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Summary. Earlier studies have suggested that higher cellu- 
lar levels of teniposide (VM-26) are required for the inhibi- 
tion of growth in L1210/VM-26 sublines than in parental 
L 1210 cells [8]. On the basis of this observation, we hypoth- 
esized that resistance to VM-26, which is partly attributed 
to multidrug resistance, also resulted in reduced formation 
of DNA lesions by the drug. In confirmation of this hy- 
pothesis, equitoxic concentrations of VM-26 produced 
fewer breaks in the DNA of LIa51xM cells, the prototype 
L1210/VM-26 subline, than in that of L1210 cells. Previ- 
ously, potassium cyanide (KCN) and verapamil were 
shown to increase the levels of VM-26 in LIa511M but not 
L1210 cells. These agents also selectively increased the for- 
mation of breaks in the DNA of LIa51~M but not L1210 
cells. The DNA unknotting assay with phage P4 DNA in- 
dicated equivalent DNA type II topoisomerase activity in 
nuclear extracts of LIa5~M and L1210 cells. The factor 
that reduced the formation of breaks in cellular LIa5p.M 
DNA by VM-26 provided less protection against equitoxic 
levels of doxorubicin, to which LIa5p~M cells are cross- 
resistant. 

Introduction 

L1210 sublines selected in vitro for resistance to teniposide 
(VM-26) express many of the characteristics associated 
with multidrug resistance [17]. The prototype subline, 
LIa5~M, is 1100 times more resistant to VM-26 than pa- 
rental L1210 cells and is cross-resistant to etoposide 
(VP-16), vincristine (VCR), doxorubicin (DOX), actinomy- 
cin D (DACT), and amsacrine (mAMSA). LIa5p.M cells 
contain two chromosomes with homogeneously staining 
regions that are absent in both parental and revertant cells 
[7]. Although the glycoprotein associated with multidrug 
resistance was not detected by conventional methods in ei- 
ther L1210 or LIa5jxM cells, a doublet of 150-155 kDA 
proteins that cross-react with a polyclonal antibody for the 
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glycoprotein was detected by immunoblotting in mem- 
brane preparations of LIa511M cells [18]. In contrast, a 
small, anionic protein was readily apparent in lysates of 
LIa5~M cells, and the addition of calcium ions to lysates 
resulted in a cosedimentation of the protein with subcellu- 
lar fractions [17]. In the absence of calcium ions the pro- 
tein remained in the supernatant fluid. This protein cross- 
reacted with antibody to sorcin, whose gene is in the same 
amplicon as the mdr gene in multidrug resistant sub- 
lines [18]. 

Changes in the plasma membrane of LIa511M cells 
have also been suggested by alterations in the cellular flux 
of VM-26 [8], which influxed more slowly and effluxed 
more rapidly from LIa51~M than from L1210 cells. Steady- 
state levels of VM-26 were attained within 5 rain and were 
one-fifth the level in L1210 ceils; this slight difference was 
observed with an extracellular concentration of drug that 
was 900 times the ICs0 value for L1210 cells and only 0.85 
times the ICs0 value for Lla5p~M cells. The altered flux of 
VM-26 across the plasma membrane, cross-resistance to 
chemically and pharmacologically diverse drugs, the ap- 
pearance of proteins that cross-react with antibody to 
P-glycoprotein, and the presence of sorcin in LIa5p~M cells 
are compatible with descriptions of multidrug resistance 
[4, 14, 22]; however, the magnitude of these changes in 
LIa5~M cells appears inadequate to account solely for re- 
sistance to VM-26. 

The cytotoxicity of VM-26 is attributed to an induction 
of single- and double-strand breaks in cellular DNA as 
well as DNA bound covalently to protein [19]. Similar 
products are formed in vitro in a DNA type II topoisomer- 
ase (TOPO II)-mediated reaction in which VM-26 stabi- 
lizes a transitional intermediate of the enzyme with DNA. 
Formation of TOPO II-mediated lesions in cellular DNA 
presumably leads to the drug-induced block of cells in the 
G2 phase of the division cycle [6, 13]. This arrest in the di- 
vision cycle is attenuated in LIa5~xM cells, relative to 
L1210 cells, when the cell lines are treated with equitoxic 
levels of VM-26 [17]. 

The present results indicate that equitoxic concentra- 
tions of VM-26 produced fewer lesions in the DNA of 
LIa5~M cells than in L1210 DNA. A preliminary report 
has presented certain of these observations [16]. 

