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SHORT COMMUNICATIONS

Effect of bryostatin 1 on drug-induced, topoisomerase II-mediated DNA cleavage
and topoisomerase II gene expression in human leukemia cells

(Received 9 April 1990; accepted 6 September 1990)

Treatment of HL-60 human leukemia cells with phorbol
12-myristate 13-acetate (PMA*) for 24 hr produces a 10-
fold decrease in etoposide-induced, topoisomerase II-
mediated DNA cleavage [1]. PMA-induced cellular adher-
ence, an early sign of terminal differentiation, occurs prior
to the decline in drug-induced cleavage. This suggests that
the decreased cleavage may be associated with terminal
monocytoid differentiation rather than result from a proxi-
mal phorbol-initiated biochemical event such as phos-
phorylation of topoisomerase II by the phorbol ester recep-
tor protein kinase C [2-7]. To study this theory more
completely, we employed bryostatin 1 [8], a protein kinase
C stimulator that does not induce monocytoid dif-
ferentiation [9, 10}, to address whether pharmacologic acti-
vation of protein kinase C alone is sufficient to down-
regulate topoisomerase II-mediated events.

Materials and Methods

The HL-60 cell line used in these experiments was a gift
from Dr. Robert Hall, Guthrie Research Institute, Sayre,
PA [11, 12]. The cells were propagated in our laboratory in
Iscove’s modified Dulbecco’s medium (Hazleton, Lenexa,
KS) and 10% fetal bovine serum at 37° in 5% CO,. All
cells were free of mycoplasma (American Type Culture
Collection, Rockville, MD). Mouse leukemia L1210 cells
served as internal standard cells in alkaline elution experi-
ments. HL-60 cells were radiolabeled with 0.05 to 0.1 uCi/
mL of [2-*C]thymidine (DuPont-New England Nuclear,
Boston, MA) for 24-72 hr to label their cellular DNA [13]
for alkaline elution experiments (see below). L1210 cells
were labeled with 0.1 uCi/mL of [methyl-*H]thymidine;
these served as an internal standard in alkaline elution
experiments. Cells were incubated for at least 1 hr in label-
free medium prior to treatment with any drug.

Phorbol 12-myristate 13-acetate (PMA) from the LC
Services Corp. (Woburn, MA) was constituted as 107> M
stock solutions in 100% dimethyl sulfoxide (DMSO).
Bryostatin 1 was kept as a 107> M stock solution in 100%
DMSO. The m-AMSA (amsacrine, 4'-(9-acridinylamino)-
methanesulfon-m-anisidide) (NSC 249992) was from the
National Cancer Institute, and the etoposide was a gift from
Drs. Byron Long and James H. Keller of the Bristol-Myers
Co. Both drugs were constituted as 102M solutions in
100% DMSO.

Colony formation was quantified by the previously
described [13] soft agar method of Chu and Fisher [14].
DNA alkaline eclution was performed as previously
described [1, 13, 15] to quantify drug-induced DNA cleav-
age frequencies. Northern blotting was performed using
standard techniques [13]. The human topoisomerase II
c¢DNA probe (ZI169) used was a gift from Dr. Leroy Liu
of the Johns Hopkins School of Medicine [16]. The 1.3-
kilobase (kb) Clal/EcoRI fragment from the 3’ end of the
c-myc gene [17} was a gift from Dr. Mark Blick, M.D.
Anderson Cancer Center. These probes were radiolabeled

* Abbreviations: PMA, phorbol 12-myristate 13-acetate;
m-AMSA, amsacrine, 4'-(9-acridinylamino)methanesuif-
on-m-anisidide; and etoposide, 4-(4,6-O-ethylidene-8-p-
glucopyranoside.

using the Amersham Multiprime labeling system (Amer-
sham Corp., Arlington Heights, IL).

Results and Discussion

Rapidly proliferating cells contain more topoisomerase
11 [18, 19] than quiescent cells do. Furthermore, the DNA
of proliferating cells exhibits a greater sensitivity to drug-
induced, topoisomerase II-mediated DNA cleavage
[18,20-22] than does the DNA of quiescent cells. We
therefore evaluated the effects of bryostatin 1 on the growth
of HL-60 cells to be employed in assays of drug-induced
DNA cleavage. Bryostatin 1 concentrations of 1000 and
100 nM had almost no effect on cell growth. Lower con-
centrations of bryostatin 1 did slow cell growth to some
degree, but this effect was relatively small during the first
2 days of treatment, the duration of the longest bryostatin
1 treatment used in the experiments reported here.

