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ABSTRACT

Western blotting, indirect immunolocalization, fioÂ» cytometry, and a
functional assay for drug-induced strand breakage were utilized to ex

amine topoisomerase (topo) II levels during granulocytic maturation in
HL-60 human progranulocytic leukemia cells and in samples of normal

human marrow. Indirect immunofluorescence revealed that the intensity
of the signal for topo II in unsynchronized log phase HL-60 cells varied

widely. Indirect immunolabeling combined with propidium iodide staining
and two-parameter flow cytometry revealed that topo II levels increased
an average of 2-fold as cells progressed from G, to G2/M. When HL-60

cells were induced to mature toward granulocytes, topo II levels progres
sively decreased and became undetectable by functional assays, by indi
rect immunoperoxidase staining, and by Western blotting with an anti
body which identified M, 170,000 and M, 180,000 forms of topo II.

Similar changes were detected during normal granulocytic maturation
in human marrow in vivo. Western blotting revealed that levels of the
M, 170,000 (proliferation-associated) isoform of topo II were highest in

marrow fractions enriched in progranulocytes and myelocytes, interme
diate in unfractionated marrow from normal volunteers, and undetectable
in mature granulocytes. The A/, 180,000 topo II polypeptide was also
diminished or absent from mature granulocytes. In further experiments,
marrow samples from normal volunteers were subjected to flow cytometry
after labeling of topo II and various cell surface markers. Levels of the
Mr 170,000 topo II polypeptide in CD34-positive cells (multipotent and

committed progenitors from several hematopoietic lineages) were indis
tinguishable from levels observed in the HL-60 leukemia cell line. These

results suggest that topo II levels in highly proliferative normal human
myeloid cells in vivo approach levels found in corresponding neoplastic
cell lines in vitro. Conversely, as the same cells mature into granulocytes
in vivo or in vitro, levels of both molecular weight forms of topo II
diminish. These results provide a framework for the further investigation
of topo II levels and drug sensitivity in human leukemia.

INTRODUCTION

The nuclear enzyme topo II5 is a major target for a variety of
clinically useful antineoplastic agents including epipodophyl-
lotoxins, aminoacridines, ellipticines, anthracyclines, and an-
thracinediones (reviewed in Refs. 1-7). These agents reversibly
stabilize covalent adducts between topo II and the nuclear DNA.
DNA single- and double-strand breaks are concomitantly
formed. These lesions initiate a complex and poorly understood
series of events which culminate in cell death (1, 6, 8-12).

Sensitivity to the topo Il-directed agents in vitro varies with
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the experimental conditions (11-19). Although many factors
play a role in cytotoxicity (9-12), one of the important param
eters is the cellular content of topo II (14, 15, 17, 20-23).
Previous studies have indicated that topo II levels are low in
quiescent normal cells such as resting lymphocytes (24-28) or
serum-deprived human foreskin fibroblasts (15, 23, 29). After
these cells are stimulated to reenter the cell cycle, topo II levels
increase sharply (14, 15, 23, 24, 26-29). Conversely, topo II
levels decrease dramatically when erythroid precursors or myo-
blasts cease to proliferate and begin to differentiate (26, 30,
31).

The regulation of topo II levels in neoplastic cells appears to
be more complicated. First, it has been reported that topo II
levels are 5- to 10-fold higher in neoplastic cells than in normal
cells (26, 32, 33). Second, topo II levels do not decline when
HeLa cells (29) or L1210 cells (17, 23) cease proliferation after
serum deprivation. Likewise, when HL-60 cells differentiate
toward macrophages after treatment with phorbol esters, topo
II content decreases only 2- to 4-fold (34, 35). These observa
tions have led to the suggestion that topo li levels might be
regulated differently in neoplastic as opposed to normal cells.

Many of the studies cited above were performed using anti
bodies which recognize a single M, 170,000 form of topo II.
Recent studies indicate that mammalian cells contain two bio
chemically and pharmacologically distinct isoforms of topo II
(36-38) encoded by two discrete genes (39). Preliminary studies
indicate that these isoforms might be differentially regulated
during changes in proliferation rate (37, 40). In mouse fibro
blasts, levels of the M, 180,000 isoform of topo II remain
relatively constant, whereas levels of the M, 170,000 isoform
are lower in plateau phase cells and higher in ras-transformed
cells as compared to log phase untransformed cells (40). These
studies have also suggested that changes in topo II levels during
the course of neoplastic transformation might be smaller than
previously suggested (40; see also Ref. 38).

The bone marrow is a major site of toxicity following clinical
administration of topo Il-directed agents such as etoposide (41,
42) or amsacrine (43). Granulocytopenia is particularly promi
nent. To better understand this toxicity, we have examined topo
II levels and isoform patterns during myeloid maturation.
Changes in topo II content and activity were first examined in
HL-60 leukemia cells during granulocytic maturation in vitro.
To complement these studies, flow cytometry was utilized to
examine single-cell topo II content in normal marrow cells with
different cell surface phenotypes. These studies revealed that
levels of M, 170,000 and M, 180,000 topo II polypeptides both
declined markedly during granulocytic maturation in vitro and
in vivo. Conversely, levels of the proliferation-associated M,
170,000 topo II polypeptide in proliferating granulocyte pre
cursors in vivo approached levels of the same polypeptide in
neoplastic cell lines of the same lineage.

MATERIALS AND METHODS

Materials. Diaminobenzidine and hydrogen peroxide were from
Sigma Chemical Co. (St. Louis, MO). Unlabeled, peroxidase-labeled,
and FITC-labeled affinity-purified goat anti-rabbit IgG were from KPL
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(Rockville. MD). Phycoerythrin-labeled antibodies (primary or second
ary) against cell surface markers were obtained as previously described
(44. 45). Fetal and newborn bovine sera were from GIBCO (Grand
Island, NY).

Buffers. BME-HEPES consisted of basal Eagle's medium with
Earle's salts and 10 IHMHEPES (pH 7.4). Alkylation buffer consisted
of 6 M guanidine hydrochloride. 250 mM Tris-HCl (pH 8.5 at 21Â°C).

and lOniM EDTA. Immediately prior to use, each aliquot of alkylation
buffer was supplemented with 1% (v/v) 2-mercaptoethanol and with 1
mM Ãv-phenylmethylsulfonyl fluoride (added from a 100 m\t stock in
anhydrous isopropanol). SDS sample buffer consisted of 4 M deionized
urea, 2% (w/v) SDS, 62.5 IHMTris-HCl (pH 6.8 at 21Â°C),1 m.MEDTA,
and 1ri (v/v) freshly added 2-mercaptoethanol. PBS contained 137 m.\i

NaCl. 2.7 ITIMKC1, 1.5 HIMKH2PO4. and 8.0 mM Na:HPO4. PBSM
contained 2% (w/v) nonfat dried milk in PBS. TS buffer consisted of
150 mM NaCl in 10 mM Tris-HCl (pH 7.4 at 21Â°C).IFA contained
150 mvi NaCl, 10 m.M HEPES (pH 7.4 at 21Â°C),4% (v/v) newborn

calf serum, and 0.1 % (w/v) sodium azide.
Cells and Marrow Samples. HL-60 cells (kindly provided by Dr. W.

