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Abstract--We previously reported (Zwelling et al., Cancer Res 50: 71167122, 1990) that etoposide- 
induced DNA cleavage and mRNA coding for topoisomerase II are reduced in HL-60 cells induced to 
differentiate by phorbol ester. Reduction of etoposide-induced cleavage and topoisomerase II message 
did not occur in the derived cell line lE3 (which is resistant to phorbol-induced differentiation), implying 
that topoisomerase II activity may be related to the state of cell differentiation. We have extended 
these studies using a new phorbol sensitive/resistant cell pair, S (sensitive) and PET (phorbol ester 
tolerant). Phorbol ester exposure not only reduced etoposide-induced DNA cleavage and topoisomerase 
II mRNA in S cells but also decreased the amount of immunoreactive topoisomerase II enzyme in 
whole S cells. However, immunoreactive topoisomerase II extracted from the nuclei of phorbol-treated 
S cells was not reduced compared with that from the nuclei of untreated S ceils. This suggests that 
topoisomerase II contained in nuclear extracts is not always representative of the total cellular enzyme. 
Dramatic decreases in the amount, activity, or gene expression of topoisomerase II were not observed 
after phorbol treatment of the resistant PET cells; this is consistent with the potential involvement of 
topoisomerase II in monocytoid differentiation. Levels of topoisomerase I enzyme and mRNA fell in 
both S and PET cells after phorbol treatment; therefore, the genes for topoisomerases I and II did not 
appear to be regulated coordinately. 
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Phorbol esters such as phorbol-12-myristate-13- 
acetate (PMA)§ induce monocytoid differentiation 
in cultured human leukemia cells (e.g. HL-60) [ 1,2], 
but the exact mechanism by which this occurs is not 
known. Previous studies in this laboratory have 
shown that PMA-indu~d monocytoid differentiation 
of HL-60 cells was associated with decreased 
etoposide-induced, topoisomerase II-mediated DNA 
cleavage [3]. This suggested a role for topoisomerase 
II in leukemia cell differentiation. 

Topoisomerase II is an enzyme responsible for 
double-strand DNA cleavage and strand passage 
[4,5], activities that are necessary for chromosomal 
segregation [6]. Inhibitors of this enzyme (such as 
etoposide or amsacrine) prevent topoisomerase II 
from religating DNA [7]. 

We investigated the possible association between 
topoisomerase II activity and monocytoid dif- 
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ferentiation [8] using phorbol-responsive HL-60 cells 
and the derived cell line lE3, which does not 
differentiate in the presence of phorbol esters [9]. 
As predicted, etoposide-induced DNA cleavage was 
reduced to a greater extent in HL-60 celis than in 
lE3 cells when both were pretreated with phorbol 
ester [8]. In addition, phorbol exposure modestly 
decreased the amount and activity of topoisomerase 
II enzyme extracted from isolated nuclei of HL-60 
cells without producing a comparable change in lE3 
cells [8]. Despite its modest effect on extractable 
topoisomerase II, phorbol ester treatment dra- 
matically decreased the amount of HL-60 topo- 
isomerase II mRNA. Once again, phorbol treatment 
of lE3 cells did not effect a corresponding decrease 
[S]. This suggested that the gene for topoisomerase 
II could be regulated directly or indirectly by phorbol 
esters and could be a part of the biochemical cascade 
mediating phorbol-induced differentiation [8]. 

In the current study, we utilized another phorbol- 
sensitive and -resistant cell pair, HL-60 S (sensitive) 
and PET (phorbol ester tolerant), to investigate 
further the role of topoisomerase II in phorbol- 
induced cell differentiation. Confirming our experi- 
ments in HL-60 and lE3 cells, we found that phorbol 
ester treatment decreased etoposide-induced DNA 
cleavage and topoisomerase II mRNA levels in the 
S cells but not in the PET cells. Examining whole 
cells, rather than nuclear extracts, for associated 
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alterations in immunoreactive topoisomerase II, we 
found concordance between this measure and 
etoposide-induced DNA cleavage in whole cells. We 
inferred that results using nuclear extracts may not 
be accurate reflections of topoisomerase II in intact 
cells. Finally, we monitored topoisomerase I mRNA 
and enzyme levels as well as topoisomerase I activity 
in S and PET cells before and after PMA treatment 
to investigate whether the topoisomerase I gene or 
its product is influenced by phorbol esters or 
regulated in tandem with the topoisomerase II gene. 