PMA down-regulates topoisomerase II-mediated DNA
cleavage in HL-60 cells [1]. Furthermore, this down-regu-
lation was drug-specific, being greater for etoposide than
for m-AMSA (see Table 1) [1]. In contrast, bryostatin 1
(1000 nm for 24 hr) had virtually no effect on drug-induced
DNA cleavage (Table 1), although prolonged treatment
(48 hr) did decrease drug-induced DNA cleavage slightly
(data not shown). The only pronounced effect of bryostatin
1 on drug-induced DNA cleavage was seen in the small
subpopulation of adherent cells (8-12%) treated with low
concentrations of bryostatin 1 (1 and 10nM, data not
shown). Thus, bryostatin 1 can down-regulate drug-
induced, topoisomerase II-mediated DNA cleavage; how-
ever, it took longer to achieve this effect than with PMA,
the extent of the decrease was less than with PMA (Table
1), and a much smaller segment of the treated cell popu-
lation was affected.

Others have demonstrated that bryostatin 1 can actually
block (rather than mimic) some of the effects of PMA,
presumably by competing for the phorbol receptor (protein
kinase C) [9, 23-27]. The data in Table 1 demonstrate the
same to be true in our system. When added just prior
to PMA, 1000 nM bryostatin 1 prevented PMA-induced
down-regulation of topoisomerase II-mediated DNA cleav-
age. Figure 1 demonstrates this more clearly. As the bryo-
statin 1 concentration that preceded the addition of 10 nM
PMA decreased, so did the ability of bryostatin 1 to over-
come the down-regulation of drug-induced cleavage. Bryo-
statin 1 can also overcome the ability of PMA to produce
cellular adherence; this too depends on the concentration
of bryostatin 1 that precedes the PMA. Furthermore, the
ability of a 24-hr bryostatin 1 treatment to block cleavage
paralleled the ability of this treatment to block adherence
(Fig. 1, inset). These results suggest that the signal to
adhere and the down-regulation of topoisomerase II-
mediated DNA cleavage may be mechanistically related.

To examine this possibility more closely, we studied
the effect of separating the combined PMA-bryostatin 1
treatments in time to see whether the effects of one drug
could escape the influence of the other (data not shown).
When bryostatin 1 was added before PMA, very few cells
adhered and no decrease in drug-induced DNA cleavage
occurred (also see Table 1). In contrast, when PMA was
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Table 1. Effect of pretreatment of HL-60 human leukemia cells with 1000 nM
bryostatin just prior to addition of 10 nM PMA for 24 hr on subsequent topoisomerase
IT-mediated DNA cleavage produced by 5 uM etoposide or 0.5 uM m-AMSA*

DNA cleavage frequency ratio

Bryostatin 1

Bryostatin 11 PMA alonet then PMAY
Etoposide 0.98 +0.22 0.14 £ 0.03 0.91+0.11
m-AMSA 0.71 £ 0.17 0.24 £ 0.05 0.82 +0.27

* Values are means * 1 SD (N = 4) for etoposide- or means * range (N = 2) for
m-AMSA-induced DNA cleavage frequency in cells exposed to bryostatin 1 or PMA
divided by the drug-induced DNA cleavage frequency in cells receiving neither

bryostatin 1 nor PMA.

+ Only adherent cells were used following PMA. All cells were used following
bryostatin 1 alone or in combination with PMA.

added first, a delay in the addition of bryostatin 1 of 2-6 hr
reduced the ability of the latter to restore drug-induced
DNA cleavage to control levels. Surprisingly, bryostatin 1
was able to block the majority of the PMA-induced adher-
ence even when added 6 hr after PMA. Thus, bryostatin 1
can dissociate the effects of PMA on drug-induced DNA
cleavage and cell adherence. The PMA-induced down-
regulation of DNA cleavage was locked in more rapidly
than was PMA-induced cell adherence. This seems to con-
trast with findings from our previous work using PMA alone
[1], wherein PMA’s maximum reduction of drug-induced
DNA cleavage lagged behind the full development of PMA-
induced cellular adherence [28]. Taken together, these
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Fig. 1. Effect of pretreatment with various concentrations
of bryostatin 1 immediately prior to addition of 10nM
PMA on etoposide-induced DNA cleavage in HL.-60 human
leukemia cells. Cells were treated with bryostatin 1 and
PMA for 24 hr prior to the removal of both agents, the
addition of 5 uM etoposide for 1 hr, and the quantification
of etoposide-induced DNA cleavage using alkaline elution
with proteinase. Drug-induced cleavage was quantified in
nonadherent (supernatant) (O) and adherent (@) cell popu-
lations separately. Data are expressed as the ratio of the
etoposide-induced DNA cleavage frequency in the cells
exposed to bryostatin 1 and PMA divided by the cleavage
frequency in cells exposed to neither agent. Numbers in
parentheses represent the percent of cells adherent just
prior to the addition of etoposide. The inset shows the plot
of the DNA cleavage frequency ratio in the adherent cells
versus the amount of adherence.

