CHX or ET.

DB-Induced PARP Cleavage

To characterize the apoptosis induced by DB biochemi-
cally, the role of caspase activity was determined in DB-
induced apoptosis. Caspases are a family of aspartic acid-
specific cysteine proteases that have been shown to partic-
ipate in a wide range of apoptotic responses [39]. Once
activated, caspases in turn cleave a number of cellular
substrates, one of the best known being PARP. Therefore,
as an indicator of caspase activity, the cleavage of the
116-kDa intact PARP to a signature 85-kDa product was
monitored by immunoblot analysis. The concentration
response for PARP cleavage following incubation of cells
with DB for 18 hr is shown in Fig. 3A. It closely resembled
the concentration response of nuclear morphology shown
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FIG. 4. Time-course analysis of DB-induced PARP cleavage in
MCF7 cells. MCF7 cells were treated with 0.5 pM DB for the
indicated times before PARP western blot analysis as described
in Materials and Methods.

in Fig. 1A. PARP cleavage was observed at concentrations
of DB = 0.25 uM. A slight sensitization of cells to PARP
cleavage was observed following pretreatment and co-
incubation of cells with DB and ET (Fig. 3B), and the
85-kDa cleavage product was visible at 0.1 wM DB. This
corresponds to the concentration response measured by
examining nuclear morphology (see Fig. 2B). However, a
similar increase in sensitivity was not observed following
co-incubation of cells with DB and CHX (Fig. 3C).
Importantly, incubations of up to 18 hr with ET or CHX
alone did not produce any 85-kDa PARP cleavage product,
in agreement with the inability of these compounds to
induce apoptosis at these concentrations (Fig. 3, B and C;
first lane).

To understand how quickly apoptosis was induced by DB
in MCF7 cells, PARP cleavage was monitored at various
time points after the addition of 0.5 uM DB. As shown in
Fig. 4, the 85-kDa PARP cleavage product was visible as
early as 6 hr following the addition of DB. Pretreatment and
co-incubation with either CHX or ET did not alter the rate
of PARP cleavage induced by DB (data not shown).

To directly assess the requirement for caspase activation
in DB-induced apoptosis, MCF7 cells were pretreated with
zVAD-fmk, a cell-permeable peptide inhibitor of caspase
activity. Treatment of cells with zVAD-fmk itself did not
induce apoptosis or PARP cleavage; however, zVAD-fmk
(20 uM) completely abolished the apoptotic morphology
and PARP cleavage induced by an 18-hr exposure to DB
(data not shown).

Effects of DB on Colony Forming Ability

A series of colony forming assays were performed in which
MCEF7 cells were exposed to DB for 18 hr, and then were
incubated for 10 days in drug-free medium to allow the
surviving cells to form colonies. As shown in Fig. 5, DB
caused a loss of colony forming ability at concentrations
between 1 and 5 nM, similar to the concentrations at which
inhibition of protein synthesis was observed but well below
the 100 nM threshold for DB-induced apoptosis. Pretreat-
ment and co-incubation with 10 wg/mL of CHX did not
alter the concentration-response profile for DB-induced
reduction in colony formation (Fig. 5). CHX exposure
alone reduced the colony forming ability less than 10%
when compared with untreated controls.
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FIG. 5. DB and DB + CHX colony forming ability. MCF7 cells

were exposed to the indicated concentrations of DB alone (®) or
DB + 10 pg/mL of CHX (A) for 18 hr. Colony formation was
calculated as described in Materials and Methods. “Percent
colony formation of untreated” represents the ratio of colony
formation in drug-treated sample compared to untreated con-
trols. Values represent the means = SD from at least three
experiments.

Reversibility of Protein Synthesis Inhibition

MCF7 cells were treated with DB or CHX for 2 or 18 hr, at
the end of which time the cells were assayed for protein
synthesis (Fig. 6). The drug was removed by washing, and
protein synthesis was assayed again at 1 and 18 hr following
removal of the drug. Cells treated with CHX for 2 hr
displayed rapid and complete recovery of the ability to
make proteins following removal of the inhibitor (Fig. 6A).
Cells treated with CHX for 18 hr took longer to recover,
but still recovered completely within 18 hr (Fig. 6B).
Following treatment with 5 or 10 nM DB for 2 hr, cells
recovered approximately 95% of their ability to synthesize
proteins within 18 hr. Cells displayed 75% recovery follow-
ing a 2-hr treatment with 30 nM DB (Fig. 6A). In contrast,
cells treated for 18 hr with 5, 10, or 30 nM DB displayed
diminished ability to make proteins 1 hr after the removal
of the inhibitor, and did not recover beyond the level of
inhibition observed following 18 hr of continuous exposure
to the drug (Fig. 6B). The apparent increase in inhibition
during the first hour following removal of the DB is
currently unexplained and cannot be accounted for by a
drop in cell number. These results establish that the effect
of CHX upon protein biosynthesis in cells was rapidly and
fully reversible, but inhibition of protein synthesis by DB
following an 18-hr incubation was irreversible for at least

18 hr.