Methods 

Cell fines. The L1210 cell lines were maintained in Eagle's 
minimum essential medium from GIBCO Laboratories 
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(Grand Island, NY). The powdered medium was dissolved 
in distilled, deionized water, autoclaved, and adjusted to 
pH 7.4 with 26 mM sodium bicarbonate plus 10% horse se- 
rum. The medium was supplemented with 2.2 mM L-glu- 
tamine. The LIa5~tM subline was routinely maintained in 
medium with 5 ~tM VM-26 until about 48 h before the 
study, at which time cells were transferred to drug-free me- 
dium. VM-26 was generously donated by Bristol Laborato- 
ries (Syracuse, NY) and was dissolved in dimethylsulfoxide 
(DMSO) before its addition to cultures. The final concen- 
tration of DMSO in the maintenance medium for LIa5p.M 
cells was 0.03%. 

Alkaline sucrose gradients. Cells were labeled by the addi- 
tion of [3H-methyl]thymidine, 0.8 ~tCi/ml (sp. act. 6 Ci/ 
mmol), to cultures in the logarithmic phase of growth, and 
18 h later either the drug or solvent for the drug was added 
to the cultures. The cultures were incubated further before 
the cells were collected by centrifugation at 1200 rpm for 
5 rain at 4 ° C. The cells were resuspended in 0.14 M NaCI 
buffered with 0.01 M sodium phosphate at pH 7.4 (PBS) 
and again collected by centrifugation. After resuspension 
in PBS, 1 ml cell suspension with 500,000 cells was added 
to 2 ml lysing solution layered on top of a gradient of 
5%-20% alkaline sucrose [3]. The 30-ml gradient was 
formed above 2 ml alkaline 60% sucrose. After lysis for 2 h 
in a dark environment at 4 ° C, the cellular DNA was sedi- 
mented through the gradient by centrifugation at 100,000 g 
for 3 h at 4 ° C. Fractions of 1.1 ml were collected from the 
top of the gradients, after which 50 ~tl DNA (10 mg/ml) 
and 100 ]xl 60% trichloroacetic acid in 1.2 N HC1 were 
added and the DNA was collected by centrifugation at 
1200 rpm for 5 min at 4 ° C. The supernatant fluid was re- 
placed with 100 ~tl 5% trichloroacetic acid before the DNA 
was hydrolyzed by heating for 10 min in a boiling water 
bath. The hydrolysate was transferred quantitatively to 
5 ml ACS aqueous counting scintillant (Amersham Corp., 
Arlington Heights, Ill) for radioactivity measurements. 

Alkaline elution method. For the measurement of drug-in- 
duced, single-strand DNA breaks by the alkaline elution 
method [5], cell lines were transferred to drug-free medium 
for 48 h, and at about 18 h before collection of the cells, 
either 0.4 ~tCi [3H-methyl] thymidine (sp. act. 6 Ci/mmol) 
or 0.68 ~tCi 2-[14]thymidine (sp. act. 34 mCi/mmol) was 
added per milliliter of culture. The cells were collected by 
centrifugation for 6 min at 400 g and ambient temperature 
and were resuspended in medium for further incubation 
with the drug. Portions of the cultures were transferred to 
polyvinyl chloride filters no. SA2J666A4 (Millipore Corp., 
Bedford, Mass). Cells were lysed on the filter and digested 
with proteinase K before the DNA was eluted with tetra- 
propyl ammonium hydroxide. Internal controls with irradi- 
ated cells were included with each sample, and radioactivi- 
ty in the eluates was assayed with a dual label program for 
tritium and [14C]-carbon. 

Preparation of  extracts with TOPO H activity. Cells from 
cultures in the logarithmic phase of growth were collected 
by centrifugation and washed twice with PBS and once 
with Buffer A, which consisted of 1 mM potassium phos- 
phate, 5 mM MgC12, 150 mM NaC1, and 1 mM ethylene 
glycol-bis(~-aminoethyl ether)-N, N, N', N'-tetraacetate 
(EGTA) adjusted to pH 6.4 with KOH [14]. The cellular 

pellet was suspended in 9 volumes Buffer B, which was 
Buffer A with 0.3% Triton X-100 and 1 mM phenylme- 
thanesulfonyl fluoride (PMSF) (Sigma Chemical Co., St. 
Louis, Mo). After the suspension was placed on ice for 
30 rain, 40 times the cell-pellet volume of Buffer A with 
1 mM PMSF was added, and the nuclei were collected by 
centrifugation at 300 g and 4°C for 10 min. The nuclei 
were resuspended and extracted for 15 min at 4°C with 
3 volumes Buffer A plus 0.35 M NaC1, 0.2 mM dithio- 
threitol (DTT), and 1 mM PMSF before collection of the 
nuclear extract by centrifugation for 5 min at 12,000 g 
and 4 ° C. The supernatant fluid was centrifuged for 1 h at 
250,000 g and 4 ° C to remove ribosomal RNA. After re- 
moval of a portion of the supernatant fluid for assay 
of the protein content [11], the remainder was diluted with 
an equivalent volume of glycerol and stored at - 20 ° C. 

