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ABSTRACT

Adriamycin, amsacrine, and etoposide produce protein-associated

DNA breaks in numerous cell types. However, in vitro exposure to
Adriamycin (0.1-50.0 fig/ml) resulted in no detectable DNA cleavage in
lymphocytes from patients with B-cell chronic lymphocytic leukemia
(CLL) or in either B- or T-lymphocytes from normal donors. In contrast,
DNA cleavage was observed in T-cells from CLL patients. Exposure to
amsacrine or etoposide caused at least 50-fold less DNA cleavage in CLL

and normal lymphocytes as compared to 1,1210 cells. These findings
cannot be accounted for by differences in drug uptake.

An attempt was made to explain the relative resistance of human
lymphocytes to drug-induced DNA cleavage. DNA topoisomerase II, an

intracellular target of tested drugs, was assayed in CLL and normal
human blood lymphocytes by immunoblotting. The enzyme was detected
neither in unfractionated lymphocytes nor in the enriched B- and T-cells
from 28 untreated patients with CLL (Stage 0-1V) and from seven normal
donors. Exponentially growing L1210 cells had approximately 7 x 10s

enzyme copies per cell, suggesting a 100-fold higher content than that of

CLL or normal lymphocytes. There were, however, detectable levels of
DNA topoisomerase II in cells obtained from patients with diffuse
histiocytic, nodular poorly differentiated and nodular mixed lymphomas,
in Burkitt's lymphoma, acute lymphoblastic leukemia and CLL with

prolymphocytic transformation. DNA topoisomerase I, a potential target
for anticancer chemotherapy, was detectable in CLL and normal lympho
cytes, as well as in cells of other malignancies tested.

The above results may offer an explanation for the ineffectiveness of
Adriamycin in the treatment of CLL. It could be suggested that low levels
of DNA topoisomerase II contribute to drug resistance operating in
human malignancies with a large compartment of nonproliferating cells.

INTRODUCTION

Despite the wide application of ADR3 in the management of

lymphoma, the drug has found little use in the treatment of
CLL. In an attempt to understand the unresponsiveness in this
disease, the effects of ADR on the DNA of lymphocytes were
studied by means of the alkaline elution technique. No DNA
cleavage was detected in lymphocytes obtained from CLL pa
tients and exposed to ADR in vitro ( 1-3). Further experiments
were then designed to evaluate the relationship between the
lack of DNA damage and DNA topoisomerase II levels.

DNA topoisomerases control and modify DNA topology.
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The enzymes have been classified into two types. Type I induces
transient DNA single-strand breaks, whereas type II introduces
transient breaks and passes a double-strand DNA segment
through the break. It has been recognized that the topological
state of DNA may have fundamental importance for numerous
vital functions not only in bacteria but also in mammalian cells
(reviewed in Refs. 4 and 5). Biochemical and genetic analyses
have shown at least one essential role of eukaryotic DNA
topoisomerase II in DNA replication (6-8).

There is ample evidence identifying topoisomerase II as the
intracellular target of numerous anticancer drugs as diverse as
anthracyclines, acridine derivatives, and epipodophyllotoxins
(9-13). These drugs affect the breakage-reunion reaction by
stabilizing the cleavable complex between DNA and topoisom
erase II. The 'frozen' topoisomerase II-DNA complex may be
the key factor in drug exerted cytotoxicity (11-13). Likewise, a
cleavable complex between topoisomerase I and DNA can be
stabilized by the cytotoxic compound camptothecin (14).

The notion that topoisomerases may play a pivotal role in
the mediation of antitumor effects of some drugs raises the
question of how a low intracellular topoisomerase content in
human cancer cells would affect drug action. Several lines of
evidence show that topoisomerase II activity may fluctuate
according to the proliferative status of the cell. The enzyme
activity was markedly enhanced in the nuclei of regenerating
cells following partial hepatectomy as compared to unstimu-
lated cells (15), in mitogen-stimulated guinea pig lymphocytes
(16), and in human or mouse fibroblasts exposed to epidermal
growth factor (17). Preincubation of normal human blood lym
phocytes with interleukin-2 significantly enhanced DNA cleav
age caused by VP-16 (18). Several studies have demonstrated
less cytotoxicity of m-AMSA and VP-16 against plateau- as
compared to log-phase cells (19, 20). Decreased frequency of
drug-induced DNA cleavage was also reported in tissue culture
lines resistant to topoisomerase II inhibitors; however, some of
altered functions linked to this enzyme were also detected (21,
22).

In the present report, the levels of DNA topoisomerases were
determined in CLL as well as in normal human B- and I -
lymphocytes and functional assays performed. The experiments
were correlated with the extent of DNA cleavage caused in
these cells by topoisomerase I- or H-directed drugs. Preliminary
reports of the observations have been presented (23, 24).