Stratford May, Johns Hopkins Oncology Center) were grown in RPM1
1640 containing 10% (v/v) heat-inactivated fetal bovine serum, 250 tig/
ml streptomycin. 250 units/ml penicillin G. and 2 mM glutamine.
These cells were maintained in log phase by culture at densities <1 x
106/rnl. To induce granulocytic maturation. HL-60 cells were diluted
to 3 x lO'/ml in fresh medium supplemented with 1.3% (v/v) DMSO.

Maturation was confirmed by measurement of acid phosphatase levels
(46). Senescent cells were removed from DMSO-treated or control
cultures by sedimentation at 400 x Â£for 20 min on Ficoll-Hypaque
(density = 1.119 g/ml) step gradients.

Normal bone marrow samples (from healthy adult volunteers) and
proliferarne bone marrow samples [from leukemia patients who were
recovering from intensive aplasia-producing chemotherapy (47)] were
harvested according to protocols approved by the Joint Committee on
Clinical Investigation of the Johns Hopkins Medical Institutions in
accordance with policies of the United States Department of Health
and Human Services. Patients who provided the postaplasia samples
subsequently remained in morphological and karyotypic complete re
mission for a minimum of 1 year. This result suggests that the vast
majority of cells in the proliferativi marrows were nonmalignant cells.

Marrow samples for Western blotting were sedimented over a Ficoll-
Hypaque step gradient as described above to diminish erythrocyte
contamination. Alternatively, a two-step Ficoll-Hypaque gradient (48)
was utilized to fractionate cells in the proliferating marrow as well as
leukocytes from the peripheral blood of normal volunteers. Peripheral
blood T-cells isolated by passage over a nylon wool column were treated
with con A as previously described (28).

Western Blotting and Analysis. All samples were sedimented at 400
x g, washed in serum-free BME-HEPES. and solubilized by sonication
in alkylation buffer. This technique of solubilization gave a consistently
higher signal for topo II (lane I in Fig. 1. B and C) than was observed
when cells were solubilized directly in SDS sample buffer by heating to
70Â°Cfor 20 min (lane 2 in Fig. 1. B and C). Alkylation with iodoacet-

amide. dialysis, electrophoresis. transfer, and Western blotting were
performed as previously described (28, 49. 50).

Autoradiographs were analyzed using a Loates image analyzer (H.
Loates Inc., Westminster, MD). The signal strength (absorbance x area
of signal) for lymphohematopoietic cell samples was compared to the
signal strength obtained with various dilutions of HL-60 cells on the
same blot. The signals for the two isoforms of topo II were well resolved
on the image analyzer and were analyzed separately.

Generation, Characterization, and Purification of Antisera. Two rabbit
anti-topo II antisera were utilized in these studies. Serum IID was
raised by injecting recombinant fusion protein generated by expression
of the carboxyl third of the Mr 170.000 isoform of topo II fused to fJ-
galactosidase (29). This serum reacts with a single band at M, 170,000
(Fig. \B, lane /). Serum IIA was raised by initially injecting column-
purified calf thymus topo II (51). This serum reacts with polypeptides
of M, 170,000 and 180,000 (Fig. IT, lane 1). Assays of drug-induced
band depletion (performed as described in Refs. 12 and 52) have

confirmed that the M, 170,000 and M, 180,000 polypeptides both form
etoposide-stabilized adducts with DNA.6 These results are consistent

with the view that reactive bands at M, 170.000 and M, 180,000 both
represent topo II polypeptides. These reactive bands are tentatively
thought to correspond to the two isoforms of topo II recently described
(36. 37, 39, 40). Additional studies have indicated that the M, 170,000
and M, 180.000 polypeptides fractionate similarly during nuclear iso
lation and subfractionation (53). Consistent with these results, serum
IID and serum IIA also give similar results when utilized for immunol-
ocalization. When either antiserum is applied to proliferating cells,
antigens localized to nonnucleolar components of the nucleus are
detected (cf. Fig. 16', Fig. 3A. and Ref. 29).

For immunoperoxidase experiments and flow cytometry, anti-topo
II antibodies were purified by affinity elution (modified from Refs. 54
and 55). HL-60 nuclei (isolated by hypotonie lysis as described in Ref.
56) were loaded in replicate wells of SDS-polyacrylamide gels and
transferred to nitrocellulose. Strips containing topo II (identified by
performing Western blotting with the guide strips) were utilized for
adsorption of anti-topo II antibodies. Antibodies were eluted with 3 M
NaSCN (28). Strips of similar size containing an equal or greater
loading of non-topo II nuclear polypeptides (excised from a lower part
of the same nitrocellulose sheets) were also incubated with the same
dilution of anti-topo II antiserum. Antibodies eluted from these latter
strips served as control antibodies. After dialysis against TS buffer at
4Â°C(3 passes of 50 volumes), eluted antibodies were concentrated by

ultrafiltration (A/, cutoff 25,000) in a colloidian bag apparatus
(Schleicherand Schuell. Keene, NH).

In some experiments, monoclonal antibodies against histone HI
(kindly provided by Dr. James Sorace, Veterans Administration Hos
pital, Baltimore. MD) or chicken antiserum against the nuclear enve
lope polypeptide lamÃnB (28) were utilized to confirm relatively equal
loading of gels. Chicken antisera against lamins A and C (28) and B23/
nucleophosmin (57) were also utilized as indicated.

Immunoperoxidase Immunolocalization. HL-60 cells or marrow cells
were sedimented onto coverslips and air dried. All further steps were
performed at 20-22Â°Cunless otherwise indicated. Cells were fixed with

3.7% (w/v) formaldehyde in PBS for 15 min. permeabilized with 0.1%
(w/v) Triton X-100 in PBS for 5 min. incubated in 0.3% (w/v) H2O2
for 15 min to inactivate endogenous peroxidase activity, and incubated
in PBSM for 1-24 h. Between each of these incubations, the cells were
washed six times with PBS buffer. Coverslips were then inverted on a
30-nl drop of affinity-purified antibody and incubated at 4Â°Cfor 72 h.

After incubation, the coverslips were washed six times with PBS buffer
and inverted on a 30-i<ldrop of peroxidase-labeled goat anti-rabbit IgG
(20 Â¿Â¿g/mlin PBSM). After a 30-min incubation, coverslips were washed
six times with PBS and incubated for 10 min with PBS containing 0.5
mg/ml diaminobcnzidinc. 0.3 mg/ml CoCl2, and 0.3 mg/ml NiSO4.
H;O; was then added to a final concentration of 0.02% (w/v). After a
further 10-min incubation, coverslips were washed twice with PBS and
twice with water, dried, mounted in 90% (v/v) glycerol, and viewed by
bright-field or phase contrast microscopy using a Zeiss universal micro
scope. Samples were photographed using Kodak TmaxlOO" high con

trast film.
Flow Cytometry. Previously published techniques (44. 45) were

utilized to simultaneously stain Ficoll-Hypaque-enriched marrow cells
for cell surface antigens (to characterize lineage and stage of matura
tion) and for topo II. All steps were performed at 4Â°C.Briefly, after

cell surface antigens were labeled with phycoerythrin-conjugated anti
bodies, samples containing 1 x IO6cells were fixed for 15 min in 1%

paraformaldehyde (in PBS), permeabilized with 0.1% (w/v) Triton X-
100 in IFA buffer, and incubated with O.I ml of affinity-eluted anti-
topo II (or 0.1 ml of equivalent!)' diluted control antibody) for 1 h and
FITC-labeled affinity-purified goat anti-rabbit IgG for 30 min. Washes
between each step were performed with IFA buffer containing 0.1%
(w/v) Triton X-100. Two-color flow cytometric analysis was performed
on a FACScan flow cytometer (Beckton-Dickinson, San Jose, CA) as
recently described (44, 45).

