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Abstract--Studies were done to determine (a) the subcellular distribution of the a (170 kDa) and fl 
(180 kDa) isozymes of topoisomerase II, and (b) the extent to which each isozyme forms complexes 
with DNA in tumor cells incubated with and without VM-26. Western blotting revealed that 
topoisomerase 11/3 was highly unstable during cell fractionation. However, preincubation of human 
CEM leukemia cells with 5-100 #M VM-26 for 30 min protected the # isozyme from degradation by 
progressively increasing the amount of this isoform bound to DNA. The amount of topoisomerase 11/3 
detected in nuclei of CEM cells incubated for 30 min with 25 #M VM-26 was 7-fold greater than in 
nuclei from untreated control cells. VM-26 also had a protective effect on topoisomerase 11/3 in HL-60 
leukemia and WiDR colon carcinoma cells. In contrast, the intercalating agents mitoxantrone and m- 
AMSA did not protect topoisomerase II/3 from degradation during cell fractionation. The stabilization 
of topoisomerase 11/3 by VM-26 allowed subsequent studies of the subcellular distribution of the 
topoisomerase II isozymes. Both isozymes were detected in the nonmatrix (high salt-soluble) fraction 
of nuclei from CEM cells, but only topoisomerase IIo~ was present in the nuclear matrix. VM-26 
stabilized binding of the o~ and/3 topoisomerase II isoenzymes to nonmatrix DNA and topoisomerase 
lla~ to matrix DNA. The differences observed in the subnuclear distribution and DNA binding pattern 
of the topoisomerase II isozymes support the hypotheses that each isozyme has a distinct cellular 
function, and that both the o~ and/3 isozymes are potential targets for VM-26 in intact cells. In addition, 
the results demonstrated that prctreatment of various cell lines with VM-26 is a useful way to stabilize 
topoisomerase 11/3 during cell fractionation. 
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Chromosomal DNA is organized into loops and 
higher order structures that are maintained in a 
supercoiled state [1,2]. Type II DNA topoisomerases 
are essential enzymes that alter the degree of DNA 
supercoiling by first cleaving the double-stranded 
DNA, passing a second double strand through the 
cleaved site, and then resealing the cleaved strands 
[31. In eukaryotic cells topoisomerase II appears to be 
important in both DNA organization and replication. 
The enzyme is a component of the nuclear matrix [4- 
6], and topoisomerase II consensus cleavage site 
sequences are present near the attachment sites of 
DNA loops to the nuclear matrix [7, 8]. Inhibition of 
nuclear matrix topoisomerase II by either VM-26§ or 
m-AMSA results in the detachment of newly rep- 
licated DNA from the nuclear matrix [6]. Further- 
more, topoisomerase I I -DNA complexes are 
enriched on DNA replication forks compared with 

$ Corresponding author: Tel. (803) 792-6652; FAX (803) 
792-3200. 

§ Abbreviations: DTT, dithiothreitol; m-AMSA, 4'(9- 
acridinylamino)methanesulfon-m-anisidide; Me2SO, 
dimethyl sulfoxide; PMSF, phenylmethylsulfonyl fluoride; 
VM-26, teniposide, 4'-demethylepipodophyllotoxin 9- 
(4,6,O-2-thenylidene-/3-D-glucopyranoside); and VP-16, 
etoposide, 4'-demethylepipodophyllotoxin 9-[4,6-0- 
ethylidene-fl-D-glucopyranoside]. 

bulk DNA [9]. Following DNA replication, topo- 
isomerase II catalyzes the decatenation of the inter- 
twined DNA molecules [10, 11]. 

Two forms of mammalian topoisomerase II, with 
apparent molecular weights of 170 kDa (o:) and 
180kDa (fl), have been identified [12]. The two 
isozymes are encoded by different genes [13, 14] and 
differ in their catalytic properties [12]. It has been 
reported that the o~ isozyme is localized primarily in 
the nucleoplasm, while the /3 isozyme is present 
mainly in the nucleolus [15]. The roles of the 
individual isozymes in DNA organization and 
metabolism have not been established. 

Certain anticancer agents in clinical use, such as 
VP-16, VM-26, and m-AMSA, increase DNA 
cleavage primarily by inhibiting religation of DNA 
cleaved by topoisomerase II [16, 17]. VM-26 inhibits 
both the 170 and 180 kDa isozymes, as measured in 
strand passing assays in vitro [12]. However, in intact 
cells the specific isozyme(s) inhibited by VM-26 has 
not been identified. In an attempt to address this 
question, we determined the extent to which each 
isozyme forms covalent enzyme-DNA complexes in 
whole cells, nuclei and subnuclear fractions of human 
CCRF-CEM leukemia cells incubated with and 
without VM-26. 

MATERIALS AND METHODS 

Chemicals, supplies, and cell culture conditions. 
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Sources for most chemicals and supplies have 
been reported previously [18-20]. Cycloheximide, 
hydroxyurea, cytosine arabinoside, pepstatin A,  and 
aprotinin were purchased from the Sigma Chemical 
Co. (St. Louis, MO). [3H]L-Leucine (sp. act. 60 Ci/  
mmol) was obtained from ICN Radiochemicals 
(Irvine, CA).  [14C]Thymidine (sp. act. 60mCi/  
mmol) was purchased from Moravek Biochemicals 
(Brea, CA). Descriptions of the cell lines and tissue 
culture conditions have been published [21-23]. HL- 
60 human promyelocytic leukemia cells were a gift 
of Dr. W. G. Harker ,  VA Medical Center, Salt 
Lake City, UT, and WiDR human colon adeno- 
carcinoma ceils were provided by Dr. F. Durr, 
Lederle Laboratories,  Pearl River, NY. Protein 
concentrations were determined using the BioRad 
Dye Reagent as outlined by the manufacturer 
(BioRad Laboratories,  South Richmond, CA). 
RNase-free DNase I was purchased from Wor- 
thington Biochemicals, Freehold,  NJ. A monoclonal 
antibody to o:tubulin was obtained from the Accurate 
Chemical Co.,  Westbury, NY. DNase I buffer 
consisted of 10 mM Tris-HC1 (pH 7.8), 1 mM MgC12, 
and 0.1 mM CaC12. Nuclei buffer consisted of 50 mM 
Tris-HC1 (pH 7.9), 1 mM EDTA,  0.6 M NaC1, and 
a combination of six protease inhibitors consisting 
of benzamidine (1 mM), PMSF (1 mM), soybean 
trypsin inhibitor (10/~g/mL), leupeptin (50 ~ug/mL), 
aprotinin (2 pg/mL) and pepstatin (1/~g/mL). This 
combination of protease inhibitors is hereafter 
referred to as the protease inhibitor solution. 