MATERIALS AND METHODS 

Cells 

The HL-60 S cells and PET cells used in 
these experiments were provided by Dr. Donald 
Macfarlane, University of Iowa [lo]. These cells 
were grown in Iscove’s modified Dulbecco’s medium 
(JRH Biochemicals, Lenexa, KS) with 10% fetal 
bovine serum at 37” in 5% CO* and did not adhere 
to the culture flask in the absence of phorbol esters. 
The doubling time for both HL-60 S cells and PET 
cells was approximately 16 hr. L1210 murine 
leukemia cells grown in RPM1 medium (Gibco, 
Grand Island, NY) were utilized as internal standard 
cells for alkaline elution experiments. All cells 
were Mycoplasma free (American Type Culture 
Collection, Rockville , MD). 

Drugs 

PMA was obtained from the LC Services Corp. 
(Woburn, MA) and constituted as a 10mM stock 
solution in 100% dimethyl sulfoxide (DMSO). 
Amsacrine (NSC249992) was from the National 
Cancer Institute, and etoposide was a gift from Drs. 
Byron Long and James H. Keller of the Bristol- 
Myers Squibb Co. (Wallingford, CT). Amsacrine 
(10 mM) and etoposide (10 mM) were dissolved in 
100% DMSO and stored at -20”. When cells were 
treated with drugs dissolved in DMSO, the final 
concentration of DMSO in the medium was 
always 0.1%. Topotecan, obtained from SmithKline 
Beecham (King of Prussia, PA), was prepared in 
deionized water at a concentration of 10 mM and 
stored at -20”. 

DNA substrates 

Kinetoplast DNA (kDNA) utilized in the 
decatenation assay was isolated from Crithidia 
fasciculata grown in [methyl-3H]thymidine (NEN- 
DuPont, Boston, MA) as previously described [ll- 
131. The radiolabeled kDNA was isolated from 
Sarkosyl extracts using cesium chloride-ethidium 
bromide centrifugation. 

Covalently closed, supercoiled SV40 DNA was 
purchased from Bethesda Research Laboratories 
(Gaithersburg, MD). SV40 DNA was linearized 
with EcoRI and 3’ end-labeled with [32P]ATP 
(Amersham, Arlington Heights, IL) [14] for use in 
assessing DNA-protein complexes via the sodium 
dodecyl sulfate (SDS)-KC1 precipitation method 
described below [14,15]. 

Studies with intact cells 

Soft agar colony formation assays were performed 

by the method of Chu and Fisher [16] after cells 
were treated for 1 hr with amsacrine, etoposide, or 
Topotecan. S cells and PET cells that adhered to 
the flask after PMA treatment were removed by 
incubation with phosphate-buffered saline (PBS)/ 
0.02% tetrasodium EDTA at 37” for 5-10 min after 
exposure to drug, before soft agar cloning. For all 
other assays, adherent cells were removed from the 
flasks by gentle scraping. 

Drug-induced DNA cleavage was quantified after 
a 1-hr treatment utilizing alkaline elution [17]. HL- 
60 S cells and PET cells were incubated with 
0.05 yCi/mL [2-14C]thymidine (NEN-DuPont) for 
48 hr to radiolabel their DNA and then incubated 
for 24 hr in fresh, non-radioactive medium to allow 
radiolabeled replication intermediates to be ligated 
into full-length DNA. L1210 cells utilized as an 
internal standard were labeled with 0.1 pCi/mL of 
[methyl-3H]thymidine overnight and incubated in 
isotope-free medium for at least 2 hr before use. 

Cell-cycle analysis was performed via flow 
cytometry using an EPIC 742 instrument. Cells were 
treated with pro 
P-40 with 100 U P 

idium iodide and 0.05% Nonidet 
mL RNase before analysis. 

Assays of the expression of Mol on the surface 
of cells were performed as described previously, 
using flow cytometry [ 181. 

Studies with nuclear extracts 

Nuclei were isolated as previously described 
[19,20], and extracts were made using 0.35 M NaCl 
nucleus buffer [21] including the following protease 
and phosphatase inhibitors: 50 pg/mL leupeptin, 
10 pg/mL pepstatin, 10 yg/mL chymostatin, 10 pg/ 
mL antipain, 10 pg/mL aprotinin (all from Boehring- 
er-Mannheim, Indianapolis, IN), 5 mM glucose l- 
phosphate, 5 mM AMP, and 1 mM phenylmethyl 
sulfonyl fluoride (PMSF) (all from Sigma, St. Louis, 
MO) PI. 

The following experiments were performed on the 
products of two independent extractions of nuclei 
from each cell line. Results using nuclear extracts 
from the independent extractions were comparable. 
The data presented are from experiments using one 
of these extracts. 

