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INTRODUCTION 

In 1971, Wang (1) discovered the first DNA topoisomerase in Escherichia 
coli. The enzyme (E. coli DNA topoisomerase I, or w protein) catalyzed 
relaxation of negatively supercoiled DNA in the absence of any energy 
cofactor (1). Wang proposed that this enzyme also catalyzed transient nicking 
of the DNA double helix and possessed both DNase and ligase activity in 
one polypeptide (1). The lack of any energy cofactor for the reaction also 
led Wang to the proposal that the enzyme may form a high-energy covalent 
bond between itself and the transiently broken DNA phosphodiester bond 
(1). Both of these predictions have turned out to be correct (2). 

Since the discovery of E. coli topoisomerase I, investigators have isolated 
many other DNA topoisomerases from both prokaryotes and eukaryotes. In 
1972, Champoux & Dulbecco isolated an enzyme with activity similar to 
that of E. coli topoisomerase I from mouse embryo cells (3). In 1976, 
Gellert and his colleagues identified an enzyme activity opposing E. coli 
DNA topoisomerase I (4). They demonstrated that this enzyme (E. coli 

DNA topoisomerase II, or gyrase) catalyzed the conversion of relaxed DNA 
into negatively supercoiled DNA in a reaction requiring ATP hydrolysis 
(4). These two opposing activities are important for maintaining the super­
helical state of the chromosomal DNA during various DNA transactions 
(5-8). In 1979, Liu et al (9) isolated an enzyme from bacteriophage 
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T4-infected E. coli. Three DNA-delay genes (9, 10) encode this new enzyme 
(T4 DNA topoisomerase), which is important for T4 DNA replication (9). 
T4 DNA topoisomerase, unlike either E. coli DNA topoisomerase lorE. 
coli DNA gyrase, catalyzes relaxation of both positive and negative super­
coils in a reaction requiring ATP hydrolysis (9). Liu et al suggested that 
this seemingly energy-wasting enzyme might couple ATP hydrolysis to a 
yet unidentified energy-utilizing function (9). 

Interestingly, eukaryotic DNA topoisomerase II has enzymatic activity 
similar to T4 DNA topoisomerase (11-14). The name "DNA topoisomerases" 
was introduced in 1979 to describe this ubiquitous class of enzymes that 
have the ability to manipulate the topology of DNA (15). Clearly, many 
more DNA topoisomerases are present in cells. For example, topoisomerase 
III has been identified both in E. coli and yeast (16-18); topoisomerase IV 
(ParC/ParE), which shows sequence homology to gyrase and is involved in' 
chromosome partitioning, has been identified in E. coli (19, 20); and 
topoisomerase V, which shows sequence homology to eukaryotic DNA 
topoisomerase I, has been identified in the hyperthermophilic methanogen 
Methanopyrus kandleri (21). In addition, researchers have demonstrated that 
some recombination enzymes such as lambda Int and Tn3 resolvase have 
topoisomerase activities (22-27). 

Studies on the mechanism of catalysis of T4 DNA topoisomerase have 
also led to the classification of topoisomerases into two types (28-30). Type 
I DNA topoisomerases, exemplified by E. coli DNA topoisomerase I and 
eukaryotic DNA topoisomerase 1, catalyze DNA relaxation via a transient 
single-stranded DNA break. Type II DNA topoisomerases, exemplified by 

E. coli DNA gyrase and eukaryotic DNA topoisomerase II, catalyze the 
topological crossing of two double-stranded DNA segments via a transient 
DNA double-stranded break (28-30). Characteristically, type I DNA topo­
isomerases change the linking number of closed circular DNA in steps of 
one, and type II DNA topoisomerases change in steps of two (28-30). 

Scientists realized the importance of topoisomerases as therapeutic targets 
as soon as E. coli DNA gyrase was discovered. Researchers found that 
gyrase was the target of two different classes of antibiotics, novobiocin and 
nalidixic acid (30, 31). Nalidixic acid and some of the more recently 
developed quinolone antibiotics specifically interfere with the breakage-re­
union reaction of DNA gyrase by interacting with GyrA (31-34). The 
impressive potency of quinolone antibiotics may result from the rapid action 
of these drugs in breaking the chromosomal DNA. 

The role of mammalian DNA topoisomerases as molecular targets for 
anticancer drugs was not recognized until 1984 (35-37). Investigators have 
since carried out extensive studies of the mechanism of action of topo­
isomerase-targeting drugs (for reviews, see 38-40). As a result, we have 
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significantly advanced our understanding of topoisomerase-targeting drugs, 
but many questions remain unanswered. Recently, researchers have discov­
ered that topoisomerases can also be therapeutic targets for antiparasitic, 
antifungal, and antiviral drugs (reviewed in 38, 40). The present review 
focuses on anticancer drugs targeting mammalian DNA topoisomerases. 
However, the principles underlying these anticancer drugs should be appli­
cable to other topoisomerase-targeting therapeutics. 