To simultaneously assess topo II levels and DNA content, fixed.

4S. H. Kaufmann, unpublished observations.
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Fig. 1. Characteri/ation of anti-topo II antisera. A-E, effect of solubilization method on detection of polypeptidcs in HL-60 cells and human granulocytcs. HL-60
cells (lanes I and 2) or granulocytes (lanes 3 and 4) were solubilized in alkylation buffer as described in "Materials and Methods" (lanes I and 3) or solubilized
directly in SDS sample buffer at 70'C for 20 min (lanes 2 and 4). Samples containing protein from 5 x IO5cells were subjected to SDS-PAGE followed by staining

with Coomassie blue (A) or transfer to nitrocellulose and reaction with antiserum HD (B) or amiscrum HA (C). As controls to confirm appropriate loading and
transfer, blots were probed with antiserum against the nuclear envelope polypeptide lamin B (/)) or with monoclonal anti-histone HI (/;). Sumbers at left (A-E),
molecular weight markers (in thousands). //. core histones (M, 12.000-14.000). The topo II polypeptides (B and (") were more readily delected in HL-60 cells after
solubilization of in guanidine hydrochloride alkylation buffer (lane /) than after solubilization in SDS sample buffer (lane -'). The signal for topo II was markedly
diminished in granulocytes solubilized by either method (lanes 3 and 4).

F and (j, characterization of serum 1IA by immunofluorescence. Cytospins containing equal numbers of log phase HL-60 cells and human granulocytes were
stained with antiserum IIA followed by FITC-labeled anti-rabbit IgG and examined by phase contrast (F) or fluoresence (G) microscopy. F, arrowheads, granulocytes.
The two polypeplides recognized by serum HA ((') were localized to nonnucleolar regions of the HL-60 nuclei and were undelectable in granulocyte nuclei.

Lamin B

pcrmeabilized HL-60 cells were labeled with affinity-eluted anti-topo
II and FITC-labeled goat anti-rabbit IgG (see above). Samples were
then treated with 100 units/ml RNase A for 15 min at 37Â°Cfollowed

by addition of propidium iodide to a final concentration of 50 Mg/ml.
Flow cytometry was again performed as described (44. 45).

All other methods have been previously described (12. 28, 49).

RESULTS

Variation in Topo II Levels during the Cell Cycle in HL-60
Cells. Two polyclonal antisera which recognize human topo II
(see "Materials and Methods") were utilized to study levels of

this enzyme during myeloid maturation in vitro and in vivo. By
Western blotting, one antiserum recognized only the M,
170,000 isoform of the enzyme (Fig. \B, lane /); the other
recognized a M, 180,000 topo II polypeptide as well (Fig. 1C,
lane 1). Indirect immunofluorescence (Fig. 16') revealed that

the antigens recognized by this latter antibody were distributed

in the nonnucleolar regions of HL-60 nuclei. Two aspects of
these experiments were noteworthy: (a) the intensity of the
signal for the topo II isozymes varied considerably from cell to
cell (Fig. IG); (b) the two topo II polypeptides were markedly
diminished in mature granulocytes (Fig IG; lane 3 in Fig. 1, B
and C). Both of these observations were explored in greater
detail.

Flow cytometry was utilized to examine the cell to cell
variation in topo II levels (Fig. 2). Log phase HL-60 cells
labeled with affinity-eluted rabbit anti-topo II antibodies and
fluorescein-labeled goat anti-rabbit IgG were observed to have
a fairly wide variation in fluorescence intensity for topo II (Fig.
2A). After propidium iodide staining, the topo II content of
these cells was compared to their DNA content. Cells with an
S-phase DNA content had a mean fluorescence intensity for
topo II which was slightly higher than that of cells with a d
DNA content; cells with a G2/M DNA content had a mean
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Fig. 2. Cell cycle variation in topo II levels in unfractionated HL-60 cells. Log phase HL-60 cells were fixed, permeabilizcd. and labeled with anti-topo II (affinity-

purified serum I1D) or control antibodies followed by propidium iodide. A, histogram showing fluorescence intensity after staining with anti-topo II antibodies (solid
line) or control antibodies (dotted Â¡ine).B, histogram showing intensity of propidium iodide fluorescence. Dashed lines, gates utilized to define GÃ¬.S. and G2/M
populations. C and D, simultaneous display of antibody fluorescence (.Vaxis) and propidium fluorescence ( Y axis) after staining with non-immune antibodies (C) or
anti-topo II (D). Each dot. one cell: horizontal bars, location of gates for S phase DNA content: dots below bars, cells with GÃŒDNA content: dots above bars, cells
with GÂ¡DNA content. The mean fluorescence intensity in each of these populations was determined after staining with non-immune antibodies (C) or anti-topo II
(D). The difference between these values represents the amount of fluorescence attributable to topo 11.

fluorescence intensity for topo II which was 2-fold higher than
that of cells with a G, DNA content. These results suggest that
cell cycle-associated variations in topo II play a role in the
variability of topo II content in unsynchronized HL-60 cell
populations (Figs. 1C and 2A).

Topo II Content and Activity Decline during Granulocytic
Maturation in Vitro. As noted above, both topo II polypeptides
were markedly diminished in mature peripheral blood granu-

locytes (Fig. l, B and C, lane 3; G). To more closely examine
changes in topo II levels during granulocytic maturation, HL-
60 cells were induced to mature to granulocytes by treatment
with DMSO (58). Labeling by indirect immunoperoxidase (Fig.
3, A-D) revealed that the signal for topo II was markedly
diminished in all cells after a 4-day treatment with DMSO (Fig.
3ÃŸ)and was undetectable after a 7-day treatment (Fig. 3, C and
D). Western blotting confirmed that both molecular weight
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time course (Fig. 3/). In contrast, levels of the structural protein
lamÃnB remained relatively constant (Fig. 3G); and levels of
lamins A and C actually increased about 4-fold (cf. lanes 1 and
6 in Fig. 3//). Thus, the changes observed in topo li levels,
while shared with other proliferation-associated antigens,
were not universally observed in all non-histone nuclear poly-
peptides.

Topo II is known to be extremely sensitive to proteolysis (32,
51). To assess the possibility that the diminished signal for topo
II on Western blots of DMSO-treated HL-60 cells was due to
proteolysis during sample preparation, topo II levels in un
treated and DMSO-treated cells were compared using an assay
which assesses topo II activity in intact cells. Topo II forms
covalent adducts with DNA in the presence of a variety of
chemotherapeutic agents (reviewed in Refs. 1-6). DNA single-
and double-strand breaks concomitantly form. When topo II
content is diminished, fewer drug-induced strand breaks are
formed at any particular drug concentration (14, 15, 17, 20,
22). To assess whether topo II content was diminished after
DMSO treatment, HL-60 cells were exposed to the topo II-
directed agent etoposide for 30 min and examined for the
presence of DNA strand breaks (Fig. 4) using an alkaline
unwinding assay (12, 61). At each etoposide concentration,
DMSO-treated HL-60 cells formed far fewer strand breaks
than untreated HL-60 cells. These results independently con
firm that topo II levels diminish sharply during granulocytic
maturation in vitro.

