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m Abstract DNA topoisomerases are double-edged swords. They are essential for
many vital functions of DNA during normal cell growth. However, they are also highly
vulnerable under various physiological and nonphysiological stresses because of their
delicate act on breaking and rejoining DNA. These stresses (e.g. exposure to topoiso-
merase poisons, acidic pH, and oxidative stresses) can convert DNA topoisomerases
into DNA-breaking nucleases, resulting in cell death and/or genomic instability. The
importance of topoisomerase-mediated DNA cleavage in tumor cell death and car-
cinogenesis has been recognized. This review focuses on recent findings concerning
the molecular mechanisms of the stress responses to topoisomerase-mediated DNA
damage. The involvement of ubiquitin/26S proteasome and SUMO/UBC9 in these
processes, as well as the role of topoisomerase cleavable complexes in apoptotic cell
death are discussed.

INTRODUCTION

The two major DNA topoisomerases in human cells, topoisomerase | and topoiso-

merase Il, have been firmly established to be effective molecular targets for many

antitumor drugs. The molecular mechanisms for topoisomerase inhibition by these

antitumor drugs have been the subject of many reviews (1-5). This particular re-

view discusses recent advances in our understanding of the cellular events that
respond to topoisomerase poisoning. In particular, the downstream events leading
to tumor cell death following topoisomerase inhibition are discussed.

HUMAN DNA TOPOISOMERASES

Currently, three type | DNA topoisomerases, topoisomerase | (hnTOP1), topoiso-
merase llla (hTORY), and topoisomerase Bl (hTOP3), have been identified
in human cells. hTOP1, a type IB topoisomerase, functions as a swivel in DNA
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replication, RNA transcription, and chromosome condensation and segregation
(2, 5-7). It is a monomeric 100-kDa protein encoded by the gene located on
human chromosome 20q12-13.2 (8, 9). The active site tyrosine (a.a #723) is cova-
lently linked to the 3phosphoryl end of the transiently broken DNA strand during
enzyme catalysis (2, 8,9). The enzyme can be divided into four domainan (
NH2-terminal domain (24 kDa), which is known to be dispensable for activity;
(b) the core domain (54 kDa)c) a linker region (3 kDa); andd() the COOH-
terminal domain (10 kDa), which contains the active site tyrosine (10). X-ray
crystallographic studies of the hTOP1-DNA complex have confirmed a long-held
notion that the major protein-DNA contact is upstream of the site of cleavage
(11,12). TOP1is essential, as is demonstrated in studi2ssbphilaand knock-

out mice (13, 14). TOP1 has been shown to interact with a number of nuclear
proteins such as T antigen, TOPOR, nucleolin, p53, HMG1 and 2, TBP, and
UBC9 (15-23). More recently, it has been shown to co-immunoprecipitate with
the Werner syndrome gene product, WRN (24).

hTOP3: is a type IA topoisomerase and is essential for early embryogenesis
from mouse knock-out studies (25). hTQPZ encoded by a single-copy gene
located on human chromosome 17p11.2-12 (26). It has been shown to interact
with the Bloom’s syndrome gene product (BLM), a RecQ-family helicase (27).
A TOP3isozyme, TOPB, has been isolated froBrosophila mouse, and human
(28-30). Both TOP@ and TOP3 have been shown to interact with human
RecQ5beta, a large isomer of RecQ5 DNA helicase (31). The function of TOP3
is still unclear. Their interaction with RecQ-family helicases suggests potential
roles in decatenation, repair/recombination, and aging (31-33).

Two topoisomerase |l isozymes, topoisomerase (HTOPZx) and topoiso-
merase B (hTOPZ), have been identified in human cells (5, 34). hTORRa
homodimer with two identical 170-kDa polypeptides encoded by a single-copy
gene located on human chromosome 17g21-22 (35). h&Qfafalyzes ATP-
dependent strand-passing reactions and functions in DNA replication and chro-
mosome condensation and segregation (2, 5). The active-site tyrosine of each sub-
unit is covalently linked to one of thé“phosphoryl ends of the transient DNA
double-strand break during enzyme catalysis (5, 35). The enzyme contains two
major domains, the ATPase (N-terminal) and breakage/reunion (C-terminal) do-
mains (5, 35). hTORRis essential for cell growth and is a cell proliferation and
tumor marker (36). Its level reaches the highest in the late S/G2 phase of the cell
cycle, consistent with its function in chromosome condensation and segregation
(36). hTOPZ is also the major component of the nuclear protein scaffold (37).
hTOPZ28, which shares 72% amino acid identity with hTQ@P, 34), is also a
homodimer with two identical 180-kDa polypeptides (34, 38). Despite exhibiting
similar enzymatic activities in vitro, hTOB2s regulated quite differently from
TOP2x; hTOPZ8 is expressed at a constant level throughout the cell cycle (38).
The function of h TOPR remains unclear. TOBZnock-out mice are defective in
development of neuromuscular junctions, and the pups die shortly after birth (39).
However, in human tissue culture systems, hT@P2apparently nonessential



DNA TOPOISOMERASE DRUGS 55

for growth because hTOIB2s not detectable in a number of drug-resistant cell
lines selected for resistance to hTOP2 poisons (40, 41). In addition, cell lines from
TOP23 knock-out mice can be established in vitro (42).

TOPOISOMERASE I-TARGETING ANTICANCER DRUGS

Camptothecin was originally identified as the antitumor component in the ex-
tract of the planCamptotheca acuminat@a3). In animal studies, camptothecin
exhibited potent antitumor activity against a broad spectrum of tumors (44, 45).
However, brief phase I/ll trials in the early 1970s that used the sodium salt of
camptothecin failed owing to excessive toxicity (44, 45). This failure is now attri-
buted to the use of the inactive form of camptothecin (hydrolyzed camptothecin
with the critical lactone ring open). In 1985 hTOP1 was identified as a molecular
target for camptothecin, and the critical cellular lesion induced by camptothecin
was shown to be a covalent reaction intermediate of the TOP1 reaction, the re-
versible cleavable complex (46). Subsequent studies have firmly established that
human TOPL1 is the sole antitumor target of camptothecin (47—49). The fact that
TOPL1 is a new molecular target has stimulated further interest in camptothecins
(50, 51). Figure 1 lists some of the camptothecins in clinical use or development.
Additional camptothecin derivatives such as homocamptothecin and silatecans are
in various stages of preclinical development (52-54). Although the molecular tar-
get for camptothecin has been firmly established, the molecular basis for its potent
antitumor activity against a broad spectrum of solid tumors remains to be deter-
mined. In addition to camptothecin, a myriad of TOP1-poisoning compounds have
beenidentified (1, 50, 51). This review emphasizes our current understanding of the
cell-killing mechanism(s) of TOP1 targeting drugs using camptothecin as a model.

Mechanism of Topoisomerase I Inhibition by Camptothecin

Camptothecin was initially shown to inhibit TOP1 by stabilizing a covalent reaction
intermediate, the cleavable complex (46, 47). Exposure of the complex to strong
protein denaturants such as SDS and alkali reveals the strand break, with TOP1
covalently linked to the "3phosphoryl end of the broken DNA strand (46, 47).
Camptothecin appears to be an uncompetitive type of enzyme inhibitor, as it binds
neither TOP1 nor DNA, but interacts with the TOP1-DNA complex in a reversible
manner (55, 56) The reversible TOP1-camptothecin-DNA ternary complex is ap-
parently nonproductive in catalysis (55, 56). Further studies have suggested that
camptothecin specifically inhibits the religation step in TOP1 catalysis (57).

The molecular mechanism of TOP1 inhibition by camptothecin has also
been probed with alkylating camptothecin derivatives (56, 58). In one case, 10-
bromoacetamidomethyl-camptothecin (BrCPT) was shown to be covalently
linked to TOP1 in the ternary complex (56). In another, 7-chloromethyl-10,11-
methylenedioxy-camptothecin was shown to be covalenly linked to DNA (N3
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Figure 1 Chemical structures of camptothecins.

purine alkylation) (58). Consequently, it has been suggested that camptothecin
binds to both enzyme and DNA at the enzyme-DNA interface (56, 58). These
results, together with the results from X-ray crystallographic studies of the TOP1-
DNA complex, have led to the proposal of a base-flipping model for the TOP1-
camptothecin-DNA ternary complex (10, 11). In this model camptothecin interca-
lates at thet-1 position, causing the-1 purine base to flip out of its helical stack
(11). The flipped base not only accommodates camptothecin intercalation but also
forms additional interaction with TOP1 in the ternary complex (11). More re-
cent DNA binding studies of a camptothecin derivative, topotecan, have indicated
that topotecan can indeed intercalate DNA (DS Pilch, personal communication).
Molecular modeling studies of the topotecan-DNA complex, however, have sug-
gested that the 7 position of camptothecin is in close proximity to the N3 position
of the +1 purine without the+1 purine having to be flipped (DS Pilch, personal
communication). These studies support the intercalation model but challenge the
concept of base-flipping in the ternary complex.