MATERIALS AND METHODS

Human Lymphocytes. Lymphocytes from 47 untreated patients with
B-cell CLL of all stages seen at the New York University Medical
Center were used for this study. Following informed consent, 50-100
ml of venous blood were withdrawn into syringes containing 500-1000
units of heparin. For comparative purposes, malignant cells or tissues
from eight patients with other hematological malignancies were also
included in the study. Fifty to 450 ml of heparinized blood were
obtained from each of the 17 normal donors. Mononuclear cells were
separated by centrifugation on Ficoll-Hypaque gradients (25), and
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monocytes were removed by adherence to Falcon plastic culture dishes
(26). Coulter Counter sizing of cells assessed the degree of purity (27).
The lymphocyte preparations contained less than 2% monocytes and
10% platelets. The technique of Broome et al. (28) was used for B- and
T-lymphocyte enrichment of CLL lymphocytes. The centrifugal ion
interface contained 90-99% B-lymphocytes, while the pellet, following
RBC lysis, had 85-92% T-lymphocytes. In the preparations of normal
lymphocytes, the centrifugation interface contained 98-99% T-lympho
cytes and the pellet 80-95% B-lymphocytes.

Cell Cultures. Cytochalasin B (SigmaChemical Co., St. Louis, MO)
was dissolved in dimethyl sulfoxide to a concentration of 3.33 mg/ml
and further diluted to a working solution in Hanks' balanced salt

medium (GIBCO, Grand Island, NY). Mononuclear cells, depleted of
monocytes, were cultured in tubes with 1 ml of supplemented RPMI
1640 (GIBCO) (29, 30). The initial cell density was 1.5 x 107/ml (29,
30). Cultures were incubated at 37Â°Cin humidified air/8% CO2. Cyto

chalasin B (0.25 ftp./ml) was added to some tubes at time 0. Twenty h
prior to the harvesting, control as well as mitogen treated cells were
labeled with [/m>/A>'/-3H]thymidine (40-60 mCi/mmol; 0.1 Â¿iCi/ml),

obtained from Amersham/Searle Corp., Arlington Heights, IL. Mito
gen-stimulated cells were harvested after a 96-h culture, and controls
were collected at 24 and 96 h.

A suspension of mouse LI210 leukemia cells was grown in supple
mented Fisher's medium. Details of the procedure were described
earlier (31). Some of the exponentially growing cells with an 18-h
doubling time were labeled for 21 h at a density of 3 x 10! with
[2-'4C]-thymidine (>50 mCi/mmol; 0.025 fiCi/ml) obtained from

Amersham/Searle Corp. Other cell lines, HeLa, human skin fibroblasts,
BALB/c 3T3 and COS-1 were maintained in exponential growth phase
by established procedures (32, 33).

The amount of isotope incorporated into DNA of cultured CLL
lymphocytes was measured by scintillation spectrophotometry. The
samples with known cell number were collected on membrane DM-300
(Gelman Sci., Inc., Ann Arbor, MI) by suction, washed with PBS (0.15
M NaCl, 0.71 mM KH2PO4, 4.28 mM K2HPO4, pH 7.4) and with 10%
trichloroacetic acid, and finally with ice-cold absolute methyl alcohol.
(29). The filters were placed in scintillation vials, treated with 0.4 ml
of l N HC1 for l h at 60'C, and neutralized after cooling with 2.5 ml

of 0.4 N NaOH. Ten ml of Aquassure (New England Nuclear Corpo
ration, Boston, MA), acidified with 30 ml glacial acetic acid per 4 liters,
were added to each vial and the radioactivity counted. Counting effi
ciencies were determined using the [3H]toluene standard.

Drug Incubation and Uptake Study. ADR (doxorubicin, NSC 123127)
was obtained from Farmitalia, Milan, Italy, m-AMSA (amsacrine, NSC
249992) from the Drug Synthesis and Chemistry Branch, National
Cancer Institute, VP-16 (etoposide, NSC 141540) from Bristol Labo
ratories, Syracuse, NY, and camptothecin (lactone form, NSC 94600)
was prepared by acidification (34) of sodium camptothecin (NSC
100880) which was obtained from the Drug Synthesis and Chemistry
Branch, National Cancer Institute. ADR was dissolved in sterile 0.15
M NaCl, the rest of the drugs in dimethyl sulfoxide. The stock solutions
were further diluted to the desired concentrations with tissue culture
medium. CLL and normal lymphocytes were suspended in RPMI 1640
with 1% heat-inactivated fetal calf serum at 2 x IO'1cells/ml, and

incubated either with various drug concentrations or with solvent
controls in air/8% CO2 at 37'C for 60 min. LI210 cells, suspended in
Fisher's medium with 1% heat-inactivated horse serum at 10'' cells/ml,

were incubated with or without drugs under conditions identical with
those of the CLL or normal lymphocytes. At the end of the incubation,
cells were washed twice in ice-cold medium, kept on ice, and counted.

