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Abstract

To elucidate the effect of topoisomerase (Topo) I inhibitors in the
modulation of Topo II levels and sensitivity to Topo H-directed drugs,
athymic mice bearing SW4SOhuman colon cancer xenografts were treated
with simultaneous, subsequent, or distant doses of topotecan and etopo
side. This in vivo study demonstrates that simultaneous administration of
topotecan and etoposide results in an antagonistic response In contrast,
inhibition of Topo I by topotecan results in a compensatory increase in
Topo Ha levels associated with increasing sensitivity of tumors to subse
quent treatment with the Topo II inhibitor etoposide. Furthermore, we
show that Topo Ha levels decline 5 days after the last dose of topotecan,
resulting in restoration of the original response of the xenografts to
etoposide. Thus, this study emphasizes the critical role of schedule de
pendency to optimize the effectiveness of combination chemotherapy with
Topo I and Topo II inhibitors.

Introduction

Topos2 are enzymes that control the conversion of one DNA
topological isomer to another. These enzymes catalyze relaxation of
superhelical DNA (1), reassociation of complementary single
stranded DNA circles (2), and knotting/unknotting (3) and catenationl
decatenation of circular DNA (4, 5) by transient breakage of DNA
phosphodiester bonds, single- or double-stranded DNA passage, and
religation of phosphodiester bonds. On the basis of their mechanism
of action, two classes of Topo are distinguished: (a) Topo I, which
breaks one strand of double-stranded DNA, allowing the remaining
intact strand to pass through the break, thereby effecting DNA relax
ation (6, 7); and (b) Topo II, which catalyzes transient double-strand
breaks and passage of double-stranded DNA in an ATP-dependent
reaction (8). There are two Topo H isomers (8), Topo Ha (Mr
170,000) and Topo 11f3(Mr 180,000). Topo inhibitors have the ability
of binding to the Topo-DNA complex generating cleavable com
plexes, an important step by which Topo inhibitors induce cell death
(9, 10). Topo inhibitors have broad antitumor activity and are effec
five in treatment of leukemia and a variety of pediatric and adult solid
tumors (11â€”13).Because of their distinct targets, Topo inhibitors
should be excellent agents for use in combination chemotherapy
regimens; however, previous studies have shown them to be antago
nistic when given simultaneously (14, 15). It has been suggested that
sequential use of Topo I and Topo LI inhibitors may be the optimal
combination of these agents, especially because the possibility exists
that inhibition of Topo I may result in a compensatory increase in
Topo II levels rendering tumors more sensitive to a subsequent dose
of Topo II inhibitors (15â€”19).Nonetheless, the activity of this Se
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quence and the molecular basis for its effect remains to be demon
strated in vivo. The objectives of our study were: (a) to determine in
vivo whether Topo II levels change in response to treatment with a
Topo I inhibitor, (b) to determine whether tumor sensitivity to Topo
II inhibitors is altered by pretreatment with Topo I inhibitor, and (c)
to determine whether alteration in Topo II levels predicts changes in
response to Topo II inhibitors.

Materials and Methods

Cell Lines. Cells were obtained from Dr. James K. V. Willson, Case
Western Reserve University (20). VACO 5, VACO 6, VACO 8, and VACO
45 1 colon cancer cell lines were maintained in MEM with Earles' salts
supplemented with 0. 1 mxi nonessential amino acids (Life Technologies, Inc.,
Grand Island, NY) and 8% heat-inactivated fetal bovine serum. Culture me
dium used for VACO 451 cell line contained, in addition, 10 @g/mlinsulin

(Sigma Chemical Co., St. Louis, MO), 300 @Mascorbate, 2.5 m@ipyruvate,
and 2 mM L-glutamine (Life Technologies, Inc.). SW480 colon cancer cells
were grown in DMEM containing 10% fetal bovine serum. Cells were main
mined in culture at 37Â°Cunder atmosphere of 5% CO2.