Assessment of topoisomerase I and II in nuclear 
extracts 

Relaxation. This assay was utilized to determine 
the activity of topoisomerase I in nuclear extracts. 
Approximately 0.20 ,ug of supercoiled SV40 DNA 
was used as a substrate. Reactions occurred at 37” 
for 30 min in a buffer containing 10 mM Tris (pH 
7.4), 50 mM KCl, 50 mM NaCl, 5 mM MgC12, and 
0.1 mM EDTA. The reaction buffer contained no 
ATP, thereby precluding topoisomerase II-induced 
relaxation [22,23]. The reactions were terminated 
by the addition of SDS to 1% and proteinase K to 
lOOvg/mL. Reaction products were separated on a 
1% agarose gel in a Tris-borate buffer system (pH 
8) in the presence of 0.5 pg/mL ethidium bromide. 
Gels were photographed under ultraviolet light. 
Photographic negatives were densitometrically scan- 
ned to determine the amount of Form I” (relaxed) 
DNA. Topoisomerase I activity in a nuclear extract 
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is expressed as the amount of protein required to 
relax 50% of the supercoiled SV40 substrate. 

Decatenation. This assay was utilized to determine 
the activity of topoisomerase II in nuclear extracts. 
Approximately 0.22 pg of [3H]kDNA was used as a 
substrate. Reactions occurred at 37” for 30 min under 
these conditions: 50mM Tris-HCl, 85 mM KCl, 
10 mM MgC&, 0.5 mM dithiothreitol, 0.5 mM 
Na*EDTA, 0.03 mg/mL bovine serum albumin, and 
1 mM ATP, pH 7.6. The reactions were terminated 
by the addition of SDS to 1% followed by the 
addition of proteinase K to 100 pg/mL. Reaction 
products were separated on a 1% agarose gel in a 
T&borate buffer system (pH 8) in the presence of 
0.5 pgg/mL ethidium bromide. Catenated DNA does 
not enter the gel, but decatenated DNA minicircles 
do. The DNA in the gel was visualized under 
ultraviolet light and excised. The amount of DNA 
that migrated into the gel and the amount that 
remained in the well were quantified using liquid 
scintillation spectroscopy as described previously 
[14]. The topoisomerase II activity in a nuclear 
extract is expressed as the amount of protein required 
to decatenate 50% of the substitute kDNA. 

Drug-induced DNA-protein cross-linking. This 
assay was used to compare drug sensitivities among 
nuclear extracts. The substrate was uniquely 3’ end- 
labeled [32P]SV40 DNA. Drug-induced protein cross- 
linking of this DNA was quantified by SDS-KC1 
precipitation [14,15] after a 30-min incubation at 
37” of drug, nuclear extract (equivalent to the 
amount required to decatenate 50% of kDNA 
substrate, as above) and long of 3’ end-labeled 
DNA in the following buffer: 10 mM Tris (pH 7.4), 
50 mM KCl, 50 mM NaCl, 5 mM MgC12, 0.1 mM 
EDTA, 15 pg/mL bovine serum albumin, and 1 mM 
ATP. 

Drug-induced DNA cleavage by topoisomerase I. 
Supercoiled SV40 DNA (0.2pg) was used as a 
substrate. Equally active (determined by topo- 
isomerase I relaxation, as described above) amounts 
of nuclear extracts were used. Reactions occurred 
at 37” for 30min in the same buffer used for the 
DNA relaxation assay plus either Topotecan or 
vehicle. The reactions were terminated by the 
addition of SDS and proteinase K, and reaction 
products were run on a 1% agarose gel as described 
above, with 0.5 pg/mL ethidium present in the 
running buffer. Gels were photographed under 
ultraviolet light. Photographic negatives were 
scanned densitometrically to determine the amount 
of form II (nicked) DNA generated in the absence 
and presence of drugs. 

Immunoblotting 

Both nuclear extracts and whole cells were utilized 
for immunoblotting. Whole cells were prepared 
according to the method of Kaufmann et al. [24,25]. 
Briefly, 5-10 million cells were solubilized by 
sonication in 1 mL of buffer containing 6 M guanidine 
hydrochloride, 250 mM Tris-HCl (pH 8.5), 10 mM 
EDTA, 1% 2-mercaptoethanol, and 1 mM PMSF. 
Cell solutions were treated with iodoacetamide 
(27.75 mg/sample) and dialyzed against 4 M urea 
and then against 0.1% SDS before lyophilization. 
Prior to being loaded onto a polyacrylamide gel, 

lyophilized cells were resuspended in 4 M urea, 2% 
SDS, 62.5 mM Tris-HCl (pH 6.8) and 1 mM EDTA. 
The lysate from 2 million cells was loaded into each 
lane of the polyacrylamide gel. 

