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ABSTRACT

In order to understand the high efficacy of camptothecin derivatives
against human colon tumor xenografts in nude mice, we have studied the
transport properties of camptothecin derivatives across cellular mem
branes of MDRl-overexpressing cells. MDR1 overexpression was shown
to have little effect on camptothecin cytotoxicity; camptothecin was
equally cytotoxic to both the drug-sensitive parental cell line, KB 3-1,
and its multidrug-resistant derivative, KB VI. The ability of camptothecin
to overcome MDRl-mediated resistance is most likely due to unimpaired
accumulation of camptothecin in MDR1 cells as suggested from the
following experiments: (a) cytotoxicity of camptothecin against KB VI
cells was not altered by the known M DR 1-reversing agent, verapamil;
(/>)camptothecin was ineffective as compared with vinblastine in com
peting with pHjazidopine for photoaffmity labeling of \IDR1; (<) camp
tothecin was equally efficient in trapping cellular topoisomerase I mole
cules on chromosomal DNA in the form of cleavable complexes in both
KB 3-1 and KB VI cells.

The mechanism by which camptothecin overcomes MDRl-mediated
resistance has been further studied using a number of uncharged and
charged camptothecin derivatives. In contrast to the uncharged campto
thecin derivatives, such as 9-amino-camptothecin and 10,11-methylene-
dioxy-camptothecin, the charged camptothecin derivative, topotecan,
showed reduced cytotoxicity against MDRl-overexpressing KB VI cells.
The reduced cytotoxicity of topotecan in KB VI cells was due to the
overexpression of MDR1 in KB VI cells since verapamil restored both
topotecan accumulation and cytotoxicity. These results suggest that the
charge on camptothecin can affect the drug's sensitivity to MDR1. The

possible effect of membrane permeability in determining drug selectivity
of MDR1 is discussed.

INTRODUCTION

Camptothecin and several analogues exhibit an unprece
dented antitumor activity against human colon cancer as well
as other cancer types such as lung, breast, and malignant
melanoma, carried as xenografts in nude mice ( 1-3). The unique
high efficacy of camptothecin against otherwise refractory solid
tumors is not fully understood. The molecular target of camp
tothecin and its derivatives has been unequivocally identified to
be DNA topoisomerase I (4-8), a nuclear enzyme implicated in
DNA replication and RNA transcription (9-14). The inhibitory
mechanism of camptothecin against topoisomerase I has also
been partially elucidated. Camptothecin intereferes with the
breakage/reunion reaction of topoisomerase I by stabilizing a
reversible enzyme-drug-DNA ternary complex, termed the
cleavable complex. The formation of the cleavable complex
specifically prevents the reunion step of the breakage/union
cycle of the topoisomerization reaction (4. 5). The cleavable
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complex can be denatured with a strong protein dÃ©naturant,
such as SDS' or alkali, to reveal a single-strand break to which
a topoisomerase I polypeptide is covalently linked to the 3'-

phosphoryl end of the broken DNA strand (4). The cytotoxicity
of camptothecin is almost certainly due to the formation of
cleavable complexes in cells. The majority of protein-linked
DNA breaks observed in cultured mammalian cells treated with
camptothecin reflect cleavable complexes formed in cells (5).
Recent studies have shown that the formation of cleavable
complexes in cells is not, by itself, a lethal event. It is rather
the interaction between the cleavable complexes and replication
machinery which triggers cell death (15-17). S-phage-specific
cytotoxicity of camptothecin may result from such an event
(18).

The strong antitumor activity of camptothecin and analogues
against human tumors could be due either to a number of
factors that affect the ability of the drugs to accumulate in
cancer cells or to the level of potentially lethal DNA damage
induced by camptothecin. The higher levels of topoisomerase I
in surgical specimens of human colon tumors as compared with
normal mucosa (1, 2) could lead to increased lethal DNA
damage in tumor cells. Recent studies have suggested that
topoisomerase I levels may be influenced by oncogene expres
sion and by the agents that affect the mitogenic signal trans-
duction pathway (19, 20). However, the increased topoisomer
ase I level is probably not solely responsible for the observed
high efficacy of camptothecin derivatives, since a parallel in
crease in the topoisomerase II level in colon tumors was also
observed. Despite this increase in topoisomerase II levels, to
poisomerase II-active antitumor drugs (e.g., VP-16 and Adria-
mycin) are generally ineffective against*human colon tumors in