Other Mechanisms of Topoisomerase I Inhibition

The intercalation model for camptothecin is attractive because it incorporates
both camptothecin-DNA and camptothecin-topoisomerase interactions at the
enzyme-DNA interface. It seems plausible that this model could be applicable to
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intercalative TOP1 poisons such as actinomycin D (52), protoberberines, and ni-
tidines (59-60). However, recent studies of a TOP1-poisoning DNA intercalator,
nogalamycin, have demonstrated that nogalamycin binds at a distal upstream site
(from —3 to —6) (61). In addition, a DNA bending sequence was able to mimic
nogalamycin in inducing TOP1 cleavable complex at the same site (61). These
studies suggest that DNA bending may underlie the mechanism of TOP1 poison-
ing induced by nogalamycin (61). Previous studies of a TOP1 binding/cleavage
hotspot fromTetrahymenaDNA have also demonstrated the importance of DNA
bending in TOP1 poisoning (62). Thus, it appears that multiple mechanisms of
TOP1 poisoning may exist.

It has been demonstrated that DNA minor-groove binding bis- and terbenzi-
midazoles can poison TOP1 (63—-67). The mechanism of poisoning has been
correlated with their binding strength to the DNA minor groove (65—-67). Studies
of TOP1 cleavage hotspots induced by the minor-groove binding Hoechst 33342
have identified a cleavage consensus sequence@ATITTTT from —1 to +7
(1, 63). Mutational analysis has revealed that binding of Hoechst 33342 to the T
stretch is responsible for stabilization of a TOP1 cleavable complex (T-K Li, DS
Pilch LF Liu, unpublished results). The molecular basis for enhanced topoiso-
merase | cleavage induced by DNA minor-grove binders has been suggested to
be related to ligand-induced DNA bending (64).

DNA adducts and DNA structural perturbations (pyrimidine dimers, 8-dihydro-
8-oxoguanine, 5-hydroxycytosine adducts, AraC-substituted sites, benzo[a]pyrene
carcinogenic adducts, abasic sites, base mismatches, and uracil substitution) have
been shown to poison DNA TOP1 (68—73). It appears that the cleavage/religation
reaction of TOP1 is highly sensitive to the local DNA structure. However, the
precise molecular mechanism(s) of TOP1 poisoning by these various DNA adducts
and DNA structural perturbations is still unclear.

Collisions Between Topoisomerase I Cleavable
Complexes and Replication Forks

Camptothecin is known to kill S-phase cells selectively (74, 75). Itis now well esta-
blished that camptothecin kills S-phase cells by a mechanism involving collisions
between advancing replication forks and TOP1 cleavable complexes (Figure 2).
This collisiontriggers both S-phase-specific celldeath and cell cycle arrest at the G2
phase of the cell cycle (74—76). Analysis of the aberrant replication intermediates
in an SV40 cell-free replication system has suggested that the collision between
the replication fork and TOP1 cleavable complex leads to three biochemically
identifiable events: the formation of a double-strand break at the fork, irreversible
arrest of fork movement, and formation of an irreversible TOP1-DNA covalent
adduct (77). It has been deduced from the structure of the aberrant replication
intermediates that the collision is dependent on the relative orientation of the
cleavable complex and the advancing replication fork (77). Effective collision
leading to these three biochemical events requires that the cleavable complex
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Figure 2 A replication collision model for camptothecin cytotoxicity.

form on the strand that is complementary to the leading strand of DNA synthesis
(77). Indeed, more recent studies from analysis of the replication intermediates in
tissue culture cells treated with camptothecin have also supported this notion (78).
However, the relative importance of these three events in cell death and G2 cell
cycle arrest has not been established. Studies of yeast have demonstrated that at
least the double-strand break is important for camptothecin cytotoxicity (48).
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In addition to cell death and cell cycle arrest, collisions between replication
forks and TOP1 cleavable complexes have also been suggested to be responsible
for elevation of p53, phosphorylation of Chk1l and RPA, and activation afBNF
(79-83). The precise roles of these molecules in camptothecin sensitivity/resi-
stance remain undetermined.

A number of studies have demonstrated that camptothecin induces apoptotic
cell death (80-82, 84—86). However, it is unclear whether this is the main mode of
cell killing by camptothecin. It was demonstrated that apoptotic cell death induced
by camptothecin only occurs at high concentrations of camptothecin (84—86). At
lower concentrations, cell death occurs primarily in S-phase cells (see discus-
sion above) and does not share all characteristics of apoptotic cell death (e.g. cell
shrinkage, nucleosomal DNA laddering) (84—86). The relevance of apoptotic cell
death at the clinical doses of camptothecin is questionable. Nevertheless, in vitro
RNA transcription studies have demonstrated that high concentrations of camp-
tothecin can induce double-strand breaks, possibly owing to two closely spaced
TOP1 cleavable complexes located on separate strands (87). These TOP1-mediated
double-strand breaks could be responsible for apoptotic cell death induced by high
concentrations of camptothecin.

The role of p53 and other apoptosis modulators on camptothecin sensitivity/
resistance has been controversial (80, 85, 88-90). Use of apoptotic-specific as-
says showed that p53 plays a positive role in camptothecin-induced apoptosis
(89,91). However, use of clonogenic survival assay showed that p53 plays the
opposite role in camptothecin sensitivity (85, 88,91). This apparent paradox can
be explained if apoptosis is only a minor mechanism of cell killing by camp-
tothecin. Alternatively, p53 and other apoptotic modulators may only modu-
late the kinetics of apoptotic cell death without affecting the commitment step of
apoptosis (91).

Collisions Between Transcription Elongation Complexes
and Topoisomerase I Cleavable Complexes

Earlier studies have demonstrated that camptothecin inhibits both DNA and RNA
synthesis (92-95). Inhibition of DNA synthesis is mostly irreversible, whereas in-
hibition of RNA synthesis appears to be reversible (92-95). Studies of HeLa cells
have demonstrated that camptothecin treatment results in rapid transcription arrest
and redistribution of the RNA polymerase elongation complexes (96). The RNA
polymerase elongation complexes accumulate to a higher level dte¢hd 6f the

gene and gradually decrease in density toward tkee@. This result suggests that
camptothecin specifically inhibits transcription elongation (96—99). The molec-
ular mechanism of transcription-elongation inhibition by camptothecin has been
revealed by in vitro studies. Use of a purified T7 transcription system has shown
the simultaneous presence of camptothecin and TOP1 to cause transcription arrest
and premature termination (99). This result is consistent with the notion that the
TOP1-camptothecin-DNA ternary complex forms aroad block on the transcription
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Figure 3 A transcription collision model: conversion of topoisomerase | cleavable com-
plexes into topoisomerase I-linked single-strand breaks.

template. Further analysis has suggested that this road block is orientation-specific
relative to the transcribing RNA polymerase, a situation analogous to the colli-
sion event between the replication forks and TOP1 cleavable complexes described
above. In this case, the road block is effective only if the TOP1 cleavable complex
is formed on the template strand (99). More recent studies using the same T7 tran-
scription system have also demonstrated that transcription elongation can process
the reversible TOP1 cleavable complexes into “irreversible” TOP1-DNA cova-
lent complexes (87). The role of these long-lived TOP1-DNA covalent complexes
in camptothecin cytotoxicity has only begun to emerge. Figure 3 schematically
shows a transcription collision model for camptothecin.

Repair of Topoisomerase [-Mediated DNA Damage

Because of its rapid reversibility, the TOP1 cleavable complex by itself should
not be viewed as a form of DNA damage. As discussed above, cellular processes
(e.g.replication forks, transcription elongation complexes, and DNA helicases) can
convertthe reversible TOP1 cleavable complexes into some forms of DNA damage
(e.g. double-strand breaks at the replication forks and TOP1-linked DNA single-
strand breaks within the transcribed regions). Consequently, the TOP1 cleavable
complex can be viewed as a unique form of cellular stress that can be converted into



DNA TOPOISOMERASE DRUGS 61

some forms of DNA damage, collectively called TOP1-mediated DNA damage,
by certain cellular processes.

As discussed above, the double-strand break repair pathway is involved in
the repair of TOP1-mediated DNA damage (48). Presumably, the double-strand
breaks are primarily generated by the collision between the reversible TOP1 cleav-
able complex and the replication fork (74—77). Transcription-coupled repair has
also been shown to be involved in the repair of TOP1 cleavable complexes (100).
In this case the TOP1-mediated DNA damage is presumably generated by colli-
sions between transcription elongation complexes and reversible TOP1 cleavable
complexes.