Nuclear extracts or cells were run on 7.5% 
polyacrylamide gels in a Tris-glycine buffer, and the 
proteins separated on the gel were electrophoretically 
transferred to nitrocellulose. The nitrocellulose 
filters were blocked with 3% bovine serum albumin 
and incubated with topoisomerase I or II antibody 
(provided by Dr. Leroy Liu, Johns Hopkins 
University) at a 1:500 dilution. The antibody 
complex was detected with *251-labeled Protein 
A (Amersham). Independent immunoblots were 
performed on two groups of PMA- or vehicle-treated 
cells and on two sets of nuclear extracts derived 
from PMA- or vehicle-treated cells. The results of 
one set of blots for whole cells and for nuclear 
extracts are shown in Figs. 1 and 2. 

Northern and dot blotting 

Cellular RNA from S cells and PET cells (either 
untreated or incubated with 10 nM PMA for 48 hr) 
was harvested in 4M guanidinium isothiocyanate 
and separated by ultracentrifugation through a 5.7 M 
CsCl cushion [26]. RNA (2 pg) from each cell type 
was denatured and run on 1% agarose/2.2M 
formaldehyde gels in 0.1 M 4-morpholinepropane 
sulfonic acid (MOPS)/5 mM EDTA buffer. The gels 
were stained with ethidium bromide to check RNA 
integrity and consistency of loading before transfer 
to Nytran (Schleicher & Schuell) [27]. The blots 
were hybridized to the human topoisomerase II 
cDNA probe, 21169 (a gift from Dr. Leroy Liu) 
under standard conditions [27]. Probes utilized in 
northern and dot blotting (below) were labeled using 
the Amersham Multiprime Labeling System. 

Dot blotting was performed on concentrations of 
RNA ranging from 5.5 to 0.6875 pg. Filters were 
hybridized, as above, to the following probes: ZI169, 
c-myc (Oncor, Gaithersburg, MD), topoisomerase 
I (provided by Dr. Leroy Liu), and @-actin (provided 
by Dr. Grady Saunders). 

RESULTS 

Cellular experiments 

After 24 hr in the presence of 10nM PMA, 
85.7? 9.2% (N=7) of S cells and 35.22 6.5% 
(N = 7) of PET cells adhered to the plastic culture 
flask. However, 48 hr after phorbol addition, 
80.9 f 10.7% (N =12) of S cells and 13.5 ? 7.5% 
(N = 12) of PETcellsremained adherent. Subsequent 
experiments were performed after 48 hr of PMA 
treatment in order to clearly distinguish between 
phorbol effects on the two cell lines. 

Flow cytometry studies with the Mol antibody, 
which recognizes cells of human mononuclear lineage 
[8,9], indicated that after incubation with PMA, the 
majority of adherent HL-60/S cells treated with 
PMA had begun monocytoid differentiation (the 
fraction of S cells staining positive for Mol increased 
from 10.7 to 79.4%). In contrast, but as expected, 
the majority of PET cells were not induced to 
differentiate by PMA. Adherent PET cells (fraction 
positive for Mol was 43.6%) appeared to be 
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Table 1. Effect of PMA pretreatment on dig-induced, 
topoisomerase I- or II-mediated DNA cleavage in HL-60 

S and PET cells 

Per cent DNA cleavage relative to 
non-phorbol-treated cells 

Cell line Etoposide Amsacrine 

SAD 14, 18 33,32 

PETsN 73,79 98, 125 

PETAD 46, 52 83 

Topotecan 

146 f 29* 
(N = 10) 

141 + 81 
(N = 10) 

129 2 45 
(N = 7) 

Cells were pretreated with 10 mM PMA or vehicle for 
48 hr. PMA was removed from the culture medium before 
incubation with drug for 1 hr, as indicated above. Following 
exposure of cells to 1 or 5 PM etoposide, 0.1 or 0.5 PM 
amsacrine, or 0.05 to 2 PM Topotecan, DNA cleavage was 
assessed by alkaline elution. Data are presented as the per 
cent DNA cleavage of PMA-treated cells relative to non- 
phorbol-treated controls when both were incubated with 
identical concentrations of etoposide, amsacrine, or 
Topotecan. N = number of independent determinations. 
If N > 3. data are averaged It1 SD. If N <3, data are 
presented as individual Ipoints. SN = supernatant cells; 
AD = adherent cells. % Cell adherence for etoposide and 
amsacrine experiments: S = 89, 91, PET = 9, 7. % Cell 
adherence for Topotecan experiments: S = 82 2 13, PET = 
8 * 2. *P < 0.01, using the Wilcoxan Rank Sum test or t- 
test, that To~te~an-indu~d DNA cleavage in Snn cells 
was significantly higher than in Ron-pho~bol-trusted S 
cells (where cleavage = 100%). Topotecan-induced DNA 
cleavage was not significantly higher in PMA-treated PET 
cells (either SN or AD) than in PET cells not treated with 
PMA (where cleavage = lOO%), using either the Wilcoxan 
Rank Sum test or t-test. 

somewhat more differentiated than the supematant 
PET cells and the untreated PET ceils (fractions 
positive for Mol were 28.7 and 2.1%, respectively). 