the nude mouse system (1-3).
Human colon tumors have also been shown to express rela

tively high levels of the MDR1 gene product (21), which, in
cultured cells, has been shown to be responsible for multidrug
resistance by restricting accumulation of certain drugs in cells
(22). The gene expression seems to be closely related to local
tumor aggressiveness and lymph node invasiveness (23). The
strong antitumor activity of camptothecin against human colon
tumor xenografts in nude mice led us to investigate the possi
bility that camptothecin may overcome MDRl-mediated re
sistance. This premise was confirmed by preliminary studies
(3). Current study compares several charged and uncharged
camptothecin analogues, with various degrees of water
solubility.

MATERIALS AND METHODS

Cell Lines. The drug-sensitive human epidermoid cell line KB 3-1
and its vinblastine-selected M DR variant KB VI were kindly provided
to us by Dr. Michael M. Gottesman (National Cancer Institute). Cell
line KB VI was isolated from KB 3-1 by stepwise selection with

3The abbreviations used are: SDS, sodium dodecyl sulfate; ICS0.dose produc

ing 50% cytotoxicity.
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Table I Camptothecin is equally cytotoxic to human KB 3-! and KB y I cells

Drugscpr9A-CPT

10H-CPT
TPT
10,11-CPT
9N-10.11-CPTIC50

for drug-sensitive
KB 3-1 cells(nM)Â°7.1

Â±0.47.3
Â±0.2

32 Â±2
25 Â±0.4
1.0 Â±0.1
15 Â±0.4Relative

resistance*.2x

.7x

.9x
!.8x
.3x
.7x

Â°Cytotoxicity of Camptothecin analogues against KB 3-1 and KB VI cells was
determined as described in "Materials and Methods."

* Relative resistance = ICM for KBV1 cells/ICw for KB 3-1 cells.
CCPT, Camptothecin; 9A-CPT. 9-amino-camptothecin; 10H-CPT, 10-hy

droxy-camptothecin; TPT. topotecan; 10,11-CPT, 10,1 l-methylenedioxy-camp-
tothecin; 9N-10.11 -CPT, 9-nitro-10.11-methylenedioxy-camptothecin.

increasing vinblastine (24). KB VI cells are 420 times more resistant
to Adriamycin and 210 times more resistant to vinblastine than KB 3-

1 cells (25).
Chemicals and Drugs. Camptothecin and its derivatives 9-amino-

camptothecin, 10,11-methylenedioxy-camptothecin, 10-hydroxy-camp
tothecin, 9-nitro-10,11-methylenedioxy-camptothecin, and topotecan
(hycamptamine) were synthesized as described previously (26-28). Ex
cept for 10,11-methylenedioxy-camptothecin, which was a racemic
mixture, all other Camptothecin derivatives are 20(5) stereoisomers.
Also, except for 10-hydroxy-camptothecin, which was in its sodium
salt form, all other Camptothecin derivatives were in their lactone form.
All Camptothecin derivatives were dissolved in dimethyl sulfoxide at 20
mg/ml and stored at -20Â°C.Vinblastine and verapamil were purchased
from Sigma Chemical Co. ['HJAzidopine (40 Ci/mmol) and '"I-protein

A (30 mCi/mg) were obtained from Amersham Corp.
Cytotoxicity Assays. Multidrug-resistant KB VI cells were cultured

in the absence of drugs for at least two doublings prior to Cytotoxicity
assays. As described previously (29), 2-4 x 10J KB 3-1 or VI cells were

plated in 6-well plates and exposed to varying concentrations of drugs
in the absence or presence of 10 p\\ verapamil for 4 days before cell
numbers were determined using a Coulter Counter (Coulter Electronics,
Inc.).