Preparation of  phage P4 DNA. Bacteriophage P4 virl del 1° 
was generously provided by Dr. L. F. Liu. LB medium was 
inoculated with E. coli C-117, infected with phage P4, and 
the cultures were incubated with vigorous shaking at 37 ° C 
until the culture lysed [9]. At the completion of lysis, 10 ml 
0.5 M EGTA and 2 ml chloroform were added per liter of 
culture and shaking was continued for an additional 
10 min. The cellular residue was collected by centrifuga- 
tion at 10, 000 g and 4 ° C for 30 rain. The supernatant fluid 
was adjusted to 0.5 M NaC1, 25 m M  MgC12, and 10% poly- 
ethylene glycol (PEG 8000) and allowed to stand over- 
night at 4 ° C. The precipitate was collected by centrifuga- 
tion as above and extracted three times with P4 diluent 
(1% ammonium acetate, 80mM MgC12, and 10mM 
TRIS-HC1, pH 7.2). The pooled supernatant fluids were 
centrifuged for 4 h at 100,000 g and 4 ° C, and the pellet 
was resuspended in P4 diluent by gentle homogenization. 
CsC1 (0.632 gm/ml) was added and the solution was centri- 
fuged for 18 h at 250,000 g and 4 ° C. Two opalescent bands 
were observed: the top band contained phage P4 
and the lower band contained knotted P4 DNA. The knot- 
ted DNA was diluted to 5 ml with P4 diluent before col- 
lection by centrifugation for 3.5 h at 300,000 g and 4 ° C. 
The precipitate was diluted in TE buffer, 10raM 
TRIS-HC1 (pH 8.0) with 1 mM ethylenediaminetetraace- 
tate (EDTA), and extracted twice with an equal volume of 
phenol:chloroform (1:1). The aqueous phase with the 
knotted DNA was then dialyzed for 24 h against four 1-1 
aliquots of sterile TE buffer. The quality of the knotted 
DNA was determined by electrophoresis through agarose 
gels. After electrophoresis and staining with ethidium bro- 
mide (1 ~tg/ml), a diffuse fluorescence of knotted DNA 
and a band of linear DNA were observed on the gel. 

Assay of  TOPO II  activity. TOPO II activity was assayed 
by the method of Liu et al. [9]. Portions of the nuclear ex- 
tracts were incubated at 37°C with 40 mM TRIS-HC1 
(pH 7.4), 100 mM KC1, 5 mM DTT, 0.5 mM EDTA, 0.6 ~tg 
acetylated bovine serum albumin, 1 mM ATP, 10mM 
MgC12, and 1 p~g knotted P4 DNA in a total volume of 
20 ~tl. The reaction was terminated by the addition of 0.5% 
sodium dodecyl sulfate, after which 20 ~tg proteinase K 
was added, and the solution was incubated for 45 rain at 
37 ° C. After the addition of tracking dye, the solution was 
transferred quantitatively to a 0.7% agarose gel for electro- 
phoresis. The identity of the various forms of DNA was 
confirmed by electron microscopy. 
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R e s u l t s  

Sedimentation of  cellular DNA through alkaline 100 
sucrose gradients 

50  
Tenipos ide- induced lesions in D N A  were measured by 
moni tor ing the rate of  D N A  sedimenta t ion through alka- 0 
l ine-sucrose gradients.  L1210 and LIa5~M cells were incu- 100 
bated with the drug for 1 h immedia te ly  before the cells .~ 
were harvested (Fig. 1A, B). The concentrat ions of  drug ~ 50 
selected for these studies were equivalent  to 1, 4, and 10 ~- 
times the respective value for 50% inhibi t ion of  cell growth \ 0 
during the first 24 h after the addi t ion  of  VM-26 to cultures ~ 100 
of  the two cell lines. This ICs0 value was selected because × 
the insolubil i ty of  VM-26 prevented  the t i t rat ion of  cyto- 
toxicity with LIa5~M cells when exposure to the drug was o 
l imited to 1 h. The ICs0 value for L1210 cells was 22 n M  100 
VM-26 and that for LIa51xM cells was 24 ,aMVM-26 when 
cultures were grown for 24 h in the presence of  the drug. 

Under  the condi t ions of  the assay, cellular D N A  from 
control  cultures sedimented as an aggregate that  was pri- 
mari ly  recovered in a single fraction. Breaks in the D N A  
of  L1210 cells were present  at 1 h after the addi t ion  of  
22 n M V M - 2 6  to L1210 cultures, and the number  of  breaks 
increased as the drug concentra t ion was increased to 
10 times the ICs0 value. In contrast,  the incubat ion of  
LIa5.uM cells for 1 h with 10 times the ICs0 value of  VM-26 
(240 ~tM VM-26) p roduced  only a small  peak of  more 
slowly sedimenting DNA,  and,  as expected,  24 ~ M  a n d  
96 g M  VM-26 p roduced  fewer lesions in the D N A  of  
LIa5~xM cells. 