Camptothecin treatment has been shown to reduce the cellular content of TOP1
in peripheral-blood mononuclear cells (101). In tissue culture cells camptothecin
was also shown to reduce the cellular content of TOP1 (102). The reduction of
TOP1 cellular content is dependent on the presence of active E1 (102). In addition,
inhibition of 26S proteasome by proteasome inhibitors abolishes the reduction
of TOP1 content in camptothecin-treated cells. More recently, the presence of
ubiquitin-TOP1 conjugates has been detected in cells treated with camptothecin
(SD Desai, M Yong, LF Liu, unpublished results). Together, these results suggest
that camptothecin induces ubiquitin/26S-proteasome-dependent degradation of
TOP1, a phenomenon referred to as TOP1 downregulation (102).

TOP1 downregulation may serve two roles. First, reduction of TOP1 cellular
content is an effective way to confer cellular tolerance to further camptothecin
treatment. Second, TOP1 downregulation may be part of a repair pathway for
repair of TOP1-mediated DNA damage. Recent studies have demonstrated that
TOP1 downregulation is a transcription-dependent event (SD Desai, D Rodriguez,
LF Liu, unpublished results). Figure 4 schematically shows a model for TOP1
downregulation in the repair of TOP1-mediated DNA damage. In this model tran-
scription elongation complexes process the reversible TOP1 cleavable complexes
into long-lived TOP1-mediated DNA strand breaks. The covalently bound TOP1
is then multi-ubiquitinated and degraded by 26S proteasome. The tyrosine DNA
phosophodiesterase may be involved in this pathway by removing the covalently
bound multi-ubiquitinated TOP1 from DNA either prior or subsequent to 26S
proteasome—mediated degradation. Repair of the single-strand breaks is presum-
ably carried out by either transcription-coupled repair or other repair pathways.

Tumor cells exhibit great variability in their camptothecin sensitivity (85, 89,
103). This large variability is not due to the amount of cellular TOP1 cleavable
complexes and is not shared by VP-16, a TOP2-specific drug (85, 103). For ex-
ample, studies using a panel of breast cancer cell lines have demonstrated over
500-fold variation in their camptothecin sensitivity (85). No single drug-resistance
parameter can explain this variability (85). However, TOP1 downregulation shows
a significant correlation with camptothecin resistance in these breast cancer cell
lines (SD Desai, LF Liu, unpublished results). These results suggest that the ubiqg-
uitin/26S proteasome pathway could be a significant determinant for camptothecin
sensitivity/resistance.
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Other Stress Responses to Topoisomerase I
Cleavable Complexes

As discussed above, the TOP1 cleavable complex represents a unique form of cel-
lular stress. It can induce DNA damage responses upon its processing by cellular
machineries such as DNA replication and RNA transcription complexes. In addi-
tion to the DNA damage response, the TOP1 cleavable complex may also induce
other stress responses unrelated to DNA damage but related to the covalently bound
TOP1. Recent studies have pointed to such a possibility. Camptothecin was shown
to induce rapid SUMO-1 (also SUMO-2/3) conjugation to TOP1 (104). SUMO-1
conjugation is carried out by an E2 enzyme, UBC9 (104). SUMO-1 conjugation
to TOP1 occurs on TOPL1 that is covalently linked to DNA (104). Although both
ubiquitin and SUMO-1 conjugation to TOP1 are triggered by TOP1 cleavable
complexes, they appear to represent two distinct cellular responses to the TOP1
cleavable complex. First, ubiquitin/proteasome-dependent degradation of TOP1
is dependent on active transcription, whereas SUMO-1 conjugation to TOP1 is not
(104). Second, ubiquitin/proteasome-dependent degradation of TOP1 appears to
be defective in many tumor cells, whereas SUMO-1 conjugation to TOP1 appears
normal in all tumor cells examined (98; Y Mao, LF Liu, unpublished results).

Recent studies of SUMO-1 conjugation to TOP2 have suggested that the signal
for SUMO-1 conjugation to TOP1 may arise from TOP1 rather than the disjoined
DNA ends (105). These studies have demonstrated that both VP-16, a TOP2
poison, and ICRF-193, a TOP2 activity inhibitor, induces SUMO-1 conjugation to
TOP2 (105). Inthe case of VP-16, SUMO-1-conjugated TOP2 is covalently linked
to DNA, whereas in the case of ICRF-193, SUMO-1-conjugated TOP2 is not (105).
In addition, stresses that lead to protein conformational changes (e.g. heat shock
and oxidative stresses) have also been shown to induce rapid SUMO conjugation
to nuclear proteins (105, 106). Consequently, it has been suggested that SUMO-
conjugation to topoisomerases may be signaled by topoisomerase conformational
changes rather than the disjoined DNA ends (105).

The importance of SUMO conjugation to topoisomerases in camptothecin cy-
totoxicity is still unclear. However, yeast cells defective in Ubc9 have been shown
to be hypersensitive to camptothecin (104). The possible role of SUMO conju-
gation to topoisomerases could be to inactivate or redistribute topoisomerases so
that SUMO-conjugated topoisomerases cannot participate in the formation of the
potentially lethal topoisomerase cleavable complexes. The possibility that SUMO-
conjugated topoisomerases may be targeted to PODs (nuclear bodies) has been sug
gested (104). At present, very little is known about the role(s) of SUMO conjuga-
tion to topoisomerases. However, the ease of manipulating the SUMO conjugation
reaction using topoisomerase inhibitors could suggest the use of topoisomerase
inhibitors to study the role of SUMO in nuclear protein processing.

Recently, anotherinteresting cellular response to TOP1 cleavable complexes has
been demonstrated (107). In the presence of camptothecin, the linking numbers of
episomal plasmids in both mammalian and yeast cells have been shown to increase.
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Within minutes, a large increase in plasmid linking number (over 10 linking num-
bersina5-10-kb plasmid) iscompleted (107). Thislarge change in plasmid linking
number is indicative of major chromatin structural alteration (107). As in the case
of SUMO-1 conjugation to TOP1, linking-number change of episomal DNA is not
affected by aphidicolin, a replication inhibitor, DRB, a transcription inhibitor, or
3-AB, a poly (ADP-ribose) polymerase inhibitor (107). The chromatin structural
alteration could represent a novel stress response to TOP1 cleavable complexes.
Its role in camptothecin sensitivity/resistance has yet to be determined.

TOPOISOMERASE II-TARGETING ANTICANCER DRUGS

TOP2 has been identified as the molecular target for many clinically useful anti-
cancer drugs such as doxorubicin, daunorubicin, mitoxantrone, m-AMSA, and
etoposide (1-3). These TOP2 poisons stabilize a covalent intermediate of the
TOP2 reaction, the cleavable complex (1-3). Exposure of the cleavable complex
to strong protein denaturants such as SDS and alkali reveals the double-strand break
and the covalent linking of each TOP2 subunit to th@losphoryl ends of the
broken DNA strand (1-3). The significance of TOP2 cleavable complexes proba-
bly extends beyond their role in mediating tumor cell killing by anticancer drugs.

A number of physiological stresses such as acidic pH, oxidative stress, elevated
calcium concentrations, and thiol stress have also been shown to increase TOP2
cleavable complexes (108-112). The possibility that TOP2 may be important for
carcinogenesis and apoptotic cell death has also been raised (108-111).

Multiple Mechanisms of Topoisomerase II Inhibition

Like TOP1, TOP2 can probably be poisoned by a number of mechanisms (see
Figure 5). Earlier studies of DNA intercalators have clearly demonstrated the
importance of the intercalative mode of DNA binding (113-115). A rotational
misalignment model has been proposed to explain the mechanism of action of
these intercalative TOP2 poisons (2, 114). In this model binding of homodimeric
TOP2 to DNA creates an isolated topological domain. Drug intercalation within
this isolated topological domain misaligns the two ends of the transiently broken
DNA strand (2, 114). Ithas also been suggested that drug-enzyme interaction is not
necessary but that the drug has to be sterically tolerated in the active site (2, 114).
Steric tolerance has been used to explain the difference between 0-AMSA and
m-AMSA (115).

All clinically useful TOP2 posions (e.g. doxorubicin, daunorubicin, etoposide,
mitoxantrone, m-AMSA) are highly sensitive to ATP and the ATP/ADP ratio for
their poisoning activity (109, 116-118). For example, in the presence of ATP or
AMPPNP, the poisoning activity of VP-16 or VM-26 is about 50- to 100-fold
higher (109, 116-118). It has been shown that the AMPPNP-bound conformation
of TOP2 is a circular protein clamp (119), which is capable of one-dimensional
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Figure 5 Multiple mechanisms for topoisomerase Il poisonsing.

diffusion on DNA (118). It appears that the molecular target of these clinically
useful drugs may be ATP-bound TOP2.