MAMMALIAN DNA TOPOISOMERASE I: CATALYTIC 
ACTION AND FUNCTIONS 
Mammalian DNA topoisomerase I was initially purified from rat liver as a 
67 -kDa monomeric protein capable of relaxing both positively and negatively 
supercoiled DNA even in the presence of ethylenediaminetetraacetic acid 
(EDTA) (41). By purifying the same type of DNA relaxation activity from 
HeLa cells, Miller et al have demonstrated that the native enzyme is a 
100-kDa monomeric protein, and Mg(II) significantly stimulates the relax­
ation activity (14). Researchers have sequenced the human DNA topoiso­
merase I cDNA (42, 43) and mapped the gene to chromosome 20q12-13.2 
(43). The cDNA encodes a polypeptide of 765 amino acids, 40% of which 
are charged amino acids (42). 

Investigators have studied the mechanism of catalysis of mammalian 
topoisomerase I extensively (reviewed in 44) and made many advances, 
primarily through studies of the partial (cleavage) reaction. At high con­
centrations of topoisomerase I, a fraction of the topoisomerase I molecules 
can be trapped covalently on double-stranded DNA (45, 46). Topoisomerase 
I is covalently linked to the 3' -phosphoryl end of the nick through a tyrosine 
residue (#723) (46, 47). The cleavage reaction is more efficient at lower 
ionic strength and in the presence of EDTA, and researchers have deduced 
a weak consensus sequence at the cleavage site (47-49). Most striking, 
thymidine is the nucleotide covalently linked to topoisomerase I more than 
90% of the time (47, 48). Researchers have also studied the cleavage 
reaction by using single-stranded DNA substrates (49-52); cleavage on 
single-stranded DNA can lead to spontaneous cleavage of the strand, and 
the topoisomerase I-linked DNA strand can be transferred covalently to 
another single- or double-stranded DNA with 5/ -hydroxyl ends (50). 

The biological function of topoisomerase I has been studied extensively. 
Studies in a cell-free SV40 DNA replication system have clearly demon­
strated the capacity of topoisomerase I as a swivel during the elongation 
phase of DNA replication (53). Experiments demonstrating the preferential 
association of topoisomerase I with the transcribed regions have also sug­
gested the potential role of mammalian DNA topoisomerase I in transcription 
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(6-8, 54--56). It probably functions as a swivel to release the local supercoils 
generated during transcription elongation (6--8). The recent finding that 
topoisomerase I is associated with TBP, the TATA binding protein, is 
consistent with such a role (57). 

TOPOISOMERASE I DRUGS 

Camptothecin 
Wall et al originally isolated camptothecin from the tree Camptotheca 
acuminata as an antitumor component (58). Camptothecin's broad spectrum 
of antitumor activity in animal models, especially activity against colon 
tumors, led to clinical trials in the early 1970s (59, 60). However, because 
camptothecin lactone had low solubility, researchers used the ring-open form 
of camptothecin (camptothecin, sodium salt, NSC-100880) in the trials (59, 
60). Excessive toxicity resulted in termination of the trials (60). We now 
know that the ring-open form of camptothecin is inactive against its mo­
lecular target, topoisomerase I (61). The residual activity of camptothecin 
sodium salt could result from the pH-dependent conversion into the lactone 
form. 

The cellular effects of camptothecin have also been studied extensively. 
Camptothecin inhibits both DNA and RNA synthesis (62-68). RNA synthesis 
is highly reversible, while DNA synthesis can become irreversible at higher 
camptothecin concentrations (63, 65). Camptothecin also selectively kills 
S-phase cells, arrests cells in G2 phase (69-73), and induces fragmentation 
of chromosomal DNA as revealed by alkaline sucrose gradient sedimentation 
(64). Interestingly, removal of camptothecin from the medium rapidly 
restores the integrity of the chromosomal DNA (64). This unusual phenom­
enon led to the identification of the receptor for camptothecin (74, 75). 

DNA topoisomerase I is now firmly established as the biological receptor 
for camptothecin (74--77), which explains many of camptothecin's cellular 
effects. Camptothecin specifically inhibits the rejoining step of the topoiso­
merase I reaction and, therefore, traps the putative covalent intermediate of 
the reaction, i.e. the reversible cleavable complex (74). This complex is 
presumably a topoisomerase I-camptothecin-DNA ternary complex, which 
when denatured by a strong protein denaturant [e.g. sodium dodecyl sulfate 
(SDS) and alkali] is converted into a protein-linked single-stranded break 
(74). Such a model can readily explain reversible fragmentation of chro­
mosomal DNA in alkaline sucrose gradient. Interaction between this revers­
ible cleavable complex and the replication or transcription machinery may 
be responsible for DNA and RNA synthesis inhibition, respectively. 