The per iod of  incubat ion with VM-26 was extended to 
24 h, and drug- induced D N A  lesions were moni tored  after 
the addi t ion of  88 n M  VM-26 to L1210 cells and 96 lxM 
VM-26 to LIa5~tM cells (Fig. 2A, B). In 16 studies, 
the growth of  L1210 cultures was inhibi ted 75%4-11% 
(mean 4- SD) and that  of  LIa511M cultures were inhibi ted 
85% + 14%. After  the addi t ion  of  VM-26 to L1210 cultures, 
the major  por t ion  of  the cellular D N A  sedimented more 
slowly than D N A  from cultures treated with DMSO,  the 
solvent for VM-26. There was less evidence of  drug-in- ¢_ 
duced breaks in the D N A  of  LIa5gM cells, with a major  -2 
por t ion  of  the D N A  sediment ing as an aggregate similar to o 
D N A  from cells t reated with DMSO.  These observations u_ 
indicate that equivalent  growth-inhibi t ing concentrat ions '~\o 
of  VM-26 p roduced  fewer breaks in the D N A  of  LIa5~tM × 
cells than in L1210 DNA.  

a. 

Induction of lesions in LIa5txM DNA with VM-26 0 
plus either potassium cyanide or verapamil 

Potassium cyanide (KCN)  increased the steady-state level 
of  VM-26 in LIa5t tM cells sevenfold but  did  not  affect the 
level of  drug in L1210 cells [17]. To test the effect of  K C N  
on the product ion  of  lesions in DNA,  L1210 and LIa51xM 
cultures were incubated  for 24 h with VM-26 and then for 
1 h addi t ional ly  with the drug plus 1 m M  K C N  (Fig. 3). 
The addi t ion  of  K C N  to L1210 cultures treated with 
88 n M V M - 2 6  did not  increase the number  of  D N A  breaks 
p roduced  by VM-26 alone (Fig. 3 A). In contrast,  the addi-  
t ion of  1 m M K C N  to LIa5~tM cultures with 96 I.tMVM-26 
led to the appearance  of  breaks that were not observed in 
the D N A  of  LIa51xM cells t reated with VM-26 alone 
(Fig. 3 B). In the absence of  VM-26, the addi t ion of  K C N  
to LIa5gM cultures for 1 h did  not  alter the sedimentat ion 
rate of  cel lular  DNA.  As might be expected, the addi t ion 
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Fig. 1. Sedimentation of cellular DNA through alkaline sucrose 
gradients. Cultures of L1210 and LIa5~xM cells were incubated for 
1 h with either VM-26 or DMSO. The concentration of DMSO in 
the control culture was 0.4% for L1210 cells and I% for LIa5aM 
cells. These concentrations of vehicle were equivalent to that 
added with the highest concentration of VM-26 for the respective 
cell line. Three hundred thousand cells prelabeled with tritiated 
thymidine were lysed on the gradient. After centrifugation for 3 h, 
the radioactivity in each 1.1 ml fraction of the gradient was assay- 
ed. Fractions were numbered from the top of the gradient 
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Fig. 2. The effect of VM-26 on the sedimentation of cellular DNA 
after incubation of L1210 and LIa51xM cells with the drug for 24 h 

of  1 m M K C N  to cultures of  either cell line for 24 h caused 
cell lysis, irrespective of  the addi t ion of  VM-26. Further-  
more, breaks in the D N A  of  LIa5~M cells were not ob- 
served after the addi t ion  of  0.1 m M  K C N  and VM-26. 
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The addition of 10txM verapamil to L1210 and 
LIa51xM cultures for 1 h did not prevent the sedimentation 
of cellular DNA as an aggregate (Fig. 4A, B). Further- 
more, the number of single-strand breaks in cellular DNA 
was not increased by the addition of verapamil for 1 h to 
L1210 cultures that were treated previously with 88 nM 
VM-26 for 24h. The addition of 10 gM verapamil to 
LIa5gM cultures previously incubated for 24 h with 96 p~M 
VM-26 produced breaks that were not observed in cellular 
DNA from cultures treated only  with VM-26. In prelimi- 
nary studies, the addition of 10 gM verapamil to cultures 
for 24 h inhibited growth significantly. Concentrations of 
KCN and verapamil that increased the cellular level of 
VM-26 also increased the number of DNA lesions pro- 
duced by the drug. 
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Fig. 3. The effect of KCN, VM-26, and VM-26 plus KCN on the 
sedimentation of DNA from L1210 and LIa5~tM cells. Cultures 
were incubated with or without VM-26 for 24 h before KCN was 
added for 1 b 

