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Summary. Phorbol-12-myristate 13-acetate (PMA), a 
stimulator of protein kinase C, dramatically decreased to- 
poisomerase II-reactive drug-induced DNA cleavage in 
HL-60 human leukemia cells. The effect of staurosporine, 
an inhibitor of protein kinase C, on drug-induced, to- 
poisomerase II-mediated DNA cleavage was quantified 
in the same cells. Staurosporine decreased the magnitude 
of 4'-(9-acridinylamino)methanesulfon-m-anisidide (m- 
AMSA)- and etoposide-induced DNA cleavage in a dose- 
and time-dependent fashion. Measurement of several pa- 
rameters of cell proliferation revealed no clear and uniform 
correlation between staurosporine' s inhibition of these pa- 
rameters and its effects on drug-induced DNA cleavage. 
A direct comparison with PMA's effects on drug-induced 
DNA cleavage showed that whereas PMA's inhibition of 
etoposide-induced cleavage was much greater than its in- 
hibition of m-AMSA-induced cleavage, the magnitude of 
staurosporine's effect on the cleavage produced by the two 
topoisomerase II-reactive drugs was similar. Thus, al- 
though PMA stimulates protein kinase C and staurosporine 
inhibits this enzyme, it is unlikely that the actions of either 
on topoisomerase II-reactive, drug-induced DNA cleavage 
are mediated directly via protein kinase C. Furthermore, it 
is likely that the mechanisms by which PMA and stauros- 
porine inhibit topoisomerase II-reactive drug-induced 
cleavage are different. 

Abbreviations." m-AMSA, 4"-(9-Acridinylamino)methanesnlfon-m- 
anisidide; etoposide, VP-16, 4'-demethylepipodiphytlotoxin 4-(4,6-0- 
ethylidene-~3-D-glucopyranoside); STSN, stanrosporine; PMA, phorbol- 
12-myristate 13-acetate; DMSO, dimethylsulfoxide; AD, adherent cells; 
SN, supernatant cells 

Offprint requests to: L. A. Zwelling, Department of Medical Oncology, 
Division of Medicine, Box 52, The University of Texas, M.D. Anderson 
Cancer Center, 1515 Holcombe Blvd., Houston, TX 77 030, USA 

Introduction 

The enzyme topoisomerase II plays a crucial role in chro- 
mosomal segregation and gene transcription [11]. It is 
also the target of a number of active antineoplastic drags, 
including etoposide, Adriamycin, and 4'-(9-acridiny- 
lamino)methanesulfon-m-anisidide (m-AMSA) [7]. Fac- 
tors regulating the expression of this enzyme and its role in 
other cellular processes have not been completely de- 
scribed. 

Recently, we reported the results of a series of experi- 
ments aimed at establishing a cellular system in which the 
role of topoisomerase II in cellular differentiation could be 
explored [20, 22, 23]. This was an outgrowth of our obser- 
vation that phorbol-12-myristate 13-acetate (PMA)-in- 
duced monocytoid differentiation [but not dimethyl- 
sulfoxide (DMSO)-induced granulocytoid differentiation] 
of human leukemia cells in culture was accompanied by 
dramatic decreases in drug-induced topoisomerase II-me- 
diated DNA cleavage. Because the receptor for PMA is 
protein kinase C [8, 9] and because protein kinase C has 
been shown to alter topoisomerase II activity in isolated 
biochemical systems [12, 13], we began to study the action 
of other drugs affecting protein kinase C on topoisomerase 
II-mediated events. 

Staurosporine is a potent but nonspecific inhibitor of 
protein kinase C [10, 16, 17]. It probably interferes with the 
action of the enzyme by binding to it, but the precise 
mechanism is unknown [2, 3, 10]. This report describes the 
actions of staurosporine on drug-induced, topoisomerase 
II-mediated DNA cleavage. Rather than producing the op- 
posite effects of those produced by PMA, staurosporine 
also decreased topoisomerase II-reactive drug-induced 
DNA cleavage. However, significant differences between 
the actions of PMA and those of staurosporine suggest that 
the mechanism by which each causes the inhibition of 
topoisomerase II-reactive drug-induced DNA cleavage 
differs. 
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M a t e r i a l s  a n d  m e t h o d s  

Staurosporine was initially given to us by Dr. H. Nakano of Kyowa 
Hakko Kogyo, Ltd., Tokyo, Japan. Further amounts of the drug were 
obtained from Calbiochem Corporation (San Diego, Calif.); a 10 ~-M 
stock was constituted in 100% DMSO. PMA was supplied by LC Ser- 
vices Corporation (Woburn, Mass.); a 10-2-M stock solution was consti- 
tuted in 100% DMSO. Etoposide and m-AMSA were constituted and 
used as previously described [21 ]. 