PMA pretreatment decreased etoposide-induced 
DNA cleavage in S cells (Table 1). The reduction 
of etoposide-induced DNA cleavage was not as 
pronounced in supernatant or adherent PET cells 
following PMA treatment (Table l), although 
cleavage reduction in adherent PET cells was greater 
than that in the supernatant population. 

The amount of amsacrine-induced DNA cleavage 
was also lower in phorbol-treated S cells than in 
controls (Table 1). However, amsacrine-induced 
cleavage in PMA-treated S cells was not reduced to 
the same extent as was etoposide-induced cleavage 
(Table 1). PMA treatment did not change the 
su~eptibility of supematant PET cells to amsacrine- 
induced DNA cleavage and only modestly decreased 
cleavage in adherent PET cells exposed to amsacrine 
(Table 1). 

Treatment with PMA significantly increased 
Topotecan-induced DNA cleavage in S cells, 
althoughTopotecan-induced DNAcleavage in PMA- 
treated PET cells (either supematant or adherent) 
was not significantly different from that in PET cells 
not pretreated with the phorbol ester (Table 1). 

Drug-induced DNA cleavage has been shown to 

Table 2. Effect of phorbol ester treatment on the cell cycle 
of HL-60 S and PET cells 

Phases of the cell cycle 

Cells f&/G, S G,+M 

S veh 38.1 47.8 14.1 
SAD + PMA 82.4 7.7 
PET veh 36.5 50.9 1;:: 
PETsrv + PMA 60.1 35.5 
PETAD + PMA 68.8 30.9 ::: 

HL-60 S and PET cells were incubated for 48 hr in the 
presence of 10 nM PMA or vehicle (DMSO equal to 0.1%) 
before cell-cycle anaiysis was performed utiliiing flow 
cytometry of propidium io~de-stained cells. Cell adherence 
+PMA: S=77%, PET=7%. Veh=vehicle; AD= 
adherent cells; SN = supematant cells. 

be lower in S-phase cells than in cells in other phases 
of the cell cycle [28,29]. After 48 hr of PMA 
treatment, the percentage of HL-60/S cells in S 
phase declined as the percentage of the cell 
population in Go/G1 increased (Table 2), so 
reductions in drug-induced DNA cleavage could not 
be explained by recruitment of cells into S phase. 
PMA treatment decreased the percentage of PET 
cells (both supernatant and adherent populations) 
in S phase after 48 hr, with a concomitant increase 
of cells in Go/G,. This was not as great a change 
from control as was observed in phorbol-treated S 
cells (Table 2). 

Immunoblotting 
Whole cell immunoblotting demonstrated that the 

amount of immunoreactive topoisomerase II in HL- 
60 S cells fell at least 6-fold after 48 hr of exposure 
to PMA (Fig. l), consistent with the PMA-induced 
decrease in etoposide-induced cleavage (Table 1). 
PMA treatment did not appear to change the 
topoisomerase II content of su~matant PET cells 
and only slightly lowered topoisomerase II in 
adherent PET cells. PMA treatment lowered the 
amount of immunoreactive topoisomerase I in both 
S cells and PET cells, although this decrease was 
small in the majority of the PET cell population that 
do not adhere (Fig. 2). 

The immunoblot for topoisomerase II performed 
on nuclear extracts contrasted greatly with the blot 
performed using whole cells in the case of I-IL-60 S 
cells (Fig. 1). After PMA treatment, S cells contained 
slightly more extractable topoisomerase II, quite 
unlike the drop in topoisomerase II seen with whole 
cell preparations, As seen previously in HL-60 
nuclear extracts [8,21], there appeared to be two 
forms of topoisomerase II in the S cell and untreated 
PET cell extracts with molecular masses of 194 and 
172 kDa. 