results suggest that the PMA-induced signal resulting in
reduced DNA cleavage occurs before the PMA-induced
signal to adhere even though the adherence can be devel-
oped more fully prior to the maximum decrease in etop-
oside-induced DNA cleavage. Thus, the PMA-induced
decrease of drug-induced, topoisomerase II-mediated
DNA cleavage is not a consequence of PMA-induced
adherence alone. Instead, it may be related to as yet unde-
scribed biochemical correlates of monocytoid differenti-
ation that occur after protein kinase C activation but before
terminal differentiation.

PMA (10 nM for 24 hr) was able to block the cytotoxicity
of etoposide (86% survival compared with 6% for etoposide
alone). In contrast, bryostatin 1 (1000 nM for 24 hr) had
only a small effect on etoposide-induced cytotoxicity (16%
survival). Bryostatin 1 added before PMA protected few
cells from the cytotoxicity of etoposide (20%), whereas
PMA added first offered greater protection (60%). Finally,
bryostatin 1 was able to blunt the cytotoxic effects of
etoposide only in the small population of cells that adhered
to plastic (4%) after a 48-hr treatment with 10 nM bryo-
statin 1 (etoposide alone = 4% survival; 10 nM brostatin 1
for 48 hr plus etoposide = 46%). These results are con-
sistent with those obtained when quantifying the other
effects of PMA, bryostatin 1, and the various combinations
of the two on other etoposide-induced effects.

Bryostatin 1 had little effect on the amount of topo-
isomerase II message in HL-60 cells, whereas PMA pro-
duced a pronounced down-regulation of both the topo-
isomerase Il and c-myc [29] messages (Fig. 2). A small
decrease in topoisomerase II mRNA was seen in cells
exposed to 10 nM bryostatin for 48 hr; however, this was
not accompanied by a marked decline in c-myc message
nor was this change of the magnitude produced by PMA in
half the time (Fig. 2). Surprisingly, bryostatin 1, whether
added before or after PMA, was able to overcome the
PMA-induced down-regulation of these genes. However,
this may simply indicate that the 2- to 3-fold differences
detectable in other assays may not be detectable using
Northern blotting.

In summary, unlike PMA, bryostatin 1 has been found
to have a minimal effect on drug-induced topoisomerase
II-mediated DNA cleavage and no effect on topoisomerase
II mRNA levels. Furthermore, bryostatin 1 overcame the
down-regulatory effects of PMA treatment on (1) drug-
induced, topoisomerase II-mediated DNA cleavage, (2)
drug-induced cytotoxicity, and (3) topoisomerase II gene
expression. Thus, it is unlikely that the effects of phorbol
ester treatment on topoisomerase II-mediated events are a
direct consequence of protein kinase C activation per se.
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Fig. 2. Effect of bryostatin 1 and PMA on expression of topoisomerase II mRNA in HL-60 human

leukemia cells. (Left) Forty-eight hour treatments with bryastatin 1 alone. All cells were used in this

experiment. (Right) Twenty-four hour treatments with (from left to right) vehicle control (supernatant

cells) 10nM PMA alone (adherent cells, 48% adherence), 1000 nM bryostatin 1 alone (supernatant

cells), PMA and then bryostatin 1 (adherent cells, 4% adherence), bryostatin 1 and then PMA (adherent

cells, 5% adherence), PMA and then bryostatin 1 (supernatant cells), and bryostatin 1 and then PMA
{(supernatant cells).

Rather, the results with bryostatin 1 suggest that the phor-
bol ester effects are related to more distal effects of phorbol
ester treatment that may be related to monocytoid dif-
ferentiation.
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