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Previous studies have shown that bryostatin 1 in-
duces a decrease in the expression of the antiapoptotic
protooncogene Bcl-2 in the human acute lymphoblas-
tic leukemia (ALL) cell line Reh. This down-regulation
has been shown to reduce drug resistance of the Reh
cells to anti-tubulin polymerization agents. In the
present study we investigated the effect of bryostatin
1 alone and in combination with novel anti-tubulin
agents (dolastatin 10 and auristatin PE) and the che-
motherapeutic vincristine on the inhibitor of apopto-
sis protein clAP-1. Cells were cultured with bryostatin
1 (1 nM), dolastatin 10 (0.1 ng/ml), auristatin PE (0.1
ng/ml), or vincristine (0.5 ng/ml) alone or the combina-
tion of these anti-tubulins with bryostatin 1. Western
blots were conducted to assess the effects of the above
agents on clAP-1 protein level. Flow-cytometric anal-
ysis [7-amino-actinomycin D (7AAD)] was conducted to
assess apoptosis as well as staining for morphology
using tetrachrome stain. Our results show that clAP-1
is induced in a time-dependent fashion after bryo-
statin 1 exposure up to 72 h. However, upon treatment
of cells with a combination of bryostatin 1 and dolas-
tatin 10 or auristatin PE, the induction of clAP-1 was
abolished, leading to a significant increase in apopto-
sis. The initial 24- and 48-h reduction in clAP-1 protein
level recorded in the bryostatin 1 and vincristine com-
bination recovered to control levels by 72 h. We believe
that this phenomenon is responsible for the reduced
apoptosis recorded in this combination. Results of this
study should prove useful in guiding the clinical ap-
plication of these novel agents in the treatment of
ALL. ©1999 Academic Press
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Acute lymphoblastic leukemia (ALL) is the most
common malignancy found in children and accounts for
one fourth of all childhood cancers and approximately
75% of all cases of childhood leukemia. There are ap-
proximately 2000 new cases of ALL diagnosed in the
United States annually. Genetic factors are presumed
to play a significant role in the cause of ALL with
evidence based upon chromosomal abnormalities such as
translocations and deletions occurring in every case (1).

Bcl-2 was initially discovered as an overexpressed
protein in human B-cell lymphomas arising as a result
of a t(14;18) chromosomal translocation (2, 3). Overex-
pression of Bcl-2 protects many cell types against
apoptosis in response to such diverse stimuli as viral
infection, hypoxia, ionizing radiation or chemothera-
peutic agents (4-8). In contrast, reduction of Bcl-2
expression by cytokine- or antisense-mediated ap-
proaches, increase the sensitivity of certain types of
tumor cell lines in vitro to several cytotoxic drugs (9—
11). However, in contrast to the aforementioned stud-
ies, it has been shown that cellular levels of Bcl-2 in
ALL cells is not correlated with response to cytotoxic
drugs or ionizing radiation (IR) either in vivo or in vitro
(11-13). Furthermore, Bcl-2 protein in the Reh ALL
cell line underwent down-regulation after IR without
induction of the proapoptotic protein Bax or apoptosis
(11). Recently we have shown that the macrocyclic
lactone bryostatin 1 induced low levels of Bcl-2 are also
insufficient in inducing apoptosis in the Reh cell line.
Apoptosis in Reh can be induced by co-treating cells
with bryostatin 1 and the anti-tubulin agents dola-
statin 10, auristatin PE or vincristine, which induce
Bax protein (14). Thus, higher levels of Bax relative to
Bcl-2 are necessary to increase sensitivity to apoptosis

in the Reh cell line.
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The induction of apoptosis or the progression
through the process of apoptosis has recently been
shown to be inhibited by a family of proteins called
Inhibitors of Apoptosis (IAPs) (15-20). Here we show
that clAP-1 is induced after bryostatin 1 exposure in
the Reh ALL cell line. However, upon treating cells
with a combination of bryostatin 1 and the novel anti-
tubulin agents dolastatin 10 or auristatin PE, the in-
duction of clAP-1 was abolished leading to increased
apoptosis. The combination of bryostatin 1 and vincris-
tine failed to down regulate clAP-1. We believe that
this phenomenon is responsible for the reduced apopto-
sis recorded in this combination.

METHODS AND MATERIALS

Cell culture. The human pre-B ALL cell line Reh was obtained
from the American Type Culture Collection (Rockville, MD). The Reh
cell line was established from a 15-year-old girl with ALL and was
characterized as being at the early pre-B stage (21). Reh cells
were grown in RPMI 1640 medium supplemented with 10% heat-
inactivated fetal calf serum, 1% L-glutamine, 50 units/ml penicillin
and 50 ug/ml streptomycin at 37°C in an atmosphere of 5% CO,. All
chemicals were obtained from Sigma Chemical Co. (St. Louis, MO),
unless otherwise indicated.