Drug uptake was measured using a modification of established pro
cedures (35-37). "Cold" ADR and [14C]ADR(SRI International, Menlo

Park, CA; specific activity, 26 mCi/mmol; radiochemical purity by thin
layer chromatography, ~100%) were added to RPMI 1640 medium
with 1% heat-inactivated fetal calf serum or to Fisher's medium with

1% heat-inactivated horse serum to obtain the desired drug concentra
tion and approximately 2 x 10* cpm/ml. Cells, 107/ml (36), were
exposed to various concentrations of ADR for l h at 37Â°C.At the end

of incubation, an aliquot was removed from each test tube for cell
counting and sizing using a standardized Coulter Counter /,,â€žwith
Channelyzer. Cell viability, tested following drug exposure, always was

>90%. At the end of drug treatment, 0.4-ml aliquots of lymphocyte or
0.2 ml of L1210 cell suspension were layered on a 0.5-ml cushion of
Versilube F-50 silicone oil (General Electric, Waterford, NY) in 1.5-
ml conical plastic centrifuge tubes. The tubes were centrifuged at 8000
x g for 1 min, the supernatant decanted, and the remaining fluid
removed with a cotton-tipped applicator. The test-tube bottom contain
ing the cell pellet was cut off using a hot scalpel, and placed overnight
in a scintillation vial with 2 ml of 0.3 N KOI 1.Finally, 15 ml of acidified
Aquassure were added to each vial, and the radioactivity measured.
Medium trapping by CLL lymphocytes was quantitated using [3H]-

inulin (New England Nuclear Corp., Boston, MA) (36) and found to
be no more than 0.1 /il/107 cells.

The uptake of m-AMSA and VP-16 was determined in a fashion
similar to that of ADR. Unlabeled m-AMSA and [14C]m-AMSA (spe

cific activity, 19.6 mCi/mmol; obtained from the Chemical Resources
Section, NCI), as well as VP-16 and [3H]VP-16 (400 mCi/mmol;

Moravek Biochemicals, Brea, CA) were used for the uptake assay (36).
In all studies, the cellular accumulation of the drugs was normalized to
cell volume established by a Coulter Counter. The volume of CLL
lymphocytes was 162 Â±21 fl/cell (A' = 15), and all uptakes were

expressed as ng of the drug per 1.6 ^1 of the cell volume.
Assay of DNA Cleavage. DNA cleavage in drug-treated cells was

assayed by the alkaline filter elution method described in previous
publications (38-40). The technique was modified in several ways.
"Experimental cells," i.e., drug-treated lymphocytes or LI 210 cells and

control untreated cells, remained unlabeled with the radioisotopes.
Some control cells were irradiated with 300 rads at 0Â°C,while others
remained unirradiated. L1210 cells labeled with [2->4C]thymidine and
irradiated with 300 rads were used as "internal standard." The condi

tions of irradiation were described in detail (31).
Experimental cells, suspended in PBS, were applied to 2-Â¿tmpore

size polyvinyl chloride (Millipore, Bedford, MA) either in 4 x 10'
(lymphocytes) or 10'' aliquots (LI210 cells), and mixed with radioiso-

tope labeled LI210 cells, irradiated with 300 rads (internal standard).
The latter cells were added in aliquots of 2 x 10* and 10\ respectively.
The cells were then washed with ice-cold PBS and lysed at room
temperature over a 10-min interval with 0.2% sarkosyl (ICN Pharma
ceuticals, Cincinnati, OH, and K and K Laboratories, Inc., Plainview,
NY): 2 M NaCl:0.04 M trisodium EDTA, pH 10. Subsequently, the
filters were incubated at room temperature for 50 min either in the
lysing solution, or in 2% SDS (Sigma Chemical Co.):0.025 M trisodium
KDT/V0.2 mg/ml proteinase K (EM Reagents, Darmstadt, Germany).

The filters were washed with 0.02 M trisodium EDTA, pH 10, and
cell lysates eluted as described previously (38-40). SDS 0.1 % was added
for the elution of cell lysates pretreated with proteinase K. Fractions
were collected at 3-h intervals over 15 h. Two volumes of 95%
ethanol:0.3 M sodium acetate:0.055 M glacial acetic acid were added to
each vial, and the aliquots were kept at â€”20*Cfor 45 min in order to

precipitate the eluted DNA.
The precipitates were collected on Durapore filters (pore size, 0.22

Mm, Millipore) on a sampling manifold and dried. Each filter was
incubated with 0.4 ml of 2 M 3,5-diaminobenzoic acid dihydrochloride
(Sigma or Eastman Kodak) for 45 min at 60Â°C.At the end, 1.6 ml of

l M HC1 was added at room temperature (41). The DNA-adduct
fluorescence was measured with an Amino Bowman spectrofluorometer
using a 150-W xenon lamp at an excitation wavelength of 415 nm and
emission detection at 500 nm. Radioactivity of these samples was then
determined after addition of 10 ml of the acidified Aquassure per vial.

