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ABSTRACT

Tumor-promoting phorbol esters such as phorbol 12-myristate 13-
acetate (PMA) induce the monocytoid differentiation of 1II -6(1 human

leukemia cells. The cellular receptor for PMA is protein kinase C.
However, cellular events distal to protein kinase C phosphorylation are
also critical steps toward differentiation. These events may include spe
cific programs of oncogene transcription that have been associated with
phorbol ester-induced leukemic cell differentiation. Recently, it has been
found that topoisomerase II could be activated by protein kinase C-
mediated serine phosphorylation and that PMA treatment of HL-60 cells

enhanced extractable topoisomerase II from these cells. Additionally,
topoisomerase II-reactive antineoplastic drugs could block PMA-induced
differentiation of HL-60. This enzyme has been implicated in gene
regulation, and drug-induced, topoisomerase II-mediated DNA cleavage

sites have been identified within cellular oncogenes. Thus, topoisomerase
II could play a critical role in the signal transduction cascade leading
from PMA-protein kinase interaction to monocytoid differentiation. We
have examined this relationship between topoisomerase II and PMA-
induced differentiation through measurements of drug-induced, topoisom
erase II-mediated DNA cleavage (via alkaline elution) in PMA-treated
HL-60 cells. Etoposide-induced DNA cleavage was reduced 10-fold in
HL-60 cells treated with 10 nM PMA for 24 h. Neither dimethyl sulfoxide
(which produces granulocytoid differentiation) nor non-differentiation-

inducing phorbol esters could produce this effect. The decreased cleavage
was not due to a PMA-induced inhibition of cell-associated etoposide
and was demonstrable in nuclei isolated from PMA-treated cells. The

decrease was not simply related to decreased cellular proliferation rate
as reflected in the inhibition of DNA synthesis because conditions leading
to marked inhibition of DNA synthesis did not necessarily inhibit eto-
poside-induced DNA cleavage. By contrast, lower concentrations of PMA
inhibited etoposide-mediated DNA cleavage disproportionately compared

with PMA effects on DNA synthesis. Interestingly, PMA reduced cleav
age induced by the topoisomerase II-reactive DNA intercalator 4'-(9-

acridinylamino)methanesulfon-m-anisidide by 2-fold, suggesting that spe
cific drug-DNA interactions could partially overcome the PMA-induced
effect that resulted in decreased etoposide-induced, topoisomerase II-

mediated DNA cleavage. Nuclear proteins in 0.35 M NaCl extracts from
untreated or PMA-treated HL-60 cells were virtually identical in topoi
somerase II activity and in topoisomerase II-associated drug sensitivity.
This suggested that it was PMA-induced changes in cellular chromatin
rather than in topoisomerase II itself that resulted in an altered chro-
matin-drug or chromatin-topoisomerase II interaction. This chromatin

structural change, however, could not be demonstrated to have occurred
within the c-myc oncogene despite the marked transcriptional down-
regulation of c-myc following PMA treatment. However, prior work had

suggested that the transcriptional inactivation of this gene may not be
accompanied by alterations in chromatin structure. This system is partic
ularly useful in defining whether specific nuclear events, such as altered
programs of gene transcription, are mechanistically related to differentia
tion and whether topoisomerase II may have a role therein.
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INTRODUCTION
Several clinically useful cytotoxic antineoplastic compounds

have been demonstrated to stabilize a topoisomerase II-DNA
complex in cells, nuclei, and isolated biochemical systems (1,
2). In cells, the magnitude of the stabilized complex formation
often correlates with the cytotoxic potency of the various ther
apeutic agents, thus supporting the vital role of the enzyme and
suggesting that topoisomerase II is a critical target of antineo
plastic drugs. The actual biochemical processes that lead from
complex stabilization to cell death are not known. More specif
ically, the cellular function of topoisomerase II that the drugs
interfere with or the location ofthat DNA interference site that
leads to the selective susceptibility of the cancer cells to the
cytotoxic action of the drugs remains undefined.

Topoisomerase II plays a critical role in cell division and,
more specifically, in chromosome segregation (3-8). This func
tion derives from the unique double-strand passing activity of
the enzyme. The absence of this topoisomerase II activity is
probably not compatible with cell proliferation. Cellular func
tions other than chromosome segregation may also depend
upon topoisomerase II activity. One such function is gene
transcription. Worcel and colleagues have demonstrated that
DNA gyration (topoisomerase II-induced supercoiling) is an
important part of eukaryotic gene transcription in a Xenopus
oocyte system (9-12). Gliken and Blangy (13) reported similar
findings in a polyomavirus system. Others (14, 15) challenge
the concept that transcription relies on torsional tension in
gyrated DNA. Nonetheless, favored DNA configurations for
active transcription may exist (16-19), and supercoiling may
regulate the binding of transcriptional factors to promoters
(20). Furthermore, different genes may transcribe most effi
ciently at different supercoil densities (21), suggesting a topo
logica! mechanism for selective transcriptional control (22).
Thus, enzymes that can regulate supercoiled density (i.e., to-
poisomerases) may be physiologically and anatomically related
to transcriptional chromatin, and evidence for this has been
forthcoming (23-26).

Cellular oncogenes are DNA sequences with homology to the
transforming sequences of retroviruses (27). The expression of
these genes may be critical for the establishment or maintenance
of the malignant phenotype. The expression of these genes can
be modulated in certain cell systems in which specific chemicals
can induce cellular differentiation. The HL-60 human leukemia
line is among the most actively investigated of these systems
(28-30). The promyelocytic HL-60 cells can differentiate to
either granulocytoid or monocytoid cells depending upon the
inducing agent used. During this chemically induced differen
tiation, specific programs of cellular oncogene transcriptional
modulation have been described (31-37), and these programs

may relate to the differentiation itself. The precise biochemical
processes leading from chemical induction to differentiation
and the relationship of oncogene expression to these processes
are not well described.