Low levels of immunoreactive topoisomerase I 
were detected in nuclear extracts from S cells, treated 
with PMA or vehicle. PET cell nuclear extracts 
appeared to have more of the enzyme than extracts 
derived from S cells, and this amount seemed to 
increase following PMA treatment (Fig. 2). 
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s S+ PET PEIN PEI,, Cell Type S S+ PET PEJN PET,, 

172 kDa> 

NUCLEAR EXTRACTS 

SN = Supematant 
AD = Adherent 
+ = lOn~PMAX48hr 

< 181 kDs 

WHOLE CELLS 

Fig. 1. Topoisomerase II immunoblot of whole cells or nuclear extracts from HL-60 S and PET cells 
exposed to 10 nM PMA or vehicle for 48 hr. HL-60 S and PET cells were incubated with 10 n&f PMA 
or vehicle for 48 hr before harvest and lysis or nuclear isolation and extraction as described in Materials 
and Methods. Whote cells (2 x 106) or 10 pg of nuclear extract protein were loaded onto each lane of 
an SDS-polyacrylamide gel. Electrophoresis, transfer to nitrocellulose, and immunoblotting with anti- 
human topoisomerase II antibody are detailed in Materials and Methods. Molecular mass of the bands 
was estimated by comparison with standards. Radioactivity of the bands was determined by using a 
gamma counter and was as follows: nuclear extracts: S = 110 cpm, S+ = 379 cpm, PET = 661 cpm, 
PET,, = 3’21 cpm, PET,, = 380 cpm. AD = adherent PMA-treated PET cells; SN-= supernatant Ph%A- 
treated PET cells; whole cells: S = IO21 cpm, S+ = 170 cpm, PET = 513 cpm, PETsrv = 682 cpm, and 

PETAD = 356 cpm. 

Experiments with nuclear extracts 

The ability to decatenate kDNA (a measure of 
topoisomerase II activity) differed less than 2-fold 
between any two of the five nuclear extracts (Table 
3). The sensitivity of topoisomerase II in nuclear 
extracts from PMA-treated or untreated S cells to 
drug-induced DNA-protein cross-linking appeared 
similar {Fig. 3, A and B). Each extract precipitated 
3’ “P end-labeled SV40 DNA in a concentration- 
responsive fashion in the presence of either amsacrine 
or etoposide (Fig. 3, A and B). Topoisomerase II 
in extracts from untreated PET cells or phorbol- 
treated PET supematant cells also precipitated 3’ 
32P end-labeled SV40 DNA in the presence of either 
drug; however, enzyme in the extract from the 
untreated PET cells appeared to stabilize more 
DNA-protein cross-links than enzyme in the other 
extracts, particularly in the presence of etoposide. 
Surprisingly, topoisomerase II in the extract from 
PET adherent cells (open triangles) was resistant to 
both drugs (Fig. 3). 

Relaxation of SV40 DNA in the absence of ATP 
(indicative of topoisomerase I catalytic activity) was 
similar in nuclear extracts derived from S cells 
regardless of PMA treatment (Table 3). Topo- 
isomerase I catalytic activity appeared to be lower 

in extracts from PMA-treated PET cells (particularly 
the supernatant cells) than in extracts from 
untreated PET ceils (Table 3). Topotecan-induced 
topoisomerase I mediated singe-stranded DNA 
cleavage (generation of form II DNA from form I) 
was significantly greater in extracts from PMA- 
treated S cells than untreated S cells, but was similar 
in PET cells regardless of PMA treatment (Fig. 4). 

Northern and dot blotting 

Northern blotting using the human topoisomerase 
II cDNA probe ZI169 (Fig. 5) showed that PMA 
treatment decreased dramatic~ly the amount of 
topoisomerase II message in S cells. Only a slight 
decrease in PET cell topoisomerase II message was 
observed after PMA exposure. Dot blotting 
demonstrated that the amount of mRNA coding for 
topoisomerase I in both S and PET cells appeared 
to be lower after PMA treatment (Fig. 5). Dot blot 
experiments (Fig. 5) also illustrated the decrease of 
topoismerase II mRNA in S cells following PMA 
and demonstrated a PMA-induced down-regulation 
of c-myc mRNA in S cells that did not occur in PET 
cells. PMA treatment did not affect expression of 
the gene for @-a&in, a constitutive cell protein, in S 
cells or PET cells. 
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S S+ PET PEiN PEIo S S+ PET PEJ, PEsD 

< 94 kDa 114kDs> 

NUCLEAR EXTRACTS WHOLE CELLS 

SN = Supernatant 
AD = Adherent 
+ = lOnMPMAX48hr 

Fig. 2. Topoisomerase I immunoblot of whole cells or nuclear extracts from HL-60 S and PET cells 
exposed to 10 nM PMA or vehicle for 48 hr. Whole cells (2 x 106) or 15 pg of nuclear extract protein 
were loaded into each lane of the gels. Anti-human topoisomerase I antibody was used for 
immunoblotting. See legend of Fig. 1 for further experimental details. Radioactivity of the bands was 
determined by using a gamma counter and was as follows: nuclear extracts: S = 3 cpm, S+ = 16 cpm, 
PET = 18 cpm, PETsN = 30 cpm, PETAD = 49 cpm; whole cells: S = 131 cpm, S+ = 38 cpm, PET = 

375 cpm, PETsN = 203 cpm and PET,, = 98 cpm. 