Figure 1 displays our current understanding of the cytotoxic mechanism 
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Noncleavable complex 

5 • 3 • 
��t:::somerase 
� + 1 inhibitor 3 • 

s· 

3 • 
5� 3 

3 • 

5 • 

Irreversible replication arrest 
and fork breakage 

! 
Gz cell cycle arrest 
and cell death 

Figure 1 A fork collision model for topoisomerase I drugs. The reversible topoisomerase I-DNA 
cleavable complex is presumably the covalent intermediate of the topoisomerase I reaction. In a 
relaxation reaction, the cleavable complex and the noncleavable complex are at equilibrium. 
Camptothecin perturbs this equilibrium by increasing the concentration of the cleavable complex. 
In this model, the reversible topoisomcrase I-camptothecin-DNA ternary complex is oriented in 
such a way that the transiently cleaved strand is complementary to the leading strand of DNA 
synthesis. Topoisomerase I is also represented as an asymmetric enzyme in which the major 
protein-DNA contact is upstream of the site of cleavage. This polarity-dependent collision triggers 
cell death and cell-cycle arrest at the G2 phase. 
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of camptothecin. This fork collision model is based on studies both in 
cultured cells and in cell-free extracts (71, 72, 78, 79). Studies in cultured­
cell systems have shown that transient and simultaneous inhibition of DNA 
synthesis abolishes camptothecin cytotoxicity, thus suggesting the involve­
ment of replication in camptothecin cytotoxicity (71-73), and studies in a 
cell-free SV40 replication extract have provided more details about the role 
of DNA replication in camptothecin cytotoxicity. As shown in Figure 1, 
camptothecin stabilizes a reversible topoisomerase l-camptothecin-DNA 
ternary complex on DNA. In this complex, the tyrosine residue (#723 of 
the human enzyme) is covalently linked to the 3' -phosphoryl end of the 
broken DNA strand. The interaction between the replication machinery and 
the reversible cleavable complex leads to cell death and G2 arrest of the 
cell cycle (71-73, 80). 

Tsao et al have detected three biochemical events at or near the interphase 
between the cleavable complex and the replication fork: irreversible arrest 
of the fork, a double-stranded break at or near the fork, and the conversion 
of the reversible cleavable complex into an irreversibly cleaved complex 
(79). Biochemical studies have also suggested a polarity-dependent interac­
tion between the fork and the cleavable complex (79). As shown in Figure 
1, the topoisomerase I-mediated transient break is made on the strand that 
is complementary to the leading strand of DNA synthesis. If the transient 
break occurs on the strand that is complementary to the lagging strand of 
DNA synthesis, the collision consequence is not as severe. The reason for 
this polarity-dependent collision is not clear. One possibility is that the 
major contact between topoisomerase I and DNA is on the upstream side 
of the transient break (Figure 1). The collision leads to destabilization of 
the double helix proximal to the replication fork and melting of the strand 
that is minimally protected by topoisomerase I. 

Not all cellular effects of camptothecin can be explained by the fork 
collision model. For example, camptothecin increases c10s and c-jun 
mRNA levels (55, 81). However, such an induction is independent of 
DNA synthesis (E Schneider & LF Liu, unpublished results). Camptothecin 
also induces cellular differentiation (82-84). Whether or not this cellular 
effect of camptothecin involves replication has not been tested. More 
recent studies have also demonstrated that rapid ubiquitination of topo­
isomerase I occurs in cells treated with camptothecin (P D' Arpa & LF 
Liu, unpublished results). 

One of the most striking observations about camptothecin is its broad 
spectrum antitumor activity. Several refractory solid tumors including colon 
tumors have responded to camptothecin treatment in xenograft models 
(85-88); why camptothecin is effective against these tumors is still uncertain. 
However, camptothecin and its neutral derivatives overcome MDRI-medi-
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ated resistance (89, 90). Camptothecin is also more cytotoxic toward 
tumorigenic than non-tumorigenic breast cancer cells (87, 88). In this case, 
the S-phase specificity of camptothecin apparently cannot fully account for 
its differential effect on these cells. The molecular basis for this tumor 
specificity is still unknown. More interestingly, topoisomerase I protein 
levels appear to be higher in colon tumors than in normal mucosa (85). 
The altered regulation of topoisomerase I in tumor cells has not been 
investigated. However, topoisomerase I mRNA levels increase substantially 
upon treatment with the tumor promoter phorbol 12-myristate 13-acetate 
(PMA) or growth factors (91). Interestingly, as in some oncogenes such as 
c-myc and c-myb. the increase of topoisomerase I mRNA levels can be 
superinduced by treatment with the protein-synthesis inhibitor cycloheximide 
(91). 