Determination of the Amounts of Cleavable Complexes in Cells
Treated with Camptothecin and Topotecan by Immunoblot Analysis.
Equivalent numbers of KB 3-1 and VI cells were treated with 45 MM
Camptothecin or topotecan in the absence or presence of 10 ^M vera-
pamil for the indicated time period before lysing with 2x SDS gel
sample buffer. Proteins from cell lysates (5 x 10' cells/lane) were

separated by electrophoresis in a 10% SDS polyacrylamde gel and
electroblotted onto nitrocellulose filters. Topoisomerase 1 bands were
detected by immunoblotting the filters with rabbit antisera against
human DNA topoisomerase I (30). Since Camptothecin traps a fraction
of cellular topoisomerase I onto chromosomal DNA in proportion to
drug concentrations, the amounts of untrapped topoisomerase I mole
cules, which can be quantitated by immunoblotting, are inversely related
to the cellular concentration of Camptothecin (3).

|'l I] Wi(li>|iiiif Photoaffinity Labeling of MDR1 Membranes. Mem

branes from MDRl-overexpressing KB VI cells were isolated as de
scribed previously (31). ['HJAzidopine photoaffinity labeling was car

ried out as published previously (32). Briefly, prepared membrane
(containing 50 Â¿igprotein) was incubated with 50 nM ['Hjazidopine in

the absence and presence of an excess amount of a competing drug for
l h at 25Â°Cin the dark. After UV irradiation for 10 min at 40Â°Cwith
an UV lamp (254 nm and 120,000 AiJ/cm2), samples were centrifuged

at 100,000 x g for 30 min. Pellets were then resuspended in SDS gel
sample buffer and electrophoresed in 7.5% SDS polyacrylamide gel.
The gel was fixed and stained with Coomassie blue to ensure equivalent
loading of protein in each lane. The gel was then prepared for fluorog-
raphy using Fluoro-Hance (Research Product International Corp.).

RESULTS

Camptothecin and Several of Its Derivatives Can Overcome
MDRl-mediated Resistance. In contrast to MDR drugs, camp-
tothecin was equally cytotoxic to hyman KB 3-1 cells and
human KB VI cells (Table 1). Several other Camptothecin
derivatives, 9-amino-camptothecin, 10-hydroxy-camptothecin,
10,11-methylenedioxy-camptothecin, and 9-nitro-10,11 -meth-

Camptothecin
CM,

Topotecan (Hycamptamine)

NH, Ã– MO, o

9-Amino-caniptothecÃ¬n 9-Nitro-10,l 1-methylenedioxy-camptothecin

o o
10-Hydroxy-camptothecin 10,11-Methylenedioxy-camptothecin

Fig. 1. Chemical structures of some Camptothecin analogues.
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Fig. 2. The fraction of topoisomerase I
molecules trapped by topotecan was lower in
KB VI than in KB 3-1 cells Cellular concen
trations of camptothecin can be indirectly es
timated by measuring the amounts of cleavable
complexes formed in cells (3). Higher concen
trations of camptothecin induce more cleava
ble complexes and hence trap more topoisom
erase I molecules on chromosomal DNA. The
amounts of trapped topoisomerase I molecules
can be determined by immunoblotting (see
"Materials and Methods"). Equivalent num
bers of KB 3-1 (A) and KB VI cells (B) were
treated with 45 IÂ¿Mcamptothecin (O) or topo
tecan (â€¢)for 0, 10, 20, 30. 40, and 90 min.
The amounts of untrapped cellular topoisom
erase I molecules were determined by immu
noblotting using rabbit antisera against human
DNA topoisomerase I. Autoradiographs, re
gion representing the M, 100,000 topoisom
erase I. The graphs displayed below were con
structed from densitometric tracings of the
autoradiographs. Percentage of untrapped
topo-1 is defined as 100 x (drug-treated)/
control.

A.
B.

KB 3-1 Cells

TimÂ«(min.) O 10 20 30 40 90

KB V1 Cells

Time (min.) O 10 20 30 40 90

Drugs

Camptothecin

Topotecan

Drugs

Camptothecin

Topotecan

Tim* (min.) o

Camptottwcln (45 uM)
TopothKln (45 uM)

Tim* (min.) o

Cimplttlwcln (45 uM)
TopoÂ»ttcln(45uM)

tO 100

Table 2 Verapamil cotreatment with topotecan increased the level of cleavable
complexes in KB VI cells

As described in Fig. 4, KB VI cells were treated with 45 /*Mof camptothecin
or topotecan in the absence and presence of 10 /J,Mverapamil for 15 and 240 min.
After the amounts of untrapped cellular topoisomerase I were determined by
immunoblotting, densitometric tracings of autoradiographs were performed and
the percentage of untrapped topoisomerase I was obtained.