Data were analyzed as described previously (38, 39). The results were
expressed as the frequency of DB or PAB per IO6nucleotides.

Flow Cytometry. Aliquots of 4 x IO6 untreated (control) cells, sus
pended in 1 ml of culture media, were added dropwise to 9 ml of ice-
cold 70% ethanol and stored at 2"C for several days. Fixed cells were
treated with IO3 units of RNase A (Worthington Biochemical Corp.,
Freehold, NJ) in Hanks' medium (pH 7.0) at 37Â°Cfor 30 min, rinsed

and stained with 40 jig/ml propidium iodide (Calbiochem-Behring
Corp., La Jolla, CA) in PBS for 30 min (42). Flow cytometric analysis
of cell DNA content was performed on an Ortho System 50H flow
cytometer/sorter (Ortho Diagnostic Instruments, Westwood, MA) in
terfaced with an Ortho 2150 microcomputer (Ortho Diagnostic Instru
ments).
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Western Blot Analysis of Topoisomerase Content. DNA topoisomer-
ase I or II was purified to homogeneity from bovine thymus glands or
from HeLa cells. Preparation of antisera to both enzymes followed the
procedure described earlier (43, 44).

Proteins from whole-cell extracts were separated electrophoretically
on 7.5% SDS gels and transferred to nitrocellulose membranes in a
Bio-Rad cell unit (Bio-Rad, Chemical Div., Richmond, CA) at 10 V/
cm and 4"C for 8 h in Tris-glycine buffer (25 HIMTris, 192 mM glycine,

pH 8.2) containing 0.2% SDS and 20% absolute methyl alcohol (44).
Following the transfer, blots were incubated in 2% gelatin in PTX
buffer (10 mM sodium phosphate, pH 7.5, 150 mM NaCl, 0.2% Triton
X-100, 1 mM ethyleneglycol bis(/3-aminoethyl etheT)-N,!V,N'JV'-tetra-

acetic acid, l mM NaN,) for 30 min, and then incubated overnight with
topoisomerase I or II specific antiserum diluted in PTX. The incubation
proceeded at room temperature, and was followed by two washes in
PTX, one wash in 2 M urea:l% Triton X-100:100 mM glycine, and
again one wash in PTX. The blots were incubated with I25l-labeled
protein A, 5 x 10*cpm/ml, in PTX for 1 h, washed as before, air dried,

and visualized by autoradiography.
DNA Relaxation Assay of Topoisomerase I. DNA relaxation activity

was assayed using a supercoiled plasmid DNA (pLYl, 2679 base pairs)
as the substrate. Serially diluted extracts from cell nuclei were incubated
with 0.5 UKof substrate DNA per lane under standard reaction condi
tions. In the absence of ATP in the incubation mixture, the reaction is
free from interference by topoisomerase II activity. Relaxation of su-
percoils was detected by the electrophoresis with a 0.7% agarose gel in
89 mM Tris borate, pH 8.2, 2 mM EDTA, stained with ethidium
bromide and photographed under 265-nm UV light (32, 43).

P4 Phage DNA Unknotting Assay of Topoisomerase II. Naturally
knotted DNA isolated from the tailless capsids of P4 phage was used
as the substrate for the strand passing activity of the enzyme. A serially
diluted extract from isolated nuclei of tested cells was added to the
reaction mixture containing 50 mM Tris-HCl, pH 7.5, 100 HIMKC1,
10 HIM MgCl2, 0.5 HIM dithiothreitol, 0.5 mM EDTA, 30 ug/m\ of
bovine serum albumin, 1 mM ATP, and 0.3 ^g of P4-knotted DNA.
Total volume was 20 n\ per sample, and the incubation proceeded at
37"C for 30 min. The reaction was stopped by the addition of 5 u\ of

5% sarkosyl, 50 HIMEDTA, 20% Ficoll, 0.05 mg/ml of bromphenol
blue, and analyzed on a 0.7% agarose gel. During a positive reaction,
topologically complex knots of P4 DNA are converted into simple
unknotted circles. The change is visualized by the electrophoresis as a
conversion of a smear into a band. The assay is free from interference
by topoisomerase I and by DNA condensing agents which promote
DNA aggregation (44). The initial amounts of proteins, obtained from
CLL and normal lymphocytes, was adjusted for the DNA relaxation
and P4 unknotting assays. The amount of CLL protein applied was
fourfold higher than the amount of 1,1210 protein. This ratio of 4:1,
between CLL and 11210. was based on the measurement of the total
nuclear protein (45).