Investigators have synthesized many camptothecin derivatives (92), and 
some are at various stages of clinical development. Figure 2A shows some 
of the promising camptothecin derivatives. Among these, 9-amino-l0,1l­
methylenedioxy-camptothecin is the most potent, followed by 1O,1l -meth­
ylenedioxy-camptothecin (93). CPT- l l ,  which is a prodrug of SN38, has 
been successfully developed in Japan (94-96); topotecan and 9-amino­
camptothecin are under development in the United States (97). 

Other Topoisomerase I Drugs 
Since the identification of topoisomerase I as the primary molecular target 
of camptothecin, several new topoisomerase I poisons have been reported 
(Figure 2B). Interestingly, many of them exhibit a DNA minor groove-bind­
ing mode (98-104). 

DNA minor groove-binding drugs represent a major class of compounds 
with broad spectrum antimicrobial and antitumor activities ( lOS, 106). Their 
binding to the minor groove of DNA with A + T specificity, which causes 
widening of the minor grooves, is well documented (107, 108). Some of 
these DNA minor-groove binders (e.g. Hoechst 33258 and 33342) are 
topoisomerase I poisons (101). Similar to camptothecin, these drugs appear 
to interrupt the breakage-reunion cycle of topoisomerase I by stabilizing a 
reversible topoisomerase I cleavable complex (101). However, minor 
groove-binding, drug-induced single-strand DNA breaks in the presence of 
topoisomerase I are highly site specific (101). Chen et al mapped three of 
the major Hoechst dyes-induced topoisomerase I-mediated DNA cleavage 
sites on a 8. 4-kb plasmid DNA to highly AT-rich regions and found a 
common sequence of 5'-T*CATTTTT-3' (the asterisk marks the site of 
topoisomerase I cleavage) (101). The nucleotide sequences surrounding these 
cleavage sites suggest a model in which topoisomerase I interacts mainly 
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Camptothecin 

9-Amino-camptothecin 

A 

o 

lO,J I-methylenedioxy-camptothecin 

9-Amino-1O ,ll-methylenedioxy-camptothecin 

o 

Camptothecin-ll 

with the sequences 5' (upstream) of the cleavage site (109) . The T-track 3' 
(downstream) from the cleavage site is the binding site for these drugs (see 
Figure 3). One speculation is that drug binding to the minor groove of these 
sequences near the site of cleavage causes significant bending of the DNA 
helical axis, which prevents ligation of the two transiently disjoined ends 
(1l0). 

Although the role of minor groove binding seems important for poisoning 
topoisomerase I by Hoechst dyes, we still do not know whether minor-groove 
binding is important for other topoisomerase I drugs. Actinomycin D, which 
is a classical DNA intercalator, poisons both mammalian DNA topoiso­
merases I and II (35, 98, 99). While the phenoxazone ring of actinomycin 
D intercalates into DNA, the pentapeptide rings bind to the minor groove 
and form hydrogen bonds with the bases (111-113). Researchers have not 
concluded whether the minor-groove binding of actinomycin D is primarily 
responsible for its poisoning of topoisomerase I. Nogalamycin, mithramycin, 
and chromomycin A3 also poison topoisomerase � (101). NMR studies have 
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B 

Hoechst 33342, R = OCH 2CH 3 
Hoechst 33258, R = OH 

o 

o 
Bu/garein 

OH 

----fffi- II ,- 0 I 
H3C A C-Th r,Vat-PraMeGlyMeVal 

11,-0 I *0 /0 
H3C 'I II C-Thr.,VatPrctMeGlyMeVal 

o NH2 
Actinomycin 0 

ED-tt 0 

HO 

OCH3 

CH3 

OH 0 OH ):>OCH3 
CH3 

Noga/amycin OCH3 

o OH CH, 

OH OH 0 ��CH3 
o OH o cJJi1 

R2 HO 

Mithramycin, R 1 = R 2 = OH 
Chromomycin A 3' R1 = Rz = Jl 

-0 CH3 

CH3 

Figure 2 Chemical structures of topoisomerase I drugs. (A) Camptothecin derivatives; (B) Other 
topoisomerase I drugs. 
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Band a 

Band c 

Band d 

60% AT 80% AT 90% AT 90% AT 
5'-AAGCTTTTCA-ATTCAATTCA1TCATTTTTtTTTTTATTCT-TTTTTTTGAT-3' 

t 
Cleavage Site 

70% AT 90% AT 90% AT 50% AT 
5'-CTTTAGATTG-ATTTAAAACT1TCATTTTT�AATTTAAAAG-GATCTAGGTG-3' 

t 
Cleavage Site 

50% AT 60% AT 80% AT 50% AT 
5 '-ACCAACGAAG-AATCTGTGCT1TCATTTTT�GTAAAACAAA-AATGCAACGC-3 ' 

t 
Cleavage Site 

�........................ . ..... � 

Major Topoisomerase I-DNA 
Interaction Site 

Hoechst Dyes 
Binding Site 

Figure 3 Nucleotide sequences of topoisomerase I-mediated cleavage sites induced by Hoechst 
33342 and 33258. Bands a, c, and d represent three major cleavage bands induced by Hoechst 
33342 and 33258 in the presence of calf thymus topoisomerase I on linearized YEpG DNA ( 100). 