Two lines of HL-60 human leukemia cells were used in this study. 
The first (Tables 1- 3) was a gift from Dr. R. Hall, Guthrie Research 
Institute (Sayre, Pa.) [1, 6]. The second (Figs. 1, 2) was a line we 
previously described that was obtained from ATCC (see [20]). The 
effects of staurosporine were somewhat greater in the first cell line, but 
this line became spontaneously unresponsive to the actions of stanros- 
porine to produce cellular adherence prior to oar performing the experi- 
ments shown in Fig. 1 and 2, thus necessitating the use of another HL-60 
line. The cells were propagated and radiolabeled for alkaline elution as 
previously described [20, 22, 23]. 

DNA cleavage was quantified using the alkaline ehition method of 
Kohn et al. [5], with murine leukemia L1210 cells serving as internal 
standards as previously described [19]. Measurement of DNA synthesis 
was carried out as previously described [20]. The percentage of cells in 
S phase was quantified using flow cytometric analysis of DNA content 
as previously described [ 18]. 

R e s u l t s  

Staurosporine (30 nM for 24 h) decreased the DNA  cleav- 
age produced by a 1-h treatment with either m - A M S A  or 
etoposide (Table 1). Prolongat ion of the staurosporine ex- 
posure to 48 h magnif ied this decrease and produced some 
adherence of the cells to the plastic surface of the tissue- 
culture flasks (Table 1). The cleavage decrease was greater 
in the adherent cells than in the supernatant  cells. 

We  have previously shown that phorbol ester treatment 
can also lower topoisomerase II-reactive drug-induced 
DNA cleavage in HL-60 cells [20, 22, 23]. The decrease 
fol lowing PMA treatment was always greater for 
etoposide-induced cleavage than for m-AMSA- induced  
cleavage [20, 22]. Fol lowing incubat ion with stauros- 
porine, however,  the difference between the effects pro- 
duced by these two drugs was not as dramatic (Table 1). 
This suggests that s taurosporine 's  effects on topoisom- 
erase II-reactive drug- induced D N A  cleavage might be 
mediated by mechanisms different from those that produce 
P M A '  s effects. 

The data shown in Tables 2 and 3 and in Figs. 1 and 2 
were generated in an attempt to explain the effects of 
staurosporine on drug- induced DNA cleavage and to com- 
pare these effects with those of PMA. The data from each 
of the experiments for which results are displayed in 
Table 2 were obtained from aliquots of one group of cells 
on the same day. No pooled data were involved. The pre- 
viously reported drug-specific difference in the effect of 
10 nM P M A  on DNA cleavage was seen. The lower con- 
centration of P M A  had a weaker effect on DNA cleavage 
as well as on the other parameters quantif ied [20]. The 
DNA of cells that were exposed to staurosporine also dis- 
played a decreased susceptibili ty to drug- induced cleav- 
age, but  the magni tude of that decrease was similar for 
m-AMSA-  and etoposide-induced cleavage. Neither the 
amount  of D N A  synthesis inhibit ion,  the amount  of adher- 

Table 1. The effect of 30 nM staarosporine on the DNA cleavage pro- 
duced by 1 h incubation with 0.5 ~tM m-AMSA or 5 gM etoposide in 
HL-60 human leukemia cells 

Duration of staurosporine m-AMSA Etoposide 
exposure (h) 

24 59.7 _+ 8.4 49.6 +- 15.2 
(n = 4) (n = 5) 

48 14.3+-2.5 7.3+_ 3 
(Adherent cells) (n = 5) (n = 6) 

48 27.9+-9.6 23.7_+ 9.8 
(Supernatant cells) (n = 5) (n = 6) 

Data represent mean values + 1 SD of the ratios of the drug-induced 
DNA cleavage frequency (expressed in rad-equivalents) [20, 22, 23] 
produced in cells that were exposed to 30 r~ staurosporine divided by 
the cleavage frequency produced in cells that were not exposed to 
staurosporine (expressed as a percentage). At the 48-h time point, adher- 
ent and supematant cells were separated prior to the 1-h drug treatment. 
n, Number of independent determinations 

Table 2. The effect of phorbol ester or staurosporine treatment on drug- 
induced, topoisomerase II-mediated DNA cleavage and its relationship to 
cell adherence, DNA synthesis, cell growth, and cell-cycle-phase distri- 
bution 

PMA, 10 nM PMA, 1 nM STSN, 30 nM 
for 24 h for 24 h for 48 h 
(AD) (AD) 

(AD) (SN) 

Experiment 1 : 

m-AMSA cleavage a 38.3 49.6 16.8 21.2 
Etoposide cleavage 9.2 39.7 8.1 15.6 
% Adherence 89 10 24 
DNA synthesis 8 66 5 6 