Selection of resistance to one TOP2 poison (e.g. VP-16, mitoxantrone, or
m-AMSA) often leads to cross-resistance to all other TOP2 poisons (40, 120).
This drug-resistance phenomenon has been termed atypical multidrug resistance
to differentiate it from MDR1-mediated multidrug resistance (120). Recent stud-
ies have demonstrated that atypical multidrug resistance is due to mutation(s) on
TOP2 (40,117,118, 120). Interestingly, these mutant TOP2 enzymes are cross-
resistant to TOP2 poisons only in the presence of ATP. In the absence of ATP,
they exhibit sensitivity to TOP2 poisons similar to the wild-type TOP2 (117, 118).
These results suggest that the loss of ATP dependence in drug-stimulated cleavage
is the underlying mechanism for atypical multidrug resistance (117, 118).

Alkylation of TOP2 in the TOP2-DNA complex has also been shown to trap
TOP2 cleavable complexes (111, 118). For example, alkylation of thiol(s) on TOP2
by B-lapachone and naphthoquinones has been shown to be responsible for trap-
ping TOP2 cleavable complexes (118). Thiol-specific alkylating agents such as
N-ethylmaleimide (NEM), thiol binding metal ions such as‘Njand a number
of organic disulfides, including glutathione disulfide, have been shown to poison
TOP2 (118). The effect of ATP appears to be minimal for these TOP2 cleav-
age reactions (118). Hydrogen peroxide has also been shown to poison TOP2,
possibly by a mechanism similar to that of thiol alkylating agents (108). Under
certain conditions, hydrogen peroxide is highly effective in trapping TOP2 cleav-
able complexes, resulting in fragmentation of chromosomal DNA into 50—-100-kb
high-molecular-weight DNA fragments (108).
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Acidic pH (e.g. pH 5-6) has been shown to be quite efficient in trapping TOP2
cleavable complexes (109, 110). TOP2 appears to be at least in part responsible for
acidic pH-induced mutagenesis (H Xiao, T-K Li, LF Liu, unpublished results). It
is interesting to point out that acid reflux (gastro-esophageal reflux) has been linked
to Barrett’'s esophagus, a preneoplastic condition of the esophagus and the only
known risk factor for the rising incidence of esophageal adenocarcinoma (121).
These studies suggest that TOP2 poisoning by acidic pH could be important for
Barrett's esophagus.

Certain DNA structural perturbations have been shown to trap TOP2 cleavable
complexes (122-127). Abasic sites located near the site of cleavage have been
shown to be effective site-specific TOP2 poisons (122-125). Alkylation of the
base to perturb base pairing has also been shown to lead to TOP2 poisoning (126).
In addition, incorporation of araC (cytosine arabinoside) into DNA also poisons
TOP2 (127). It appears that both topoisomerases | and Il are quite sensitive to
DNA structural perturbations.

Bisdioxopiperazines (e.g. ICRF-193 and ICRF-187) represent a distinct class
of TOP2 inhibitors. Unlike TOP2 poisons, they inhibit TOP2 catalytic activity
without poisoning TOP2 (119, 128, 129). In the presence of ATP they appear to
inhibit ATP hydrolysis and stabilize ATP-bound TOP2 in the circular clamp form
(119).

Processing of Topoisomerase II Cleavable Complexes

Like TOP1 cleavable complexes, TOP2 cleavable complexes are reversible. It is
reasonable to assume that TOP2 cleavable complexes have to be processed by cellu-
lar machineries to exert their lethality. Studies in cultured cells have demonstrated
that both DNA replication and RNA transcription may be involved in process-
ing TOP2 cleavable complexes (74). Studies in vitro have demonstrated that both
DNA helicases and the replication forks can perturb the cleavable complexes (130).
More recent studies have demonstrated that, like topoisomerase | cleavable com-
plexes, TOPB cleavable complexes are efficiently processed by the ubigitin/26S
proteasome pathway leading to downregulation of T®P2 Mao, LF Liu, un-
published results). It is unclear what the role of T@R&wnregulation is in
response to TOP2 poisons. However, it seems plausible that, like topoisomerase
| downregulation, TOP2 downregulation represents a repair response to some
irreversible forms of TOP2 cleavable complexes.

Studies in yeast have suggested that double-strand break repair pathways are
involved in the repair of TOP2 cleavable complexes (3, 48). TOP2 downregulation
by the ubiquitin/26S proteasome pathwa may represent one pathway that converts
TOP2 cleavable complexes into DNA double-strand breaks. These double-strand
breaks are then subject to double-strand break repair. On the other hand, studies of
SPO11 (a TOP2-like enzyme that is known to produce protein-linked DNA breaks
necessary for initiation of meiotic recombination) (131-134) have suggested that
the Rad50/Mrel11/Xrs2 complex may be involved in removing SPO11 from the
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covalent SPO11-DNA complexes. It seems possible that multiple mechanisms
may exist for the removal of TOP2 from the covalent TOP2-DNA complex.

Topoisomerase II Cleavable Complexes and Carcinogenesis

Clinical studies have demonstrated that treatment with TOP2 poisons such as
etoposide leads to secondary leukemia (135-138). These treatment-related acute
myelogenous leukemias (t-AML) are associated with translocation of the human
myeloid-lymphoid leukemia gene, MLL (also called ALL-1, Htrx1, or HRX) (135—
138). Translocation occurs within the 8.3-kb breakpoint cluster region (BCR)
(135-139). Recent studies have suggested that translocation within BCR may be
mediated by TOP2 owing to poisoning of TOP2 by TOP2 poisons (139).

The strongest piece of evidence supporting the role of TOP2 in translocation of
the MLL gene comes from a recent report that topoisomerase-targeting drugs can
induce reversible TOP2 cleavable complexes within the BCR of the MLL gene
in cells (139). However, studies from another group suggest that cleavage within
BCRin cells treated with TOP2 poisons is not mediated by TOP2 but by a nhuclease
activated during apoptosis (140). It was shown that many apoptotic stimuli and
chemotherapeutic agents that are not TOP2 poisons induced cleavage within the
BCR of the MLL gene (140). It remains to be clarified whether TOP2 cleavable
complexes within BCR are responsible for t-AML.

TOP2 cleavable complexes have also been suggested to be responsible for infan-
tile acute leukemia because translocation of the MLL gene is also associated with
this disease (141, 142). Maternal ingestion of TOP2 poisoning bioflavonoids in
utero has been suggested to be responsible for infantile acute leukemia (141, 142).

The role of TOP2 in DNA sequence rearrangements has been demonstrated in
a number of systems (143-145). The conversion of TOP2 cleavable complexes
into double-strand breaks could be responsible for TOP2-mediated DNA sequence
rearrangements. It should be noted, however, that a different mechanism has been
proposed for T4 phage TOP2-mediated deletion formation (146, 147).

Topoisomerase II Cleavable Complexes and Apoptosis

Itis well established that DNA double-strand breaks can trigger apoptotic cell death
(148-150). In fact, TOP2 poisons such as etoposide have been used extensively
as an apoptosis inducer (108,151-153). However, it is unclear whether TOP2
plays any role in mediating apoptosis induced by other apoptotic stimuli such
as TRAIL (tumor necrosis factor—related apoptosis-inducing ligand)- and FAS
ligand—induced apoptosis (153, 154). Recent studies have suggested that TOP2
can be poisoned under a variety of cellular stresses (e.g. oxidative stress, thiol
stress, acidic pH stress, and intracellular calcium increase) (108-112). All these
cellular stresses are also known to be elevated during apoptotic cell death (155).
In addition, each of these cellular stresses is known to induce apoptotic cell death
(155-159). Consequently, it has been suggested that TOP2 cleavable complexes
may be involved in the commitment step of apoptotic cell death (108). Figure 6
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Figure 6 Topoisomerase Il poisoning in cells under physiological stresses: role in apop-
totic cell death.

shows a schematic diagram illustrating the potential role of TOP2 in apoptotic cell
death.

ACKNOWLEDGMENTS

This work was supported by NIH grants GM27731, CA77433, and CA39662. We
are grateful to Dr. Shyamal Desai, Dr. Yong Mao, and Ms. Sai-peng Sim for their
helpful discussions.



DNA TOPOISOMERASE DRUGS

69

Visit the Annual Reviews home page at www.AnnualReviews.org

LITERATURE CITED

1.

10.

Chen AY, Liu LF. 1994. DNA topoiso- 11.

merases: essential enzymes and lethal
targets. Annu. Rev. Pharmacol. Toxicol.
34:191-218

. LiuLF. 1989. DNA topoisomerase poisonsl2.

as antitumor drugsAnnu. Rev. Biochem.
58:351-75

. Nitiss JL, Wang JC. 1996. Mechanisms of

cellkilling by drugs that trap covalent com-

plexes between DNA topoisomerases andi3.

DNA. Mol. Pharmacol50:1095-102

. Pommier Y, Pourquier P, Fan Y, Strum-

berg D. 1998. Mechanism of action of eu-

karyotic DNA topoisomerase | and drugsl4.

targeted to the enzymBiochim. Biophys.
Acta1400:83-105

. Wang JC. 1996. DNA topoisomerases.

Annu. Rev. Biochent5:635-92

. Castano IB, Brzoska PM, Sadoff BU, Cheril5.