shown that the sugar moieties of these drugs interact with the minor groove 
of DNA (114-118). Bulgarein is another mammalian topoisomerase I poison 
(102). Like netropsin, bulgarein positively winds DNA, which indicates that 
it interacts with the minor groove (102). Several indolocarbazole derivatives, 
including ED-I 10, induce calf thymus topoisomerase I-mediated DNA 
cleavage (103, 104). Yamashita et al have demonstrated the clear dissociation 
between the strength of DNA intercalation and the activity in inducing 
topoisomerase I-mediated DNA cleavage among these indolocarbazole de­
rivatives (103). Because most of these drugs have dual modes of DNA 
binding (i.e. intercalation and minor groove binding), the precise role of 
groove binding in poisoning of topoisomerase I needs to be clarified. 

MAMMALIAN DNA TOPOISOMERASE II: CATALYTIC 
ACTION AND FUNCTIONS 
Mammalian DNA topoisomerase II has been isolated from calf thymus gland 
and HeLa cell nuclei (14, 119, 120). The purified calf thymus and HeLa 
topoisomerase II is a homodimeric protein with a monomer molecular weight 
of 170 kDa. Like T4 DNA topoisomerase, HeLa topoisomerase II is a type 
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II DNA topoisomerase that catalyzes the ATP-dependent relaxation, knot­
ting-unknotting, and catenation-decatenation reactions (14, 120). Studies in 
a cell-free SV40 DNA replication system suggest a role for DNA topoiso­
merase II in the elongation and termination stages of DNA replication (121). 
Although topoisomerase I can serve as a functional substitute for DNA 
topoisomerase II in the elongation stage of DNA replication, the role of 
topoisomerase II in segregating the multiply interlocked daughter chromo­
somes is essential and irreplaceable 021-124). 

Tsai-Pflugfelder et al have sequenced the human DNA topoisomerase II 
cDNA and determined its chromosomal location at 17q2l-22 (125). This 
enzyme is homologous to both subunits of DNA gyrase (125, 126). Appar­
ently, during evolution, the two subunits of DNA gyrase fused into a single 
polypeptide chain. 

We still do not fully understand catalysis of ATP-dependent strand-passing 
by topoisomerase II. Most advances have come from studies of the putative 
covalent intermediate at high enzyme concentrations (12, 127-129). Figure 
4 summarizes a working model for the strand-passing activity of eukaryotic 
DNA topoisomerase II. Topoisomerase II can break and rejoin the DNA 
double helix in the absence of A TP by forming an equilibrium mixture of 
at least two types of complexes-noncleavable and cleavable. The equilib­
rium strongly favors the noncleavable complex. The cleavable complex is 
operationally defined by its ready conversion to a protein-linked break upon 
exposure to a strong protein denaturant such as SDS or alkali (38, 130). 
The cleaved intermediate can be a single-strand or double-strand break. In 
both cases, topoisomerase II polypeptide is covalently linked to the 5' -phos­
phoryl end of the broken DNA strand. In a double-strand break, the 5' 
broken-end protrudes precisely four bases (130); the cleavage site has a 
weak consensus sequence (131, 132); and the role of ATP is unclear. Recent 
studies have suggested that ATP binding and hydrolysis controls the opening 
and closing of the protein gate formed by the homodimeric topoisomerase 
II enzyme (133); protease probing detected these two conformational states 
of topoisomerase II (134, 135). Apparently, the coupling between opening 
and closing of the gate with the strand-passing event is not very tight (136). 
The breakage-reunion site of topoisomerase II can operate more or less 
independently of ATP binding or hydrolysis. ATP binding triggers closure 
of the protein gate and therefore locks in the DNA segment(s) that happens 
to be at the interface of the two protein subunits (133). The presence of 
two DNA segments at the interface of the two protein subunits presumably 
results in strand passing. Hydrolysis of ATP reopens the protein gate and 
releases the DNA segment(s). In this model, all cleavable complexes 
regardless of the state of the protein gate are at equilibrium with their 
noncleavable complex counterparts. 
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Noncleavable complexes Cleavable complexes 

r#; ....... .. ... .. :'. 
": .. 