Isolation, salt extraction, and DNase I digestion of 
nuclei. CEM cells (8 x 107) were harvested and 
resuspended in fresh medium and serum at a density 
of 2 x 105 cells/mL. After 24hr,  the cells were 
incubated for 30-60 min with either Me2SO/ethanol 
(1:1) at a final concentration of 0.1% (v/v), or with 
various concentrations of VM-26 in 0.1% MezSO/ 
ethanol. The cells were harvested by centrifugation 
at 4 ° , and the pellets were washed with ice-cold 
medium without serum. The pellets were then 
resuspended at a density of 2 x 107 cells/mE in 
10 mM Tris-HC1 (pH 7) buffer that contained the 
protease inhibitor solution. The cells were allowed 
to swell on ice for 5 min and then were disrupted 
with 5 strokes in a Dounce homogenizer. The lysates 
from both control and VM-26-treated cells were 
layered over a solution of 45% (w/v) sucrose at 4 °, 
and the nuclei were purified by centrifugation at 
1900 g for 30 min at 4 °. 

In some experiments (see Fig. 3) the nuclear 
pellets were resuspended in nuclei buffer at 4 ° and 
extracted over a period of 30 rain with 0.5 M NaCI. 
The extracts were then centrifuged at 48,000g for 
30 min at 4 °. The pellets were resuspended in 200/~L 
of DNase I buffer and incubated for 20 min at 37 ° 
with 500 U of DNase I. At  the end of this incubation 
the digests were centrifuged at 1000g for 5 min at 
4 °. Aliquots of the 48,000 g and 1000 g supernatants 
were removed for measurement of protein con- 
centration prior to western blotting of the proteins 
as described below. 

Isolation of nuclear matrices. To isolate nuclear 
matrices, nuclei from control and drug-treated CEM 
ceils were resuspended in 4 mL of low salt buffer 

[10 mM Tris-HC1 (pH 7.0) 1 mM MgCI2, and 10 mM 
NaC1] containing the protease inhibitor solution. 
RNase-free DNase I (2560 U) was added and the 
samples were incubated for 30 min at 37 °. Four 
milliliters of high salt buffer ]3 M NaCI, 10 mM Tris-  
HCI (pH 7.0), and 0.2 mM MgCI2] plus the protease 
inhibitor solution were then added over a period of 
1 hr with gentle shaking. Following an additional 30- 
min incubation on ice, the samples were centrifuged 
at 7000g for 15rain at 4 °. The resultant nuclear 
matrix pellets were resuspended in 10 mL of 10 mM 
Tris-HC1 (pH 7.0), 0.6 mM MgCi2 and 1.5 M NaCI, 
centrifuged at 7000g, 4 °, and then washed an 
additional time with 10 mL of low salt buffer at 4 °. 

Separation of free and DNA-bound topoisomerase 
H by HPLC. Nuclear matrices prepared from 
untreated and VM-26-treated cells as described 
above were resuspended in 250/~L of 10 mM Tris-  
HC1 (pH 8.0), 2 mM Na2EDTA, and 2% SDS. The 
samples were heated for 5 min at 37 ° and then 
sonicated for 5 sec at the lowest setting of a Cole- 
Parmer 4710 ultrasonic homogenizer equipped with 
a microtip. The sonicates were injected onto a 
Beckman Spherogel TSK 4000 HPLC column that 
was eluted with 40mM Tris-HCl (pH 7.5), 1 mM 
EDTA,  and 1 mM DTT at a flow rate of 1 mL/  
rain. In separate experiments, molecular weight 
calibration curves were generated for this HPLC 
column using double-stranded DNA or protein 
standards. Fractions of 0.5 mL each were collected. 
Those fractions containing free and DNA-bound 
topoisomerase II, as determined by western blotting, 
were pooled. Magnesium chloride and sodium 
acetate were added (final concentrations of 10 and 
300mM, respectively) to the pooled fractions 
containing DNA-bound topoisomerase II, and the 
complexes were then precipitated overnight with 3 
vol. of ethanol at - 2 0  ° . The complexes were 
recovered by centrifugation for 60 min at 40,000 g 
at 4 °. The pellets were resuspended in 100/tL of 
50mM Tris-HCl (pH7.8),  l m M  DTT, l m M  
magnesium chloride and 0.1 mM calcium chloride. 
Each sample was then divided into two 40-pL 
aliquots, and either 50% glycerol or DNase I (750 U 
in 50% glycerol) was added to the aliquots. All 
aliquots were incubated for 20min at 37 °. The 
samples were stored at -100 ° for 2 days or less and 
analyzed by western blotting. 