RESULTS

DNA Cleavage Induced by the Drugs. The presence of DNA
cleavage in drug-treated cells was expressed as the frequency of
DB and PAB per 10'' nucleotides (Fig. 1 and Table 1). Back

ground values, which are due to small differences between
elution slopes of individual assays (38, 39), did not exceed 0.25
breaks/IO6 nucleotides.

ADR, in a concentration from 0.1 to 50.0 Mg/ml (0.17-86.2
MM), did not cause any detectable PAB in CLL or normal
lymphocytes (Fig. 1). This finding confirmed earlier studies (1-
3). Proliferating LI210 cells were used in all experiments as
positive controls. All ADR levels >0.1 Mg/ml caused significant
amounts of PAB in LI210 cells, with the maximum of 2.9 Â±
0.4 at 5.0 Mg/ml.

Treatment of CLL and normal lymphocytes with m-AMSA
resulted in PAB only at high concentrations of 1.0-50.0 fig/ml
(2.5-127.1 MM),with a maximum of 2.0 Â±0.4 PAB at 10.0 Mg/
ml. In contrast, 0.1-5.0 Mg/ml (0.25-12.7 MM)of m-AMSA

0.1 0.5 1 5 10 500.1 0.5 1 5 10 500.1 0.5 1 5 10 50
ADRI/ig/ml) m-AMSA (/iq/ml) VP-16(/ig/ml)

DRUG CONCENTRATIONS

Fig. 1. PAB (â€¢)or DB (O) detected in CLL lymphocytes, normal lymphocytes(/.}'), and in 1.121(1cells which were incubated with various concentrations of
ADR, m-AMSA, or VP-16 for l h at 37'C. DNA cleavage was assayed by the

alkaline elution filter method. Points, each represents one experiment, two to six
experiments were done per each drug concentration. The lymphocytes were
obtained from six (ADR), three (m-AMSA) or three (VP-16) CLL patients, and
from three (ADR), three (VP-16) or four (m-AMSA) normal donors.

Table 1 Drug-induced cleavage of DNA in enriched cell populations

B-cells T-cells

EnrichedLymphocytesCLLADR

(5.0Mg/ml)m-AMSA

(5.0 Mg/ml)
VP-16 (5.0 Mg/ml)DB0.08"

Â±0.04
0.08
0.23PAB0.03

Â±0.09
1.23DB0.13

Â±0.16
0.13
0.34PAB0.71

Â±O5
2.63rrs

Camptothecin (5.0 Mg/ml) -0.04

Normal
ADR (5.0 Ml/ml)

VP-16 (5.0 Ml/ml)

Camptothecin (5.0 Ml/ml)

0.03

0.72

1.62

0.18

0.0 1.72

0.02 -0.01
Â±0.11 Â±0.06

1.56 0.26 1.54
Â±OT7 Â±O5

0.37 0.56
" Frequency of DNA breaks/10* nucleotide, mean Â±SD, using cells from two

to four patients or two to three donors. Statistically significant increases above
the background value are indicated by underlining.

caused a significantly higher amount of PAB in LI210 cells,
with a peak of 5.1 Â±0.3 PAB at the 0.5 Mg/ml level. It should
be noted that this concentration did not cause any detectable
damage in CLL or normal lymphocytes, and that a 100-fold
(CLL) or 50-fold (normal lymphocytes) increase of the drug
level was necessary to reach comparable amounts of PAB in
these cells. Significantly higher levels of PAB were caused by
VP-16 in normal than in CLL lymphocytes. In CLL, a plateau
of ~ 1.5 PAB was reached with the three highest doses (5.0-
50.0 Mg/ml or 8.96-89.6 MM),whereas in normal lymphocytes
PAB increased from 2.3 to 3.9. A 20- or 10-fold increase in
drug concentration was necessary to cause the frequency of
DNA lesions in CLL or normal lymphocytes comparable to
that seen in LI210 cells.

Drug effects with enriched B- and T-cells, obtained from
CLL patients and normal subjects, resemble the effects observed
with unfractionated lymphocyte population. Two exceptions
were noted (Table 1): (a) ADR induced a significant level of
PAB in leukemic T-lymphocytes and (b) m-AMSA caused a
significantly higher amount of PAB (t test, p > 0.001) in these
cells than in enriched B-cells or lymphocyte pools. Camptothe
cin, 5.0 Mg/ml, induced PAB in enriched cells (Table 1) as well
as in the lymphocytes of the unfractionated pools (not shown).