Topo II Levels during Granulocytic Maturation In Vivo. To
assess whether the changes described in HL-60 cells during

Mix
H

i

Lamin A/C

B23

Fig. 3. Changes in topo II levels during granulocytic maturation of HL-60
cells. Log phase HL-60 cells were treated with 1.3% (v/v) DMSO for the indicated
duration of time and prepared for immunoperoxidase staining (A-D) or SDS-
PAGE (Â£-/). A-D, indirect immunoperoxidase staining performed using serum
HD. A signal for the M, 170,000 isoform of topo II (dark nonnucleolar staining
in nuclei) was evident in all untreated HL-60 cells (A) but was markedly dimin
ished in intensity after 4 days of DMSO treatment (B) and was undetectable after
7 days (C). When HL-60 cells treated with DMSO for 0 and 7 days were mixed
as a control (D), topo II could be readily detected in the untreated cells (round
nuclei) but not in cells with granulocytic maturation (polymorphic nuclei). Â£-/,
SDS-PAGE and Western blotting. To study changes in isoform patterns during
granulocytic maturation, HL-60 cells were treated with 1.3<Ã(v/v) DMSO for 0
days (lanes 1 and 2), 4 days (lane 3). or 7 days (lanes 4-7) and solubilized as
described in the "Materials and Methods." Samples containing protein from 10
x 10' cells (lanes 1, 3. and 4), 5 x 10' cells (lane 5). 2.5 x 10' cells (lane 6). or
1.0 x 10' cells (lanes 2 and 7) were subjected to SDS-polyacrylamide gel
electrophoresis followed by staining with Coomassie blue (Â£)or transfer to
nitrocellulose and blotting with antiserum to topo II (serum HA, F)- As controls
(see text), duplicate pieces of nitrocellulose were blotted with antisera which
recognize the nuclear envelope polypeptide lamin B (G), lamins A and C (//). or
the proliferation-associated nucleolar protein B23 (/). Levels of both molecular
weight forms of topo II diminished about 10-fold during the DMSO treatment
(F, lanes 2 and 4). whereas levels of lamin B remained relatively constant (G) and
levels of lamins A and C actually increased about 4-fold (//. lanes I and 6). The
autoradiograph in E was deliberately overexposed to allow detection of small
amounts of topo II in cells undergoing myeloid maturation.

forms of topo II diminished at least 10-fold during the DMSO-
induced granulocytic maturation of the HL-60 cells (cf. lanes 2
and 4 in Fig. 3F). Levels of the proliferation-associated nucleo
lar polypeptide B23 (59, 60) also diminished during a similar

.1

Etoposide, jug/ml
Fig. 4. Assessment of topo II function in situ by detection of etoposide-induced

strand breaks. Control HL-60 cells. DMSO-treated HL-60 cells, or human
granulocytes were incubated with increasing concentrations of etoposide for 30
min. The relative numbers of drug-induced strand breaks (an approximate mea
sure of functional topo II within the nucleus) were then compared using an
alkaline unwinding assay (12, 61) which measures the fraction of DNA remaining
double stranded after a 30-min treatment with 0.05 M NaOH (F). In control HL-
60 cells, the number of strand breaks increased (F diminished) as the concentration
of etoposide increased (bottom cune). In contrast, the same concentrations of
etoposide induced fewer strand breaks in HL-60 cells treated with DMSO for 5d
(middle cum) and mature granulocytes (top cun-e).
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differentiation in vitro were reflective of changes in topo II
levels which occur in vivo, unfractionated human marrow leu
kocytes were stained with affinity-eluted rabbit anti-topo II
antibodies followed by peroxidase-labeled anti-rabbit IgG (Fig.
5). A signal for topo II was readily detected in normal human
promyelocytes and myelocytes (cells 1 and 2) but became pro
gressively faint at the metamyelocyte (cells 3 and 4) and band
(cell 5) stage. As previously indicated (Fig. 1C), mature gran-
ulocytes did not contain detectable amounts of topo II (cell 6).
Likewise, quiescent lymphocytes (cells 7 and 8) did not contain
detectable topo II. Most maturing erythroid elements were
depleted of topo II, but a few (e.g., cell 9) stained strongly
positive even at the latest stages of development.

To provide a more quantitative assessment of topo II levels
during granulocyte maturation, topo II levels in unfractionated
normal human marrow and in highly proliferative marrow
fractions derived from patients who were recovering from apla-
sia-producing chemotherapy were compared by Western blot
ting (Fig. 6). Equal numbers of nucleated cells from the various
marrow samples were loaded on adjacent wells of an SDS-
polyacrylamide gel (Fig. 6, lanes 6-9). Various dilutions of HL-
60 cells were present on the same blot to provide a standard
curve (Fig. 6, lanes 1-5). Both topo II polypeptides were de
tectable in the bone marrow of normal controls (Fig. 6B, lane
6), although the M, 170,000 polypeptide appeared to predom
inate. At the time of recovery from chemotherapy-induced
aplasia, the marrow is enriched in early myeloid cells (62).
Marrow cells from these patients contained higher levels of the
M, 170,000 topo II polypeptide (Fig. 6B, lane 7). When these
more proliferative marrows were in turn fractionated on Ficoll-
Hypaque gradients, the signal for the M, 170,000 polypeptide
was lower in the fraction containing metamyelocytes and bands
(Fig. 6B, lane 9) and higher in the fraction containing progran-
ulocytes and myelocytes (Fig. 6B, lane 8). In fact, scanning of
the blot shown in Fig. 6 revealed that the signal for the M,
170,000 topo II polypeptide in 5 x 10s postasplasia marrow

cells (Fig. dB, lane 8) was about the same as the signal which
would be anticipated in 1.5 x IO5HL-60 cells (cf. Fig. 6B, lane

3). Morphological examination of the sample run in Fig. 6,
lane 8, however, revealed that about 40% of the cells were
mature lymphocytes and normochromic erythroblasts, cells
which by and large lack detectable topo II (Fig. 5). This suggests
that the remaining cells (60% of 5 x 10s = 3 x 10s cells), which

were progranulocytes and myelocytes, contained as much topo
II as 1.5 x IO5HL-60 cells. In other words, the level of the M,

170,000 topo II polypeptide in the proliferating normal myeloid
precursors and the log phase HL-60 human progranulocytic
leukemia cell line differed by only a factor of two.

To further assess this finding, unfractionated human marrow
cells from normal donors were simultaneously labeled with
antibodies against cell surface antigens and the M, 170,000
topo II polypeptide. Two-color flow cytometry was then per
formed. A similar approach has been previously utilized to
quantitate single-cell levels of various intracellular antigens (44,
45, 63). The histograms in Fig. 7 display the fluorescence-
staining intensity for each population after staining with anti
bodies directed against topo II (solid lines). After correction by
subtraction of fluorescence intensity observed after staining
with control antibodies (dotted lines, Fig. 7), the mean fluores
cence intensities of the various cell types were compared to the
mean fluorescence intensity of log phase HL-60 cells treated
with the same anti-topo II or control antibodies (Fig. 8). In
agreement with results obtained using the functional assay (Fig.
4) and Western blotting (Figs. IB and 6B), mature granulocytes
(CDlS-positive cells) displayed a very low signal for topo II
(Fig. 8). In contrast, marrow cells of monocytic lineage (CD 14-
positive cells) had a signal for topo II which was readily detected
by flow cytometry. The signal for topo II was strongest, how
ever, in cells which stained positive for CD34. This population
includes the multipotent and committed progenitors from sev
eral hematopoietic cell lineages (64, 65). The signal for the M,
170,000 isoform of topo II in these proliferating normal pro-