Phorbol esters are potent tumor promoters able to induce
monocytoid differentiation of HL-60 cells (29, 30). Some of
the signal transduction events that follow phorbol ester treat-
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ment are defined. The phorbol ester receptor is protein kinase
C (38, 39). The phorbol ester-protein kinase C interaction is
probably the proximal event in a biochemical cascade that leads
to monocytoid differentiation. Modulations of oncogene tran
scription may play a role in the differentiation cascade. Among
the targets for protein kinase C phosphorylation may be topo-
isomerase II. Purified protein kinase C phosphorylates and
activates topoisomerase II (40). Topoisomerase H-reactive
drugs block phorbol ester-induced HL-60 differentiation (40).
Thus, topoisomerase II may be a critical mediator in the trans-
duction of information from the extracellular environment to
the cell nucleus through a phosphorylation-induced activation
of the enzyme at specific gene sites (24, 25, 41). The present
report describes our investigations of a possible relationship
among chemically induced leukemia cell differentiation, asso
ciated oncogene expression, and topoisomerase II function.

MATERIALS AND METHODS

Cells and Drug Treatments. HL-60 human leukemia cells were ob
tained as a frozen stock from ATCC (CCL 240) at passage 13. These
were thawed and propagated continuously in exponential growth phase
in Iscove's modified Dulbecco's medium (Hazleton, Lenexa, KS) and
10% fetal calf serum at 37Â°Cin 5% CO2. The doubling time of these

cells was approximately 24 h. These cells were periodically checked for
Mycoplasma contamination and were free of infection (ATCC, Rock-
ville, MD).

PMA3 and 4-a-phorbol 12-myristate 13-acetate were obtained from

LC Services Corporation (Woburn, MA). PMA was also obtained from
Sigma Chemical Co. (St. Louis, MO). Results using PMA from either
source were identical. Phorbols were constituted as 0.01 M solutions in
100% DMSO. Cells were treated with either appropriate concentrations
of phorbols or with DMSO as a vehicle control (maximum concentra
tion, 0.1% DMSO).

m-AMSA (NSC 249992) was obtained from the Drug Synthesis and
Chemistry Branch, National Cancer Institute. m-AMSA was kept as a
0.01 M stock solution in 100% DMSO. Etoposide was obtained either
from Dr. Byron Long at Bristol-Myers Co. (Wallingford, CT) or from
Dr. James H. Keller at Bristol-Myers Co. (Evansville, IN). This was
also constituted as a 0.01 M stock solution in 100% DMSO and was
kept frozen.

Following PMA treatment, the HL-60 cells would begin to adhere
to the plastic culture dishes within 1 h, and over 70% would be adherent
within 24 h (determined by Coulter Counter and hemocytometer).
These cells were examined by an experienced hematopathologist (Dr.
Sanford Stass, Department of Laboratory Medicine, University of
Texas M. D. Anderson Hospital). Five days following PMA treatment,
these cells were morphologically monocytoid and butyrate positive.
DMSO (1.25%) produced granulocytic differentiation. Both agents
reduced myeloperoxidase staining. Furthermore, c-myc gene transcrip
tion was down-regulated 24 h after PMA treatment (see Fig. 1A). These
effects are consistent with those reported by others (28-30, 37).

Most experiments using PMA-treated cells were performed on ad
herent cells only. Nonadherent cells were removed by gentle washing.

DNA Alkaline Elution. HL-60 cells were radiolabeled with 0.05 nd/
ml [2-NC]thymidine (New England Nuclear, Boston, MA) for 60 h and
then were grown in radiolabel-free medium for 24 h prior to any PMA
treatment. Murine leukemia LI210 cells grown continuously in RPMI
1630 plus 10% fetal calf serum and labeled with 0.1-0.2 ^Ci/ml [methyl-
3H]thymidine served as an internal standard as described previously

(42, 43).
The methodology of DNA alkaline elution has been described pre

viously (42, 43). For experiments in which PMA is used, nonadherent

3The abbreviations used are: PMA, phorbol-12-myristate 13-acetate; m-
AMSA, 4'-(9-acridinylamino)methanesulfon-/n-anisidide; etoposide (VP-16), 4'-
demethylepipodophyllotoxin 4-(4,6-O-ethylidene-/3-D-glucopyranoside); kDNA,
kinetoplast DNA; SDS, sodium dodecyl sulfate; 1x SSC, 0.15 M sodium chloride-
0.015 M sodium citrate; DMSO, dimethyl sulfoxide.

cells are decanted into separate flasks prior to drug treatment. Follow
ing drug treatments (1 h), adherent cells are mechanically dislodged
and all cells (adherent, nonadherent, or non-PMA-treated) are washed
in drug-free, iced medium. 14C-Labeled HL-60 cells and 3H-labeled

LI210 cells were combined and deposited on membrane filters as
described previously, and filter elution assays for DNA cleavage with
or without proteinase or DNA-protein cross-linking were performed as
described previously (42, 43).

Nuclei. Nuclei were isolated from single-cell suspensions of PMA-
or untreated cells using gentle detergent lysis (0.3% Triton X-100) in
an isotonic nucleus buffer (150 mM NaCl-1 mM KH2PO4-5 mM MgCb-
1 mM ethylene glycol bis(f)-aminoethyl ether)-,/V,./V,W,yV'-tetraacetic
acid-0.1 mM dithiothreitol, pH 6.4) at 4Â°C,as described previously (44,

45). Trypan blue was used to confirm the loss of cell membrane
integrity. Nuclei were treated with m-AMSA or etoposide for 30 min
at 37Â°C.