Biological agents. Bryostatin 1, a macrocyclic lactone, is ex-
tracted and purified from the marine bryozoan Bugula neritina (22).
It is a protein kinase C activator (23, 24) and a biological response
modifier (25, 26). Bryostatin 1 has been synthesized and made avail-
able for clinical trials and experimental research through the United
States National Cancer Institute. Dolastatin 10 is an agent that was
isolated from the sea hare Dolabella auricularia and has been found
to be antineoplastic. It inhibits cell proliferation and arrests cells in
mitosis by binding to microtubule components, mainly tubulin (27).
Auristatin PE is a structural analog of dolastatin 10 with the dola-
phenine unit substituted with phenethylamide (28). The vinca alka-
loid vincristine is widely used clinically in the treatment of a variety
of human cancers and is an integral part of induction chemotherapy
regimens for ALL (29, 30). Vincristine has been shown to disrupt the
mitotic spindle apparatus by binding to the microtubular protein
tubulin during metaphase (30, 31), arresting cells in mitosis.

Culture of Reh with bryostatin 1, auristatin PE, dolastatin 10, and
vincristine. Reh cells were seeded at 2 X 10°/ml in T-75 tissue
culture flasks (Falcon Labware, Oxnard, CA). Bryostatin 1 (1 nM),
auristatin PE (0.1 ng/ml), dolastatin 10 (0.1 ng/ml), vincristine (0.5
ng/ml), or vehicle was added to flasks containing Reh cells. Bryo-
statin 1 was dissolved in 0.09% dimethyl sulfoxide (DMSO) and PBS
at a concentration of 10™° M and then further diluted to the final
concentrations in culture medium. Dolastatin 10 and auristatin PE
(George R. Pettit, Arizona State University) were dissolved in 0.09%
DMSO and PBS and then diluted to the final concentrations in
culture medium. Vincristine was diluted to the final concentration in
culture medium. Cultures were incubated for up to 120 h at 37°C and
5% CO,. Cell viability and growth inhibition were determined daily
using trypan blue (0.4%) exclusion (Gibco, Grand Island, NY).

7AAD staining and flow cytometry. 7-Amino-actinomycin D (Cal-
biochem-Novabiochem, La Jolla, CA) was dissolved in acetone, di-
luted in PBS to a concentration of 200 ng/ml, and was kept at —20°C,
protected from light as described previously (32). Briefly, 100 ul of
7AAD solution was added to 1 X 10° cells, suspended in 1 ml of PBS
and mixed well. Reh cells were stained for 20 min on ice while
protected from light. Cells were pelleted, the supernatant removed,
and the pellet washed twice with PBS. Samples from untreated and
24, 48 and 72 h bryostatin 1-, auristatin PE-, dolastatin 10- and
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vincristine-treated cells and combinations of bryostatin 1 and indi-
vidual antitubulin agents were analyzed on a FACScan (Becton
Dickinson, Mountain View, CA). Data on 20,000 cells was acquired
and processed using Lysys |1 software (Becton Dickinson, Mountain
View, CA). Scattergrams were generated by combining forward light
scatter with 7AAD fluorescence (Molecular and Cellular Imaging
and Analytical Cytometry Core Facility of the Barbara Ann Karma-
nos Cancer Institute and Wayne State University School of Medi-
cine, Grant P30 CA22453-20).

Western blot analysis. Whole-cell extracts (25-50 wg) were re-
solved by 12% SDS-PAGE, transferred to Hybond C-extra mem-
branes (Amersham Life Science, Arlington Heights, IL), and detected
with antiserum specific for Bcl-2 (Santa Cruz Biotechnology, Santa
Cruz, CA) or clAP-1 (Pharmingen, San Diego, CA) with the use of an
ECL assay (Amersham Pharmacia Biotech, Inc., Piscataway, NJ).
Briefly, cells were washed twice with cold PBS and lysed at 4°C for
30 min in lysis buffer (0.5% Triton X-100, 300 mM NaCl, 50 mM
Tris-Cl, 1 mM phenylmethylsulfonyl fluoride) with occasional vor-
texing. Protein concentrations were determined using the Micro BCA
protein assay (Pierce Chemical Company, Rockford, IL) The Hybond
C-extra membranes were blocked (5% milk, 0.05% Tween 20, PBS)
for 1 h at room temperature. The membranes were then incubated
with the primary antibody (1:1000 dilution in PBS, 0.05% Tween 20)
overnight at 4°C. The membranes were washed well in PBS with
0.05% Tween 20 and then incubated with the horseradish per-
oxidase-conjugated antimouse secondary antibody (Santa Cruz Bio-
technology, Santa Cruz, CA; 1:5000 dilution in PBS, 0.05% Tween
20). Protein levels were visualized by peroxidase reaction using the
ECL kit (Amersham Life Science, Arlington Heights, IL). Equal
sample loading was confirmed by reprobing the same blots with a
rabbit polyclonal antiserum against GAPDH (1:5000; Trevigen Inc.,
Gaithersburg, MD). Blots were stripped by submerging the mem-
branes in stripping buffer (100 mM 2-mercaptoethanol, 2% sodium
dodecyl sulfate, 62.5-mM Tris-HCI, pH 6.7) and incubating at 60° C
for 25 min with occasional agitation.