H, Christman MF. 1996. Mitotic chromo-
some condensation in the rDNA requires
TRF4 and DNA topoisomerase | in Saccha-
romyces cerevisiagsenes. Dev10:2564—
76

. Zhang CX, Chen AD, Gettel NJ, Hsieh TS.

2000. The essential roles of DNA topoiso-
merase | irDrosophila melanogastebev.
Biol. 220:27-40

. D'Apra P, Machlin PS, Patrie H Ill,

Rothfield NF, Cleaveland DW, Earnshaw
WC. 1988. CDNA cloning of human

DNA topoisomerase |: catalytic activity

of a 67.7-kDa carboxyl-terminal fragment.
Proc. Natl. Acad. Sci. US85:1043-47

. Juan CC, Hwang J, Liu AA, Whang-Peng

J, Knutsen T, et al. 1988. Human topoiso-

merase | is encoded by a single-copy gene
that maps to chromosome region 20gq12-
13.2.Proc. Natl. Acad. Sci. US85:8910—
13

Stewart L, Ireton GC, Champoux JJ. 1996.

The domain organization of human topoi-20.

somerase W. Biol. Chem271:7602-8

16.

17.

18.

19.

Stewart L, Redinbo MR, Qiu X, Hol WG,
Champoux JJ. 1998. Amodel for the mech-
anism of human topoisomeraseScience
279:1534-41

Redinbo MR, Stewart L, Kuhn P, Cham-
poux JJ, Hol WG. 1998. Crystal structures
of human topoisomerase | in covalent and
noncovalentcomplexes with DN&cience
279:1504-13

Lee MP, Brown SD, Chen A, Hsieh TS.
1993. DNA topoisomerase | is essential
in Drosophila melanogasterProc. Natl.
Acad. Sci. USA0:6656—60

Morham SG, Kluckman KD, Voulomanos
N, Smithies O. 1996. Targeted disruption
of the mouse topoisomerase | gene by
camptothecin selectiorMol. Cell. Biol.
16:6804-9

Bharti AK, Olson MO, Kufe DW, Ru-
bin EH. 1996. Identification of a nucleolin
binding site in human topoisomerasell.
Biol. Chem271:1993-97

Gai D, Roy R, Wu C, Simmons DT.
2000. Topoisomerase | associates specif-
ically with simian virus 40 large-T-antigen
double hexamer-origin complexdsVirol.
74:5224-32

Gobert C, Skladanowski A, Larsen AK.
1999. The interaction between p53 and
DNA topoisomerase | is regulated differ-
ently in cells with wild-type and mutant
p53.Proc. Natl. Acad. Sci. US96:10355—
60

Haluska P Jr, Saleem A, Edwards TK, Ru-
bin EH. 1998. Interaction between the N-
terminus of human topoisomerase | and
SV40 large T antigerNucleic Acids Res.
26:1841-47

Haluska P Jr, Rubin EH. 1998. A role
for the amino terminus of human topoiso-
merase |Adv. Enzyme Regu88:253—-62
Kretzschmar M, Meisterernst M, Roeder
RG. 1993. Identification of human DNA



70

LI = LU

21.

22.

23.

24,

25.

26.

27.

28.

29.

topoisomerase | as a cofactor for activator30.

dependent transcription by RNA poly-
merase Il.Proc. Natl. Acad. Sci. USA
90:11508-12

Sheflin LG, Fucile NW, Spaulding SW.

1993. The specific interactions of HMG 131.

and 2 with negatively supercoiled DNA are
modulated by their acidic C-terminal do-
mains and involve cysteine residues in their
HMG 1/2 boxesBiochemistry82:3238-48
Simmons DT, Melendy T, Usher D, Still-

man B. 1996. Simian virus 40 large T32.

antigen binds to topoisomerasé/rology
222:365-74
Mao Y, Sun M, Desai SD, Liu LF. 2000.

SUMO-1 conjugation to topoisomerase |: a33.

possible repair response to topoisomerase-
mediated DNA damageroc. Nat. Acad.
Sci. USA97:4046-51

Lebel M, Spillare EA, Harris CC, Leder P.
1999. The Werner syndrome gene product

co-purifies with the DNA replication com- 34.

plex and interacts with PCNA and topoiso-
merase |J. Biol. Chem274:37795-99

Li W, Wang JC. 1998. Mammalian DNA
topoisomerase lllalpha is essential in early
embryogenesi®roc. Natl. Acad. Sci. USA
95:1010-13

Hanai R, Caron PR, Wang JC. 1996. Hu-
man TOP3: a single-copy gene encoding
DNA topoisomerase IlIProc. Natl. Acad.
Sci. USA93:3653-57

Wu L, Davies SL, North PS, Goulaouic H,
Riou JF, etal. 2000. The Bloom’s syndrome

gene product interacts with topoisomeras8&6.

. J. Biol. Chem275:9636-44
Ng SW, Liu Y, Hasselblatt KT, Mok SC,
Berkowitz RS. 1999. A new human topoi-

somerase |l that interacts with SGS1 pro37.

tein. Nucleic Acids Re27:993-1000

Seki T, Seki M, Onodera R, Katada T,
Enomoto T. 1998. Cloning of cDNA en-
coding a novel mouse DNA topoisomerase

Il (Topo llIbeta) possessing negatively su-38.

percoiled DNA relaxing activity, whose
message is highly expressed in the testis.
J. Biol. Chem273:28553-56

35.

Wilson TM, Chen AD, Hsieh T.
2000. Cloning and characterization
of Drosophila topoisomerase lllIbeta.
Relaxation of hypernegatively supercoiled
DNA. J. Biol. Chem275:1533-40
Shimamoto A, Nishikawa K, Kitao S, Fu-
ruichi Y. 2000. Human RecQ5beta, a large
isomer of RecQ5 DNA helicase, local-
izes in the nucleoplasm and interacts with
topoisomerases 3alpha and 3b&tacleic
Acids Res28:1647-55

Gangloff S, Soustelle C, Fabre F. 2000. Ho-
mologous recombination is responsible for
cell death in the absence of the sgs1 and
srs2 helicasedNat. Genet25:192-94
Harmon FG, DiGate RJ, Kowalczykowski
SC. 1999. RecQ helicase and topoiso-
merase Il comprise a novel DNA strand
passage function: a conserved mechanism
for control of DNA recombinationMol.
Cell 3:611-20

Jenkins JR, Ayton P, Jones T, Davies SL,
Simmons DL, et al. 1992. Isolation of
cDNA clones encoding the beta isozyme of
human DNA topoisomerase Il and locali-
sation of the gene to chromosome 3p24.
Nucleic Acids Re®0:5587-92
Tsai-Pflugfelder M, Liu LF, Liu AA,
Tewey KM, Whang-Peng J, et al. 1988.
Cloning and sequencing of cDNA encod-
ing human DNA topoisomerase Il and
localization of the gene to chromosome re-
gion 17q21-22Proc. Natl. Acad. Sci. USA
85:7177-81

Hsiang YH, Wu HY, Liu LF. 1988.
Proliferation-dependent regulation of
DNA topoisomerase Il in cultured human
cells.Cancer Res48:3230-35

Earnshaw WC, Halligan B, Cooke CA,
Heck MM, Liu LF. 1985. Topoisomerase Il
is a structural component of mitotic chro-
mosome scaffoldsl. Cell Biol.100:1706—
15

Woessner RD, Mattern MR, Mirabelli
CK, Johnson RK, Drake FH. 1991.
Proliferation- and cell cycle-dependent dif-
ferences in expression of the 170 kilodalton



DNA TOPOISOMERASE DRUGS

71

39.

40.

41.

42.

43.

44.

45.

46.

and 180 kilodalton forms of topoisomeraset?.

Il in NIH-3T3 cells. Cell Growth Differ.
2:209-14

Yang X, Li W, Prescott ED, Burden SJ,
Wang JC. 2000. DNA topoisomerase llbeta

and neural developmer8cience87:131— 48.

34
Chen M, Beck WT. 1995. DNA topoiso-
merase Il expression, stability, and phos-

phorylation in two VM-26-resistant hu- 49.

man leukemic CEM subline©ncol. Res.
7:103-11

Harker WG, Slade DL, Parr RL, Holguin
MH. 1995. Selective use of an alterna-

tive stop codon and polyadenylation signabO0.

withinintron sequences leads to atruncated
topoisomerase |l alpha messenger RNA
and protein in human HL-60 leukemia cells
selected for resistance to mitoxantrone.
Cancer Res55:4962-71

Errington F, Willmore E, Tilby MJ, LiL, Li
G, etal. 1999. Murine transgenic cells lack-
ing DNA topoisomerase lIbeta are resistant

to acridines and mitoxantrone: analysis 0b62.

cytotoxicity and cleavable complex forma-
tion. Mol. Pharmacol56:1309-16

Wall ME, Wani MC, Cooke CE, Palmer
KH, Mcphail AT, et al. 1966. Plant antitu-
mor agents. |. The isolation and structure of
camptothecin, a novel alkaloidal leukemia

and tumor inhibitor fromCamptotheca 53.

acuminata J. Am. Chem. So@8:3888—
90

Gottlieb JA, Luce JK. 1972. Treatment of
malignant melanoma with camptothecin
(NSC-100880).Cancer Chemother. Rep.
56:103-5

Muggia FM, Creaven PJ, Hansen HH, Co-
hen MH, Selawry OS. 1972. Phase | clin-

ical trial of weekly and daily treatment 54.

with camptothecin (NSC-100880): cor-
relation with preclinical studiesCancer
Chemother. Refb6:515-21

Hsiang YH, Liu LF. 1988. Identification

of mammalian DNA topoisomerase | as arb5.

intracellular target of the anticancer drug
camptothecinCancer Res48:1722—-26

51.