/
2

:\

.. 8

Fig. 5. Examination of normal bone marrow for topo II by immunoperoxidase staining. Cytospins of bone marrow from normal volunteers were fixed, permeabilized.
and stained with affinity-purified serum IID as described in the "Materials and Methods." A single field illuminated by bright-field (A) and phase contrast microscopy
(B) is shown. 1-6, progressively more mature cells of the granulocytic lineage; 7 and A, small lymphocytes; 9, strongly staining small round nucleus tentatively
identified as a late stage erythroblast nucleus. Most late stage erythroblasts did not stain for topo II.
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Fig. 6. Estimation of relative topo II content in HL-60 cells, bone marrow
populations, and con A-stimulated T-lymphocytes by Western blotting. Samples
containing approximately 5 x 10' log phase HL-60 cells (lanes 5 and 17).
nucleated bone marrow cells from a normal volunteer (lane 6). nucleated cells
from a postaplasia marrow (lane 7), low-density (< 1.077 g/cm') postaplasia
marrow cells (lane 8), high-density (1.077-1.119 g/cm') postaplasia marrow cells
(lane 9). peripheral blood granulocytes (lane 10). and T-lymphocytes isolated
after treatment for 1. 2, 3. or 4 days with 20 fig/ml con A (lanes 11-14,
respectively) were subjected to SDS-PAGE followed by staining with Coomassie
blue (A) or transfer to nitrocellulose and blotting with antiserum totopo II (serum
IIA. panel A) or lamin B (C). To provide a standard cune, samples containing
2.5 x 10' (lane 4). 1.25 x 10' (lane 3). 0.5 x 10' (lane 2). and 0.25 x IO5(lane
/) HL-60 cells and 2.5 x 10' (lane 15) and 1.25 x 10s (/am? 16) con A-stimulated
T-lymphocytes were run on the same gel. Nonadjacent wells from a single gel
and corresponding autoradiographs have been juxtaposed to compose this figure.
Blotting with anti-histone HI (not shown) confirmed the appropriate loading of
samples in this figure.

The marrow sample in lane X contained 59% progranulocytcs + myelocytes,
1% metamyelocytes, 6% basophilic erythroblasts, 25% orthochromic erythro-
blasts. and 9% lymphocytes.

genitors was as intense as the signal in the transformed HL-60
acute myelogenous leukemia cell line (Fig. 8).

Examination of Topo II Levels in Con A-stimulated Human
Lymphocytes. The M, 170,000 isoform of topo II was previously
thought to be markedly elevated in neoplastic as compared to
normal cells (26, 32, 33; for alternative view, see Refs. 38 and
40). The finding that levels of the A/r 170,000 topo II pol>pep-
tide were similar in proliferating normal marrow cells and the
HL-60 human leukemia cell line (Figs. 6-8) was somewhat

unexpected. We therefore examined the levels of topo II in
another proliferating lymphohematopoieticcell system, the mi-
togen-stimulated T-lymphocyte (Fig. 6B, lanes 11-14). Again,
Western blots were loaded with equal numbers of cells. Begin
ning 2 days after treatment with con A, the level of topo II in
T-lymphocytes increased dramatically. Comparison to HL-60
cells on the same blot revealed that levels of the A/r 170,000
topo II polypeptide in stimulated lymphocytes approached the
levels of the same polypeptide in HL-60 cells (cf. Fig. 6B, lanes
5 and Â¡4).1Thus, the appearance of similar levels of the M,

170,000 isoform of topo II in proliferating normal lymphohe-
matopoietic cells and leukemia cells was not unique to the
myeloid cell system.

DISCUSSION

In the present study, levels of the nuclear enzyme topo II
were evaluated in HL-60 cells during growth and differentiation
in vitro and in normal human marrow cells during growth and
differentiation in vivo. These studies were performed using a
functional assay for topo II (drug-induced DNA cleavage in
situ) and a variety of immunological techniques. Two antibodies
were utilized in these studies, one which reacted with the M,
170,000 topo II polypeptide and another which reacted with
M, 170,000 and M, 180,000 forms.

In these studies, cellular content of topo II in HL-60 cells
was observed to double as cells progressed from d to G2/M.
Cells in S phase had an intermediate amount of topo II.
Previous studies of topo II levels during the cell cycle relied on
physical methods to separate asynchronous cells (32), on serum
deprivation to block the cells in G(>(14, 15, 29) or on chemical
agents to synchronize the cells at various points in the cell cycle
(13). The results of these studies indicated that topo II is
markedly diminished or absent from G0 cells (14, 15, 29) and
that levels of topo II in G2/M cells were 2- to 3-fold higher
than in G, cells (32). These studies have not taken into account
the possibility of extensive proteolysis of topo II during isola
tion of the cells, especially during G, (32) or the possibility that
the synchronization methods might have altered the levels and
regulation of topo II. To avoid these potential problems, asyn
chronous cultures of logarithmically growing HL-60 cells were
initially fixed and then subjected to labeling with anti-topo II
antibodies and propidium iodide. Examination of these cells by
flow cytometry confirmed the previous observations that topo
II levels vary during the cell cycle.

When the same techniques were applied to DMSO-treated
HL-60 cells, topo II levels were shown to diminish during
granulocytic maturation in vitro (data not shown). Immunoper-
oxidase studies (Fig. 3, A-D), Western blotting (Fig. 3F), and
a functional assay for topo II (Fig. 4) confirmed this maturation-
associated decrease in topo II. Several aspects of this decrease
in topo II are worthy of comment: First this decrease in HL-60
cell topo II content involved both the M, 180,000 and M,
170,000 species of topo li (Fig. 3/-").Second, topo II levels have

been observed to decrease during differentiation of a neoplastic
cell line. It was previously suggested that one of the distinguish
ing features of neoplastic cells is the inability to enter a Go-like
state and down-regulate their topo II levels (17, 29). The HL-

60 cells utilized in this study are malignant by all the usual
criteria, yet their topo II levels do diminish during DMSO

7 Further experiments have revealed that the topo II levels in HL-60 cells are
slightly (<2-fold) lower than in Molt 3 and Molt 4 T-cell leukemia cell lines (S.
H. Kaufmann, unpublished observations).
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Fig. 7. Histograms of various cell populations
in normal bone marrow after staining with serum
IID. Normal marrow cells were stained for the
indicated cell surface antigen, fixed, permeabi-
lired. and stained with affinin-purified ami-topo
II (serum IID. solid lines) or non-immune antibod
ies (dotted lines). AntigenicalK defined marrow
populations included CD.14+ cells (multipotent
and committed progenitors from several hemato-
poietic lineages). CD 15+ cells (mature granulo-
cytes). CD 14+ cells (monocyte lineage), and
CDllb"/CD45~ cells (erythroid cells). For com
parison, fluorescence intensity of HL-60 cells
stained for topo II in the same experiment is show n
(top left).
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treatment. Thus, topo II levels can be down-regulated in nÃ©o-
plastic cells under certain conditions. Finally, it is important to
realize that the differentiation-associated changes in polypep-
tide levels are not unique to topo II. During DMSO-induced
maturation of HL-60 cells, levels of some nuclear polypeptides
are unchanged (Fig. 3G) or actually increased (Fig. 3//), but
the levels of proliferation-associated polypeptides such as B23/
nucleophosmin (Fig. 3/) diminish in a pattern similar to that
observed for topo II.