Reversal of VM-26-topoisomerase II-DNA com- 
plexes by heat. This technique was used only with 
whole cells, since rapid cell lysis destroys nuclei and 
nuclear matrices. Exponentially growing CEM cells 
were preincubated with [3H]L-leucine (0.01/tCi/ 
mL). After 24 hr, duplicate groups of 2 x 10 v cells 
each were incubated for 30 min with either Me2SO/ 
ethanol (1:1) at a final concentration of 0.1% or 
with 12.5 or 25/tM VM-26 in 0.1% Me2SO/ethanol. 
The cells were centrifuged at 4 ° , and one cell pellet 
from each group was preheated in the absence of 
medium for 5 min at 65 ° in order to dissociate any 
VM-26--topoisomerase I I - D N A  complexes [24]. 
These cell pellets were then lysed by resuspension 
in 1 mL of protease inhibitor solution containing 2% 
(w/v) SDS at 65 °. The cell pellets in the second 
group were resuspended immediately in the protease 



Distribution of VM-26-topoisomerase II-DNA complexes 1787 

inhibitor solution containing 2% SDS at 65 ° and 
lysed without preheating. All the lysates were then 
vortexed at maximal intensity for 15 sec and then 
heated for 5min  at 65 °. After  cooling to room 
temperature for 10min, a 10-/~L aliquot of each 
sample was removed for liquid scintillation counting. 
This allowed a rapid estimation of the relative 
amount of protein (i.e. 3H dpm) in each sample. 
Aliquots of the samples containing an equal amount 
of [~H]protein were loaded on S D S - P A G E  gels and 
analyzed by western blotting. 

SDS-PAGE.  Samples were equalized for protein, 
loaded onto a 5-15% polyacrylamide SDS gel, and 
then electrophoresed by the method of Laemmli 
[25]. Unless otherwise indicated, each lane contained 
75 pg of protein. Qualitatively similar results were 
obtained when the amount of protein loaded in each 
gel lane varied from 25 to 125 pg. 

Western blotting. Blots were incubated with 
antisera that recognize either the/3 isoform of DNA 
topoisomerase II or both the ol and the fl isoforms 
of the enzyme (MAC) [26]. The MAC antiserum 
was produced by Danks and Schmidt in rabbits 
immunized with a 72 kDa C-terminal fragment of 
the human topoisomerase II sequence of the oc form 
of the enzyme. The plasmid producing this peptide 
was obtained from Dr. L. F. Liu (UMDNJ-Robert  
Wood Johnson Medical School, Piscataway, N J). 
The rabbit antiserum directed against a C-terminal 
peptide consisting of residues 1512-1530 of human 
topoisomerase I1/3 was a gift of Dr. Fritz Boege of 
the University of Wiirzburg, Germany. After transfer 
of the proteins to nitrocellulose paper,  nonspecific 
protein binding was blocked by incubating the paper 
at 37 ° for 2 hr in 3% (w/v) BSA, 5% (w/v)powdered 
milk, 0.2% (v/v) Tween 20, and 0.02% (w/v) sodium 
azide in 10mM Tris-HCt (pH7.5)  and 140mM 
NaCI. The MAC and topoisomerase 11/3 antisera 
were diluted 1 : 2000 and 1 : 5000, respectively, with 
blocking solution prior to incubation of the 
nitrocellulose filter from 2 to 48hr at room 
temperature.  The blots were washed, incubated with 
alkaline phosphatase-linked goat anti-rabbit IgG 
[18], and then developed with 5-bromo-4-chloro-3- 
indolyl phosphate and nitro blue tetrazolium 
according to the method of Harlow and Lane [27]. 
Control blots with preimmune serum diluted 1 : 1000 
were negative. Quantitation of immunoblots was 
done with a Visage 110 laser scanner [20]. Briefly, 
the amount of immunoreactive topoisomerase II is 
the product of the band intensity and the band area, 
and is expressed in arbitrary units defined by internal 
computer standards. The products of the areas and 
band intensities calculated after reaction with 
antisera to topoisomerase II or a monoclonal 
antibody to ol tubulin were linear with respect to the 
amounts of protein loaded on the gels. Statistical 
analysis was carried out using a two-tailed t-test. 

RESULTS 

Detection of  topoisomerase H o: and/3 in nuclei o f  
cells incubated with and without VM-26. The initial 
studies were aimed at determining the extent to 
which VM-26 stabilized binding of the o: and /3 
isozymes of topoisomerase II to DNA.  Nuclei 

isolated from untreated control and VM-26-treated 
cells were incubated with protease-free DNase I 
prior to electrophoretic separation of the proteins, 
since topoisomerase II bound to high molecular 
weight DNA did not migrate into 7.5% S D S - P A G E  
gels [28, 29]. Thus, incubation with DNase I allowed 
detection of free as well as DNA-bound enzyme. 
Topoisomerase IIol and a much smaller amount of 
topoisomerase II/3 were detected in nuclei of CEM 
cells not incubated with VM-26 (Fig. 1A). A 160 kDa 
immunoreactive band was also seen, and the possible 
origins of this protein are addressed in the Discussion. 
Incubation of CEM cells with 25/~M VM-26 for 
30 min increased the amount of topoisomerase lift 
that was detected compared with the untreated 
control. In contrast, VM-26 had no apparent effect 
on the amount of either topoisomerase IIo~ or the 
160 kDa protein. 

This drug-induced increase in the amount of 
immunodetectable topoisomerase IIfl was unexpec- 
ted. Since DNase I digestion of the samples prior to 
electrophoresis should permit detection of total 
nuclear topoisomerase II, we anticipated that the 
amount of topoisomerase II/3 would be equal in cells 
incubated with or without VM-26. The observed 
increase in detectable topoisomerase II/3was maximal 
within 15min after VM-26 treatment and was 
unaffected by 75 gM cycloheximide, which inhibited 
protein synthesis in CEM cells by greater than 98% 
(data not shown). These results suggested that the 
increase in topoisomerase II/3 did not occur as a 
result of de novo protein synthesis. The lack of 
a significant protective effect of VM-26 on 
topoisomerase IIo~ is consistent with the greater 
stability of the cr compared with the /3 isozyme 
[12,301. 