Hsiang YH, Hertzberg R, Hecht S,
Liu LF. 1985. Camptothecin induces
protein-linked DNA breaks via mam-
malian DNA topoisomerase 1J. Biol.
Chem.260:14873-78

Nitiss J, Wang JC. 1988. DNA topo-
isomerase-targeting antitumor drugs can
be studied in yeasProc. Natl. Acad. Sci.
USAB85:7501-5

Andoh T, Ishii K, Suzuki Y, Ikegami Y,
Kusunoki Y, et al. 1987. Characterization
of a mammalian mutant with a camp-
tothecin resistant DNA topoisomerase |.
Proc. Natl. Acad. Sci. US84:5565—-69
Gatto B, Liu LF. 1998. Topoisomerase
I-targeting drugs: new developments in
cancer pharmacology. ldvances in DNA
Sequence-Specific Agergd. M Palumbo,
3:39-65. London, UK: JAI Press
Pommier Y, Pourquier P, Urasaki Y, Wu
J, Laco GS. 1999. Topoisomerase | in-
hibitor: selectivity and cellular resistance.
Drug Resist. Update2:307-18
Lesueur-Ginot L, Demarquay D, Kiss R,
Kasprzyk PG, Dassonneville L, etal. 1999.
Homocamptothecin, an E-ring modified
camptothecin with enhanced lactone sta-
bility, retains topoisomerase I-targeted ac-
tivity and antitumor propertiesCancer
Res59:2939-43

Philippart P, Harper L, Chaboteaux C, De-
caestecker C, Bronckart Y, et al. 2000.
Homocamptothecin, an E-ring-modified
camptothecin, exerts more potent antipro-
liferative activity than other topoisomerase
I inhibitors in human colon cancers ob-
tained from surgery and maintained in vitro
under histotypical culture conditionGlin.
Cancer Res6:1557-62

Pollack IF, Erff M, Bom D, Burke TG,
Strode JT, Curran DP. 1999. Potent topoi-
somerase | inhibition by novel silatecans
eliminates glioma proliferation in vitro and
in vivo. Cancer Res59:4898-905
Hertzberg RP, Caranfa MJ, Hecht SM.
1989. On the mechanism of topoisomerase
| inhibition by camptothecin: evidence for



72

LI = LU

56.

57.

58.

50.

60.

61.

62.

63.

binding to an enzyme-DNA compleBio-
chemistry28:4629-38

Hertzberg RP, Busby RW, Caranfa64.

MJ, Holden KG, Johnson RK, et al.
1990. Irreversible trapping of the DNA-
topoisomerase | covalent complex. Affi-
nity labeling of the camptothecin binding
site.J. Biol. Chem265:19287-95

Svejstrup JQ, Christiansen K, Gromova Il,

Andersen AH, Westergaard O. 1991. New65.

technique for uncoupling the cleavage and
religation reactions of eukaryotic topoiso-
merase |. The mode of action of camp-
tothecin at a specific recognition sité.
Mol. Biol. 222:669-78

Pommier Y, Kohlhagen G, Kohn KW, 66.

Leteurtre F, Wani MC, Wall ME. 1995.
Interaction of an alkylating camp-
tothecin derivative with a DNA base at
topoisomerase |-DNA cleavage sites.
Proc. Natl. Acad. Sci. USA92:8861—
65

Riou JF, Helissey P, Grondard L, Giorgi-
Renault S. 1991. Inhibition of eukary-
otic DNA topoisomerase | and Il activities
by indoloquinolinedione derivative®ol.
Pharmacol.40:699-706

Li T-K, Bathory E, LaVoie EJ,
Srinivasan AR, Olson WK, et al. 2000.
Human topoisomerase | poisoning by
protoberberines: potential roles for both
drug-DNA and drug-enzyme interactions.
Biochemistry39:7107-16

Sim SP, Pilch DS, Liu LF. 2000. Site69.

specific topoisomerase |-mediated DNA
cleavage induced by nogalamycin: a
potential role of ligand-induced DNA
bending at a distal siteBiochemistry

39:9928-34

Krogh S, Mortensen UH, Westergaard

O, Bonven BJ. 1991. Eukaryotic topoi-70.

somerase |-DNA interaction is stabilized
by helix curvature.Nucleic Acids Res.
19:1235-41

Chen AY, Yu C, Gatto B, Liu LF. 1993.
DNA minor groove-binding ligands: a dif-

ferent class of mammalian DNA topoiso-71.

67.

68.

merase | inhibitorsProc. Natl. Acad. Sci.
USA90:8131-35

Pilch DS, Xu Z, Sun Q, LaVoie EJ, Liu
LF, Breslauer KJ. 1997. A terbenzimida-
zole that preferentially binds and confor-
mationally alters structurally distinct DNA
duplex domains: a potential mechanism
for topoisomerase | poisoningroc. Natl.
Acad. Sci. USA®4:13565-70

Pilch DS, Yu C, Makhey D, LaVoie EJ,
Srinivasan AR, et al. 1997. Minor groove-
directed and intercalative ligand-DNA in-
teractions in the poisoning of human DNA
topoisomerase | by protoberberine analogs.
Biochemistry36:12542-53

Sim SP, Gatto B, Yu C, Liu AA, Li TK,
etal. 1997. Differential poisoning of topoi-
somerases by menogaril and nogalamycin
dictated by the minor groove-binding no-
galose sugaBiochemistry36:13285-91

Xu Z, Li T-K, Kim JS, LaVoie EJ,
Breslauer KJ, et al. 1998. DNA minor
groove binding-directed poisoning of hu-
man DNA topoisomerase | by terbenzimi-
dazolesBiochemistry37:3558-66
Pommier Y, Kohlhagen G, Pourquier P,
Sayer JM, Kroth H, Jerina DM. 2000.
Benzo[a]pyrene diol epoxide adducts in
DNA are potent suppressors of a normal
topoisomerase | cleavage site and power-
fulinducers of other topoisomerase | cleav-
agesProc. Natl. Acad. Sci. US87:2040—
45

Pourquier P, Takebayashi Y, Urasaki Y,
Gioffre C, Kohlhagen G, Pommier Y.
2000. Induction of topoisomerase | cleav-
age complexes by 1-beta-D-arabinofura-
nosylcytosine (ara-C) in vitro and in ara-
C-treated cellsProc. Natl. Acad. Sci. USA
97:1885-90

Pourquier P, Ueng LM, Kohlhagen G,
Mazumder A, Gupta M, etal. 1997. Effects
of uracil incorporation, DNA mismatches,
and abasic sites on cleavage and religation
activities of mammalian topoisomerase |.
J. Biol. Chem272:7792-96

Pourquier P, Pilon AA, Kohlhagen G,



DNA TOPOISOMERASE DRUGS

73

72.

73.

74.

75.

76.

7.

78.

79.

Mazumder A, Sharma A, Pommier Y.
1997. Trapping of mammalian topoiso-
merase | and recombinations induced by

damaged DNA containing nicks or gapsS80.

Importance of DNA end phosphorylation
and camptothecin effectd. Biol. Chem.
272:26441-47

Pourquier P, Bjornsti MA, Pommier Y.

1998. Induction of topoisomerase | cleav-81.

age complexes by the vinyl chloride
adduct 1, N6-ethenoadenideBiol. Chem.
273:27245-49

Pourquier P, Ueng LM, Fertala J, Wang D82.

Park HJ, etal. 1999. Induction of reversible
complexes between eukaryotic DNA topoi-
somerase | and DNA-containing oxidative
base damages 7,8-dihydro-8-oxoguanine
and 5-hydroxycytosineJ. Biol. Chem.
274:8516-23

D’Arpa P, Beardmore C, Liu LF. 1990. In- 83.

volvement of nucleic acid synthesis in cell
killing mechanisms of topoisomerase poi-
sons.Cancer Res50:6919-24

Hsiang YH, Lihou MG, Liu LF. 1989.