When normal marrow was examined, variations in topo II
content were observed among the different hematopoietic cell
lineages (Figs. 7 and 8). CD14-positive cells (maturing/mature
monocytes), for example, contained topo II levels which were
2- to 3-fold lower than CD34-positive progenitors (Fig. 8).
These results are consistent with the observation that the phor-
bol ester-induced maturation of HL-60 cells to monocytes in
vitro results in a 2- to 4-fold decrease in topo II levels (34, 35)."

This modest decrease in topo II content in maturing monocytes
in vitro and in vivo is to be contrasted to the sharp decrease in
topo II levels observed during granulocytic maturation.

The present study focused primarily on topo II levels in
marrow cells during granulocytic maturation. Immunoperoxi-
dase staining readily demonstrated topo II in progranulocytes,
myelocytes. and early metamyelocytes (Fig. 5). Previous studies
have revealed that these are the myeloid precursors which can
be labeled with ['H]thymidine in vitro (66) or bromodeoxyuri-

dine in vivo (67). Thus, topo II can be readily detected in
proliferating myeloid precursors. Semiquantitative measure
ments involving double-label immunofluorescence followed by
flow cytometry revealed that levels of the M, 170.000 topo II
isoform in CD34-positive normal marrow cells were indistin
guishable from levels of the same proliferation-associated iso-
form in logarithmically growing HL-60 cells (Fig. 8). The
CD34-positive cells include multipotent and committed pro
genitors from several (or all) hematopoietic lineages (64, 65).
To further confirm this result. Western blotting was utilized to
compare levels of topo II in HL-60 cells, in marrow specimens
which are enriched in early myeloid precursors (during recovery
from aplasia-producing chemotherapy), and in specimens of
normal T-lymphocytes stimulated with mitogens (Fig. 6). In
each case, levels of the proliferation-associated M, 170.000

403224168-â€¢--^_^^nâ€”HL-60

CD34 CD15 CD14CD457CD11b-PRO

GRAN MONO ERYTH
Fig. 8. Comparison of the signal for the M, 170.000 isoform of topo II in

various cell populations in normal human marrow. From the data in Fig. 7. the
mean fluorescence intensity (MFI) of various cell populations after staining with
non-immune antibodies was subtracted from the mean fluorescence intensity of
the same cell population after staining with immune antibodies. The corrected
mean fluorescence intensity for each immunologically defined population in the
marrow is compared to the corrected mean fluorescence intensity of HL-60 cells
analyzed in the same experiment.

topo II isoform in the proliferating normal cells differed from
those observed in the malignant counterpart by a factor of two
or less. On the one hand, these results call into question
previous suggestions that topo II levels (particularly levels of
the M, 170,000 polypeptide) are substantially higher in neo-
plastic cells as compared to normal proliferating cells. On the
other hand, since the M, 170,000 isoform of topo II is especially
sensitive to poisoning by certain topo Il-directed agents (37),
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the high levels of this isoform in proliferating normal lympho-
hematopoietic cells provide an explanation for the observed
myelotoxicity of topo Il-directed agents (41-43).

Finally, these studies have also shown that the M, 180.000
isoform of topo II is undetectable in mature granulocytes (Figs.
1C and 6/f) and quiescent lymphocytes (Fig. 6Z?).8This obser

vation is consistent with previous experiments describing di
minished or absent topo II activity in quiescent mammalian
cells (24, 25, 30, 68) as well as diminished topo II immuno-
reactivity in quiescent avian cells (26).

In summary, we have demonstrated that both isoforms of
topo II arc diminished during myeloid maturation in vitro and
in vivo. Conversely, levels of the M, 170,000 topo II polypeptide
in proliferating human myeloid cells in vivo approach levels
observed in human leukemia cell lines. These observations
provide a baseline for comparison of topo II levels and cytotox-
icity of topo Il-directed agents in human leukemia specimens.

ACKNOWLEDGMENTS

Advice and encouragement by Drs. Joel Shaper. O. Michael Colvin.
Peter Philips, and Curt Civin. as well as secretarial assistance by Ann
Larocca, are gratefully acknowledged.

REFERENCES

1. Bodlcy, A. 1... and Liu. L. l;. Topoisomerascs as novel targets for cancer
chemotherapy. Biotechnology, 6: 1315-1319. 1988.

2. Drlica. K.. and Franco. R. J. Inhibitors of DNA lopoisomcrases. Biochem
istry, 27: 2253-2259, 1988.

3. Hancock. R.. Charron. M.. Lambert, H.. Lemieux. M., Pankov. R., and
PÃ©pin.N. Topoisomerase 11as a target of antitumor agents. In: E. Borowski
and D. Shugar (eds.). Molecular Basis of Chemotherapy, pp. 119-137.
London: Pergamon Press. 1990.4. Kohn. K. V\'., Pommier. Y.. Kerrigan. D.. Markovitz, J.. and Covey, J. M.

Topoisomerase II as a target of anticancer drug action in mammalian cells.
Nati. Cancer Inst. Monogr.. â€¢/:61-71. 1987.

5. Ross. \V. E.. Sullivan. D. M.. and Chow. K-C. Altered function of DNA
topoisomerases as a basis for antineoplaslic drug action. In: V. T. DcVita.
Jr.. S. Hellman. and S. A. Rosenberg (eds.). Important Advances in Oncology
1988. pp. 65-81. Philadelphia: J. B. I.ippincolt Co.. 1988.

6. Zhang. 11.. D'Arpa. P.. and Liu. L. F. A model for tumor cell killing by
topoisomerasc poisons. Cancer Cells. 2: 23-27, 1990.

7. /welling. L. A. DNA topoisomerase II as a target of antineoplastic drug
therapy. Cancer Metastasis Rev.. 4: 263-276. 1985.

8. Pommier. Y., /welling. L. A.. Kao-Shan. C-S.. Whang-Peng. J.. and Bradley.
M. O. Correlations between intercalator induced DNA strand breaks and
sister chromatid exchanges, mutations, and cytotoxicity in Chinese hamster
cells. Cancer Res.. 45: 3143-3149. 1985.

9. Lock, R. B.. and Ross. \V. E. Possible role for p34>Jc2kinase in etoposide-
induced cell death of Chinese hamster ovary cells. Cancer Res.. SO: 3767-
3771. 1990.

10. Chatterjec. S.. Trivedi. D.. Petzold. S. J., and Berger, N. A. Mechanism of
epipodophyllotoxin-induccd cell death in poly(adenosine diphosphate-ribose)
synthesis-deficient V79 Chinese hamster ceil lines. Cancer Res.. 50: 2713-
2718. 1990.

11. D'Arpa. P.. Beardmore, C.. and Liu. L. F. Involvement of nucleic acid
synthesis in cell killing mechanisms of topoisomerase poisons. Cancer Res..
50:6919-6924. 1990.

12. Kaufmann. S. H. Antagonism between camptothecin and topoisomerase II-
direcled chemotherapeutic agents in a human leukemia cell line. Cancer Res..
SI: 1129-1136, 1991

13. Estey. E.. Adlakha. R. C.. Hittelman. \V. N.. and /welling. L. A. Cell cycle
stage dependent variations in drug-induced topoisomerase II mediated DNA
cleavage and cytotoxicity. Biochemistry. 26: 4338-4344. 1987.