. ' 

--lII. 
� Open-gate complex 

AlP blndln�1 
� � 

J, 
� 

AlP --:lj 
ADP+PI � 

Closed-gate complex 

Closed-gate complex 

Open-gate complex 

Figure 4 A proposed mechanism of catalysis for mammalian DNA topoisomerasc II. In this 
model, the homodimeric topoisomerase II has a two-fold rotational symmetry. The enzyme 
assumes at least two different conformations (see different shades of the enzyme). Depending on 
the ATP-binding status, the enzyme assumes either the open-gate (no ATP) or the closed-gate 
(ATP bound) form. The DNA-bound topoisomerase II is at equilibrium with at least two types 
of �omplexes, the noncleavable complex and the cleavable complex. The coupling between ATP 
hydrolysis and DNA binding is not tight. The presence of two DNA segments within the 

, closed-gate complex presumably leads to strand-passing. Hydrolysis of A TP is necessary to reopen 
the protein gate. Topoisomerase II-targeting drugs can affect either or both of the two conformers 
of topoisomerase II. 
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TOPOISOMERASE II DRUGS 

We now know that topoisomerase II is the molecular target of many 
anticancer drugs (see Figure 5 for examples), including some of the most 
important anticancer drugs such as adriamycin and etoposide (VP-16) (38, 
39). As is the case for camptothecin, topoisomerase II drugs characteristically 
induce reversible protein-linked DNA breaks in cultured cells (137). How­
ever, depending on the particular drug, breaks induced by topoisomerase II 
drugs can be primarily double-strand breaks, as opposed to camptothecin­
induced breaks, which are primarily single-strand breaks (38). ICRF193 
represents a possible exception (138-140); it is a specific inhibitor of the 
catalytic activity of topoisomerase II (138, 139). 

The way in which various drugs inhibit the mechanisms of topoisomerase 
II is not fully understood. Presumably, they specifically inhibit the rejoining 
step in the breakage-rejoining cycle and thereby shift the equilibrium toward 
the cleavable complex (see Figure 4). However, recent studies have indicated 
that, depending on the particular drug class, ATP may or may not stimulate 
topoisomerase ll-mediated DNA cleavage (A Y Chen & LF Liu, unpublished 
results). As discussed earlier in this chapter, at least two different confor­
mational states of topoisomerase II can be distinguished by A TP binding 
(134, 135). The two conformational states may correspond to the open-gate 
and closed-gate states of topoisomerase II (see Figure 4; the dimeric 
topoisomerase II molecules are shaded differently to indicate the different 
conformational states). One speculation is that, depending on the particular 
drug class, topoisomerase II can be differentially affected in one of the two 
conformational states. For example, the ATP-stimulated topoisomerase II 
drugs such as VP-16, VM-26, and adriamycin may preferentially interact 
with topoisomerase II in the closed-gate conformation. The ATP-independent 
topoisomerase II drugs such as menadiones may preferentially interact with 
the open-gate conformation of topoisomerase II (AY Chen & LF Liu, 
unpublished results). 

Many topoisomerase II drugs are known DNA intercalators (e.g. ad­
riamycin, m-AMSA, mitoxantrone, and ellipticine). However, no DNA 
minor-groove binders (except for the dual mode binders, such as actinomycin 
D) have yet trapped topoisomerase II cleavable complexes (38, 39). Studies 
of anthracycline congeners have shown that, for compounds that trap 
topoisomerase II cleavable complexes, the strength of intercalation (DNA 
binding) parallels drug potency in trapping the complex, thus suggesting a 
direct role of drug intercalation (DNA binding) in trapping cleavable com­
plexes (141). A misalignment model, in which the intercalators cause 
misalignment of the transiently broken DNA ends, has been proposed for 
intercalative topoisomerase II drugs (142, 143). Studies of the sequence 
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2 

specificity have also suggested that the intercalators may bind at the 
enzyme-DNA interface (35, 144-147). 

Like many DNA-damaging agents, topoisomerase II drugs induce sister 
chromatid exchanges and chromosome aberrations (148, 149). Interestingly, 
topoisomerase II drugs also induce significant levels of recombinant chro­
mosomes (150, 151). More recent studies have strongly suggested that 
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B 

�'OH') ,-NH-'OH,) ,-OH 

o 
OH 0 NH-(CH2l 2-N H-(CH2l 2-0H 

Mitoxantr one 

Batracylin 

Mitoxantrone 

� CH3 

� 
o 

Menadione 

Rl 

Clerocidine: R 1= CHO, R2 = CH2 

Terpentecin: R 1= H, R 2  = C=H 

o� 0 
1\ �2rl 

HN N' CH· HC- N NH 

r Rl '-\ o 0 

ICRF-154: R1=H, R2 =H 
lCRF-159: R 1= C1I3, Rz = Ii 
ICRF-193: R 1= CH3, R2= CH3 

Figure 5 Chemical structures of some topoisomerase II drugs. 

topoisomerase II drugs induce high levels of illegitimate recombination (152, 
153), as demonstrated by induction of rapid and efficient integration of 
SV40 DNA (153). The unusual efficiency of topoisomerase II drugs in 
inducing DNA sequence rearrangements most likely reflects the capacity of 
topoisomerase II to introduce double-strand DNA breaks. 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