It was of interest to determine if incubation of 
other tumor cell lines with VM-26 also resulted in 
the detection of increased amounts of topoisomerase 
II/3. HL-60 promyelocytic leukemic cells and WiDR 
colon carcinoma cells were incubated for i hr with 
100 gM VM-26, and the nuclei were incubated with 
DNase I before SDS-PAGE.  Western blotting 
revealed 2.1- and 8.6-fold increases in the/3 isozyme 
in nuclei of HL-60 and WiDR cells that were treated 
with VM-26 compared with the corresponding 
untreated controls (Fig. 1B). Also, in both cell lines 
VM-26 had no significant effect on the amounts of 
either topoisomerase I I a  or the 160 kDa protein that 
were detected. The working hypothesis derived from 
the data in Fig. 1 is that topoisomerase II/3 is 
protected from breakdown when bound to DNA in 
the presence of VM-26 and, therefore, is detected 
in increased amounts in cells treated with this 
anticancer agent compared with control cells. 

Concentration-dependent effect of  VM-26 on the 
amount of  immunodetectable topoisomerase Her and 
topoisomerase lift. Figure 2A shows a western blot 
of nuclei from CEM cells incubated for 30 min with 
various concentrations of VM-26 from 0 to 100/~M. 
Quantitation of this blot is shown in Fig. 2B. All 
samples were treated with DNase I prior to separation 
of the proteins by SDS-PAGE.  A concentration- 
dependent increase in the amount of the/3 isozyme 
was seen, which approached a plateau at about a 6- 
fold increase between 5 and 50/tM VM-26. In 
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Fig. 1. Immunodetectable topoisomerase II isozymes in nuclei of CEM, HL-60, and WiDR cells. CEM 
cells were incubated for 30 vain without and with 25/~M VM-26 (Fig. 1A). HL-60 cells and WiDR cells 
were incubated for 1 hr without or with 100 #M VM-26 (Fig. 1B). Nuclei were prepared and incubated 
with 500 U of DNase I for 20 min at 37 ° before electrophoresis. Each lane of the electrophoresis gel 
contained 75/~g of protein. Proteins were separated by SDS-PAGE and transferred to nitrocellulose 
paper. Western blotting was done with a polyclonal antiserum (MAC antiserum) that recognizes both 

the oL and fl isozymes of topoisomerase II. 

180kDa 
170kDa 
160kDa 

A B C 

- 8 

× ~  

"~3 U.. 
C 
o~ 

f13 

4 

170kDa 
I l l  I I 

0 2.5 5 50 100 05 50 100 + 

~M VM-26 /aM VM-26 25 /JM VM-26 

Fig. 2. Effects of various concentrations of VM-26 on the amounts of immunodetectable DNA 
topoisomerase II isozymes. CEM cells were incubated for 30 rain in the absence or presence of the 
indicated concentrations of VM-26. Nuclei were isolated and all the preparations were incubated with 
DNase I before SDS-PAGE (Fig. 2A). Western blotting was done as described in the legend to Fig. 
1. Figure 2B: quantitation of the results in Fig. 2A by laser densitometry. The results are expressed as 
the fold increase in arbitrary units (band intensity x area) as defined by internal computer standards. 
Figure 2C: effects of a single concentration of VM-26 (25 ~M) on the amount of immunodetectable 

topoisomerase II. The experimental protocol was the same as in panel A. 
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contrast ,  no significant increases in the amounts  
of ei ther  topoisomerase  IIol or  the 160kDa 
immunoreac t ive  band was observed (1.2- and 1.8- 
fold changes at 5 0 ~ M  VM-26, respectively).  To 
evaluate  the reproducibi l i ty of this VM-26-induced 
increase in topoisomerase  II/3 as well as the minimal 
effect of  VM-26 on the 170 kDa  (o~) and 160 kDa  
immunoreac t ive  forms, the above exper iment  
was carr ied out  seven additional t imes using 
concentrat ions of  ei ther  0 or  25/~M VM-26. A 
representat ive  western blot is shown in Fig. 2C. 
Based on the combined  results of the eight 
determinat ions  per  group,  the /3 isozyme was 
increased 7-fold (P < 0.008) in nuclei f rom cells that 
were  incubated with VM-26 compared  with the 
nuclei f rom cells that were not  incubated with drug. 
In contrast ,  no significant differences were observed 

in the 170 and 160 kDa  bands in preparat ions from 
drug-treated and untreated cells. The 180, 170 and 
160kDa  bands represented 29 + 4, 51 -+ 6, and 
20 -+ 6% (mean + SD),  respectively, of the total 
immunoreact ive  protein in nuclei f rom cells incubated 
with 25/~M VM-26. 

Effect of  m-AMSA, mitoxantrone, cytosine ara- 
binoside, hydroxyurea, and daunorubicin on the 
amounts of immunodetectable topoisomerase l l  ot and 
topoisomerase lift. To determine whether  the 
increase in the /3  isozyme of topoisomerase  II seen 
in the above experiments  was unique to VM-26 or 
whether  it could also be seen with o ther  inhibitors 
of topoisomerase  II, we incubated C E M  cells for 
1 hr with 0.5 to 20 ~M mitoxantrone,  50/aM m- 
A M S A ,  or 5/~M daunorubicin.  Mitoxantrone,  m- 
A M S A ,  and daunorubicin at the above con- 
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Fig. 3. Effects of salt extraction and DNase I digestion on the amounts of immunodetectable 
topoisomerase 1I isozymes. Nuclei isolated from CEM cells incubated with or without 25/~M VM-26 
for 30 min were extracted with 0.5 M NaCI and centrifuged at 48,000 g. The pellets were then digested 
with DNase I and centrifuged at 1000g. Salt extraction solubilized only about 2% of the total DNA, 
whereas 60% of the total DNA was solubilized after DNase I digestion. Aliquots of the 48,000 g and 