Drug Uptake. The uptake of ADR, m-AMSA, and VP-16 by
human lymphocytes and LI210 cells is shown in Fig. 2. In all
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Fig. 2. Cellular uptake of ADR, m-AMSA,
and VP-16 by CLL lymphocytes (â€¢),normal
lymphocytes (O), and by L1210 cells (A). CLL
lymphocytes obtained from 10 patients, nor
mal lymphocytes from four donors, or L1210
cells from two passages were exposed for I h
at 37'C to drug levels ranging from 0.2 to 50.0
fig/ml. For details see "Materials and Meth
ods."
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instances, the uptake was proportional to drug concentration
over the range of 0.4-50.0 Â¿tg/ml(ADR, VP-16) or 0.2-50.0
Mg/ml (m-AMSA). All uptake measurements have been nor
malized to a cell volume of 1.6 /Â¿I,the volume of IO6 CLL

lymphocytes. Adjustments have been made not only for the
volume differences between lymphocytes and LI210 cells (162
and 1480 fl/cell, respectively) but also for the variation between
the volume of CLL cells of individual patients (range from 120
to 198 fl/cell). There was no significant difference between CLL
and normal lymphocytes in the uptake of ADR, m-AMSA, or
VP-16. LI 210 cells showed no differences in the uptake of VP-
16 when compared to human lymphocytes, and the uptake of
ADR and m-AMSA by LI210 cells was actually significantly
lower (t test, p < 0.001).

Flow Cytometry. As has been reported, the results indicate
that human lymphocytes, including enriched T- and B cells,
were confined to the G0/G, phase (Fig. 3). In contrast, LI210
cells were distributed throughout the cell cycle phases in a
fashion typical for a proliferating cell population.

Assays of DNA Topoisomerases. Tables 2 and 3 summarize
the results of topoisomerase assays in lymphocytes and tissue
culture lines. DNA topoisomerase I was detected in all fresh
samples of lymphocytes obtained from CLL patients and in
four out of five samples from normal donors. The negative
result was confirmed by repeated tests. Topoisomerase I was
also present in cultured CLL, in enriched T- or B-lymphocytes,
monocytes, in six other lymphoproliferative disorders, and in
several tissue-culture lines used as controls (Fig. 4/4).

DNA topoisomerase II was not detected in 30 samples of
CLL lymphocytes obtained from 28 untreated CLL patients,
or in nine assays of normal lymphocytes obtained from seven
donors. The enzyme was also not detectable in enriched T- and
B-lymphocyte preparations either from CLL patients or normal
subjects, and in normal monocytes. Using human topoisomer
ase II purified from HeLa cells as a standard, it was determined
that proliferating HeLa cells have 9.2 Â±4.8 x IO5 enzyme

copies per cell (Fig. 4B and Table 3) and exponentially growing
LI210 cells 7.2 Â±4.2 x IO5copies (Table 3). Based on titration

experiments, the difference in topoisomerase II levels between
the positive controls and CLL or normal lymphocytes was at
least 100-fold.

Fig. 4C shows the results of immunoblot assays for topoisom
erase II which compare aliquots containing leukemic and lym-
phoma cells. The enzyme was detectable in cells obtained from
the blood or a lymph node of patients with Burkitt's lymphoma,

ALL, prolymphocytic leukemia, diffuse histiocytic, and nodular
poorly differentiated lymphomas.

DNA topoisomerase II did not increase to a detectable level
in cultured CLL cells, which contained a small population of

u

L1210 CLL LY

i
S
5

LY-T LY-B MONO

DNA DNA

500

DNA

Fig. 3. One-parameter DNA histograms of exponentially growing LI 210 cells,
CLL lymphocytes, normal lymphocytes (LY), enriched normal T-lymphocytes
(LY-T), normal B-lymphocytes (LY-B), and monocytes (MONO). Each histo
gram represents the propidium-iodide red (DNA) fluorescence distribution of 4
x 10*cells (see "Materials and Methods").

Table 2 Summary of topoisomerase detection by Western blot analyses in CLL
and normal lymphocytes

Estimation of the number of enzyme molecules was based on the titration of
purified topoisomerase I or II (shown in Fig. 2).

Enriched cell popu
lationsCLL

TopoisomeraseITopoisomerase

IIStarting

poolT-cellsB-cellsMonocytes5.4(21)Â°

5.7(4) 4.9(5)

Â±2.7 Â±3.8 Â±3.6
ND(21) ND(4)ND(5)Normal

Topoisomerase I ND, 2.3 (7) 2.8 (4) 1.7 (4)
Â±1.6 Â±1.1 Â±0.8

Topoisomerase II ND (7) ND (4) ND(4)Cultured

lymphocytesCLL

TopoisomeraseITopoisomerase

IIOh5.6

(7)
Â±1.6ND(7)24

h4.5

(7)
Â±3.8ND(7)4.0

(3)

ND(3)96

h3.4

(6)
Â±1.6

4.5 (6)*

ND(6)
ND (6)*

Â°xlO5, number of molecules per cell; ND, not detectable, i.e., less than 7 x
H)' molecules per cell; (number of patients or donors).