Experimental Design. Animals were divided into eight groups as follows:
group 1, treatment with vehicle alone for 6 days; group 2, treatment with
vehicle for 4 days followed by 2 days of treatment with VP-16; group 3,
treatment with TPT for 4 days followed by 2 days of treatment with vehicle;
group 4, treatment with TPT for 4 days followed by 2 days of treatment with
VP-l6; group 5, treatment with TPT for 4 days with simultaneous treatment
with VP-l6 on days 1 and 2; group 6, treatment with TPT for 4 days followed
by 5 days with no treatment and then treatment with VP-l6 on days 9 and 10;
and two control groups, treatment with vehicle alone on days 1and 2 and days
1â€”10,respectively. Because tumor growth rate in controls injected with vehicle
alone were similar (first group and two last groups), we show only the control
injected with vehicle on days 1â€”6(Table 1).

Xenograft Generation and Animal Treatment. Four-week-old female
athymic mice (athymic nu/nu, Case Western Reserve University Animal Fa
cility), about 20â€”22 g body weight, were inoculated s.c. on both sides behind

the anterior forelimb with 5 X 106 cells in 0.2 ml of serum-free MEM. Animals
were maintained under pathogen-free conditions. After xenografts reached
about 100 mm3 in size, vehicle solution or Topo inhibitor were administered
i.p. in doses of 2.5 mg/kg TPT per day and/or 20 mg/kg VP- 16 per day
according to the schedule described in Table I . Selection of doses was based
on previous reports (21, 22) and were in the range of the maximum tolerated
dose. A day after the last treatment, xenografts were resected, instantly frozen
in liquid nitrogen, and stored at â€”80Â°Cfor further analysis of Topo II levels

by a Western blotting procedure. Growth curves for the remaining xenografts
from control and treated groups were determined by externally measuring
tumors in two dimensions using a caliper. Tumor volume (V) was determined

by the following equation: V = (L X W@)x 0.5, where L is length and W is
the width of the xenograft (23).

Origin of Antibodies. Affinity chromatography-purified rabbit polyclonal
antibody against a 16-residue oligopeptide from the COOH-terminal region of

human Topo II was from TopoGEN, Inc. (Columbus, OH). This antibody

detects Topo 1hz at M1 170,000. Monoclonal mouse Ab-l to actin was from
Oncogene Science (Uniondale, NY). Peroxidase-linked antimouse immuno
globulin from sheep and antirabbit immunoglobulin from donkey were from

Amersham Corp. (Arlington Heights, IL).
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Table IExperimentaldesign'@NumberNumber

ofofanimalsxenograftsTreatment
1Treatment2510Vehicle

(1-4)Vehicle(5-6)48Vehicle
(1â€”4)VP-l6(5â€”6)510TP'I'

( 1â€”4)Vehicle(5â€”6)510TPT
(1-4)VP-16(5â€”6)48TPT(lâ€”4)VP-l6(lâ€”2)48TPT(l-4)VP-l6(9â€”l0)

1@PTINCREASES TOPO IIA LEVELS AND SENSITIVITY TO vp- 6

either vehicle alone (Lane 1), TPT for 2 days (Lane 2), TN' for 4 days
(Lane 3), TPT for 4 days followed by 5 days without drugs prior to
surgical removal ofxenografts (Lane 4), and TN' and VP-16 given for
2 days simultaneously (Lane 5). Samples were harvested the day after
the last treatment except in the case of Lane 4 tumors, which were
excised S days after the last treatment. The results show induction of
Topo II levels after only 2 days of TN' treatment (Lane 2) with Topo
II reaching higher levels after 4 days of treatment with TPT (Lane 3)
compared to the control samples treated with vehicle alone (Lane 1).
Five days after withdrawal of TPT (Lane 4), the levels of Topo II
decreased to control levels (Lane 1). Interestingly, the levels of Topo
II in animals injected simultaneously with TVF and VP-16 (Lane 5)
decay below the levels of expression in the control samples (Lane 1).
Fig. 2 shows that TV!' up-regulates Topo II in the VACO 5 cell line
in tissue culture following treatment with 0.1 @LMTN' for 48 h. The
same effect was observed in other colon cancer cell lines such as
SW480, VACO 8, and VACO 425 at concentrations ranging from 0.1
to 10 p@Mfor 24â€”72h (data not shown). The same figure shows
increased levels of Topo II in VACO 5, VACO 6, VACO 8, VACO
451, and SW480 colon cancer xenografts from animals treated (Fig. 2,
1) with 2.5 mg/kg TPT for 4 consecutive days relative to control (Fig.