1000 g supernatants were analyzed by western blotting as described in the legend to Fig. 1. 

centrations increased the number of topoisomerase 
I I - D N A  complexes in CEM cells [19]. In addition, 
cytosine arabinoside and hydroxyurea, drugs that 
block D N A  synthesis by mechanisms other than 
inhibition of topoisomerase II ,  were used as negative 
controls. CEM cells were incubated with either 
cytosine arabinoside (3/tM) or hydroxyurea 
(2.5 mM), both of which inhibited DNA synthesis 
greater than 90% compared with untreated cells ([6] 
and unpublished observations). Preparations of 
nuclei isolated from the untreated and these drug- 
treated cells were then analyzed by western blotting. 
No increase in topoisomerase IIo: or fl was seen with 
any of the above drugs (data not shown). These data 
indicate that the increase in topoisomerase lift 
induced by VM-26 (Figs. 1 and 2) did not 
result from inhibition of D N A  synthesis per se. 
Furthermore,  of the drugs used in the experiment, 
only VM-26 increased the detectability of topo- 
isomerase II/3 on immunoblots. 

Stabilization of topoisomerase Ha'- and topo- 
isomerase Ilfl-DNA complexes by VM-26. The above 
results suggest that the topoisomerase 11/3 detected 
in extracts of VM-26-treated cells was bound to 
DNA.  A working hypothesis is that the topoisomerase 
I1/3 bound to D N A  in the presence of VM-26 is 
protected from degradation during subsequent 
preparation and analysis of the cell extracts. As one 
experimental approach to demonstrate that the 
immunodetectable topoisomerase I1/3 was bound to 
DNA,  CEM cells were preincubated for 72 hr in the 

presence of [14C]thymidine to uniformly label the 
total cellular DNA. The cells were then incubated 
with and without VM-26 for 30 min, and the nuclei 
were extracted with 0.5 M NaCI. This salt extraction 
procedure solubilized only 1.4 and 2.2% of the 
[14C]DNA from cells treated with and without 
VM-26, respectively. Figure 3 (lanes 1 and 2) shows 
that only the o~ isozyme and the 160 kDa species 
were detected on immunoblots of the 0.5 M NaCI 
extracts of nuclei obtained from VM-26-treated and 
untreated cells. In agreement with Fig. 1, VM-26 
did not have a significant effect on the amounts of 
either topoisomerase IIo: or the 160kDa product. 
The pellets of the nuclear preparations were treated 
with DNase I, which solubilized 60% of the total 
[14C]DNA, and the supernatants were analyzed by 
western blotting. Under these conditions, the /3 
isozyme of topoisomerase II was readily detected in 
extracts from VM-26-treated cells (lane 3) but not 
from control cells (lane 4). Again, VM-26 had little 
effect on the amounts of both the o:isozyme and the 
160 kDa species (compare lanes 3 and 4). Thus, the 
/3 isozyme was detectable only in preparations from 
VM-26-treated cells that contained substantial 
amounts of solubilized DNA.  Taken together, the 
results presented in Figs. 1-3 suggest that VM-26 
selectively stabilized topoisomerase I1/3 by increasing 
the amount of this isoform bound to DNA. 

To directly evaluate binding of the topoisomerase 
II isozymes to DNA,  CEM cells were incubated with 
either 0, 12.5 or 25/~M VM-26 for 30 rain, and the 
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Fig. 4. Topoisomerase II isoforms bound to DNA in the presence of VM-26. CEM cells were incubated 
with or without various concentrations of VM-26 for 30 min. Some groups of cells were immediately 
lysed in hot SDS and electrophoresed, while other groups of cells were incubated for 5 min at 65 ° and 
then immediately lysed in hot SDS. The brief heat treatment dissociates VM-26-stabilized topoisomerase 
II complexes [24]. Western blotting was done as described in the legend to Fig. 1. Lane 1, untreated 
control; lane 2, 12.5 pM VM-26; lane 3, 25 pM VM-26; lane 4, untreated control ~ 65°; lane 5, 12.5 gM 

VM-26 ~ 65°; lane 6, 25 #M VM-26 ~ 65 °. 

cell pellets were then immediately lysed in hot SDS 
and electrophoresed (Fig. 4). Samples containing 
the 180, 170 and 160 kDa species isolated from nuclei 
were run in adjacent gel lanes and served as 
molecular weight markers. If the fl isoform of 
topoisomerase II is highly susceptible to degradation, 
then this more rapid preparat ion and analysis of the 
cell extracts may permit the detection of this isozyme 
in the absence of VM-26-induced stabilization. 
Consistent with this hypothesis, both the a~ and fl 
isozymes of topoisomerase II were detected when 
whole untreated ceils were rapidly lysed in hot SDS 
(Fig. 4, lane 1). Decreased amounts of both 
topoisomerase II0~ and fl were detected in prep- 
arations from drug-treated cells (lanes 2 and 
3) compared with untreated controls (lane 1). 
Electrophoretic band depletion was observed 
because in the absence of DNase I treatment the 
drug-stabilized topoisomerase I I - D N A  complexes 
are too large to enter the 5-15% polyacrylamide gel 
[28, 29]. In contrast to these results were those 
obtained with intact untreated and drug-treated cells 
that were incubated for 5 min at 65 ° and then 
immediately lysed in hot SDS and electrophoresed 
(Fig. 4, lanes 4-6). The heat treatment dissociated 
any topoisomerase I I - D N A  complexes and permitted 
the migration of the topoisomerase II isozymes into 
the polyacrylamide gel. The amounts of both the tr 
and fl isozymes of topoisomerase II detected in cells 
incubated with either 12.5 or 25 gM VM-26 (lanes 5 
and 6, respectively) were similar to, but not greater 
than, the amounts of each isozyme detected in 
untreated control cells (lane 4). VM-26 did not 
increase the amount of topoisomerase IIfl detected 
under these conditions, because the rapid cell lysis 
and immediate electrophoretic analysis prevented 
degradation of the fl isozyme. It is concluded from 