(% control) b _+ 1 + 1 _+ 1 _+ I 
Fraction of 0.74 1.25 0.64 
control growth 

Experiment 2: 

m-AMSA cleavage 25.7 65.8 10.7 43.2 
Etoposide cleavage 8.3 41.7 11.7 42 
% Adherence 38 6 41 
DNA synthesis 3 96 40 52 
(% control) b +1 +-18 +-7 +-11 

% Cells in 9 25 14 21 
S phase c 

a As in Table 1. These data came from experiments in which all of the 
parameters were quantified on aliquots of cells from a single PMA or 
staurosporine treatment. PMA, Phorbol-12-myristate 13-acetate; STSN, 
staurosporine; AD, adherent cells; SN, supernatant cells 
b Means of 3 independent determinations 

Control values were 25% -33% of cells in S phase 

ence, the min imal  inhibi t ion of cell growth, nor the alter- 
ation of the cell-cycle stage distribution predicted the mag- 
nitude of D N A  cleavage decline in any uni form fashion 
(Table 2; Figs. 1, 2). 

A more extensive examinat ion using three concentra- 
tions of staurosporine (Table 3) did show a dose-response 
effect for staurosporine on m- A MS A -  and etoposide-in- 
duced D N A  cleavage; however,  again we detected no 
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Fig. 1. The absence of a uniform relationship between the inhibition of 
DNA synthesis and the inhibition of m-AMSA- (top) or etoposide-in- 
duced DNA cleavage (bottom) in human leukemia HL-60 cells following 
their exposure to PMA or staurosporine. Cells were exposed to various 
concentrations of PMA (1, 2, or 10 riM; open circles) for 24 h or to 
staurospofine (10, 20, or 30 riM; closed circles, adherent cells; open 
triangles, supernatant cells) for 48 h followed by a 1-h treatment with 
either 0.5 ~tM m-AMSA or 5 gM etoposide. DNA cleavage was quantified 
by alkaline elution with proteinase and was expressed as the percentage 
of the DNA cleavage produced by m-AMSA or etoposide in cells that 
were not exposed to PMA or staurosporine. Additionally, tritiated thy- 
midine ([3H]-dT) uptake was quantified in an aliquot of the PMA- or 
staurosporine-treated cells (see [20]. Measurements were made on either 
adherent or supematant cell populations 

simple uniform relationship between the various measure- 
ments of growth inhibition and the degree to which 
staurosporine decreased topoisomerase II-reactive drug-in- 
duced DNA cleavage. 

D i s c u s s i o n  

We have demonstrated that the ability of phorbol ester 
treatment to decrease HL-60 topoisomerase II-mediated 
DNA cleavage in a drug-specific manner is associated with 
a modest decrease in topoisomerase II activity, an alter- 
ation of the structure of immunoreactive topoisomerase II, 
and a decrease in the steady-state levels of topoisomerase 
II mRNA [22]. These effects on a line of HL-60 cells that 
exhibited a proclivity toward monocytoid differentiation 
were stronger than those on a line that lacked such a 
proclivity [22]. 

Initial results obtained in the HL-60 system [20] caused 
us to hypothesize that the phorbol-induced decline in to- 

o~ 
>< 

<I ~zE 

"6 

@ 
P 
@ 
r~ 

100 

50- 

0 
0 

O 

A 

A 
A /k 

/k 
A 

I 
50 

O 

O 
c~ 
O 

O PMA-Adherent 
/~ STSN-Adherent 

100 

Percent Adherent Cells 

too 

> 01 
g ~  50. 

"6 

8 
0 n 

A 
O O 

0 50 100 

Percent Adherent Cel ls  

Fig. 2. The absence of a uniform relationship between the amount of 
adherence produced by PMA or staurosporine and the inhibition of 
m-AMSA- (top) or etoposide-induced DNA cleavage (bottom). These 
data came from the same experiments that produced the results shown in 
Fig. 1. The amount of cleavage inhibition is expressed as a percentage of 
the cleavage produced by m-AMSA or etoposide in cells that were not 
exposed to PMA or staurosporine 

poisomerase II-mediated cleavage occurred after the phor- 
bol-induced signal to differentiate. Thus, a mechanistic 
connection between an early protein kinase C-mediated 
phosphorylation event (e. g., of topoisomerase II) and the 
decline of drug-induced cleavage was considered to be 
unlikely. However, we recently used bryostatin 1, a protein 
kinase C stimulator that does not induce monocytoid 
differentiation of HL-60 and that can interfere with the 
differentiating action of PMA, to uncouple the effects of 
PMA on DNA cleavage and on differentiation [23]. Bryo- 
statin 1 could prevent adherence when it was added as late 
as at 6 h after PMA treatment, whereas the PMA-induced 
decline in etoposide-induced cleavage escaped bryostatin 1 
reversal much earlier. These findings suggested that the 
PMA signal that produced the decline in DNA cleavage 
actually occurred prior to the PMA signal to adhere and, 
presumably, to differentiate. However, since bryostatin 1 
itself exerted a minimal effect on drug-induced, topoisom- 
erase II-mediated DNA cleavage, stimulation of protein 
kinase C alone did not seem likely to be the direct cause of 
the decline in DNA cleavage. 