Induction of lesions with DOX treatment 

The LIa5txM subline is 180-fold more resistant to DOX 
than parental L1210 cells [17], and although DOX interca- 
lates with DNA, the drug also stabilizes the transitional in- 
termediate of TOPO II with DNA [20]. The ICs0 value of 
DOX for L1210 cells is 76 nM, and that for LIa5~tM ceils 
is 13.9 IxM [17]. Incubation of these cell lines for 24 h with 
a concentration of drug equivalent to 4 times the re- 
spective ICs0 value inhibited growth by 80% and produced 
lesionS~in the DNA of both cell lines (Fig. 5). The sedimen- 
tation rate of cellular DNA was reduced slightly more for 
L1210 than for LIa51xM cells, and a portion of the DNA 
from LIa5p;M cells continued to sediment at the same rate 
as DNA from ceils in the control cultures. At equivalent 
growth-inhibiting concentrations, DOX produced more 
breaks in the DNA of LIa5~tM cells than did VM-26 and 
about the same number of lesions in the DNA of both cell 
lines. 

Assay of VM-26-induced lesions by the alkaline elution 
method 

The induction of lesions in DNA by VM-26 was also as- 
sayed with the more sensitive alkaline elution method 
(Fig. 6). In this method, breaks in DNA result in a more 
rapid elution of DNA from polyvinyl chloride filters. For 
such studies, cultures of L1210 and LIa5p.M cells were 
preincubated overnight with either tritiated thymidine or 
[14C]-labeled thymidine. Residual radioactive thyrnidine 
was removed, and either VM-26 or an equivalent amount 
of vehicle was added to cultures prelabeled with 
[14C]-thymidine. After additional incubation for 24 h, the 
cells were washed with PBS and the tritium-labeled cells 
were irradiated with 1500 rads. Equivalent numbers of ir- 
radiated and drug-treated cells were placed on a filter for 
elution of the cellular DNA. More than 95% of the 
[14C]-labeled DNA from L1210 and LIa51xM cells treated 
with DMSO remained on the filter after the elution of 
70%-80% of the irradiated, tritium-labeled DNA. A sig- 
nificant increase in single-strand breaks occurred in the 
DNA of L1210 cells incubated for 24h with 2 2 n M  
VM-26; however, no increase in the rate of elution was 
observed with LIa5~tM cells treated with 24ktM 
VM-26. When the concentrations of drug were increased 
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Fig. 4. The effect of verapamil, VM-26, and 
VM-26 plus verapamil on the sedimentation of 
DNA from L1210 and LIa51xM cells. Cultures 
were incubated with or without VM-26 for 
24 h before verapamil was added for 1 h 
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Fig. 6. The elution of cellular D N A  by the alkaline elution meth- 
od. Cultures of L1210 or LIa5p~M cells were incubated for 24 h 
with or without VM-26 before the cells were collected by centrifu- 
gation at 4 ° C and washed twice with PBS at 4 ° C. Equal numbers 
of cells prelabeled with [14C]-thymidine and of irradiated cells 
from control cultures prelabeled with tritiated thymidine were 
lysed on a polyvinyl chloride filter before the cellular DNA was 
eluted with tetrapropyl ammonium hydroxide. L1210 cultures 
were incubated with vehicle or with either 22 n M  or 88 nM 
VM-26, whereas LIa5t.tM cultures were incubated with vehicle or 
with either 24 p~M or 96 ~tM VM-26 

to 4 t imes  the respec t ive  ICs0 values,  the n u m b e r  o f  single- 
s t rand breaks  in the D N A  of  L1210 cells inc reased  and  le- 
s ions appea red  in the D N A  of  L I a 5 g M  cells. 

Ra te  cons tants  for  the e lu t ion  o f  D N A  are s u m m a r i z e d  
in Tab le  1 for  3 - 6  i n d e p e n d e n t  studies. In  the absence  o f  

Fig. 7. TOPO II activity in nuclear extracts of L1210 and LIa51xM 
cells. Nuclei from L1210 (panel A) and LIa5gM cells (panel B) 
were extracted with 0.35 M NaC1 solution, and the activity of 
TOPO II in these extracts was assayed with 1 ~xg phage P4 knot- 
ted DNA in the presence of 1 m M  ATP and 10 m M  MgC12. Prod- 
ucts of the reaction were resolved by electrophoresis through 0.7% 
agarose gels. The conditions were: Lane 1, the nuclear extract 
was omitted; lane 2, 9 lxg protein from a nuclear extract was 
added and the phage DNA was omitted; lanes 3-7, respectively, 
9, 2.2, 0.56, 0.14, and 0.07 gg protein were added to the complete 
system; lanes 8 and 9, ATP was omitted and either 9 or 2.2 lxg pro- 
tein, respectively was added; lanes 10-12, 2.2 gg protein was 
added with 100, 10, or 1 lxM VM-26, respectively. The different 
topological forms of phage P4 DNA are catenanes (c), open 
circles (oc), and linear (l). When knotted DNA was present, it 
produced a diffuse fluorescence with ethidium bromide 