the data presented in Figs. 3 and 4 that VM-26 
stabilized binding of both the tr and fl isozymes to 
DNA. A similar study was carried out with various 
concentrations of either mitoxantrone (3, 6, and 
12/~M) or m-AMSA (25 and 50/~M). Although 
mitoxantrone and m-AMSA enhanced the amount 
of both topoisomerase IItr- and topoisomerase IIfl-- 
DNA complexes detected following rapid cell lysis 
in hot SDS (i.e. induced depletion of both the o: and 
fl isozyme bands on western blots, data not shown), 
neither drug was able to protect topoisomerase IIfl 
from degradation during isolation of nuclei and 
nuclear matrices (see above). 

The results presented in Fig. 4 also appear to 
eliminate the possibility that the 180kDa band 
identified as topoisomerase IIfl is not actually the 
product of the topoisomerase IIfl gene, but represents 
a complex of 170 kDa topoisomerase IIa~ and D N A  
that is stabilized by VM-26. The latter possibility is 
unlikely, because the 180 kDa band was detected in 
both untreated cells (lanes 1 and 4) and in VM-26- 
treated cells in which the topoisomerase I I - D N A  
complexes were reversed by heating prior to 
electrophoresis (lanes 5 and 6). Furthermore,  the 
VM-26-induced increase in topoisomerase IIfl did 
not occur at the expense of the o: isozyme (Fig. 2). 
To confirm the identity of the 180 kDa band, 
additional groups of CEM cells were incubated with 
either 0, 12.5 or 25/~M VM-26 for 30 min, and the 
cell pellets were then immediately lysed in hot SDS 
(Fig. 5). Duplicate aliquots of each sample were 
electrophoresed in the same gel and blotted as 
described above. The blot was cut in half and one 
half was incubated with the MAC antiserum (lanes 
1-3), while the other half was incubated with the 
topoisomerase IIfl-specific antiserum (lanes 4-6). 
Figure 5 shows that the 180 kDa protein revealed by 
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Fig. 5. Detection of DNA-bound topoisomerase II isozymes with the MAC and topoisomerase IIfl- 
specific antisera. CEM cells were incubated with various concentrations of VM-26 for 30 min, and the 
cell pellets were then immediately lysed in hot SDS as described in the legend to Fig. 4. Duplicate 
aliquots of each sample were electrophoresed in the same gel and blotted. The blot was cut in half, 
and one half was incubated with the MAC antiserum (lanes 1-3) while the other half was incubated 
with the topoisomerase IIfl-specific antiserum (lanes 4-6). Lanes 1 and 4, untreated control; lanes 2 

and 5, 12.5 gM VM-26; lanes 3 and 6, 25/~M VM-26. 

the MAC antiserum had the same electrophoretic 
mobility as the single protein identified by the 
topoisomerase IIfl-specific antiserum. In addition, 
depletion of both the 180 kDa and the 170kDa 
bands was observed in samples from VM-26-treated 
cells (lanes 2 and 3, 5 and 6) compared with control 
cells (lanes 1 and 4). This confirms that VM-26 
stabilized binding of both the tr and fl isozymes of 
topoisomerase II to DNA.  

It should be noted that the 160 kDa protein is not 
evident in any of the lanes depicted in Figs. 4 and 
5. This is consistent with the observations of others 
[31,32] that the 160kDa band represents a 
topoisomerase II degradation product, since rapid 
preparat ion of the cell extracts and inactivation of 
cellular proteases limited formation of this species. 

Thus, topoisomerase IIfl can be detected in 
preparations from cells not incubated with VM-26 if 
the cells are rapidly processed to avoid degradation 
of the enzyme. However,  recovery of topoisomerase 
IIfl following more extensive cell fractionation 
procedures, such as isolation of nuclei or nuclear 
matrices (see below), required pretreatment of the 
cells with VM-26. 

Subnuclear distribution of the o: and fl isozymes of 
topoisomerase H. D N A  topoisomerase II is a major 
nonhistone protein of the nuclear matrix, and current 
experimental evidence indicates that nuclear matrix 
topoisomerase II has a direct role in DNA 
organization, chromosome assembly, and possibly 
D N A  replication [33]. Nuclear matrix topoisomerase 
II is also an important target for topoisomerase 
II-active agents [6, 20, 34]. Thus, information 
concerning the subnuclear distribution of the 
topoisomerase II isozymes may provide insights into 
the physiological roles of the individual isozymes as 
well as their importance as targets for topoisomerase 
II-active agents. 

Since VM-26 stabilizes topoisomerase IIfl, this 
effect was exploited to investigate the distribution 
of the topoisomerase II isozymes in the matrix and 

nonmatrix (high salt-soluble) fractions of nuclei. 
Figure 6 represents a typical result obtained 
from five separate experiments and shows that 
topoisomerase IItr  and the 160kDa species are 
present in both the matrix and nonmatrix fractions 
of nuclei from untreated and VM-26-treated CEM 
cells. The striking observation was that the fl isoform 
of topoisomerase II was detected in appreciable 
amounts only in the nonmatrix fraction of nuclei 
from cells incubated with VM-26. The amount of 
topoisomerase IIfl detected in the five experiments 
averaged 53 +- 10% (mean + SD) of the amount of 
the ce isozyme present in the nonmatrix fraction. 
The results indicate that the nuclear matrix isoform 
is topoisomerase IItr, while both the o:and fl isoforms 
are present in the nonmatrix fraction of the nucleus. 