4.
34

:1
91

-2
18

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



206 CHEN & LIU 

DRUG-RESISTANCE MECHANISMS 

Drug resistance of cancer cells, both intrinsic and acquired, remains one of 
the major problems in cancer chemotherapy. In theory, drug resistance of 
cancer cells may arise from alterations at any step in the cell-killing pathway 
of the particular anticancer drug. Indeed, alterations in cell-cycle progression, 
drug transport, drug metabolism, drug target, as well as the processing of 
DNA damage, have all been implicated in cancer cells' development of 
drug resistance to chemotherapeutic drugs. Particularly, resistance to various 
topoisomerase I and II inhibitors has been documented in tissue culture cells 
with respect to MDRI overexpression, reduced topoisomerase levels, drug­
resistant mutant topoisomerase, lengthened cell cycle time, and altered DNA 
repair functions (see Table 1). 

Drug-resistant cell lines, which have been selected with various chemically 
unrelated hydrophobic anticancer drugs, including adriamycin and vinblas­
tine, overexpress MDRI, a cell membrane-located, energy-dependent drug­
effluxing pump (154). These MDRI-overexpressing cells exhibit cross­
resistance to most topoisomerase II drugs (reviewed in 155). On the other 
hand, some topoisomerase I drugs (e.g. camptothecin, 9-amino-campto-

Table 1 Drug resistance mechanisms associated with topoisomerase (topo)-targeting drugs 

MDRI Reduced Drug-resistant Lengthened Altered DNA 

Drugs· overexpression topo levels mutant topo cell cycle time repair function 

CPTs + + + + 

TPT + NAb NA NA NA 

Ho33342 + NA NA NA NA 

ACT-O + NA NA NA NA 

Epipodophyllotoxins + + + + + 

(VM-26IVP-16) 

Anthracyciines + + + + NA 

(OOXIDAU/MTN) 

m-AMSA NA NA + + + 

Ellipticine + + NA + NA 

• CPTs, represent camptothecin, camptothecin-l l ,  9-amino-camptothecin, and 10, Il-methylenedioxy·camptothecin; TPT, 
topotecan; Ho33342, Hoechst dye 33342; ACT-D, actinomycin D; DOX. doxorubicin; DAU, daunomycin; MTN, mitoxan­
trone; m-AMSA, 4' (9-acridinylamino )-methane-sulfon-m-anisidide. 

b NA, not applicable. 
. 
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thecin, and 10,1l-methylenedioxy-camptothecin) overcome MDRI-mediated 
resistance (89). However, both the positively charged topoisomerase I 
poisons, topotecan and the newly identified Ho33342, are substrates of 
MDRI (89, 100). 

Alterations of topoisomerase I and II in cancer cells, by either lowering 
their expression levels or expressing mutant forms of enzymes, may lead 
to drug resistance simply because of a reduction in the formation of the 
cleavable complexes (reviewed in 155). Recently, researchers reported a 
different method of inducing resistance to topoisomerase II drugs in cultured 
cells by expressing the dominant negative genetic suppressor elements 
(GSEs) (156). The expression of GSEs either in the sense form or the 
antisense form lowers the cellular levels of functional topoisomerase II, thus 
leading to resistance to topoisomerase II drugs (156). The same approach 
may be applied to studying other drug resistance mechanisms. 

A growing collection of studies has shown that tumor cells resistant to 
topoisomerase-targeting drugs may contain drug-resistant forms of topo­
isomerases (76, 157-172). The most well-characterized mutant topoiso­
merase I is from the CPT -resistant human acute lymphoblastic leukemia 
cell line (CPT-K5) (76, 159). Among the two mutations found in the cDNA 
of the topoisomerase I gene from CPT-K5 cells, both are aspartic acid-to­
glycine changes; the change at residue 533 is probably responsible for 
resistance to camptothecin (159, 173). Recent studies on the purified mutant 
topoisomerase I from CPT-K5 cells have suggested that the alteration in 
the affinity between the mutant topoisomerase I and DNA is one feature of 
the mutant enzyme that may be responsible for the mutant enzyme's 
resistance to camptothecin (174). Studies of the VM-26-resistant form of 
topoisomerase II, isolated from VM-26-resistant sublines of human leukemia 
cell line CCRF-CEM, have suggested that the way the mutant topoisomerase 
II binds A TP can be altered (164). However, whether this mutation is 
responsible for resistance to VM-26 remains unclear. 

Many of the drug-resistant tumor cells selected with topoisomerase inhibitors 
exhibit lengthened cell cycle time (76, 175-181). Because camptothecin is 
highly S-phase-specific, lengthened cell cycle time is expected to reduce the 
relative S-phase cell population and cause resistance. Topoisomerase II drugs 
at lower concentrations are also S-phase specific (73, 182). 