Percentage of untrapped topoisomerase I in KB
VI cells"

Camptothecin Topotecan

Time (min)0

15240(-)

VR6100

6555(+)VR1005644(-)VR100100
92.3(+)

VR100

8353

1Percentage of untrapped topoisomerase I = 100 x (drug-treated)/control.
*VR, 10 MMverapamil.

ylenedioxy-camptothecin (for structures, see Fig. 1), were also
tested and shown to be about equally cytotoxic against both cell
lines (Table 1). This is in contrast to the more than 200-fold
resistance of KB VI cells to Adriamycin and vinblastine (25).
Several lines of evidence support the notion that the ability of
camptothecin to overcome the M DR l-mediated resistance of
KB VI cells is due to its unimpaired accumulation in MDR1
cells. First, the cellular level of topoisomerase I, as measured
by immunoblotting with topoisomerase I antisera, was the same
in both KB 3-1 cells and KB VI cells (Fig. 2, 0-min samples).
Second, the accumulation of camptothecin in cells as indicated
by the level of cellular cleavable complexes, measured by im
munoblotting of untrapped cellular topoisomerase I, was about
the same in both KB 3-1 cells and KB VI cells (Fig. 2, 10-90-
min samples). Third, the MDR1-reversing agent verapamil (10

/IM) had no effect on either camptothecin accumulation (Table
2) or cytotoxicity in KB VI cells (Fig. 3). In contrast, under the
same conditions, Adriamycin cytotoxicity against KB VI cells
was largely reversed by verapamil cotreatment (data not shown).

Topotecan, a Charged Derivative of Camptothecin, Showed
Reduced Accumulation and Cytotoxicity in KB VI Cells. Topo
tecan is a charged derivative of 10-hydroxy-20S-camptothecin
(Fig. 1). The dimethyl-amino-methyl substitution at the posi

tion 9 carbon confers a positive charge on the camptothecin

molecule at neutral pH. Topotecan, in contrast to other non-
charged camptothecin derivatives, showed much reduced cyto
toxicity against KB VI cells (IC50 about 220 HM) than KB 3-1
cells (ICso about 25 HM) (Table 1 and Fig. 4). The reduced
topotecan cytotoxicity against KB VI cells was accompanied
by a reduction in the amounts of drug-trapped cleavable com
plexes as measured by immunoblotting (Fig. 2). While about
40% of total cellular topoisomerase I molecules were trapped
onto chromosomal DNA as cleavable complexes by topotecan
in KB 3-1 cells within 10 min of drug treatment, only about
10% of cellular topoisomerase I molecules were trapped onto
chromosomal DNA in KB VI cells even after 90 min of drug
treatment (Fig. 2). This is in contrast to the rapid trapping of
about 50% of the total cellular topoisomerase I molecules onto
chromosomal DNA by camptothecin in both KB VI and KB 3-
1 cells within 10 min of drug treatment (Fig. 2). These results
suggested that the reduced cytotoxicity of topotecan against KB
VI cells was most likely due to the reduced accumulation of
topotecan in KB VI cells.

The hypothesis that reduced topotecan accumulation ac
counts for reduced topotecan cytotoxicity against KB VI cells
was further supported by an experiment using the MDR1-
reversing agent verapamil. As shown in Fig. 3, verapamil (10
/UM)was able to markedly sensitize KB VI cells against topo
tecan. In contrast, verapamil under the same conditions had no
effect on camptothecin cytotoxicity against KB VI cells (Fig.
3). In addition, a good correlation between sensitizing of KB
VI cells to topotecan and restoring cellular topotecan accu
mulation by verapamil was demonstrated (Table 2).