Cell-associated Radiolabeled m-AMSA and Etoposide. [14C]-m-

AMSA (19.6 mCi/mmol) was synthesized by SRI International (Menlo
Park, CA) and obtained through the Chemical Resources Section,
National Cancer Institute. [3H]Etoposide (400 mCi/mmol) in methanol

was obtained from Moravek Biochemicals (Brea, CA). Quantification
of cell-associated drugs was as described previously (46-49). Results
are expressed as Â¿tmol/drug/liter of cell water which was quantified
using 3H2O (1 mCi/mmol) (New England Nuclear, Boston, MA).

DNA Synthesis. The incorporation of [/ne//ry/-3H]thymidine (1 nC\/
ml) into acid-insoluble cellular material was quantified over 30 min at
37Â°Cas performed previously (50). Results are expressed as percentage

of incorporation in untreated cells when incorporation is expressed as
dpm/106 cells.

Nuclear Extracts. Cell nuclei were prepared as described above with
the exception of the addition of 0.1 mM phenylmethylsulfonyl fluoride
to the nucleus buffer. These nuclei were then extracted by the addition
of sufficient nucleus buffer containing 2 M NaCl to bring the final NaCl
concentration to 350 mM. This extraction was 30 min in duration at
4Â°C.The preparation was then centrifuged at 100,000 x g for 60 min.

The supernatant was the topoisomerase H-containing nuclear extract.
This was brought to 30% in glycerol prior to storage at -20Â°C. Protein

concentrations were determined using the Bio-Rad assay.
Assays for DNA Topoisomerase II Catalytic Activity. Two assays

were performed to quantify DNA topoisomerase II activity. The first is
a measurement of decatenation. Highly intertwined networks of kDNA
were isolated from Sarkosyl extracts of the trypanosome Crithidia
fasciculata using cesium chloride-ethidium bromide density centrifu-
gation (51-53). The Crithidia were grown in [mert>>/-3H]thymidme (5

ÃiCi/ml;New England Nuclear, Boston, MA) prior to DNA isolation
so that the kDNA was radiolabeled. Each assay was performed with
approximately 0.22 ^g of [3H]kDNA. Reactions with various amounts

of topoisomerase II containing nuclear extracts were for 30 min at
37Â°Cin 50 mM Tris-HCl, 85 mM KC1, 10 mM MgCl2, 5 mM dithio

threitol, 0.5 mM disodium EDTA, 0.03 mg/ml bovine serum albumin,
and l mM ATP, pH 7.6. Reactions were usually stopped using 1% SDS
and 100 Mg/ml proteinase K. When either m-AMSA or etoposide was
present, reactions were stopped with 10 mM disodium EDTA and 100
Mg/ml proteinase K. These reaction mixes were loaded into wells of a
1% agarose gel and electrophoresed in a Tris-borate (89 mM) buffer
system (pH 8.0) overnight (16-20 h) at 20-25 V. Catenated kDNA
does not enter the gel. Decatenated DNA circles do. The gels were run
in ethidium bromide (approximately 0.5 Mg/ml) with recirculation.
DNA was visualized without further staining under UV light, and
agarose containing well (catenated) or lane (decatenated) kDNA was
excised, placed in a liquid scintillation vial, melted in a microwave
oven, and counted using liquid scintillation spectrometry following the
addition of scintillation fluid (46).

The other measurement of topoisomerase II activity was catenation,
the interlocking of covalently closed, supercoiled [3H]SV40 DNA (Lof-

strand Labs Limited, Gaithersburg, MD). Approximately 2500 dpm of
[3H]SV40 DNA was used per assay. Nonradiolabeled SV40 DNA (total

DNA amount approximated 0.2 Mg)(Lofstrand or Bethesda Research
Laboratories, Gaithersburg, MD) was also present to allow visualiza
tion under UV light. Assays were for 30 min at 37Â°Cin 10 mM Tris-
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HC1, 50 mM NaCl, 5 mM MgCU, and 0.1 mM disodium EDTA, pH
7.4. Reactions were stopped as above. The DNA was electrophoresed
as described above and that in the well or lane was excised and
quantified as above. Both decatenation and catenation of intact, double-
stranded DNA circles are topoisomerase H-specific reactions (54, 55).

In experiments quantifying the inhibition of decatenation (strand
passage) by m-AMSA or etoposide, calculations were performed as
follows:

FSP =

(Fraction [3H]kDNA in well)NoProKin
- (fraction [3H]kDNA in well)+proieil

(Fraction [3H]kDNA in well)Noprotein (A)

where FSP is the fraction of strand passage produced by each experi
mental condition. Then, to calculate drug effects on strand passage:

Drug-induced inhibition of strand passage

= (FSP)Nodn., - (FSP)+dnlg

(FSP)Nodrug
(B)

Assays of Drug-induced, Topoisomerase II-mediated DNA Cleavage.
The [3H]SV40 was used as a substrate to assay the DNA cleavage
production of topoisomerase II-containing extracts in the presence or
absence of various concentrations of m-AMSA or etoposide. Reactions
were performed in 10 mM Tris-HCl-50 mM NaCl-5 mM MgCU-O.l mM
disodium EDTA, pH 7.4, for 30 min at 37Â°Ceither with or without 1

mM exogenous ATP. Reactions were stopped with 1% SDS and 100
Mg/ml proteinase K. Samples were loaded into wells of a 1% agarose
gel and electrophoresed as described above. Gels were run in 0.5 fig/ml
ethidium bromide to assure separation of open circular (relaxed) form
T DNA and nicked form II DNA. Forms I, II, and III (and catenanes
if present) were separately excised from the gel and counted using liquid
scintillation spectroscopy as described above. Results were expressed
as fraction of total DNA in any given form (usually form III).