RAD52 is involved in the repair of double-strand DNA breaks in yeast. 
Studies in Saccharomyces cerevisiae have shown that rad52 mutations can 
confer hypersensitivity to camptothecin, VP-16, and m-AMSA (77, 183) . 

. _ These results suggest the involvement of a DNA-repair mechanism in cell 
... 

- killing by topoisomerase drugs and that DNA double-strand breaks may be 
central to this activity. Topoisomerase drugs also have drug resistance 
mechanisms relating to changes in either the growth or metabolic state of 
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the cells. Induction of thennotolerant states under glucose-regulated stresses, 
alterations in the activity of various kinases (129, 184-186), and modulation 
of the metabolic state of cells (73) significantly affect the cytotoxicity of 
topoisomerase drugs. 

Cloned mammalian DNA topoisomerase 1113 isozyme (187, 188) is sensitive 
to topoisomerase II poisons (189). Drug resistance to topoisomerase II drugs is 
associated with alterations in topoisomerase 1113 (190, 191). The differential 
sensitivity of topoisomerase IIa and II� to various topoisomerase II drugs (189) 
and the differential distribution of topoisomerase lIa and 1113 in different tissues 
and phases of the cell cycle (192-195) may complicate studies of the cytotoxic 
mechanisms of topoisomerase II inhibitors. Further studies are necessary to 
elucidate the role of topoisomerase 1113 in drug resistance. 

Human colon tumor xenografts are refractory to most anticancer drugs. 
However, recent studies have demonstrated that camptothecin analogues 
exhibit unprecedented antitumor activity against human colon tumor xeno­
grafts in nude mice (85). Studies also suggest that the ability of camptothecin 
to overcome MDRI-mediated resistance is one possible reason for its high 
activity (89, 90). If this interpretation is correct, the development of 
topoisomerase II anticancer drugs that can overcome MDRI-mediated re­
sistance may also hold promise for the treatment of some human solid 
tumors. Interestingly, menadione (vitamin K3) and batracylin derivatives, 
which were recently identified as topoisomerase II poisons (196, 197), are 
efficacious in treating MDR I-expressing cancer cells both in cultured-cell 
and animal-model systems (198, 199; AY Chen & LF Liu, unpublished 
results). In addition, both menadione and batracylin are equally cytotoxic 
against the VM-26-resistant CEMIVM-l cells (A Y Chen & LF Liu, unpub­
lished results), which express a mutant fonn of topoisomerase II (160). 
Menadione, together with a group of bioreductive alkylating simple qui­
nones, targets mammalian topoisomerase II with a different mode of action 
that is ATP-independent (A Y Chen & LF Liu, unpublished results). These 
ATP-independent topoisomerase II drugs may interact with both the open­
gate and closed-gate cleavable complexes (see Figure 5). 

In contrast to the greater than 400-fold resistance to camptothecin, the 
camptothecin-resistant human lymphoblastic CPT-K5 cell line, which ex­
presses a camptothecin-resistant form of topoisomerase I (76, 159), is 
minimally cross-resistant to H033342 (l00). The drug-interaction site on 
topoisomerase I may, therefore, be different for camptothecin and H033342. 
The sensitivity of H033342 to MDRI and its high potency against campto­
thecin-resistant cells may suggest a potential use of Ho33342 in cancer __ .. .  
chemotherapy (100). � 

Designing new drugs for various resistant tumors requires fundamental 
information on various drug-resistance mechanisms. Someday we will be 
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able to tailor drugs for particular drug-resistant tumors. Some of the 
parameters that may have to be considered for rational drug design have 
begun to emerge during recent years. Studies of topoisomerase drugs have 
contributed significantly to this area. 

PERSPECTIVES 
Our understanding of chemotherapy of cancer has advanced significantly as 
a result of studies of various molecular targets for anticancer drugs. The 
effectiveness of some of these drugs against some tumors has been impress­
ive. However, for the most part, a cure has been limited to a small number 
of tumors. The discovery of DNA topoisomerases as new therapeutic targets 
has added a new dimension to the study of anticancer drugs. First, the 
conversion of an essential enzyme for cell proliferation into a lethal poison 
is a unique mechanism for killing tumor cells. In this case, drug resistance 
is often associated with reduced rather than elevated levels of the target 
enzymes. Second, topoisomerase-mediated DNA damage represents a new 
type of DNA damage. Because of the specificity of these topoisomerase 
drugs, DNA damage can be more conveniently studied. Third, these drugs 
can also be conveniently used to probe the resistance mechanisms of tumor 
cells. Fourth, these studies may also lead to a better understanding of the 
mechanism of induced cellular differentiation by anticancer drugs. Finally, 
one can address the issue of tumor specificity versus proliferation specificity 
through studies of topoisomerase drugs. We expect that rapid progress in 
these areas will be made in the coming years. 
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