Arrest of replication forks by drug- 84.

stabilized topoisomerase I-DNA cleavable
complexes as a mechanism of cell killing
by camptothecinCancer Res49:5077—-82
Tsao YP, D'Arpa P, Liu LF. 1992. The

involvement of active DNA synthesis in 85.

camptothecin-induced G2 arrest: altered
regulation of p34cdc2/cyclin BCancer
Res52:1823-29

Tsao YP, Russo A, Nyamuswa G, Silber R,

Liu LF. 1993. Interaction between repli- 86.

cation forks and topoisomerase |-DNA
cleavable complexes: studies in a cell-
free SV40 DNA replication systenCan-
cer Res53:5908-14

Pourquier P, Jensen AD, Gong SS, Pon87.

mier Y, Rogler CE. 1999. Human DNA
topoisomerase I-mediated cleavage and re-
combination of duck hepatitis B virus DNA
in vitro. Nucleic Acids Re7:1919-25
Huang TT, Wuerzberger-Davis SM,
Seufzer BJ, Shumway SD, Kurama T,
et al. 2000. NF-kappaB activation by

88.

camptothecin. A linkage between nuclear
DNA damage and cytoplasmic signaling
eventsJ. Biol. Chem275:9501-9

Nelson WG, Kastan MB. 1994. DNA
strand breaks: the DNA template alter-
ations that trigger p53-dependent DNA
damage response pathwaylol. Cell.
Biol. 14:1815-23

Piret B, Piette J. 1996. Topoisomerase poi-
sons activate the transcription factor NF-
kappaB in ACH-2 and CEM cell®ucleic
Acids Res24:4242-48

Shao RG, Cao CX, Zhang H, Kohn
KW, Wold MS, Pommier Y, et al. 1999.
Replication-mediated DNA damage by
camptothecin induces phosphorylation of
RPA by DNA-dependent protein kinase
and dissociates RPA:DNA-PK complexes.
EMBO J.18:1397-406

Wan S, Capasso H, Walworth NC. 1999.
The topoisomerase | poison camptothecin
generates a Chkl1l-dependent DNA damage
checkpoint signal in fission yeasteast
15:821-28

Alexandre S, Rast C, Nguyen-Ba G,
Vasseur P. 2000. Detection of apoptosis
induced by topoisomerase inhibitors and
serum deprivation in syrian hamster em-
bryo cells.Exp. Cell Res255:30-39

Davis PL, Shaiu WL, Scott GL, Iglehart
JD, Hsieh TS, Marks JR. 1998. Complex
response of breast epithelial cell lines to
topoisomerase inhibitorénticancer Res.
18:2919-32

Morris EJ, Geller HM. 1996. Induction of
neuronal apoptosis by camptothecin, anin-
hibitor of DNA topoisomerase-I: evidence
for cell cycle-independent toxicity. Cell.
Biol. 134:757-70

Wu J, Liu LF. 1997. Processing of topoiso-
merase | cleavable complexes into DNA
damage by transcriptionNucleic Acids
Res.25:4181-86

Alexandre S, Rast C, Nguyen-Ba G,
Vasseur P. 2000. Detection of apopto-
sis induced by topoisomerase inhibitors
and serum deprivation in syrian hamster



74

LI = LU

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

embryo cells. Exp. Cell Res.255:30—
39

Nieves-Neira W, Pommier Y. 1999. Apop- 99.

totic response to camptothecin and 7-
hydroxystaurosporine (UCN-01) in the 8
human breast cancer cell lines of the NCI
Anticancer Drug Screen: multifactorial re-

lationships with topoisomerase |, protein100.

kinase C, Bcl-2, p53, MDM-2 and caspase
pathwaysint. J. Cancer32:396-404

Xie X, Sasai K, Shibuya K, Tachiiri S, Ni-
heiK, etal. 2000. P53 status plays norolein
radiosensitizing effects of SN-38, a camp-

tothecin derivative.Cancer Chemother. 101.

Pharmacol 45:362—-68

Brown JM, Wouters BG. 1999. Apoptosis,
p53, and tumor cell sensitivity to anticancer
agentsCancer Res59:1391-99

Kessel D. 1971. Effects of camptothecin

on RNA synthesis in leukemia L1210 cells.102.

Biochim. Biophys. Acta46:225-32

Kessel D, Bosmann HB, Lohr K. 1972.
Camptothecin effects on DNA synthesis in
murine leukemia cellsBiochim. Biophys.
Acta269:210-16

Wu RS, Kumar A, Warner JR. 1971. Ri-
bosome formation is blocked by camp-
tothecin, areversible inhibitor of RNA syn-
thesisProc. Natl. Acad. Sci. US68:3009—
14

Horwitz SB, Chang CK, Grollman AP. 104.

1971. Studies on camptothecin. |. Effects
of nucleic acid and protein synthesidol.
Pharmacol.7:632-44

Zhang H, Wang JC, Liu LF. 1988. Involve-

ment of DNA topoisomerase | in transcrip-105.

tion of human ribosomal RNA gend2roc.
Natl. Acad. Sci. US85:1060-64
Gilmour DS, Elgin SC. 1987. Localiza-

tion of specific topoisomerase | inter-106.

actions within the transcribed region of
active heat shock genes by using the
inhibitor camptothecin.Mol. Cell. Biol.
7:141-48

Stewart AF, Schutz G. 1987. Camp-107.

tothecin-induced in vivo topoisomerase
| cleavages in the transcriptionally ac-

103.

tive tyrosine aminotransferase ge@ell
50:1109-17

Bendixen C, Thomsen B, Alsner J,
Westergaard O. 1990. Camptothecin-
stabilized topoisomerase I-DNA adducts
cause premature termination of transcrip-
tion. Biochemistry29:5613-19

Squires S, Ryan AJ, Strutt HL, Johnson
RT. 1993. Hypersensitivity of Cockayne’s
syndrome cells to camptothecin is asso-
ciated with the generation of abnormally
high levels of double strand breaks in
nascent DNACancer Res53:2012-19
Beidler DR, Cheng YC. 1995. Camp-
tothecin induction of a time- and
concentration-dependent decrease of
topoisomerase | and its implication in
camptothecin activityMol. Pharmacol.
47:907-14

Desai SD, Liu LF, Vazquez-Abad D,
D’Arpa P. 1997. Ubiquitin-dependent de-
struction of topoisomerase | is stimu-
lated by the antitumor drug camptothecin.
J. Biol. Chem272:24159-64

Goldwasser F, Bae |, Valenti M, Torres
K, Pommier Y. 1995. Topoisomerase |-
related parameters and camptothecin ac-
tivity in the colon carcinoma cell lines
from the National Cancer Institute anti-
cancer screerCancer Res55:2116-21
Mao Y, Sun M, Desai SD, Liu LF.
2000. SUMO-1 conjugation to topoiso-
merase |: a possible repair response to
topoisomerase-mediated DNA damage.
Proc. Natl. Acad. Sci. US87:4046-51
Mao Y, Desai SD, Liu LF. 2000. SUMO-
1 conjugation to human DNA topoi-
somerase |l isozymeJ. Biol. Chem.
275:26066-73

Saitoh H, Hinchey J. 2000. Func-
tional heterogeneity of small ubiquitin-
related protein modifiers SUMO-1 ver-
sus SUMO-2/3J. Biol. Chem275:6252—
58

Dunn P, Sun M, Lin CT, Zhang H, Liu LF.
1999. Plasmid linking number change in-
duced by topoisomerase I-mediated DNA



DNA TOPOISOMERASE DRUGS

75

108.

109.

110.

111.

112.

113.

114.

115.

116.

damage.Nucleic Acids Res14:2905-
11
Li T-K, Chen AY, Yu C, Mao Y, Wang

H, Liu LF. 1999. Activation of topoiso- 117.

merase ll-mediated excision of chromo-
somal DNA loops during oxidative stress.
Genes DeV13:553-60

Li T-K. 1999.Studies on topoisomerase-

mediated DNA damagePhD thesis, 118.

Rutgers Univ. & Univ. Med. Dent., NJ,
Piscataway, NJ. 104 pp.
Zechiedrich EL, Christiansen K, Ander-

son AH, Westergaard O, Ocheroff N.119.

1989. Double stranded cleavage/relig-
ation reaction of eucaryotic topoiso-
merase |l: evidence for a nicked DNA in-
termediateBiochemistry28:6229-36

Freyman B, Maton LJ, Sun JS, Neder

K, Liu AA, et al. 1997. Induction of 120.

DNA topoisomerase |l-mediated DNA
cleavage by beta-lapachone and related
naphthoquinonesCancer Res57:620—
27

Li CJ, Averboukh L, Pardee AB. 1993.
beta-Lapachone, a novel DNA topoiso-
merase | inhibitor with a mode of ac-
tion different from camptothecid. Biol.
Chem.268:22463-68

Bodley A, Liu LF, Israel M, Seshadri
R, Koseki Y, et al. 1989. DNA topoiso-
merase |I-mediated interaction of doxoru-
bicin and daunorubicin congeners with
DNA. Cancer Res49:5969-78

Tewey KM, Chen GL, Nelson EM, Liu
LF. 1984. Intercalative antitumor drugs
interfere with the breakage-reunion reac-

tion of mammalian DNA topoisomerase124.