Northern Blot Analysis. Total cellular RNA was isolated using 4 M
guanidine thiocyanate lysis and centrifugation over a 5.7 M CsCl
cushion. RNA (30 MgP<-'rlane) was loaded and size fractionated in a
1% agarose-formaldehyde gel. Following electrophoresis overnight, the
RNA was transferred to a nylon membrane and the membrane was
baked at 80Â°Cfor 2 h. Hybridization was carried out at 42Â°Cin 50%

formamide, 5x SSC, 50 mM sodium phosphate, 0.1% SDS, 5x Den-
hardt's, and 250 Mg/m' of salmon sperm DNA for 60 h. The 1.3-
kilobase Clal/EcoRl fragment from the 3' end of the c-myc gene (see

Fig. 7 and Ref. 56) was labeled using the Amersham Multiprime
labeling system and [a-32P]dCTP (Amersham Corporation, Arlington
Heights, IL) to a specific activity of 10' cpm/ng of DNA. The mem
branes were washed in 0.1 x SSC and 0.1% SDS at 60Â°Cfor 60 min,

air dried, and exposed to X-ray film using intensifying screens for 24 h
at â€”¿�70Â°C.This membrane was then stripped using 80% formamide

followed by 0.1 x SSC and 0.1% SDS prior to reprobing with the 1.8-
kilobase Pstl complementary DNA chick /3-actin probe (57).

Indirect End-Labeling. Cells were either treated with 10 UMPMA for
24 h or treated with DMSO (<0.1 %) as a vehicle control. Only adherent
cells were used in experiments with PMA-treated cells. Cells (approxi
mately 10s) were treated with m-AMSA or etoposide for 1 h at 37Â°C.

Nonadherent cells were washed free of drug in iced 10 mM disodium
EDTA and 1x SSC. Adherent cells were mechanically dislodged prior
to washing. Cells were lysed with 1% SDS and proteinase K was added
to 0.2 mg/ml final concentration. This lysate was incubated overnight
at 37Â°C.The cellular DNA was extracted with a phenol-chloroform-

isoamyl alcohol solution followed by an extraction with chloroform-
isoamyl alcohol and precipitation with 0.2 M sodium acetate and 2
volumes of 95% ethanol. This DNA was suspended in 10 mM Tris-
HC1-1 mM disodium EDTA, pH 8.0, and the concentration was deter
mined spectrophotometrically. The DNA (25 Mg) was then digested
with 50 units Â£coRI(Bethesda Research Laboratories) overnight at
37Â°C.The digested DNA was then size fractionated in a 0.8% agarose

gel. For these experiments, we wanted the DNA fragments separated
as completely as possible; therefore the gel was run for either 24 h at
40 V or for 40 h at 20 V; the DNA was then transferred to nylon
membranes. These membranes were prehybridized and then hybridized

in 50% formamide, in 50 mM Tris-HCl, 1 mM disodium EDTA, 5x
Denhardt's, 0.5% SDS, and 0.1 ^g/ml herring sperm DNA, pH 7.4,

for approximately 60 h. The membranes were washed and X-ray film
exposure with intensification was as above for 24-72 h. Time of
exposure was varied to optimize visualization of the various drug-
induced DNA cleavage patterns.

RESULTS

Drug-induced, Topoisomerase II-mediated Cleavage in PMA-
treated HL-60 Cells. Over 70% of the HL-60 cells exposed to
10 HM PMA for 24 h adhered to plastic (Table 1). In these
adherent cells, etoposide-induced DNA cleavage (quantified
using alkaline elution with proteinase) was an order of magni
tude lower than that in untreated HL-60 cells whereas m-
AMSA-induced cleavage was half that in untreated cells (Table
!)(/â€¢< 0.05 by Wilcoxon's rank sum test). The DNA effects

produced by etoposide were examined further using filter elu
tion assays with no proteinase (Ref. 42; "Materials and Meth
ods"). The cleavage was protein concealed both in PMA-treated
and untreated cells. Etoposide-induced DNA-protein cross-
linking was also markedly reduced in PMA-treated cells (data
not shown). A nondifferentiating, inactive analogue of PMA
matched for lipophilicity, 4-a-phorbol 12-myristate 13-acetate
(10 or 100 nM), did not alter etoposide-induced DNA cleavage
frequency. Neither did 1.25% dimethyl sulfoxide, which in
duced the cells to differentiate along the granulocytic lineage
(see Table 3). By contrast, concentrations of PMA from 1 to
100 nM all could produce a marked decline in etoposide-induced
DNA cleavage in adherent cells (data not shown).

A wide range of etoposide and m-AMSA drug concentration
ranges were examined, both in whole cells and in isolated nuclei
from cells treated with PMA. These results (Fig. 1) support the
data in Table 1. The decrease in drug-induced DNA cleavage
in isolated nuclei indicate that this effect was not due to a PMA-
induced alteration in drug uptake. That this was the case was
further demonstrated by direct measurements of cell-associated
radiolabeled drug (Table 2).

The PMA-induced decrease in etoposide-induced DNA cleav
age developed gradually over the 24 h (Fig. 2). A similar time
course was seen for the decline in m-AMSA-induced cleavage
following PMA treatment. Whereas the DNA of cells that did
not adhere to the plastic (supernatant cells) also exhibited a
decreased sensitivity to etoposide-induced cleavage, it was not
of the same magnitude as that exhibited by the DNA of the
adherent cells.