Some evidence exists that nuclear matrix topo- 
isomerase II is a structural protein [35-37], and it is 
possible that matrix topoisomerase II is not a target 
for VM-26. To examine the VM-26-induced binding 
of nuclear matrix topoisomerase II to DNA,  we 
developed an HPLC gel filtration method for the 
separation of free and DNA-bound topoisomerase 
II present in the nuclear matrix. Prior to analysis of 
the nuclear subfractions, we generated molecular 
weight calibration curves for this HPLC column 
using protein or double-stranded D N A  standards. 
The elution profiles of free and DNA-bound enzyme 
present in the samples were determined by 
western blotting of the fractions. Under denaturing 
conditions, free topoisomerase II eluted in a peak 
at 8.5 mL (fraction 17) corresponding to a molecular 
mass of about 170 kDa. DNA-bound topoisomerase 
II eluted in the void volume of the column (5.0 to 
6.5 mL, fractions 10-13), which corresponded to a 
molecular mass of greater than 1000 kDa (data not 
shown). Following extensive digestion of the matrix 
samples with DNase I prior to HPLC, only free 
topoisomerase II was detected, and no topoisomerase 
II eluted in the void volume of the column (data not 
shown). 
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Fig. 6. Topoisomerase II isozymes in the matrix and 
nonmatrix fractions of nuclei from CEM cells. The cells 
were incubated for 1 hr in the presence or absence of 25 ~M 
VM-26, Nuclear matrix and nonmatrix fractions were 
prepared from 4 × 10 7 control and VM-26-treated cells as 
described in Materials and Methods. Proteins were 
separated by SDS-PAGE and detected by western blotting 

as described in the legend to Fig. 1. 

Figure 7 shows the results of one of five experiments 
in which HPLC and subsequent western analysis 
were used to identify the nuclear matrix isozyme 
bound to DNA.  After  separation of the free and 
DNA-bound topoisomerase II by HPLC, the pooled 
fractions representing the DNA-bound and free 
enzymes were extensively digested with DNase I 
to allow migration of the enzymes into the 
electrophoresis gel. By comparing the migration 
of the pooled HPLC sample of DNA-bound 
topoisomerase II from the nuclear matrix fraction 
(lanes 3 and 4) with that of known topoisomerase 
I l tr  and/3  (lanes 1 and 2), we could determine the 

particular isozyme(s) of topoisomerase II that was 
bound to nuclear matrix DNA. Lane 4 indicates that 
VM-26 stabilized binding of only the ~ isozyme and 
the 160 kDa species to nuclear matrix DNA. Lesser 
amounts of the ot isozyme and the 160 kDa protein 
were bound to DNA in the absence of VM-26 (lane 
3). No topoisomerase lift was detected in the nuclear 
matrix fraction of cells incubated with or without 
VM-26. Furthermore, western blotting of the pooled 
HPLC fractions of free nuclear matrix topoisomerase 
II from untreated cells revealed that the free enzyme 
was also topoisomerase IIa" (lane 5). These results 
indicate that the o~ isozyme of topoisomerase II is 
the nuclear matrix target for VM-26 in CEM cells. 

A similar HPLC analysis of the isozymes of 
topoisomerase II bound to nonmatrix DNA could 
not be carried out because of incomplete separation 
of these complexes from free topoisomerase II 
by the gel filtration column. The binding of 
topoisomerase II to nonmatrix DNA,  which was 
degraded to a mixture of primarily mono- and 
oligonucleotides during the isolation of the nuclear 
matrix, did not increase the apparent molecular 
weight of the enzyme sufficiently to allow separation 
of the bound and free topoisomerase II. Therefore. 
this HPLC analysis could not provide information 
concerning the effect of VM-26 on the binding of 
the topoisomerase I1 isozymes to nonmatrix DNA. 
However, since VM-26 stabilizes binding of 
topoisomerase lift to DNA (Figs. 4 and 5) and the 
nuclear nonmatrix fraction contains most of the 
topoisomerase Ilfl (Fig. 6), then it is likely that VM- 
26 stabilizes binding of this isozyme to nonmatrix 
DNA. 

DISCUSSION 

Anticancer drugs, such as VM-26 and m-AMSA,  
interfere with the activity of DNA topoisomerase II 
primarily by blocking religation of cleaved DNA 
[16, 17]. This increases the amount of a reaction 
intermediate, a covalent enzyme-DNA complex. 
While two isozymes of topoisomerase II have been 
identified, we are unaware of studies that have 
attempted to determine the extent to which each 
isozyme participates in DNA-complex  formation in 
cells treated with inhibitors of topoisomerase II. 

In the studies reported here, the identification of 
each topoisomerase II isozyme relies on its rate of 
migration in SDS gels and recognition by antibodies 
in immunoblots. The MAC antiserum was generated 
in one of our laboratories using a 72-kDa C-terminal 
fragment of topoisomerase IIo~ that was expressed 
in Escherichia coli. In earlier work involving the 
same cell line and the same antiserum, we detected 
only topoisomerase Ilcv[20]. The differences between 
this study and earlier studies include: the use of VM- 
26 to stabilize the fl isozyme, rapid handling of 
samples, and the inclusion of six protease inhibitors 
in all preparations. 