VM-26,  D N A  f rom L1210 and  L I a 5 g M  cells e luted s lowly 
and  similar ly.  The  add i t ion  o f  22 n M V M - 2 6  to L1210 cul- 
tures s igni f icant ly  inc reased  the e lut ion rate o f  L1210 
D N A  ( P  <0.01) ,  whereas  24 ~ tMVM-26  did no t  affect  the 
e lu t ion  o f  LIa5~tM D N A .  A four fo ld  increase  in the con-  
cen t ra t ion  o f  VM-26  p r o d u c e d  breaks  in the D N A  o f  
LIa5~tM cells and  fur ther  inc reased  the n u m b e r  o f  breaks  
in L1210 D N A .  M o r e  breaks  were  p r o d u c e d  in L1210 cells 
than  in LIa5p~M cells t rea ted  with  m u c h  grea ter  but  equal -  
ly g rowth- inh ib i t ing  concen t r a t ions  o f  VM-26 (P  <0.01) .  

TOPO H activity 

Equ iva l en t  levels  o f  T O P O  II  act ivi ty  were  obse rved  in nu- 
c lear  extracts f r o m  L1210 and  LIa5~tM cells (Fig. 7). The  
P4 D N A  used  in this s tudy con ta ined  bo th  kno t t ed  and 
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Table 1. Slope constants for the alkaline elution of DNA 

VM26 
(nM) 0 22 88 

L1210  -0.026_+0.003 -0.276_+0.157 -1.032+0.187 
cells (3) (6) (6) 

VM-26 
(~tM) 0 24 96 

LIa51xM -0.031_+0.016 -0.058_+0.02 -0.481_+0.13 
cells (4) (6) (6) 

Cultures of either L1210 or LIa5pM cells in the logarithmic phase 
of growth were incubated for 24 h with VM-26. Lesions in cellular 
DNA were determined by the alkaline elution method [17]. The 
concentrations of VM-26 were equivalent to either the ICs0 value 
or 4 times this value, which for L1210 cells was 22 nM or 88 nM, 
respectively. For LIa51xM cells the concentrations were 24 ~tM or 
96 ~tM VM-26, respectively. The integer in parentheses indicates 
the number of independent experiments from which the 
mean _ SD was derived 

linear DNA, which are indicated, respectively, by the dif- 
fuse fluorescence and the band of more intense fluores- 
cence in lane 1. The nuclear extract lacked detectable lev- 
els of nucleic acid (lane 2). With undiluted extract, the ma- 
jor product of phage P4 knotted DNA was catenated 
DNA, which remained at the origin in the agarose gel 
(lane 3). Dilution of the extracts led initially to the appear- 
ance of more unknotted, circular DNA and to a decrease 
in the amount of catenated DNA (lanes 4, 5). With further 
dilution of the extract, less unknotted, circular DNA was 
formed (lanes 6, 7) and the amount of residual knotted 
DNA increased concomitantly. The omission of ATP 
blocked the catenation and unknotting of phage P4 DNA, 
and residual knotted DNA was observed in both lanes 8 
and 9, to which either 9 or 2.2 ~tg protein was added, re- 
spectively. The addition of 100 gMVM-26 blocked the un- 
knotting of P4 DNA by 2.2 ~tg protein from nuclear- ex- 
tracts (lane 10), whereas nearly normal unknotting of 
P4 DNA followed the addition of either 10 or 1/xMVM-26 
to the reaction (lanes 11 and 12). With these extracts the 
appearance of linear DNA was not detected, presumably 
because the amount of TOPO II was too low to permit the 
detection of this form. TOPO II activity from both L1210 
and LIa5~tM cells was inhibited similarly by VM-26. 

Discussion 

These results further indicate that resistance to VM-26 is 
multifaceted in L1210 cells. Earlier studies have suggested 
that alterations in the flux of VM-26 across the plasma 
membrane were unlikely to account solely for the resis- 
tance of LIa5~tM cells [81. Furthermore, those studies indi- 
cated that higher cellular levels of VM-26 are required for 
the inhibition of growth in L1210/VM-26 sublines than in 
L1210 cells. Although higher cellular levels of VM-26 are 
projected at equitoxic concentrations of the drug, fewer le- 
sions were observed in the DNA of LIa5~tM cells than in 
L1210 DNA. A similar pattern also characterized a DOX- 
resistant P388 subline [1, 2]. With equitoxic concentrations 
of DOX in the medium, cellular levels of DOX in the 
P388/DOX subline exceeded the level in parental 

cells and, as observed for VM-26 with the present 
LI210/VM-26 subline, fewer breaks were produced by 
DOX in the DNA of P388/DOX cells than in that of 
parental cells. 