Table 3. Effect of cellular PMA pretreatment on 0.35 M 
NaCl topoisomerase I- and II-containing nuclear extracts 

derived from HL-60 S and PET cells 

Protein 
concentration “Decat,” “Relax,,” 

Cells (ng/mL) (ng) (ng) 

S 94 266 + 20 2.4, 1.4 
S,o + PMA 97 227 * 48 1.8, 3.3 
PET 232 160 + 30 0.92, 0.81 
PETsN + PMA 472 307 r 47 4, 3.2 
PET,n + PMA 112 228 2 75 1.5, 1.9 

HL-60 S and PET cells were treated with 10 nM PMA 
for 48 hr before harvest, isolation, and extraction of nuclei 
as outlined in Materials and Methods. Adherence: S = 
62%, PET = 7%. The protein concentration in each 
extract is given, along with the “DecatsO” value, the amount 
of protein needed to decatenate 50% of the catenated 
DNA substrate (indicative of topoisomerase II activity), 
and the “RelaxsO” value, the amount of extracted protein 
needed to relax 50% of supercoiled SV40 DNA substrate 
(in the absence of ATP, indicative of topoisomerase I 
activity). For details of the assays, see Materials and 
Methods. The “Decat ” values are presented as means & 
1 SD of three experilents. AD = adherent cells; SN = 
supernatant cells. 

Cell survival studies 

Soft agar colony formation assays showed that a 
48-hr treatment with 10 nM PMA protected HL-60 
S cells from the cytotoxic effects of a 1-hr incubation 
with 20pM etoposide (Fig. 6). PMA pretreatment 
was less effective at protecting PET cells from 
etoposide cytotoxicity. This contrasts with previous 
data presented for HL-60 and phorbol-tolerant lE3 
cells [8], where etoposide cytotoxicity was reduced 
to a similar level in both cell lines after incubation 
with phorbol ester. PMA pretreatment offered only 
slight protection from amsacrine toxicity in S cells 
and PET cells (data not shown). The cytotoxicity of 
2 PM Topotecan was unaltered in S cells and PET 
cells after PMA treatment (data not shown). 

DISCUSSION 

The current studies using S and PET cells 
demonstrated that many of the observations made 
in our earlier studies comparing phorbol-treated HL- 
60 and lE3 cells [8] were not unique to that cell 
pair. Etoposide-induced DNA cleavage in PMA- 
treated S and HL-60 cells was lowered to a much 
greater extent than in PMA-treated PET or lE3 
cells [8]. Etoposide cytotoxicity was also lower in 
PMA-treated S cells than in S cells that were not 
pretreated with PMA. Phorbol treatment did not 
lower etoposide cytotoxicity in PET cells. This was 
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Fig. 3. Drug sensitivities of 0.35 M NaCl nuclear extracts 
from I-IL-60 S and PET cells pretreated with 10 nM PMA 
or vehicle. Nuclear extracts, derived as explained above, 
were incubated for 1 hr at 37” with the concentrations of 
amsacrine (A) or etoposide (B) shown in the figure. Equally 
active amounts (as determined by decatenation) of nuclear 
extracts were used. The substrate used in this assay was 
linear SV40 DNA that had been 3’ end-labeled with 
[32P]ATP. Reaction conditions are given in Materials and 
Methods. Data points represent the means f I SD of three 

experiments. 

consistent with the etoposide cleavage data. In 
contrast, PMA lowered etoposide cytotoxicity in 
lE3 cells as well as in HL-60, although drug-induced 
DNA cleavage was reduced only in the HL-60 cells 
[8]. This suggests that the effect of PMA treatment 
on etoposide-induced DNA cleavage may be 
independent of its effect on etoposide cytotoxicity. 

Am~c~ne-induced DNA cleavage in PMA- 
treated S ceils was not lowered to the same extent 
as cleavage mediated by etoposide. The more modest 
influence of PMA treatment on amsacrine-induced 
DNA cleavage was also consistent with our previous 
study of HL-60 and lE3 cells [8]. Our previous 
explanation [3,8] for this is that amsacrine is able 