2, C) animals treated with vehicle alone.
Effect of Combination Therapy Using TPT and VP-16 on Tu

mor Growth Rate Fig. 3 shows the growth rate of SW480 colon
cancer xenografts measured over a 27-day period. The results show

I 2 3 45

I -.

aAnimalsweretreatedwithvehicle,TPT(2.5mg/kg),and/orVP-l6(20mg/kg)as
indicated. Days on which treatments were performed indicated in parenthesis.

Western Blotting. Cells andxenograftlysates were preparedin a solution
comprising 0.5% sodium deoxycholate, 0.2% SDS, 1% Triton X-l00, 5 mM

EDTA, 10 j.@g/mlleupeptin, 10 j.@g/mlaprotinin, and 1 mr@iphenylmethylsul
fonyl fluoride in PBS and sonicated (all reagents were from Sigma Chemical
Co.). Samples(35 @tgof protein)were separatedby PAGEconsistingof a 5%
(w/v) acrylamide stacking gel and a 12.5% (w/v) separating gel containing
0. 1% SDS (24). The running buffer comprised 0.1 % SDS, 25 mM Tris, and 250
mM glycine (pH 8.3). Electrophoretic fractionation was carried out at a con

stant current of 15 mA until bromphenol blue migrated about 10 cm. Proteins
were then electrotransferred onto an Immobilon p15 membrane (Millipore
Corp.,Bedford,MA). The filters were then blockedwith 5% nonfatdry milk
in 0.1% Tween 20 in PBS and then incubated overnight at 4Â°Cwith 1 pg/mi
primary antibody (anti-Topo II or antiactin). The secondary antibody was

horseradish peroxidase-conjugated anti-immunoglobulin (1:1000 in blocking
solution). Bands were visualized with enhanced chemiluminescence reagent
and subsequent exposure to hyperfilm-enhanced chemiluminescence (Amer

sham Corp.).

Statistical Methods. The estimate of tumor growth rate and its SE for each
treatment were obtained from a linear regression of the logarithm of tumor
volume versus time. Pairwise comparisons of tumor growth rates between
treatments were performed applying the appropriate t test for each pairwise
comparison (25). Resulting Ps were interpreted using the Bonferroni method to
adjust for multiple comparisons (25). In addition to pairwise comparisons, the
treatment effects from a combination of treatments with TPT and VP-l6 were
compared to the results obtained for each of the drugs alone, presupposing that
the two inhibitors acted serially and independently.

Results

TPT Induces Topo Ha Levels in Colon Cancer Xenografts. To
evaluate the association between effectiveness of treatment with eto

poside and levels of Topo lIa following treatment with Topo inhib
itors, we have compared a series of schedules described in â€œMaterials
and Methodsâ€•and listed in Table 1. Experiments were repeated three
times, and typical results are shown in succeeding figures. Samples of
SW480 xenografts from the experiment described in Table I were
analyzed by Western blotting to determine the levels of Topo II. Fig.
1 shows the levels of Topo II in xenografts from animals injected with

- CELLS ___________XENOGRAYI'S__________

VACO5 VACO5 VACO6 VACO8 VACO451 SW4SO

CTC TCTCTCT CT

@@ â€” _

Fig. 2. Induction of Topo II by TVI' in colon cancer
xenografts derived from different cell lines. Western blot
shows Topo II levels in VACO 5 cells treated with 0.1 j.@M
Tvr for48h andin VACO5, VACO6, VACO8, VACO
45 1, and SW480 xenografts treated with 2.5 mg/kg TPT for
4 consecutive days. T. treated animals; C, control animals.
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Fig. I. Topo II levels in SW480 xenografts. Animals bearing SW480 xenografts were
treated with 2.5 mg/kg TPT and/or 20 mg/kg VP-l6 as follows: Lane 1, vehicle (days
1â€”4);Lane 2, TPT (days 1â€”2);Lane 3. TN' (days 1â€”4);Lane 4. TN' (days 1â€”4)and no
treatment (days 5â€”9);Lane 5. TN' and VP-l6 (days 1â€”2).Actin was used as an internal
control.
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â€”.- Veh(1-4),Veh(5-6)