The selection of appropriate concentrations of VM-26 
posed a problem. We first considered basing our studies 
on equivalent cellular levels of the drug in the two cell 
lines. This approach was discarded because of the pres- 
ence of Sudan black B vesicles in 60% of the LIa5txM cells, 
whereas only 3% of the L1210 cells contained such vesicles 
[16]. In addition, resistant cells also contain other vesicles 
that are readily detected by phase microscopy but are ab- 
sent in parental cells. Potentially, these vesicles could se- 
quester the lipophilic drug in the resistant cells. 

An alternate approach was to base the proposed phar- 
macological studies on a common basis of cytotoxicity for 
the parental and resistant lines. The original basis for cyto- 
toxicity was the growth-inhibiting effect of VM-26 when 
the drug was added to cultures for 24 h. We considered 
reducing the time of exposure to 1 h rather than the 24-h 
period originally used, but the insolubility of VM-26 
blocked this approach with the LIa5gM subline. We could 
not add sufficient drug to the medium with a 1-h exposure 
to inhibit the growth of LIa5~tM cultures by 50% during 
the subsequent 24 h. Rather than switch to an alternate, 
less well-characterized L1210/VM-26 subline or to an in- 
termediate period of exposure, which would have pro- 
vided no substantial advantage, we elected to base the pre- 
sent studies on multiples of the ICs0 values for response to 
a 24-h exposure. As a result, the studies in Fig. 1 were ob- 
tained after the exposure of cells for 1 h to concentrations 
of drug that did not produce a significant inhibition of 
growth during the subsequent 24 h. 

A few breaks were observed in L1210 DNA within 1 h 
after the addition of 22 nM VM-26 to cultures, and the 
number of lesions increased as the drug concentration was 
increased (Fig. 1). At a concentration of VM-26 equivalent 
to 4 times the ICs0 value, drug-induced breaks were ob- 
served in most, if not all, strands of cellular DNA, whereas 
the induction of similar lesions in the DNA of LIa5~tM 
cells could not be duplicated by the addition of I0 times 
the ICs0 value, 240 ~tM VM-26, to cultures for 1 h. 

The addition of VM-26 to L1210 cultures for 1 h pro- 
duced lesions in the DNA of L1210 cells at concentrations 
that did not significantly inhibit cell division during the 
subsequent 24 h. In contrast, equivalent multiples of the 
ICs0 value for LIa5gM cells did not produce a comparable 
number of lesions in the DNA of resistant cells. Similar re- 
sults were previously observed, when lesions were pro- 
duced in the DNA of L1210 ascites cells in vivo by 
the i.p. administration of small, nontherapeutic doses of 
VM-26 [151. 

Although VM-26 influxes slightly slower with LIa5txM 
than with L1210 cells, the failure of the drug to enter the 
resistant sublines is unlikely to account for the absence of 
drug-induced lesions in the DNA of LIa5~tM cells. Cellu- 
lar VM-26 reaches steady-state levels within 5 min after the 
addition of the drug to either L1210 or LIa5~tM cultures, 
and 95% of the drug effluxes almost as rapidly from these 
cells [8]. Although the lesions induced by VM-26 in the 
DNA of human adenocarcinoma cells disappeared with a 
t,/2 value of 15-20 min after the removal of the drug [101, a 
minor fraction of the breaks in L1210 cells might persist 
longer and accumulate throughout the period of exposure 
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to VM-26. With the sedimentation method, no evidence 
for an accumulation of DNA breaks was observed when 
either L1210 or LIa5ttM cells were incubated for 24 h with 
concentrations of VM-26 equivalent to 4 times their re- 
spective ICs0 values (Fig. 2). With the alkaline elution 
method, a concentration of VM-26 equivalent to the IC50 
value produced a significant number of lesions in L1210 
but not in LIa51xM DNA, and at 4 times the ICs0 value, 
significantly more lesions were produced in L1210 than in 
LIa5txM DNA. Qualitatively, these observations agree 
with the effect of VM-26 on the progression of L1210 cells 
through the division cycle [17]. About 75% of the cells were 
in the G2 + M phases in L1210 cultures that received 
88 nM VM-26, whereas 15% of the cells in control cultures 
and 47% of the cells treated with 22 nM VM-26 were in 
these phases at 24 h. In contrast, 24 h after the addition of 
24 and 96 IxM VM-26 to LIa5gM cultures, only 25% of the 
cells were in the G2 + M phases, whereas 14% of the 
LIa5gM cells in logarithmically growing cultures are nor- 
mally in these two phases. 