The gradual decline in DNA cleavage production and pre
vious work connecting decreased cell proliferation with de
creased drug-induced, topoisomerase II-mediated DNA cleav
age (58-61) caused us to examine whether the PMA-induced
decreased etoposide-induced DNA cleavage simply reflected a
decreased rate of cell proliferation as reflected by decreased
DNA synthesis (Table 3). Although the marked decline in

Table 1 Effect of PMA (lOn/ux. 24 h) on the topoisomerase Â¡Â¡-mediatedDNA
cleavage produced by m-AMSA (0.5 iiM x 60 min) or etoposide (5 IÂ¡Mx 60 min)

in HL-60 human leukemia cells'

No. of
experiments

DNA cleavage
(rad-equivalents)* % of no

PMA Adher-
NoPMA +PMA control' enee

m-AMSA
Etoposide

6
10

1268 Â±405*

1461 Â±575
599 Â±120
150 Â±98

50 Â±17 78 Â±6
11 Â±10 72Â±13

Â°HL-60 cells were exposed to 10 nM PMA for 24 h. Only adherent cells were
treated with m-AMSA or etoposide for 60 min at 37Â°Cin fresh media.

* Mean Â±SD.
c Mean Â±SD of percentage of no PMA control for each individual experiment.
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Fig. 1. Effect of PMA treatment on drug-induced, topoisomerase II-mediated
DNA cleavage in HL-60 human leukemia cells or their isolated nuclei. Cells were
either treated for 24 h with 10 nM PMA (+PMA) or remained untreated (No
PMA). Only adherent cells were used in the +PMA condition. Cells were treated
for 60 min at 37'C; nuclei were treated for 30 min at 37*C. Nuclei were isolated

from PMA-treated or untreated cells prior to drug treatments. Etoposide (AY or
m-AMSA (Ã„)-induced DNA cleavage was quantified using alkaline elution plus
proteinase and expressed as rad-equivalents (see "Materials and Methods").

Table 2 Uptake of["CJm-AMSA or f'HJetoposide in HL-60 human leukemia

cells treated with I OHM PMA for 24 h
Cell-associated drug OiM/liter of cell water)"

Experiment
% of cell

adherence

l4C]m-AMSA ['HJEtoposide

No PMA +PMA No PMA +PMA

72
69

7.8 Â±0.1
11.8Â±0.4

5.8 Â±0.7
7.0 Â±0.5

2.9 Â±0.2
4.4 Â±0.2

6.7 Â±0.8
10.0 Â±1.0

1Mean Â±SD.

24

Time Following Addition of PMA (hr)

Fig. 2. Development of reduced etoposide-induced DNA cleavage in PMA-
treated HL-60 human leukemia cells. HL-60 cells were treated with 10 nM PMA
and at various times thereafter etoposide-induced DNA cleavage was quantified
by alkaline elution plus proteinase. The etoposide dose was 5 /j\i for 60 min.
Cleavage was quantified in both adherent and nonadherent (supernatant) cells.
The percentage of cells that was adherent is given in parentheses near the
appropriate time point. Data are expressed as rad-equivalents (see "Materials and
Methods").

etoposide-induced DNA cleavage in PMA-treated cells was
accompanied by decreased DNA synthesis, this association was
not uniform. Cell growth in low serum (1%) or treatment with
1-ÃŸ-D-arabinofuranosylcytosine or hydroxyurea reduced DNA
synthesis without reducing etoposide-induced DNA cleavage.
Conversely, lower concentrations of PMA (1 nM) could produce
reduced DNA cleavage while having small to no effects on
DNA synthesis. There was no direct correlation between the
magnitude of DNA synthesis inhibition and the magnitude of
etoposide-induced DNA cleavage. DNA synthesis rate meas
urements, however, may or may not directly reflect the prolif-
erative capacity of a cell population. Thus, some caution must
be exercised in interpreting the results in Table 3. Nonetheless,

Table 3 Effect of DNA synthesis inhibition on the frequency ofetoposide-inducedDNA
cleavage in human leukemia HL-60cellsConditionExperiment

1ControlPMA10

nM x 24h1
nM X 24 h(adherent)1
nM x 24 h(supernatant)DMSO,

1.25% x 24h1
% fetal bovine serum x 72hara-CÂ°1

jdft X 1h0.1
UMx 16hHU1

mM x 1h0.1
mM x 16 h[3H]dT

uptake(%

ofcontrol)10031471871684310324320Etoposide-inducedDNA
cleavage(rad-equivalents)17481223851190136214681508175117441865

Experiment2ControlPMA10

nM x 24h10
nM x 3h1
nM x 24hDMSO,

1.25%x24h1
% fetal bovine serum x 48hara-C,

1 JIMx 1hHU,
1 mM x 1 h10052704514466184209916913684011808206820812199

" ara-C, 1-0-o-arabinofuranosylcytosine; HU, hydroxyurea.

it should be noted that a slower-growing line of HL-60 cells
was used in some experiments. In this line, 48 h (rather than
24 h) of PMA treatment was required to reduce etoposide-
induced DNA cleavage by a factor of 10. Thus, intrinsic cell
growth rate and the duration of its inhibition may be among
the important influences on the magnitude of drug-induced,
topoisomerase II-mediated DNA cleavage and its modification
by PMA.

Topoisomerase II Activity from PMA-treated Cells. De
creased drug-induced, topoisomerase II-mediated DNA cleav
age had previously been linked to decreased cell proliferation
and an accompanying decline in the cellular content of topoi
somerase II (59, 60, 62). However, alterations of drug-induced,
topoisomerase II-mediated DNA cleavage in cells have not
always been accompanied by parallel alterations in immuno-
reactive cellular enzyme content (62) or extractable cellular
topoisomerase II activity (47). We therefore examined the
extractable topoisomerase II activity from PMA-treated or
untreated cells.