â€”Uâ€”TPT (1-4), VP-16 (1-2)
â€”A-- TPT (1-4), VP-16 (9-10)
â€”y-- TPT(1-4), VP-16 (5-6)

-.-- Veh (1-4), Veh (5-6)

â€”a--Veh(1-4),VP-16(5-6)
â€”A-- TPT (1-4), Veh (5-6)
â€”,--TPT(1-4),VP-16(5-6)

Tlyr INCREASES TOPO IlA LEVELS AND SENSITIVITY TO VP-l6

tumor growth delay in response to treatment with either 2.5 mg/kg
TVF for 4 days or 20 mg/kg VP-16 for 2 days. Additional delay of
tumor growth was observed when VP-l6 was administered subse
quent to treatment with TN'. This serial schedule for the drug com
bination produced a higher degree of tumor growth delay than either
of the agents alone and was equivalent to the estimated additive effect
of TVF and VP-16 when acting independently in combination. In
contrast, simultaneous injection of TN' and VP-l6 results in a re
sponse that is similar to that of animals injected with VP-16 after 5
days of rest following the last dose of TPT (Fig. 4), and TPT or VP-16
alone (Fig. 3).

Discussion

Because of the unique mechanism of action of Topo inhibitors,
elevated levels of the target enzyme predispose to greater cytotoxicity
for Topo-directed drugs (26, 27). Studies in tissue culture and xe
nografts showing high levels of Topo I in human colon cancer
biopsies and cells growing in tissue culture relative to normal colon
tissue (26â€”28)have suggested a potential role for the use of camp
tothecin analogues in the treatment of this disease. In addition, low
levels of Topo II in colon cancer cells have been associated with poor
response of colon cancer to Topo Il-directed drugs (26). These ob
servations suggest that colon cancer xenografts should be good can

didates to study schedule-dependent effectiveness of combination
therapy using Topo inhibitors. In vitro colony formation studies by
Masumoto et a!. (16) and Bertrand et a!. (17) show that SN-38 and
camptothecin, respectively, augment the cytotoxicity of VP-l6 in
sequential combination, whereas, in contrast, there is an antagonistic
response when the drugs are administered simultaneously. Similar
results were obtained by Kim et a!. on xenografts generated from
esophageal, gastric, and colon tumor cell lines working with CPT-l I
and Adriamycin (15). Kim et a!. attribute CPT-ll induction of sen
sitivity to subsequent doses of Adriamycin to an increase in Topo II

Fig. 3. Schedule dependency ofl'PT and VP-l6 on growth delay ofSW48O xenografts
in athymic nu/nu mice. Treatment schedules are indicated within parentheses. Growth
rates of control compared to TN' or VP-l6 alone or in combination are significantly
different (P < 0.oor). Growth rate of tumors from animals treated with either VP-16 or
TN' alonewerenotstatisticallysignificantlydifferent(P = 0.08@').TreatmentwithTPT
(days 1â€”4)followed by VP-16 (days 5â€”6)shows significantly lower tumor growth rate
than treatment with either vehicle, TPT or VP-16 alone (P < 0.OOlc).Bars, SE for each
time point.
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Fig. 4. Schedule dependency of TPT and VP-16on growth delay of SW480 xenografts
in athymic nu/nu mice. The growth rate of tumors from animals treated with vehicle alone
was significantly higher than that corresponding to each of the other three treatments
(P < o.oo@), which are combinations ofTPT and VP-l6. Treatment with TPT (days 1â€”4)
followed by VP-l6 (days 5â€”6)shows statistically significantly lower tumor growth rate
than that of both drugs given simultaneously or TPT (days 1â€”4)and VP-l6 (days 9â€”10;
P < 0@y@1b)Bars, SE for each time point.
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mRNA by the Topo I inhibitor. Our study illustrates clearly that TPT
treatment induces elevated Topo IIa levels associated with increasing
responsiveness of xenografts to subsequent doses of VP- 16. The

importance of schedule dependency is confirmed by the fact that
simultaneous treatment with 1'PT and etoposide results in a similar
response to the drugs acting alone. These results provide the biochem
ical basis for optimizing combination chemotherapy using Topo I- and

Topo Il-active agents.
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