DISCUSSION

In this study, we have shown that the apoptotic response
induced by DB in MCF7 cells involved the activation of a
class of cysteine proteases called caspases. Caspases reside
within the cell as larger, inactive precursors, which upon
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FIG. 6. Reversibility of protein synthesis inhibition by DB and
CHX. Protein synthesis by MCF7 cells expressed as a function
of controls containing no inhibitor (control counts were typi-
cally 1 X 10* cpm). Cells were treated with DB (5, 10, or 30
nM) or CHX (0.3 pg/mL) for (A) 2 hr or (B) 18 hr, and then
were transferred to drug-free medium. Protein synthesis was
assayed immediately after drug removal (black bars); 1 hr
following removal of the drug (white bars); or 18 hr following
removal of the drug (striped bars). Values represent the
means * SD from three experiments.

proteolytic processing form active heterodimers that subse-
quently cleave a subset of endogenous substrates (including
PARP, Lamin A, and actin) based on cleavage sequence
recognition [39]. The activation of caspase activity is
critical to numerous apoptotic responses, including apopto-
sis induced by tumor necrosis factor/Fas receptor activation,
serum withdrawal, and DNA damage by UV, ionizing
radiation or chemotherapeutic agents. DB-induced apopto-
tic changes, as shown by nuclear condensation, corre-
sponded to cleavage of the caspase substrate PARP. Incu-
bation with a known synthetic cell-permeable inhibitor of
caspase activity (zZVAD-fmk) not only blocked PARP
cleavage but also blocked the morphological changes of
DB-induced apoptosis. In previous studies, DB has been
shown to induce a rapid apoptotic response in HL-60 cells
(100% within 140 min) [36], and several protein tyrosine
kinase inhibitors have been found to inhibit these apopto-
tic responses in HL-60 cells [40]. However, the molecular
components involved in the apoptotic response were un-
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known. Here we show for the first time the necessity for
caspase activation in DB-induced apoptotic response in
MCEF7 cells.

Previous work has established that DB inhibits protein
synthesis in cell-free translation assays. This inhibition
appears to arise through interaction between the inhibitor
and EF-1a, ultimately leading to suppression of ribosomal
translocation [29]. It has not been established whether the
inhibition of protein synthesis in intact cells occurs via a
similar mechanism, nor whether the inhibition of protein
synthesis accounts for the cytotoxic effects of DB. However,
observations that didemnins can inhibit T-cell blastogene-
sis and myo-inositol uptake in cultured cells at concentra-
tions below those necessary to inhibit protein synthesis
have led some workers to speculate that the inhibition of
protein synthesis is not the primary mechanism of action of
these compounds [32-34]. If protein synthesis inhibition
were the sole mechanism for all of the DB-induced cyto-
toxic effects, then a close correlation between protein
synthesis inhibition and apoptosis induction should be
expected. For DB, the 1cs, for protein synthesis inhibition
was 12 nM, while apoptosis above background levels was
only apparent at concentrations = 100 nM, with 1C5, =
200 nM (Fig. 1A). Thus, the concentration response for
protein synthesis inhibition was at least 16-fold lower than
the concentration response for apoptosis, and protein syn-
thesis was inhibited completely at concentrations above
150 nM. Exposure of cells to DB for longer than 18 hr did
not alter the apoptotic concentration—response curve (data
not shown). This absence of a correlation between the
concentration—response profiles for inhibition of protein
synthesis and the induction of apoptosis by DB in MCF7
cells suggests that protein synthesis inhibition alone cannot
account for the cytotoxic effects of didemnins. To further
examine this point, the response of MCF7 cells to two
additional protein synthesis inhibitors was examined. CHX
and ET both inhibit protein synthesis in vitro at the stage of
ribosomal translocation and in this regard appear to be
mechanistically related to DB, although all three com-
pounds possess different molecular targets [41]. In our
assays, CHX or ET failed to induce apoptosis in MCF7 cells
at concentrations at which they inhibited protein synthesis
by 95-99% compared with controls. Thus, apoptosis is not
a necessary consequence of the inhibition of protein syn-
thesis, and inhibition of protein synthesis alone appears to
be insufficient to trigger apoptosis.