The amount of decatenating (Fig. 3) and catenating (Fig. 4)
activity per /xg of 0.35 M NaCl-extractable nuclear protein was
slightly greater in nuclear extracts from PMA-treated cells.
Interestingly, the topoisomerase II activity was more easily
detected using the decatenation assay. This could be a reflection
of the inherently greater sensitivity of decatenation as an assay
of catalytic activity because many substrate molecules are con
centrated in a single locale such that a single enzyme molecule
could produce many cycles of strand passage without having to
find another DNA molecule. The greater sensitivity of decate
nation also suggests the absence of significant amounts of
coextracting condensing substances, which would tend to favor
catenation but inhibit decatenation. The decatenating activity
of both extracts was sensitive to inhibition by m-AMSA or
etoposide (Fig. 5). Although some small differences between
the susceptibility of the extracts to the inhibition of strand
passage by these drugs were noted, they were quite small
compared to the differences in DNA cleavage produced in whole
cells (Fig. 1; Table 1).

Drug-induced double-strand DNA cleavage was produced by
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Fig. 3. DNA decatenating activity of nuclear extracts from PMA-treated and
untreated HL-60 human leukemia cells. Cells received 10 nM PMA for 24 h or
remained untreated. Nuclear proteins were extracted using 0.35 M NaCl as
described in "Materials and Methods." The amount of topoisomerase II activity
was quantified by measuring the potency of each extract to decatenate [3H]kDNA
(see "Materials and Methods"). Reactions were for 30 min at 37'C. Decatenated

DNA will migrate into an agarose gel; thus, only catenated starting material
remains in the gel well. Gel and lane [3H]kDNA are quantified using liquid

scintillation spectroscopy by excising DNA in each pan of the gel following
visualization under UV light (see "Materials and Methods").

0.125 0.25 0.5

Protein Amount (pg)
Fig. 4. DNA catenating activity of nuclear extracts from PMA-treated and

untreated HL-60 human leukemia cells. Nuclear extracts were made as described
in the legend to Fig. 3 and "Materials and Methods." Substrate DNA was [3H]-
SV40. Reactions were for 30 min at 37'C. The fraction of DNA in the well is a
measure of the topoisomerase H-catenating potency of a nuclear extract. (For
details, see "Materials and Methods").

both extracts in the absence (Fig. 6A) or presence (Fig. 6Ã„)of
exogenous ATP. It seems unlikely that the decrease in drug-
induced DNA cleavage produced by PMA treatment of whole
HL-60 cells or their isolated nuclei was due to a reduction in
cellular topoisomerase II or to a qualitative alteration in the
drug reactivity of the enzyme.

Oncogene-specific Drug-induced DNA Cleavage in PMA-
treated Cells. PMA markedly reduced drug-induced topoisom
erase II-mediated DNA cleavage in HL-60 cells (Table 1; Fig.
1). PMA also markedly reduces the transcription of the c-myc
oncogene in these cells in a process thought to be mechanisti
cally involved in cellular differentiation (Ref. 37; Fig. 7). To
address whether there is an anatomic relationship between the
sites at which drug-induced, topoisomerase II reactions occur
and the site at which a PMA-regulated, differentiation-related

0.75 HQ

*PMA
(10nMx24hr)

Fig. 5. Drug-induced inhibition of the decatenating activity of topoisomerase
H-containing nuclear extracts from PMA-treated or untreated HL-60 human
leukemia cells. Decatenation assays (see "Materials and Methods") were per
formed in the presence or absence of m-AMSA (100 Â»M,A100; 50 Â¡Â¡M.A50) or
etoposide (200 (iM, V200; 100 ^M, VI00). Experiments were performed using
both 0.75 and 1 /ig of nuclear protein extract. The inhibition of decatenation was
calculated as given in "Materials and Methods." All experiments were for 30 min
at 37'C, and reactions were stopped with disodium EDTA and proteinase and no
SDS to avoid any drug-induced, topoisomerase II-mediated DNA cleavage (see
"Materials and Methods").

(No ATP)
No PMA Â»PMA

(* 1 mM ATP)
No PMA .PMA(10nMx24hr)

B.

50 100 so too o so 100
m-AMSA Concentration (pM)

200

Etoposide Concentration (^M)

Fig. 6. Drug-induced, topoisomerase II-mediated, DNA double-strand cleav
ing activity in nuclear extracts from PMA-treated or untreated HL-60 human
leukemia cells. Results in 1 are from reactions performed in the absence of
exogenous ATP (to avoid catenation). Those in B are from reactions performed
in the presence of 1 mM ATP. All reactions were for 30 min at 37'C and were
stopped with SDS and proteinase. The amount of form III (linearized) [3H]SV40

DNA was quantified by excising the DNA from the agarose gel used to separate
DNA forms by electrophoresis and counting it using liquid scintillation spectros
copy. The amounts of protein used were, in the absence of ATP, 1.0 Â»Jgfrom
untreated extract and 0.75 mi from PMA-treated extracts. In the presence of
ATP, 0.5 jig was used for both extracts. Points, mean of at least 3 independent
experiments; bars, SD. If fewer than 3 experiments were performed, individual
points are shown.

oncogene is transcribed, we utilized the indirect end-labeling
technique. This depends upon the use of a DNA probe hybrid
izing to one end of a restriction fragment containing the gene
of interest (23).

Using a probe for the 3' end of the EcoRl fragment encom
passing the c-myc gene (see Fig. 7, Line c), we mapped the
cleavage sites produced by etoposide in HL-60 cells treated or
untreated with PMA. Eleven sites were produced by 200 JÂ¿M
etoposide (see Fig. IB and Fig. 1C, Line a), some of which were
also produced by 20 MMetoposide and two that were produced
by PMA alone. Of the ten m-AMSA cleavage sites mapped by
Riou et al. (23) in the c-myc gene of a small cell lung cancer
line (Fig. 1C, Line b), eight mapped within 300 base pairs of
sites identified by etoposide in HL-60 (Line a). Whereas PMA
did decrease the cleavage produced by etoposide in the c-myc
gene, this decrease was relatively small and less than that
expected from measurements obtained of global DNA cleavage
using alkaline elution (see Table 1 and Fig. 1). This is best
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A consensus recognition sequence for topoisomerase II-DNA
cleavage sites has been identified by Sander and Hsieh (63).
This sequence is 5'-GTN[Â£AÂ£\TT]NATNNG-3'. Seeking this