The present study supports the idea that an effect on 
protein kinase C per se is unlikely to be a direct modulator 
of the action of topoisomerase 11-reactive drugs in cells. 
Staurosporine, an inhibitor of protein kinase C [10, 16] and 
other kinases [16, 17], did not increase drug-induced DNA 
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Table 3. The effect of various concentrations of staurosporine on drag-induced, topoisomerase II-mediated DNA cleavage and its relationship to cell 
adherence, DNA synthesis, cell growth, and cell-cycle-phase distribution 

Staurosporine DNA cleavage a Adherence DNA Fraction % in 
exposure (%) synthesis a of control S 
(concentration x time) m-AMSA Etoposide (% control) growth phase a 

30 nM• 62.3 47 
24h +8 _+16.2 

(n = 3) (n = 4) 

20re~ x 61.8 55.1 
24 h _+ 7.7 _+ 9.7 

(n = 3) (n = 3) 

10 riM X 72.4 65.7 
24 h _+ 9.6 _+ 11.7 

(n = 4) (n = 5) 

30 nM X 14.4 6.4 
48 h _+2.8 
(AD) (n = 2) (n = 3) 

20 nM )< 7 4.7 
48 h 
(AD) (n = 2) (n = 2) 

10nM x 21.6 11 
48 h _+7.6 _+2.2 
(AD) (n = 3) (n = 4) 

30 nM X 21.8 22.9 
48 h _+3 
(SN) (n = 2) (n = 3) 

20 tea x 34.2 37.7 
48 h 
(SN) (n = 2) (n = 2) 

10rim X 43.2 54.4 
48h _+13 _+15.1 
(SN) (n = 3) (n = 4) 

0 62_+5 0.83 30 

0 75_+8 1.02 30 

0 81 _+3 1.12 35 

38 17_+3 0.78 I6 
_+18 
(n = 6) 

32 17_+4 0.89 15 

(n = 2) 

17 39 _+4 1.07 24 
_+12 
(n = 4) 

64_+3 23 

92_+3 17 

98_+8 34 

These data include measurements of DNA cleavage from several stauros- 
porine dose-response experiments along with other measurements from 
separate experiments. Adherence was calculated from all experiments 
done on this cell line 

a AS in Tables 1 and 2. If fewer than 3 determinations were involved, the 
mean is shown without the SD 

cleavage. In fact, the opposite was true. However,  unlike 
the effects of phorbol esters, which decreased etoposide- 
induced D N A  cleavage to a greater extent than m-A MS A -  
induced cleavage, the magni tude  of s taurosporine 's  effects 
on the actions of the two topoisomerase II-reactive drugs 
was similar. This suggests that although both PM A  and 
staurosporine act on protein kinase C and decrease drug-in- 
duced, topoisomerase II-mediated DNA cleavage, they 
probably produce cleavage reduct ion via different, albeit 
unexplained,  molecular  mechanisms.  Simple relationships 
between the effects of staurosporine on DNA cleavage and 
its effects on some common  growth parameters did not 
reveal a clear and uni form correlation and thus did not aid 
in ident ifying potential  mechanisms.  However,  it is possi- 
ble that growth inhibi t ion and cell-cycle-stage perturba- 
tions played some role in the actions of staurosporine on 
drug-induced DNA cleavage mediated by a proliferation- 
associated enzyme such as topoisomerase II. 

The effects of staurosporine are not l imited to those on 
protein kinase C [10]. Staurosporine has been shown to 
enhance the uptake of vincris t ine in P-glycoprotein-con-  
taining mult idrug-resistant  cells [114]. Addit ionally,  

staurosporine can enhance the antiproliferative activity of 
cisplatin and ni trogen mustard [4]. It is thus conceivable  
that at some future date, staurosporine or its analogs may 
be considered for combinat ion  with more convent ional  
chemotherapeutic agents, particularly in light of the 
former ' s  recently described inhibi t ion of tumor invas ion  
[15]. As judged from the present data, however,  topoisom- 
erase II-reactive drugs may not be among the best choices 
for combinat ion  with staurosporine. 
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