KCN and verapamil did not increase the steady-state 
level of VM-26 in L1210 cells but caused two- and seven- 
fold increases, respectively, in LIa51xM cells [16]. The in- 
crease in cellular levels of the drug is attributed to a selec- 
tive inhibition of drug efflux from the resistant cells [21. In 
accordance with these observations, the addition of either 
agent to L1210 cultures that had been incubated with 
88 nM VM-26 for the preceding 24 h did not further alter 
the decrease in the sedimentation rate of DNA produced 
by VM-26 alone. In similar studies with LIa51xM cells, 
96 lxM VM-26 did not affect the sedimentation of cellular 
DNA; however, after the addition of either agent to 
LIa5gM cultures treated with VM-26, the sedimentation 
rate of DNA slowed, eventually resembling that of DNA 
from L1210 cells after incubation with 88 nM VM-26. 
These increases in the number of DNA breaks are attribut- 
ed to increases in the cellular level of VM-26 induced by 
the agents. However, our earlier studies indicated that eq- 
uitoxic concentrations of VM-26 produced higher cellular 
levels of drug in LIa5.aM than in L1210 cells. A require- 
ment for still higher levels of VM-26 to produce a signifi- 
cant number of lesions in DNA further suggests that the 
induction of lesions in DNA by the drug was altered in 
LI210/VM-26 cells. 

Multidrug resistance originally identified resistant sub- 
lines that coincidently expressed cross-resistance to other 
lipophilic agents for which no common pharmacological 
action was known. Certain of the drugs, such as VM-26, 
VP-16, DOX, DACT, and mAMSA, were recently report- 
ed to interfere with TOPO II activity [19]. The LIa5gM 
subline is cross-resistant to these agents as well as VCR 
and, relative to L1210 cells, LIa51xM cells are more resis- 
tant to VCR than to VM-26 [17]. Cross-resistance to VCR 
is attributed to amplification of the mdr gene in LIa5gM 
cells [18]; however, resistance to VM-26 also appears to re- 
sult partly from other factors that reduce the formation of 
DNA breaks. Cross-resistance of LIa5gM cells may result 
from alterations in drug flux, from a reduction in the num- 
ber of lesions produced in cellular DNA, or from a combi- 
nation of both factors. Since equitoxic concentrations of 
DOX produced similar breaks in the DNA of LIa5txM and 
L1210 cells, alterations in flux of the drug across the plas- 
ma membrane may also be the critical determinant of 
cross-resistance to this drug. If this is so, then the basis for 

the attenuated formation of DNA breaks in LIa5~tM cells 
distinguishes between VM-26 and DOX. 

The correlation has generally been poor between the 
induction of lesions in cellular DNA and the effect of 
VM-26 on the TOPO II activity of nuclear extracts or on 
purified enzyme. Much higher concentrations of the drug 
have been required to inhibit the enzyme in vitro than are 
required to stabilize the enzyme-DNA complex in cells. 
These requirements for greater drug concentrations for the 
inhibition of the enzyme in cell-free preparations might re- 
sult from a localized sequestration of the drug within cells. 
However, if the drug is more or less uniformly distributed 
within the cell, the level of intracellular drug in L1210 and 
LIa51xM cells is only 5-10 times greater than that in the 
medium [81. These concentrations of cellular drug are or- 
ders of magnitude less than the concentration required to 
inhibit TOPO II activity in nuclear extracts (Fig. 7). The 
basis for this discrepancy is unknown but may indicate 
that a cellular metabolite of the drug is responsible for the 
cellular lesion, that the association of TOPO II with chro- 
matin increases the affinity of the enzyme for the drug, or 
that the growth inhibition is a much more sensitive criteri- 
on of drug action. With these important limitations in 
mind, we can state that no significant difference was ob- 
served in sensitivity to VM-26 between nuclear extracts 
from L1210 and LIa51xM cells. 

K562 cells selected for resistance to VP-16 are cross-re- 
sistant to VM-26 and DOX [23]. Nuclear extracts of this 
subline contained only about 10% of the TOPO II activity 
of the parental cells, and after the removal of VP-16, le- 
sions in cellular DNA disappeared more rapidly than in 
parental cells. In contrast, nuclear extracts from L1210 
and LIa5gM cells had similar TOPO II activity and equiv- 
alent sensitivity to VM-26. 

The present observations support our hypothesis that 
resistance to VM-26 in LIa5gM cells results from a variety 
of changes. Alterations in the flux of drug across the plas- 
ma undoubtedly contribute partly to resistance; however, 
an attenuated formation of DNA lesions by VM-26 appar- 
ently also contributes to resistance. Furthermore, since the 
growth-inhibiting effect of VM-26 does not correlate with 
an equivalent number of DNA lesions in sensitive and re- 
sistant cells or with equivalent cellular levels of drug, we 
conclude that a usually secondary action of VM-26 may 
be responsible for the inhibition of growth in LIa5~xM 
cultures. 
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