sequence in the 8082 base pairs of c-myc (Hindlll to EcoRI)
that have been sequenced, no precise matches were found (64,
65). However, by requesting the 6 base pairs surrounding the
cleavage site in either the 5' or 3' or 3' to 5' orientation (6

base pairs in brackets), a number of potential topoisomerase II
sites were identified. These are shown on Fig. 1, Line d. Only
sites matching at least 11 of 15 bases in the consensus sequence
are shown. Three map similarly to sites identified in Line a as
sites of etoposide-induced DNA cleavage. The other potential
cleavage sites are highly clustered at either end of the coding
region for c-myc. Note that the potential recognition sites
within these clusters are oriented in both the 5' to 3' and 3' to
5' directions.

The promoter region of genes inducible by PMA have a
C Ccommon sequence, QTGACT^ A, that appears to serve as a

binding site for a trans-acting promoter protein, AP-l (66, 67).
Only one such site was found among the 8082 base pairs in c-
myc. It is located upstream from the first exon near a cluster of
potential topoisomerase II cleavage sites (Fig. 7, Line d).

Loci of Consensus Topoisomerase II Cleavage Sites
(Above line - sequence 5'â€”*3': below line sequence 3'-*5':

AP-l Â«ecognitjonÂ»leshown. â€¢¿�k}a within 300 bo ot those in c)

Fig. 1. Drug-induced, topoisomerase H-mediated DNA cleavage produced in
the c-myc oncogene in HL-60 human leukemia cells. A, Northern blot of total
cellular RNA extracted using guanidine thiocyanate, electrophoresed in a form-
aldehyde-agarose cell system, and transferred to a nylon membrane (see "Mate
rials and Methods"). The left two lanes have been hybridized to a c-myc probe;
the right two lanes have been hybridized to a d-actin probe following removal of
the c-myc probe. The right lane for each pair is RNA from HL-60 cells treated
with 10 nM PMA for 24 h. B, indirect-end labeling to map drug-induced DNA
cleavage using a probe for the c-myc oncogene. HL-60 cells either were treated
with 10 nM PMA for 24 h or remained untreated. Cells were then treated with
no drug, 20 n\Â¡etoposide (VP- 16), or 200 JIM etoposide for 60 min, and the
cellular DNA was isolated as described in "Materials and Methods." This DNA

was digested to completion with EcoRI and electrophoresed in agarose. The DNA
was then transferred to a nylon membrane and hybridized to a probe that
hybridizes to the 3' end of the 13. 1-kilobase EcoRI fragment containing the c-

myc oncogene (line e in C). C, graphic representation of topoisomerase II cleavage
sites within the 13. 1-kilobase Â£coRIDNA fragment containing the c-myc onco
gene. Line a, etoposide-induced cleavage sites within the c-myc gene of HL-60
human leukemia cells: 200 JIM, J; 20 ^M, â€¢¿�;10 nM PMA alone, *. Line b, m-
AMSA-induced cleavage sites within the c-myc gene of small cell carcinoma cells
as reported by Riou et al. (23) ([). Squares are over eight sites that map to within
300 base pairs of those identified in the HL-60 c-myc gene depicted by arrows in
Line a. Line c, genomic map of exons (D) and introns of the c-myc oncogene.
The area of DNA probe hybridization is also identified, l.im- d, loci of consensus
topoisomerase II cleavage sequences (63) within the 8082 base pairs of sequenced
c-myc (Hindlll to Â£coRI). Each vertical line represents a potential cleavage site
as identified using computer matching to a part of the topoisomerase II consensus
sequence (see "Materials and Methods" and "Results"). Vertical lines above the
horizontal "gene" line represent topoisomerase II cleavage sequences in the 5' to
3' orientation. Those below the "gene" line were 3' to 5'. The three squares are

over sequences that map to within 300 base pairs of sites actually mapped in Fig.
1 and graphically represented in Line a. The AP-l site is the location of a 8-base
pair perfect match within c-myc with a consensus sequence for a binding protein,
AP-l. This sequence may be an enhancer or promoter region for PMA-inducible
genes (see Refs. 66 and 67).

appreciated by noting that 200 ^M etoposide in PMA-treated
cells produced much more cleavage than did 20 ^M etoposide
in untreated cells (Fig. IB). These results would have been
expected to be comparable if the influence of PMA on cleavage
in c-myc matched the PMA effect produced in global DNA

cleavage (Fig. 1). Thus, no clear relationship could be demon
strated between the transcriptional state of the c-myc gene and
drug-induced, topoisomerase II-mediated DNA cleavage within

the gene.

DISCUSSION

The discovery of protein kinase C as the cellular receptor of
phorbol esters (38, 39, 68) identified proximal events in HL-60
monocytoid differentiation. Many proteins including nuclear
matrix proteins are phosphorylated (usually on serine) follow
ing PMA treatment of HL-60 cells (69-73). Protein kinase C
itself has been found associated with cell nuclei and the nuclear
matrix (74, 75), and phorbol ester binding sites have been
identified in nuclei (73, 76). However, changes in protein phos-
phorylation alone may not be sufficient to explain phorbol
ester-induced differentiation. Treatment of cells with 1-oleoyl-
2-acetylglycerol, a synthetic diacylglycerol that stimulates pro
tein kinase C, can lead to protein phosphorylation similar to
that produced by PMA without inducing HL-60 monocytoid
differentiation (71, 77, 78). Additional events, some of which
must be nuclear, must also participate in the cascade toward
differentiation.