Statistical analysis. The significance of differences between ex-
perimental conditions was determined using a one-way analysis of
variance (ANOVA). Comparisons were made between the control, all
single agent treatments and all combination treatments using the
Tukey-Kramer multiple comparisons test. All numbers are means =
the standard error of the mean (SEM).

RESULTS AND DISCUSSION

Apoptosis has been shown to play multiple roles both
in normal cellular and tissue physiology and over the
past decade it has become the focus of intense inquiry
into what role apoptosis plays in the disease process.
The realization that defective apoptosis plays a role in
the pathogenesis of a number of diseases offers new
opportunities for the identification of novel targets for
therapeutic intervention (33). Bcl-2 was the first pro-
tooncogene discovered which was found to contribute to
tumor growth by decreasing the rate of programmed
cell death rather than by accelerating cell division (34).
It was later shown that reduction of Bcl-2 expression
by cytokine- or antisense-mediated approaches, in-
crease the sensitivity of certain types of tumor cell
lines in vitro to several cytotoxic drugs (9—11).

We therefore determined to ascertain why when the
human early pre-B ALL cell line Reh is treated with
the experimental therapeutic and protein kinase C ac-
tivator bryostatin 1, the recorded decrease in Bcl-2
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FIG. 1. Bryostatin 1-induced down-regulation of Bcl-2. (A) Western
blot analysis of Bcl-2 protein after treatment of Reh cells (2 X 10°/ml)
with bryostatin 1 (1 nM). (B) Bcl-2 protein levels relative to those of
G3PDH were measured in bryostatin-treated cells and expressed as a
percentage of Bcl-2 level in control cells at the same time. Results
represent the mean = SD of three different experiments.

protein (Fig. 1A) does not result in the induction of
apoptosis. Densitometric measuring of Bcl-2 protein
levels in three separate experiments indicated that
bryostatin 1 treatment of Reh ALL cells resulted in a
ten-fold reduction in Bcl-2 protein levels over 72 h (Fig.
1B). Bcl-2 protein levels were held at this reduced level
for 120 h without recovery (data not shown). 7AAD flow
cytometric analysis for apoptosis did not record an
increase in apoptosis in the Reh cells treated with
bryostatin 1 alone (Fig. 2). We therefore contemplated
the existence of other putative factors which may be
maintaining apoptosis resistance in lieu of significant
reduced levels of Bcl-2.

clAP-1 is a member of an evolutionarily conserved
family of homologous proteins that suppress apoptosis
induced by multiple stimuli. Some IAP family proteins,
including XIAP, clAP-1, and clAP-2, can bind and di-
rectly inhibit selected caspases, a group of intracellular
cell death proteases (35). Here we show that clAP-1 is
induced after bryostatin 1 exposure in the Reh ALL cell
line (Fig. 3A). Densitometric measurement of clAP-1
protein level in two separate experiments indicated
that treatment with bryostatin 1 for 72 h resulted in a
two-fold increase in clAP-1 protein level (Fig. 3B).