14. Chow. K-C'.. and Ross, VV. E. Topoisomerase-specific drug sensitivity in
relation to cell cycle progression. Mol. Cell. Biol., 7: 3119-3123. 1987.

15. Markovits. J., Pommier. Y.. Kerrigan. D.. Covey, J. M.. Tilchen. E. J.. and
Kohn. K. \V. Topoisomerase Il-mediated DNA breaks and cytotoxicity in
relation to cell proliferation and the cell cycle in NTH 3T3 fibroblasts and
L1210 leukemia cells. Cancer Res., 47: 2050-2055. 1987.

16. /welling. L. A.. Estey. E.. Silberman. L.. Doyle, S.. and Hittelman. \V. Effect

18.

19.

20.

21.

of cell proliferation and eliminatiti conformation on intercalator-induced.
protein-associated DNA cleavage in human brain tumor cells and human
fibroblasts. Cancer Res.. 47: 251-257. 1987.
Sullivan. D. M.. Latham. M. D.. and Ross. \V. E. Proliferation dependent
topoisomerase II content as a determinant of antineoplastic drug action in
human, mouse, and Chinese Hamster Ovary cells. Cancer Res.. 47: 3973-
3979, 1987.
Robbie. M. A.. Baguley, B. C.. Denny. W. A.. Gavin. J. B.. and Wilson. W.
R. Mechanism of resistance of noncycling mammalian cells to 4'-(9-acridi-
nylamino)methancsulfbn-m-anisidide: comparison of uptake, metabolism,
and DNA breakage in log- and plateau-phase Chinese hamster fibroblast cell
cultures. Cancer Res. 48: 310-319. 1988.
Epstein, R. J., and Smith. P. J. Estrogen-induced potentiation of DNA
damage and cytotoxicity in human breast cancer cells treated with topoisom
erase Il-interactive antitumor drugs. Cancer Res.. 48: 297-303. 1988.
Potmesil, M.. Hsiang. Y-H., Liu. L. F.. Bank, B., Grossberg. H.. Kirschen-
baum. S.. Forlen/ar. T. J.. Pcn/iner. A., Kanganis. D.. Knowles, D., TrÃ¡ga
nos. F..and Silber. R. Resistance of human leukemicand normal lymphocytes
to drug-induced DNA cleavage and low levels of DNA topoisomerase II.
Cancer Res., 48: 3537-3543. 1988.
DefilÃ©.A. M.. Batra. J. K.. and Goldcnbcrg, Ci. J. Direct correlation between
DNA topoisomerase activity and cytotoxicity in Adriamycin-sensitive and -resistant P388 leukemia cell"lines. Cancer Res.. 49: 58-62. 1989.

Davies. S. M.. Robson. C. N.. Davies. S. L., and Hickson, 1. D. Nuclear
topoisomerase II levels correlate with the sensitivity of mammalian cells to
intercalating agents and epipodophyllotoxins. J. Biol. Chcm., 263: 17724-
17729, 1988.
Sullivan. D. M.. Glisson. B. S., Hodges. P. K.. Smallwood-Kcntro. S., and
Ross, \V. E. Proliferation dependence of topoisomerase II mediated drug
action. Biochemistry, 25: 2248-2256. 1986.
Taudou. G., Mirambeau. G., Lavenot, C.. der Garabedian, A.. Vermeersch,
J.. and Duguet. M. DNA topoisomerase activities in concanavalin A-stimu-
lated lymphocytes. FEBS Lett., 176: 431-435. 1984.
Priel. E.. Aboud. M.. Feigclman. IL. and Segal. S. Topoisomerase-11 activity
in human leukemic and lymphoblastoid cells. Biochem. Biophys. Res. Com
mun.. 130:325-332. 1985.
Heck, M. M. S.. and Earnshaw, \V. C'. Topoisomerase II: a specific marker
for cell proliferation. J. Cell Biol.. 103: 2569-2581. 1986.
Hwang, J.. Shyy. S.. Chen. A. Y., Juan. C-C., and Whang-Peng. J. Studies
of topoisomerase-specific antitumor drugs in human lymphocytes using
rabbit antisera against recombinant human topoisomerase II polypeptide.
Cancer Res.. 49: 958-962. 1989.
Kaufmann. S. H. Additional members of (he rat liver lamin polypeptide
family. Structural and immunological characterization. J. Biol. Chcm., 264:
13946-13955. 1989.
Hsiang. Y-H., Wu. H-Y., and Liu. L. F. Proliferation dependent regulation
of DNA topoisomerase II in cultured human cells. Cancer Res.. 48: 3230-
3235. 1988.
Bodley. A. L.. \Vu, H-Y., and Liu, L. F. Regulation of DNA topoisomerases
during cellular differentiation. Nati. Cancer Inst. Monogr.. 4: 31-36. 1987.
I airman, R.. and Brutlag. D. L. Expression of the /)mmphila type II
topoisomerase is developmental!}' regulated. Biochemistry. 27: 560-565,

1988.
Heck. M. M. S.. Hittclman. W. N.. and Earnshaw. W. C. Differential
expression of DNA topoisomerases I and II during the eukaryotic cell cycle.
Proc. Nat!. Acad. Sci. l'SA. 85: 1086-1090. 1988.
Riou. G. F.. Gabillot. M.. Barrois. M.. Breithurd. F.. and Orth. G. A typc-II
DNA topoisomerase and a catenating protein from the transplantable VX2
carcinoma. Eur. J. Biochem., 146: 483-488. 1985.
/welling, L. A., Chan. D., Hinds. M.. Mayes. J.. Silberman, L. E., and Blick.
M. Effect of phorbol ester treatment on drug-induced, topoisomerase II-
DNA cleavage in human leukemia cells. Cancer Res., 48: 6625-6633. 1988.
C'onstaninou, A.. Henning-C hubb. C'.. and Huberman. E. Novobiocin- and

phorbol-l2-myristate-l3-acetate-induced differentiation of human leukemia
cells associated with a reduction in topoisomerase II activity. C'ancer Res..

4V: 1110-1117. 1989.
Drake. F. IL. Hofmann. Ci. A.. Bartus. H. F.. Mattern, M. R.. Johnson, R.K.. Crooke, S. T., and Mirabelli. C'. K. Purification of topoisomerase II from
amsacrine-resistant P388 leukemia cells. J. Biol. Chem., 262: 16739-16747.
1987.
Drake. F. H.. Hofmann. Ci. A.. Bartus. H. F.. Maltern. M. R.. Crooke, S.
T.. and Mirabelli. C'. K. Biochemical and pharmacological properties of p 170
and pl80 forms of topoisomerase II. Biochemistry. 28: 8154-8160. 1989.
Holden. J. A.. Rolfson. D. H., and W ittwer. C'. T, Human DNA topoisom

erase II: evaluation of en/yme activity in normal and neoplastic tissues.
Biochemistry. 29: 2127-2134. 1990.
Chung. T. D. Y.. Drake, F. H., Tan, K. B., Per. S. R., Crooke. S. T., and
Mirabelli. C. K. Charactcri/ation and immunological identification of cDNA
clones encoding two human DNA topoisomerase II iso/ymes. Proc. Nati.
Acad. Sci. USA. 86: 9431-9435, 1989.
\\oessner. R. D.. Chung. T. D. Y.. Hofmann. G. A., Mattern, M. R.,
Mirabelli. C. K.. Drake. F. H., and Johnson. R. K. Differences between
normal and ra.v-transformed NIH-3T3 cells in expression of the 170 kD and
180 kD forms of topoisomerase IL C'ancer Res.. 5I): 2901-2908. 1990.
Vogel/ang. N. J.. Raghavan. D.. and Kennedy. B. J. VP-16-21.1 (etoposide):
the mandrake root from Issyk-Kul. Am. J. Med., 72: 136-144, 1982.
O'Dwver. P. J.. Levland-Jones. B.. Alonso. M. T.. Marsoni. S., and Wittes.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/13/3534/2444429/cr0510133534.pdf by guest on 19 M