Our data indicate that topoisomerase 11/3, when 
bound to DNA,  is protected from degradation. This 
is consistent with the observation that the/3 isozyme 
is a very unstable protein [12, 30]. This apparent 
protective effect was unique to VM-26 and was not 
seen with other topoisomerase II-active agents. 
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Fig. 7. Free and DNA-bound topoisomerase II in the nuclear matrix fraction of CEM cells. The cells 
were incubated with or without 25/~M VM-26 for 1 hr. Nuclear matrices prepared from untreated 
control and VM-26-treated cells were denaturated in SDS, sonicated, and then subjected to HPLC gel 
filtration as described in Materials and Methods. Fractions containing either free topoisomerase II or 
topoisomerase II bound to high molecular weight DNA were collected from the HPLC column, pooled, 
and digested with DNase I. Western blotting was done as described in the legend to Fig. 1. Lanes 1 
and 2 are samples of nonmatrix proteins prepared from CEM cells incubated without and with VM- 
26, respectively. The nonmatrix samples contained detectable amounts of o~ (lane 1) or o~ and/3 (lane 
2) topoisomerase If and were used to identify the isozyme present in the nuclear matrix samples. Lanes 
3 and 4, topoisomerase IIol bound to nuclear matrix DNA isolated from cells incubated without and 
with VM-26, respectively. Lane 5, free topoisomerase Ilol from CEM cells not incubated with VM-26. 

Complexes of topoisomerase II/3 and DNA were 
also detected when the cells were incubated with 
either m-AMSA or mitoxantrone and rapidly lysed 
in hot SDS, but these intercalating agents did not 
protect the/3 isozyme from degradation during cell 
fractionation. One possibility to account for the 
specificity of the VM-26 effect on topoisomerase lI/3 
is that the stability or the three-dimensional structure 
of the topoisomerase IIf l-DNA complex induced by 
VM-26 is different from that induced by the 
intercalating agents. Robinson et al. [38] have shown 
that quinolone derivatives inhibit topoisomerase II 
by a different mechanism than m-AMSA and VM- 
26, yet all three drugs increase the number of 
covalent enzyme-DNA complexes. In addition, 
studies by Zwelling and coworkers [29, 39], using 
a mutant topoisomerase II from cells resistant to 
m-AMSA, show that the enzyme is sensitive to VP- 
16 but not m-AMSA. This suggests that the enzyme- 
DNA complexes formed in the presence of each 
drug are not identical. Thus, the stability or the 
three-dimensional conformation of the particular 
drug-topoisomerase IIf l-DNA ternary complex may 
greatly influence the degree to which the fl isozyme 
is protected from degradation. 

Considerable controversy surrounds the identity 
of the 160kDa species. This species has been 
reported to be a degradation product of either 
topoisomerase IIo: [31], or/3 [32], while others have 
suggested that it is a separate gene product [40]. The 
studies described herein were not designed to directly 
address this controversy and, thus, the identity of 
this immunoreactive protein remains an enigma. The 
160 kDa protein was not seen on immunoblots when 
whole CEM cells were rapidly lysed in hot SDS and 

the lysates immediately electrophoresed. This result 
suggested that in CEM cells the 160 kDa species is 
a proteolysis product. In the experiments involving 
cell fractionation the amount of detectable topo- 
isomerase fl increased as a function of increasing 
VM-26 concentration from 0 to 50 ~M. However, 
VM-26 did not affect significantly the amounts of 
either topoisomerase IIa~or the 160 kDa protein that 
were recovered. This suggested that topoisomerase 
II~ was more likely the source of the 160kDa 
product than topoisomerase Ilfl. If topoisomerase 
II/3 was the source of the 160 kDa protein, then the 
amount of topoisomerase II/3 recovered would 
increase as a function of VM-26 concentration, while 
the amount of the 160 kDa protein would decrease. 
Our hypothesis based on these results is that some 
of the t~isozyme is degraded to the 160 kDa product 
during cell fractionation, and this process is not 
affected by VM-26. This is consistent with the 
observation that the ratio of the amounts of the 170 
and 160kDa proteins remained constant in cells 
incubated without or with various concentrations of 
VM-26. 

The differences that we observed in the subnuclear 
distribution of the cr and /3 isozymes of DNA 
topoisomerase II are consistent with the concept 
that each isozyme has a different primary function 
in the cell. Drake et al. [12] previously speculated 
that topoisomerase Ikr  and/3 are involved in DNA 
replication and ribosomal RNA transcription, 
respectively. This speculation is supported by several 
lines of evidence. The expression of the o:, but not 
the /3, isozyme is thought to be cell proliferation 
dependent [12, 41]. DNA replication is thought to 
take place at fixed sites on the nuclear matrix 
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[2, 6, 42, 43], and the topoisomerase II-active drugs, 
VM-26 and m-AMSA, inhibit nuclear matrix D N A  
replication in CEM cells [6]. Thus, our finding that 
only topoisomerase IIocis associated with the nuclear 
matrix is consistent with the importance of the o: 
isozyme in D N A  replication and as a target for VM- 
26. 

The localization of topoisomerase lift only in the 
nonmatrix fraction is in agreement with a proposed 
role of this isozyme in ribosomal R N A  metabolism, 
which takes place in nucleoli [44]. Electron 
microscopic analysis and pulse labeling of CEM cells 
with [3H]uridine revealed that most of the pre- 
ribosomal R N A  was present in the nuclear nonmatrix 
fraction, which contained the nucleolar material ([6], 
unpublished data). Similarly, Zini et al. [45] recently 
reported that topoisomerase Ilflis present exclusively 
in nucleoli of K562 ceils. In contrast, nuclear matrices 
of CEM cells are devoid ofnucleoli and topoisomerase 
Ilfl and contain only minor amounts of these RNAs 
([6] and unpublished data). Additional studies will 
be needed to determine whether topoisomerase II/~-- 
D N A  complexes stabilized by VM-26 interfere with 
ribosomal R N A  metabolism and whether this effect 
contributes to drug-induced cytotoxicity. 
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