6CLL lymphocytes stimulated with cytochalasin B.

cells stimulated into proliferation by cytochalasin B (Table 2).
The cell cycling was shown by the enhanced incorporation of
[/nef/iy/-3H]thymidine, and the increase in cytochalasin B-stim-
ulated CLL lymphocytes at 96 h was 3.2 Â±1.8-fold over the
level in unstimulated cells cultured for 24 h.

Functional Tests of Topoisomerases. Topoisomerase I activity
was detected in CLL and normal lymphocytes as well as in
L1210 cells. The enzyme relaxed the supercoiled monomer of
pLYl plasmid at a 16-fold (CLL and normal lymphocytes), or
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64-fold (LI210) dilution (Fig. 5). A quantitative analysis of
topoisomerase II activity was performed using the unknotting
of naturally knotted P4 phage DNA. No activity was detectable
in extracts from CLL or normal lymphocytes, whereas extracts

Table 3 Summary of topoisomerase detection by Western blot analysis in
lymphoid malignancies other than CLL and in tissue culture cells

LymphoidmalignancyALL

TopoisomeraseITopoisomerase

IIBurkitt's

lymphoma

Topoisomerase I
TopoisomeraseIIDiffuse

histiocytic lymphoma
Topoisomerase I
TopoisomeraseIINodular

poorly differentiated lymphoma
Topoisomerase I
TopoisomeraseIINodular

mixed lymphoma
Topoisomerase I
TopoisomeraseIIProlymphocytic

leukemia
Topoisomerase I
Topoisomerase IICopies

percell"1.5(4)

Â±0.6
0.2 (4)

Â±0.311.6(2)

3.5(2)16.0(2)

0.5(2)6.3

(2)
0.05(2)2.0(1)

0.3(1)6.5(1)

0.4(1)
Tissue-culture lines in exponential

growth (controls)

HeLa cells
Topoisomerase I

Topoisomerase II

Human skin fibroblasts
Topoisomerase I
Topoisomerase II

L1210 cells
Topoisomerase I

Topoisomerase II

COS-1 cells
Topoisomerase I
Topoisomerase II

36.0 (4)
Â±5.8

9.2 (4)
Â±4.8

45.2(1)
0.5(1)

19.6 (3)
Â±2.6

7.2(3)
Â±4.2

45.2(1)
15.0(1)

" x 10!, number of copies per cell (number of patients or passages). Cells from

each patient have been assayed twice.

from LI210 cells showed a discernible unknotting up to a 16-

fold dilution.

DISCUSSION

This study documented extremely low levels of DNA topo
isomerase II in cells of a human malignant disease. The levels
of the enzyme in CLL lymphocytes, cells arrested in G0/G, cell-
cycle phase, are below the limits of detection of the immuno-
reactive protein by immunoblotting analysis or by a functional
assay. No appreciable elevation of the enzyme content was
found following the stimulation of CLL cells by cytochalasin
B, although this may reflect the relatively low degree of stimu
lation by this mitogen. In contrast to the findings with CLL,
topoisomerase II was detected in lymphocytes from 12 patients
with other lymphoproliferative disorders. Unlike CLL lympho
cytes, these malignant cells originate at an earlier phase of li
celi ontogeny and, at least some, are traversing the cell cycle.

The quantitation of PAB in cells represents a functional assay
which tests the availability of the enzyme and/or its functional
integrity. Results obtained by the alkaline elution technique
suggest that the ADR-topoisomerase II interaction was inade
quate and resulted in no DNA cleavage. This holds true for
unfractionated CLL lymphocytes representing mostly B-cells,
for separated CLL B-cells and also for normal blood lympho
cytes. However, ADR caused DNA damage in CLL T-cells,
despite the undetectable topoisomerase II level. The signifi
cance of this observation remains uncertain. A number of
studies have shown that CLL T-cells differ from normal T-cells
in several respects. These include decreased responsiveness to
mitogens, defective "helper" function, and surface receptor

anomalies (reviewed in Ref. 46). Thus, CLL T-cells cannot be
considered representative of a normal T-cell population.