ay 2023



TOPOISOMERASE II LEVELS IN HUMAN MARROW CELLS

R. E. Etoposide (VP-I6-2I3): Current status of an active anticanecr drug.
N. Engl. J. Med.. 312: 692-700. 1985.

43. Cassileth. P. A., and Gale. R. P. Amsacrine: a Review. Leukemia Res.. 10:
1257-1265. 1986.

44. Kastan. M. B.. Stone. K. D.. and Civin. C. 1. Nuclear oncoprotein expression
as a function of lineage, differentiation stage, and proliferativi1 status of
normal human hematopoietic cells. Blood. 74: 1517-1524. 1989.

45. Kastan. M. B.. Schlaeffer. E.. Russo. J. J.. Civin, C. I.. Colvin. O. M.. and
Hilton. J. Direct demonstration of elevated aldehyde dchydrogenasc levels
in normal hematopoietic progenitor cells. Blood. 75: 1947-1950. 1990.

46. Vorbrodt. A.. Meo. P.. and Rovera. G. Regulation of acid phosphatase
activity in human promyelocytic leukcmic cells induced to differentiate in
culture. J. Cell Biol.. <?.J.;300-307. 1979.

47. Geller. R. B.. Burke. P. J., Karp. J. E.. Humphrey. R. L.. Braine. H. G..
Tucker. R. \V.. Fox. M. G.. /.ahurak. M.. Morrei!. L.. Hall. K. l... and
Plantados!. S. A two-step timed sequential treatment for acute myclocytic
leukemia. Blood. 74: 1499-1506. 1989.

48. English. D.. and Andersen. B. R. Single-step separation of red blood cells,
granulocytes and mononuclear leukocytes on discontinuous density gradients
of Ficoll-Hypaque. J. Immunol. Methods. 5: 249-252. 1974.

49. Kaufmann. S. H. Induction of endoniicleolytic DNA cleavage in human acute
myelogenous leukemia cells by etoposide. camptothecin. and other cytotoxic
anticancer drugs: a cautionary note. Cancer Res.. 49: 5870-5878. 1989.

50. Kaufmann. S. H.. Ewing. C. M., and Shaper. J. H. The erasable Western
blot. Anal. Biochem.. /A/: 89-95. 1987.

51. Halligan. B. D.. Edwards. K. A., and l.iu. L. F. Purification and character
ization of a type II DNA topoisomerase from bovine calf thymus. J. Biol.
Chem., 260: 2475-2482. 1985.

52. Hsiang. Y-H.. and Liu. L. F. Identification of mammalian DNA topoisom
erase I as an intracellular target of the anticancer drug camptothecin. Cancer
Res., 48: 1722-1726, 1988.

53. Kaufmann. S. H., and Shaper. J. H. Association of topoisomerase II with
the hepatoma cell nuclear matrix: the role of intermoleeular disulfidc bond
formation. Exp. Cell Res.. 192: 511-523. 1991.

54. Olmsted, J. B. Affinity purification of antibodies from dia/oti/ed paper blots
of heterogeneous protein samples. J. Biol. Chem.. 256: 11955-11957. 1981.

55. Earnshaw. W. C.. and Rothfield. N. Identification of a family of human
centromere proteins using autoimmune sera from patients with scleroderma.
Chromosoma. 91: 313-321. 1985.

56. Kaufmann. S. H.. Quddus. F. F.. and Shaper. J. H. An alternative approach
to the quantitation of glucoeorticoid-receptor complexes in the nuclei of

lymphoid cells. Endocrinology. Ill): 708-716. 1982.
57. Fields. A. P.. Kaufmann. S. H., and Shaper. .1. H. Analysis of the internal

nuclear matrix: oligomcrs of a 38 kD nucleolar polypeptide stabilized bydisulfide bonds. Exp. Cell Res.. 164: 139-153. 1986. "

58. Collins. S. J.. Ruscelli. F. W.. Gallagher. R. F... and Gallo. R. C. Terminal
differentiation of human promyelocytic leukemia cells induced by dimethyl-
sulfoxide and other polar compounds. Proc. Nail. Acad. Sci. USA, 75: 2458-
2462. 1978.

59. Busch. R. K.. Chan. P-K.. and Busch. H. Actinomycin D inhibition of
monoclonal antibody binding to nucleolar phosphoprotcin 37/5.2 (B23). LifeSci.. 35: 1777-1785'. 1984.

60. Feuerstein. N.. Spiegel. S., and Mond. .1. .1. The nuclear matrix protein,
numatrin (B23). is associated with growth factor-induced mitogenesis in
Swiss 3T3 fibroblasts and with T lymphocyte proliferation stimulated by
lectins and anti-T cell antigen receptor antibody. J. Cell Biol.. 707: 1629-
1642. 1988.

61. Kanter. P. M., and Schwartz. H. S. A fluorescence enhancement assay for
cellular DNA damage. Mol. Pharmacol.. 22: 145-151. 1982.

62. Karp, J. F... and Burke. P. J. Influence of humoral regulators on proliferation
and maturation of normal and leukcmic cells. Cancer Res., 36: 1674-1679,
1976.

63. Yamanafca. H.. Penning. C. A.. Willis. E. H., Wasson. D. B.. and Carson.
D. A. Characterization of human poly(ADP-ribose) polymerase with auto-
antibodies. J. Biol. Chem.. 263: 3879-3883. 1988.

64. Civin. C. !.. Strauss. L. C.. Bravali. C.. Fackler. M. J.. Schwartz. J. P.. and
Shaper. J. H. Antigenic analysis of hemalopoiesis. III. A hematopoietic
progenitor cell surface antigen defined by a monoclonal antibody raised
against KGla cells. .1. Immunol.. 133: 157-165. 1984.

65. Loken, M. R., Shah. V. O.. Datlillo. K. I... and Civin. Civin. C. I. Flow
cytomelric analysis of human bone marrow. II. Normal B-lymphocyte devel
opment. Blood. 7Â«:1316-1324. 1987.

66. Burke. P. J.. Diggs. C. H.. and Owens. A. IL. Jr. Factors in human serum
affecting the proliferation of normal and leukemic cells. Cancer Res.. 33:
800-806. 1973.

67. Aglietta. M.. Piacihello. W.. Sanavio. F.. Stai-chini. A.. Apra. F.. Schena. M.,
Mossetti. C.. C'amino. F.. Caligaris-Cappio. F.. and Gavosto. F. Kinelics of

human hematopoietic cells after in riro adminislralion of granulocyte-mac-
rophage colony-stimulating factor. J. C'lin. Invest.. 83: 551-557. 1989.

68. Duguet. M.. I.avenot. ('.. Harper. F.. Miramheau. G.. and DeRecondo. A-

M. DNA topoisomerases from rat liver: physiological variations. Nucleic
Acids Res.. //.â€¢1059-1075.

3543

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/13/3534/2444429/cr0510133534.pdf by guest on 19 M

ay 2023