From these data, we conclude either that the induction
of apoptosis by DB is independent of the inhibition of
protein synthesis, or that it requires the inhibition of
protein synthesis plus one or more additional signals. If
protein synthesis inhibition is not required for the induc-
tion of apoptosis by DB, then treatment of cells with agents
that block protein synthesis, prior to the addition of DB,
should not alter the concentration response for induction of
apoptosis by DB. Conversely, if inhibition of protein
synthesis is a necessary component of the apoptotic path-
way, then prior treatment of cells with protein synthesis
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inhibitors should display a synergistic effect, with less DB
being required to obtain a given apoptotic response.

DB-induced apoptosis was enhanced only 2- to 3-fold at
the lower apoptosis-inducing concentrations (50—100 nM)
by pretreatment and co-incubation of cells with CHX or
ET. While these results cannot exclude a role for the
inhibition of protein synthesis in the apoptotic pathway,
they do lend further support to the idea that inhibition of
protein synthesis alone does not trigger apoptosis, because
in this case the concentration—response curve for DB would
be expected to shift sharply to much lower (sub-nanomolar)
concentrations. Furthermore, co-treatment with CHX was
found to slightly enhance apoptosis induced by camptoth-
ecin and doxorubicin in MCF7 cells (data not shown),
suggesting that the sensitization to apoptosis by CHX was
not unique to DB, but was a more general phenomenon.

In contrast to apoptosis, the concentrations of DB
necessary to cause a loss of colony forming ability among
MCF7 cells closely corresponded to the concentrations
required for protein synthesis inhibition. Once again, how-
ever, inhibition of protein synthesis failed to account for
the antiproliferative effects of DB since pre- and co-
treatment with CHX did not alter significantly the colony
forming ability of DB-treated MCF7 cells. Furthermore,
CHX on its own did not inhibit colony forming ability. One
explanation for these observations could be that CHX
interacts with the protein synthetic machinery in a revers-
ible manner, whereas DB generates an irreversible block to
protein synthesis after an 18-hr exposure (Fig. 6). In the
presence of CHX, DB is still able to generate an irreversible
lesion that reduces the proliferative potential of the cell
regardless of the effects of CHX. Curiously, after exposure
of cells to DB for only 2 hr, inhibition of protein synthesis
was still fully reversible. Apparently, a longer exposure of
the cells to DB is required for the irreversible lesion to
occur; however, this irreversibility is not a consequence of
prolonged protein synthesis inhibition alone, since inhibi-
tion by CHX for 18 hr was reversible. Therefore, some
additional event or interaction must occur between the
2-hr and the 18-hr DB exposure. This observation is
consistent with a report by Lobo and coworkers [42] that
incubation of human colon cancer cells with dehydro-
didemnin B for only 3 hr is insufficient to inhibit cell
proliferation permanently.

While irreversible inhibition of protein synthesis may
explain the loss of proliferative potential in colony forming
assays, it is unknown if this time-dependent irreversible
lesion also is necessary for the induction of apoptosis. The
activation of an apoptotic response requires signals in
addition to protein synthesis inhibition; a higher concen-
tration of DB, not just a longer incubation time, is neces-
sary to elicit an apoptotic response. These signals may or
may not be mediated by EF-1a, the known target of DB for
inhibition of protein synthesis in witro [32]. However, the
only other target of didemnins to have been identified to
date is protein palmitoyl thioesterase [35], and this secreted
protein appears not to mediate the cytotoxicity of
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didemnins based on comparisons of protein binding data in
vitro and potency against intact cells [43]. We speculate
that other, possibly more significant targets of didemnins
remain to be identified.

In summary, we have demonstrated that DB induces
apoptosis in the human breast carcinoma cell line MCF7
via the activation of caspases. Protein synthesis inhibition,
which has been proposed previously to be the primary
mechanism of action of didemnins, is not sufficient to
explain the induction of apoptosis by DB. As yet, undefined
additional events are necessary to elicit an apoptotic
response, requiring significantly higher concentrations than
those required for inhibition of protein synthesis. At lower
concentrations, DB displays antiproliferative effects that
may stem from the inhibition of protein synthesis but that
require, in addition, a second irreversible step. The execu-
tion of this second step was found to be time-dependent,
requiring exposure of the cells to DB for more than 2 hr. At
this point, it is not known whether or not irreversible
protein synthesis inhibition is also a prerequisite for apo-
ptosis. In aggregate, these results suggest that besides EF-1a,
at least one additional target exists for DB in cells. Since
the clinical use of DB is limited by severe toxicity and
immunosuppression, one possible approach to the discovery
of improved didemnins may be to distinguish between these
targets. For example, a series of DB analogs that more
specifically target the apoptotic activation by DB but that
minimally affect protein synthesis may prove to be better
therapeutic tools than the parent natural product.
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