To further study the association between apoptosis
induction and the modulation of Bcl-2 and clAP-1 pro-
teins in the Reh cell line we used three antitubulin
polymerization agents: dolastatin 10, auristatin PE
and vincristine. Indeed, in the presence of bryostatin 1
as a 24 h pretreatment, Reh cells subsequently treated
with dolastatin 10 (0.1 ng/ml) or auristatin PE (0.1
ng/ml) showed an increase in apoptosis by 7AAD flow
cytometric analysis. Bryostatin 1 combined with vin-
cristine (0.5 ng/ml) failed to elicit this same cell-killing
phenomenon (Fig. 2). When Reh cells are treated with
bryostatin 1 for 24 h followed by 24, 48 and 72 h of
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FIG. 2. 7AAD flow cytometric analysis of apoptosis. Reh cells (2 X
10°/ml) were exposed to bryostatin 1 (1 nM) alone or in combination
with dolastatin 10 (0.1 ng/ml), auristatin PE (0.1 ng/ml), or vincristine
(0.5 ng/ml). Combination therapy included a 24-h pretreatment in 1 nM
bryostatin 1 followed by 24-, 48-, or 72-h treatments with the antitubu-
lin agent. Percentage of apoptotic cells was determined on a FACS-scan.
*Significant difference from control, bryostatin 1 alone and between
agents given in combination (P < 0.001).

dolastatin 10, auristatin PE or vincristine, significant
(P < 0.001) apoptosis is induced (Fig. 3). However,
when vincristine was given after bryostatin the level of
apoptosis in Reh cells increased significantly compared
with bryostatin or vincristine alone treated cells but
over time there was a reduction in percent apoptosis.
We speculate that this recovery is the result of the Reh
cells becoming resistant to the combination of bryo-
statin 1 and vincristine. We therefore undertook com-
paring levels of apoptosis with levels of clAP-1 in bryo-
statin 1 and antitubulin-agent combinations.

In Reh cells treated with dolastatin 10 or auristatin
PE alone, no change in the level of clAP-1 was recorded
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FIG. 3. Bryostatin 1-induced induction of clAP-1. (A) Western
blot analysis of clAP-1 protein after treatment of Reh cells (2 X
10°/ml) with bryostatin 1 (1 nM). (B) clAP-1 protein levels relative to
those of G3PDH were measured in bryostatin-treated cells and ex-
pressed in comparison to control cells. Results represent the mean =+
SD of two different experiments.
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FIG. 4. Bryostatin 1 and antitubulin agents modulate the levels
of clAP-1. Reh cells (2 X 10%ml) were exposed to (A) dolastatin 10
(0.1 ng/ml), (B) auristatin PE (0.1 ng/ml), or (C) vincristine (0.5
ng/ml) alone or in combination with bryostatin 1 (1 nM). Combina-
tion therapy included a 24-h pretreatment in bryostatin 1 followed
by 24-, 48-, or 72-h treatments with the antitubulin agent. Protein
levels were checked against those of G3PDH as a control for loading
accuracy. Results represent findings from two different experiments.

(Figs. 4A and 4B). However in the combinations of
bryostatin 1 and dolastatin 10 (Fig. 4A) or bryostatin 1
and auristatin PE (Fig. 4B), the induction of clAP-1
was down regulated in a time dependent manner. The
treatment of Reh cells with vincristine alone also failed
to induce a change in the level of clAP-1 but unlike the
results recorded for the previous combination of bryo-
statin 1 and dolastatin 10 or auristatin PE, those re-
corded of bryostatin 1 and vincristine failed to induce
significant down regulation of clAP-1 (Fig. 4C). A slight
reduction in the level of clAP-1 is recorded after 24 and
48 h as compared to the control but by 72 h the level of
clAP-1 strengthens. Maximum percent apoptosis was
recorded at 72 h post bryostatin followed by dolastatin
10 or auristatin PE treatment when clAP-1 was com-
pletely down regulated. However, high levels of apop-
tosis were recorded 24 and 48 h after combination
treatment occurred and yet clAP-1 was expressed. This
phenomenon may be the result of an intermediate state
where clAP-1 protein is expressed but may be nonfunc-
tional. The initial decrease in clAP-1 together with the
increase in the proapoptotic protein Bax (14) at these
time points may be enough to elicit apoptosis. How-
ever, we believe that clAP-1's recovery at 72 h may in
part be responsible for the reduced apoptosis recorded
in this combination. This phenomenon is currently un-
der investigation in our laboratory.

In conclusion, we have found that bryostatin 1's
down regulation of the proapoptotic protooncogene
Bcl-2 does not induce apoptosis as would be expected
because of its ability to simultaneously stimulate the
induction of the inhibitor of apoptosis protein clAP-1.
clAP-1 protein, which was unaffected by the antitubu-

79

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

lin agents alone, was abolished when combining dola-
statin 10 or auristatin PE with bryostatin 1 resulting
in increased apoptosis. The finding that dolastatin 10
and auristatin PE together with bryostatin 1 work
more efficiently to induce apoptosis in the Reh ALL cell
line then when the clinically tested vinca alkaloid vin-
cristine is combined with bryostatin 1 further strength-
ens the argument for the development of newer anti-
tubulin agents to be used against acute lymphoblastic
leukemia.
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