Topoisomerase II activity can be stimulated by protein kinase
C-induced serine phosphorylation (40), and phorbol ester treat
ment of HL-60 cells can transiently increase extractable topoi
somerase II activity (79). However, 1,2-dioctanoylglycerol treat
ment of HL-60 cells also increased extractable topoisomerase
II activity without inducing differentiation (79). Thus, again, as
with the phenomenon of generalized protein phosphorylation
(see above), specific phosphorylation of topoisomerase II or an
increase in its activity may be a key step in differentiation, but
subsequent or associated topoisomerase II-mediated events may
also be critical. Nuclease sensitivity of cellular chromatin
changes during differentiation (80) as does DNA linking num
ber (a topoisomerase-mediated event) (81), yet topoisomerase
II activity levels do not necessarily change during differentiation
(82). Even in cells that will eventually differentiate and that
exhibit an eventual decline in topoisomerase II activity levels,
this decline may take several days, during which time a multi
plicity of critical topoisomerase-mediated events could take
place (83) that could lead to altered DNA structure.

The work presented here suggests that drug-induced, topoi
somerase II-mediated cleavage can be markedly decreased
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within 24 h of PMA treatment without an associated decline in
extractable enzyme activity (Figs. 1-4; Table 1). Furthermore,
the magnitude of this decline is different for different topoisom-
erase H-reactive drugs (Table 1), suggesting that the different
drug structures are unmasking critical determinants of the
topoisomerase II-DNA interaction and changes induced in this
interaction by PMA. Additionally, although PMA-induced
changes in etoposide uptake have been described (84), etoposide
uptake was not decreased following PMA treatment in our
studies (Table 2). Rather, the DNA of cell nuclei (as well as
that of whole cells) was less susceptible to drug-induced DNA

cleavage (Fig. 2), suggesting that a true nuclear change had
been induced by PMA treatment.

We presume that PMA renders cellular chromatin less sus
ceptible to drug-induced, topoisomerase II-mediated DNA
cleavage, possibly through an alteration of DNA structure that
affects drug-DNA interactions or topoisomerase II-DNA inter
actions. We cannot rule out a PMA-induced intracellular redis
tribution of topoisomerase II either to less cleavable DNA sites
or to non-DNA sites altogether. However, whereas the DNA
of isolated nuclei from PMA-treated cells was less susceptible
to drug-induced topoisomerase II-mediated DNA cleavage, the
amount of topoisomerase II activity extractable from those
nuclei (Figs. 3 and 4) was unaffected by PMA treatment,
suggesting that no nuclear loss of topoisomerase II was induced
by PMA. Further, the sites of drug-induced DNA cleavage
within the c-myc gene were unchanged by PMA treatment (Fig.
7), suggesting that PMA induced no alteration in topoisomerase
II-DNA cleavage sites.

Further argument for the primary effect of PMA being me
diated through chromatin structural changes was the marked
alteration in drug-induced, topoisomerase II-mediated DNA
cleavage in cells or nuclei (Table 1; Figs. 1 and 2) without a
concomitant change produced in topoisomerase assays in iso
lated biochemical systems in which exogenous DNA was used
(Figs. 3-6). We have already noted enhanced drug-induced
topoisomerase II-mediated DNA cleavage in 1-0-D-arabinofur-
anosylcytosine- and hydroxyurea-treated cells without accom
panying alterations in extractable enzyme activity in isolated
biochemical systems (46, 85). Additionally, the fact that topoi-
somerase-H mediated DNA cleavage produced by a DNA-
intercalating agent (m-AMSA) was less affected by PMA treat
ment than that produced by the nonintercalator etoposide fur
ther suggests the critical influence of DNA structure on topoi
somerase II-mediated events and their alteration by PMA.
Presumably, the topoisomerase II-DNA interaction is altered
in PMA-treated cells, either through effects on the enzyme
(e.g., phosphorylation) (40) or effects on DNA (80,81) or both.
The DNA intercalation by m-AMSA may partially overcome
the PMA-induced chromatin change leading to a smaller de
crease in DNA cleavage. By contrast the nonintercalating eto
poside can exert no influence on DNA structure, explaining the
large decrease in cleavage when this drug was used. Further
work in this system with other intercalating and nonintercalat
ing topoisomerase II-reactive drugs is being performed.

Whatever global change was produced by PMA in cellular
chromatin as indicated by drug-induced, topoisomerase II-me
diated DNA cleavage, this change was not reflected in changes
in c-myc (Fig. 7). Although some decrease in DNA cleavage in
c-myc was noted in PMA-treated cells, it was not on the order
of that produced in whole cell DNA (Table 1; Fig. 1) nor was
it of the same magnitude as the decrease in c-myc transcription
(Fig. 7). However, decreased transcription of c-myc is probably
due to a block in transcript elongation and is not accompanied

by detectable alterations in c-myc chromatin structure (33, 86,
87). Thus, the results in Fig. 7 are not unexpected.

The potential topoisomerase II cleavage sites identified by
computer search reveal some congruity with those mapped by
indirect-end labeling of DNA from etoposide-treated cells (Fig.
7). The fascinating clustering of these potential sites and the
proximity of the cluster 5' to exon 1 to the AP-1 site may be

of significance. However, such conclusions are speculative. The
close proximity of the etoposide cleavage sites in HL-60 and
the m-AMSA cleavage sites in lung cancer cells (23) surely
indicate that specific and reproducible topoisomerase II sites
exist within the c-myc gene in a nonrandom fashion. The
biological consequences and significance of these sites remain
to be delineated by careful study of other genes in other cell
systems. This could identify gene-specific targets of antineo-
plastic drug therapy. If these gene targets are oncogenes critical
to maintaining the malignant phenotype, perhaps drug-induced,
oncogene-specific transcriptional inactivation may be a viable
manner by which to successfully treat human cancer.
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