Camptothecin Did Not Compete with [3H|Azidopine for Photo-

affinity Labeling of MDR1. The interaction between campto
thecin and MDR1 was also examined through the ability of
camptothecin to compete with [-'Hjazidopine in photoaffinity
labeling of MDR-1 prepared from KB VI cells. As shown in
Fig. 5, camptothecin (Fig. 5, Lanes E-G) did not compete with
[3H]azidopine even at a molar ratio of 2500:1, whereas vinblas
tine (Fig. 5, Lanes B-D) nearly completely prevented ['Hj

azidopine photoaffinity labeling of the MDR1 at the lowest
vinblastine concentration (molar ratio, 100:1). Topotecan,
which is also a weak competitor as compared with vinblastine,
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Fig. 3. Verapamil can restore the sensitiv
ity of MDRl-overexpressing KB VI cells to
topotecan. Cytotoxieity of topotecan (A) and
camptothecin (B) against KB VI cells in the
absence and presence of 10 nM verapamil was
determined. Points, mean of two independent
determinations.

B.

10 100

Topolecan (Hycamptamlna) (nM)

10 100

Camptothecin (nU)

Fig. 4. Topotecan, a charged derivative of
camptothecin, is less cytotoxic against KB VI
than KB 3-1 cells. Cytotoxieity of topotecan
(A) and camptothecin (B) were determined as
described in "Materials and Methods." Points,

mean of two independent determinations.

B.

Topotecan (Hycamptamine) (nM)

10 100

Camptothecin (nU)

Fig. 5. Interaction between MDR1 and
camptothecin as determined by [3H]azidopine
photoaffinity labeling of MDR 1-containing
membrane from KB VI cells. Membranes (50
ng of membrane proteins for each determina
tion) prepared from MDRl-overexpressing
KB VI cells were photolabeled using 50 /Â¿M
[3H]azidopine in a final volume of 50 /il,
Photoaffinity-labeled membranes were ana
lyzed by 7.5% SDS-polyacrylamide gel electro-
phoresis. Lane A, [3H]azidopine-labeled mem
branes: Lanes B-J, [3H]azidopine-labeled
membranes in the presence of 2500-, 500-, or
100-fold molar excess of the following drugs:
vinblastine (Lanes B-D), camptothecin (Lanes
E-G), and topotecan (Lanes H-J).

kDa
200 â€”¿�

97 â€”¿�
66 â€”¿�
43 â€”¿�

C D E F G H I J

P-170

0 25 5 1 25 5 1 25 5 1 xlOO molar excess

Competitor Vinblastine Camptothecin Topotecan

was demonstrated to be at least 5-fold more potent than camp
tothecin in competing with [3H]azidopine for photoaffinity
labeling of MDR1 (Fig. 5, Lanes H-J).

DISCUSSION

Our results show that camptothecin and a number of its
uncharged analogues can overcome M DR l-mediated resist
ance. The fact that camptothecin can trap equal amounts of
topoisomerase I-cleavable complexes in both KB 3-1 and KB
VI cells suggests that camptothecin accumulation is unim
paired in MDRl-overexpressing KB VI cells. Overexpression
of MDR1 has been well documented to reduce intracellular
accumulation of a number of structurally unrelated drugs, in
cluding vinblastine and Adriamycin (22). The reduced accu
mulation of these drugs in MDR cells is presumed to be due to
the action of membrane-bound MDR 1, which acts as an energy-

dependent drug efflux pump (33, 34). The drug selectivity of
MDR1 is still not understood. The apparent insensitivity of
camptothecin to MDR1 may therefore provide an important
clue to the mechanism of drug selectivity by MDR1.

Camptothecin might conceivably overcome MDR 1-mediated

resistance by either of the following two mechanisms. One
possible mechanism is that camptothecin, being a planar hydro-

phobic compound, can rapidly diffuse through cellular mem
brane, and the relatively weaker drug efflux pump (MDR1) is
unable to affect the cellular accumulation of camptothecin. The
second possible mechanism is that camptothecin is not recog
nized by MDR1. The fact that the charged camptothecin deriv
ative, topotecan, is sensitive to the Overexpression of MDR1
appears to support the first possibility. Topotecan is expected
to have a much reduced membrane permeability due to the
charge. The slower rate of passive diffusion of topotecan when
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