PET CELLS 

T 

NO PMA +PMA NO PMA SN AD 
+PMA 

Fig. 4. Topotecan-indu~d cleavage of super&led DNA 
by 0.35 M NaCl nuclear extracts from HL-60 S and PET 
cells pretreated with 10nM PMA or vehicle. Nuclear 
extracts of the cell types shown in the figure were incubated 
with supercoiled SV40 DNA in the presence or absence of 
1OO~M Topotecan under the conditions described in 
Materials and Methods. Equally active amounts (as 
determined by DNA relaxation) of the nuclear extracts 
were used. Reactions were stopped with SDS and digested 
with proteinase K to eliminate DNA-protein cross-links 
before being run on a 1% agarose gel using a TBE buffer 
system with ethidium bromide. Gels were photographed 
under UV light and the negatives scanned to determine 
the amount of form II (nicked) DNA. Three separate 
assays were performed on each extract, and data are 
presented as the ratio of form II DNA generated in the 
presence and absence of Topotecan 2 1 SD. Key: (*) P = 
0.02, using a paired, two-tailed t-test, that Topotecan- 
induced cleavage of supercoiled SV40 DNA was significantly 
greater with nuclear extract from PMA-treated S cells than 

with nuclear extract from vehicle-treated S cells. 

to overcome the protective effect of phorboi esters 
because of its intercalation of DNA (etoposide is 
not a DNA intercaiator). Phorboi esters may have 
some direct or indirect action on chromatin, and 
intercalation may partially overcome that action. 

In both S and HL-60 (8) ceils (but in neither 
PET nor lE3 (8) ceils), mRNA coding for the topo- 
isomerase II enzyme was decreased dramatically 
after PMA treatment, consistent with the drop in 
etoposide-induced DNA cleavage observed in 
the PMA-treated cells. However, immunoreactive 
topoisomerase II was not lower in nuclear extracts 
from PMA-treated S cells than in extracts from 
untreated cells. 

Because the S ceil nuclear extract data and mRNA 
data did not reconcile, we decided to use a 
whole cell immunobiotting technique to quantify 
immunoreactive topoisomerase II in whole S and 
PET ceils. Whole ceil immunoblotting revealed a 
large drop in i~unoreactive topoisomerase II in 
PMA-treated S ceils that was not observed in the 
PET ceils. These data appeared consistent with the 
levels of topoisomerase II mRNA in the S and PET 
cells following PMA treatment. This observation 
suggests that the topoisomerase II contained in 
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Fig. 5. Modulation of topoisomerase II RNA levels in HL-60 S and PET cells treated with 10 nM PMA 
or vehicle. Top: northern blot using the ZI169 human topoisomerase II probe. Each lane contained 
2 pg of total cellular RNA. Below: dot blots using probes for topoisomerases II and I (center row), 
and c-myc and &actin (bottom row). Concentrations of RNA in the blots ranged from 5.5 to 0.6875 pg, 

descending by half for each row. 

nuclear extracts is not necessarily representative of 
the total enzyme contained in the cell. The 
unextracted topoisomerase II may be tightly 
associated with the nuclear matrix or com- 
partmentalized differently from the readily extracted 
enzyme [30,31]. 

The decrease in immunoreactive topoisomerase II 
and topoisomerase II mRNA observed in S cells 
demonstrates that the gene for this enzyme may be 
down-regulated directly or indirectly by PMA. This 
down-regulation does not occur in PET or lE3 [8] 
cells, so it is consistent with the involvement of 
topoisomerase II in monocytoid differentiation. Data 
from the laboratories of other investigators also 
indicate a possible relationship between reductions 
in the amount or activity of topoisomerase II and 
cell differentiation. Gorsky et al. [32] reported a 
30% drop in topoisomerase II activity in HL-60 cells 
after 12-24 hr of PMA exposure,when the beginning 
of cell differentiation could be observed. According 
to Kaufmann et al. [25], topoisomerase II levels in 
proliferating HL-60 and normal bone marrow 
progenitor cells were higher than those in either 
mature granulocytes or HL-60 cells induced toward 
granulocytic differentiation by DMSO. 

The genes for topoisomerases I and II appear to 
be independently regulated. In whole S and PET 
cells, the amount of immunoreactive topoisomerase 
I fell slightly after 48 hr of PMA treatment, as did 
the amount of mRNA coding for the enzyme. These 
data did not correlate negatively or positively with 
the topoisomerase II mRNA or enzyme data in 
either cell line. The activity of topoisomerase I may 
have been increased in the S cells because Topotecan- 
induced DNA cleavage (as measured in whole cells 
by alkaline elution) was significantly greater after 
S cells were exposed to PMA. PMA-induced 
perturbations in topoisomerase I gene expression or 
activity have been observed by other investigators. 
Hwong and associates [33] reported that topo- 
isomerase I mRNA levels rose within 2-4 hr in 
human skin fibroblasts in response to PMA. Over a 
similar time course, Gorsky et al. [32] reported an 
increase in topoisomerase I activity but not in cellular 
enzyme content. 

In summary, we have described another HL-60 
cell pair in which one line will and one line will not 
differentiate in response to phorbol ester exposure. 
Like the HL-60/1E3 cell pair [S], the S/PET cell 
pair exhibited a differential response to etoposide 
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