Unlike ADR, m-AMSA interacted efficiently with topoisom
erase II molecules: the exposure of CLL and normal lympho
cytes to this drug resulted in a significant number of PAB.
However, the quantity of PAB was far lower in CLL than in
LI210 cells treated with comparable drug concentrations. The
effects of VP-16 on CLL and normal lymphocytes were some
where between those of ADR and m-AMSA. The drug-induced
DNA cleavage in LI210 cells has an overall trend which is
similar to that observed in CLL; ADR is a low efficiency and
m-AMSA a high efficiency drug. Five vg/m\ of ADR are
required to induce approximately three PAB per IO6 nucleo-

Fig. 4. In A, topoisomerase I blotting. Tis
sue-culture lines, exponential growth, HeLa
(A), and 1.1210 cells (B). Burkitt's lymphoma

(C), diffuse histiocytic lymphoma (D), ALL(E), CLL lymphocytes (/â€¢")â€¢and nodular poorly

differentiated lymphoma (C and //). Line A,
2.0 x 10s cells/sample; B-F, 10'; and G and
H, 1.1 x 10" cells. In B, topoisomerase II

blotting. Purified human enzyme (arrow) 750
ng (A), 375 ng (B), 188 ng (C), 94 ng (fl), 47
ng (Â£),and 24 ng (F). High molecular weightmarker ((/'). Isolated cells or cell lines, normal

lymphocytes (H), enriched normal T- (/) and
B-lymphocytes (J), normal monocytes (K);
CLL lymphocytes (Â¿),enriched T- (A/) and B-
lymphocytes (/V); cultured CLL lymphocytes
at 0 h (O), 24 h (P), 120 h with (Q) and without
cytochalasin B Stimulation (R); human skin
fibroblasts (S), and HeLa cells (T). In C, to
poisomerase II blotting. HeLa cells in expo
nential growth (A), Burkitt's lymphoma (B),
acute lymphoblastic leukemia (C), prolympho-
cytic leukemia (/>), diffuse histiocytic lym
phoma (E and F), and nodular poorly differ
entiated lymphoma (G and H). Line .-I. 2 x
10' cells/sample; B-D, 10'; and E-H, 2.7 x
10'cells.

A)

ENZYME LY
B) A B C

CLL CONTR.
DEFGHIJKUMNOPORST

C)

200K-
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A) abcdefghij klmnopqrst

f g h 1 j k l m o p q s t

Fig. S. Assay for topoisomerase I relaxa
tion activity (.t and C:lanes a-j) and topoisom
erase II unknotting (B and (': lanes k-r). The

quantity of both activities was determined us
ing serial 1:2 dilution of nuclear extracts of('I.I. (h-j in A and U). normal lymphocytes (h-
j and l-r in C), and LI210 (/-/ in A and A),
which was added to PLY 1 plasmid for the
relaxation assay or to P4 ONA for DNA un
knotting. Lanes a and k, DNA without protein
extracts.

tides, whereas a SO-fold lower dose of m-AMSA was sufficient
to induce the same level of DNA cleavage. This seems to be in
good agreement with published data on the induction of cleav-
able complexes by the two drugs in cell-free systems (9).

Drug uptake experiments have shown that the intracellular
concentration of the compounds is not higher in LI210 cells
than in CLL or normal lymphocytes. Actually, as compared to
lymphocytes, the cell-associated concentrations of ADR and m-

AMSA was significantly lower and the number of PAB caused
by the drugs much greater in LI210 cells. Therefore, the differ
ence between lymphocytes and L1210 cells in the frequency of
drug-induced PAB cannot be explained by an impaired uptake

of ADR, m-AMSA, or VP-16. Another Unding of interest was
high levels of DNA topoisomerase I. This potential target of
cancer chemotherapy was detected in CLL and normal lympho
cytes, as well as in several other malignancies. Camptothecin,
a drug directed against the enzyme, induced significant quan
tities of PAB in CLL, normal lymphocytes, and LI 210 cells.

The results presented are consistent with the interpretation
that low levels of DNA damage caused in CLL and normal
lymphocytes by ADR, m-AMSA, or VP-16, are due to ex
tremely low levels of DNA topoisomerase II in these cells. The
lack of interaction between the drug and enzyme could lead to
a diminished antitumor effectiveness. A very low content of
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DNA topoisomerase II in cancer cells may constitute the basis
of a new mechanism of drug resistance operating not only in
CLL but also in other types of human malignancies. Low or
undetectable enzyme levels have also been demonstrated in
some specimens of colorectal cancer (10). The resistance to
topoisomerase H-targeted drugs may not always be explained
by the position of the cell in the cell cycle. It is shown in this
study that T- and B-cell lymphocytes are noncycling and have

undetectable amounts of DNA topoisomerase II. Yet, ADR
produces DNA cleavage only in T-cells and not in B-cells. This
could be due to somehow higher, but still undetectable levels of
topoisomerase II, or perhaps due to structural and/or functional
modification of the enzyme in the T-cell subset. To understand
this phenomenon, more information has to be provided by
further studies of selected hemopoietic malignancies.
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