II. J. Biol. Chem259:9182-87

Nelson EM, Tewey KM, Liu LF
1984. Mechanism of antitumor drug
action: poisoning of mammalian
DNA topoisomerase Il on DNA

by 4-(9-acridinylamino)-methanesulfon- 125.

m-anisidide.Proc. Natl. Acad. Sci. USA
81:1361-65

Kupfer G, Bodley AL, Liu LF. 1987.
Involvement of intracellular ATP in cyto-

121.

122.

123.

toxicity of topoisomerase lI-targetting an-
titumor drugsNat. Cancer Inst. Monogr.
8:37-40

MaoY, YuC, Hsieh TS, Nitiss JL, Liu AA,
et al. 1999. Mutations of human topoi-
somerase |l alpha affecting multidrug
resistance and sensitivitiochemistry
38:10793-800

Wang H. 1999Multiple mechanisms for
topoisomerase Il poisonind’hD thesis,
Rutgers Univ. & Univ. Med. Dent., NJ,
Piscataway, NJ. 103 pp.

Roca J, Ishida R, Berger JM, Andoh
T, Wang JC. 1994. Antitumor bisdiox-
opiperazines inhibit yeast DNA topoiso-
merase |l by trapping the enzyme in the
form of a closed protein clam@Proc.
Natl. Acad. Sci. USA1:1781-85

Beck WT, Danks MK, Wolverton JS,
Granzen B, Chen M, et al. 1993. Altered
DNA topoisomerase Il in multidrug resis-
tance.Cytotechnologyl 1:115-19
Reynolds JC, Waronker M, Pacquing MS,
Yassin RR. 1999. Barrett’'s esophagus.
Reducing the risk of progression to ade-
nocarcinomaGastroenterol. Clin. North
Am.28:917-45

Cline SD, Jones WR, Stone MP, Osheroff
N. 1999. DNA abasic lesions in a differ-
ent light: solution structure of an endoge-
nous topoisomerase Il poisoBiochem-
istry 38:15500-7

Kingma PS, Osheroff N. 1997. Spon-
taneous DNA damage stimulates topoi-
somerase ll-mediated DNA cleavage.
J. Biol. Chem272:7488-93

Kingma S, Osheroff N. 1998. Topoiso-
merase lI-mediated DNA cleavage and re-
ligation in the absence of base pairing.
Abasic lesions as a tool to dissect enzyme
mechanismJ. Biol. Chem.273:17999—
8002

Kwok Y, Hurley LH. 1998. Topoiso-
merase |l site-directed alkylation of DNA
by psorospermin and its effect on topoi-
somerase ll-mediated DNA cleavage.
J. Biol. Chem273:33020-26



76

LI = LU

126

127.

128.

129.

130.

131.

132.

133.

134.

. Sabourin M, Osheroff N. 2000. Sen-

sitivity of human type Il topoisome- 135.

rases to DNA damage: stimulation of
enzyme-mediated DNA cleavage by aba-
sic, oxidized and alkylated lesionklu-
cleic Acids Res28:1947-54

Cline SD, Osheroff N. 1999. Cytosine
arabinoside lesions are position-specific
topoisomerase Il poisons and stimulate
DNA cleavage mediated by the hu-
man type Il enzymesJ. Biol. Chem.
274:29740-43

Ishida R, Sato M, Narita T, Utsumi
KR, Nishimoto T, et al. 1994. Inhibition
of DNA topoisomerase |l by ICRF-193
induces polyploidization by uncoupling

chromosome dynamics from other cell138.

cycle eventsJ. Cell Biol.126:1341-51
Ishida R, Hamatake M, Wasserman RA,
Nitiss JL, Wang JC, Andoh T. 1995. DNA
topoisomerase Il is the molecular target of
bisdioxopiperazine derivatives ICRF-159

and ICRF-193 in Saccharomyces cerei39.

visiae.Cancer Res55:2299-303

Shea ME, Hiasa H. 1999. Interactions
between DNA helicases and frozen topoi-
somerase IV-quinolone-DNA ternary
complexes.J. Biol. Chem.274:22747—
54

Celerin M, Merino ST, Stone JE, Menzie
AM, Zolan ME. 2000. Multiple roles of
spoll in meiotic chromosome behavior.
EMBO J.19:2739-50

Collins I, Newlon CS. 1994. Meiosis-
specific formation of joint DNA

molecules containing sequences fronl41l.

homologous chromosome€ell 76:65—
75
Keeney S, Giroux CN, Kleckner N.

1997. Meiosis-specific DNA double- 142.

strand breaks are catalyzed by Spoll, a
member of a widely conserved protein
family. Cell 88:375-84

Moreau S, Ferguson JR, Symington LS.
1999. The nuclease activity of Mrell is

required for meiosis but not for mating 143.

type switching, end joining, or telomere

136.

137.

140.

maintenanceMol. Cell. Biol. 19:556—66
Felix CA 1998. Secondary leukemias in-
duced by topoisomerase-targeted drugs.
Biochim. Biophys. Actd400:233-55
Kagan VE, Yalowich JC, Borisenko
GG, Tyurina YY, Tyurin VA., et al.
1999. Mechanism-based chemopreven-
tive strategies against etoposide-induced
acute myeloid leukemia: free radical/
antioxidant approachMol. Pharmacol.
56:494-506

Schneider DT, Hilgenfeld E, Schwabe D,
Behnisch W, Zoubek A, etal. 1999. Acute
myelogenous leukemia after treatment for
malignant germ cell tumors in children.
J. Clin. Oncol.17:3226-33

Stopper H, Boos G, Clark M, Gieseler
F. 1999. Are topoisomerase Il inhibitor-
induced micronuclei in vitro a predic-
tive marker for the compounds’ ability
to cause secondary leukemias after treat-
ment?Toxicol. Lett.104:103-10

Strick R, Strissel PL, Borgers S,
Smith SL, Rowley JD. 2000. Dietary
bioflavonoids induce cleavage in the
MLL gene and may contribute to infant
leukemia. Proc. Natl. Acad. Sci. USA
97:4790-95

Stanulla M, Wang J, Chervinsky DS,
Thandla S, Aplan PD. 1997. DNA cleav-
age within the MLL breakpoint cluster re-
gion is a specific event which occurs as
part of higher-order chromatin fragmen-
tation during the initial stages of apopto-
sis.Mol. Cell. Biol.17:4070-79

Ross JA. 1998. Maternal diet and infant
leukemia: a role for DNA topoisomerase
Ilinhibitors? Int. J. Cancer Suppl1:26—
28

Austin CA, Patel S, Ono K, Nakane
H, Fisher LM. 1992. Site-specific DNA
cleavage by mammalian DNA topoi-
somerase Il induced by novel flavone
and catechin derivativesBiochem. J.
282:883-89

Bodley AL, Huang HC, Yu C, Liu LF.
1993. Integration of simian virus 40 into



DNA TOPOISOMERASE DRUGS

77

144.

145.

146.

147.

148.

149.

150.

151.

cellular DNA occurs at or near topoi-
somerase |l cleavage hot spots induced
by VM-26 (teniposide)Mol. Cell. Biol.
13:6190-200

Bae YS, Kawasaki I, Ikeda H, Liu LF.
1988. lllegitimate recombination medi-
ated by calf thymus DNA topoisomerase
Il in vitro. Proc. Natl. Acad. Sci. USA
85:2076-80

Ikeda H. 1994. DNA topoisomerase-
mediated illegitimate recombinatioAdv.
Pharmacol 29A:147-65

Kaiser VL, Ripley LS. 1995. DNA nick
processing by exonuclease and poly-

merase activities of bacteriophage T4154.

DNA polymerase accounts for acridine-
induced mutation specificities in T4.
Proc. Natl. Acad. Sci. US82:2234-38

Ripley LS, Dubins JS, deBoer JG, De-

Marini DM, Bogerd AM, Kreuzer KN. 155.

1988. Hotspot sites for acridine-induced

frameshift mutations in bacteriophage T4156.

correspond to sites of action of the T4 type
Il topoisomerasel]. Mol. Biol. 200:665—
80

Nussenzweig A, Sokol K, Burgman P,
Li L, Li GC. 1997. Hypersensitivity of
Ku80-deficient cell lines and mice to
DNA damage:
radiation on growth, survival, and de-
velopment.Proc. Natl. Acad. Sci. USA
94:13588-93

Radford IR. 1994. p53 status, DNA
double-strand break repair proficiency,
and radiation response of mouse lym-
phoid and myeloid cell linednt. J. Ra-
diat. Biol. 66:557—60

Mo YY, Beck WT. 1999. DNA damage
signals induction of fas ligand in tumor
cells.Mol. Pharmacol55:216-22

Solary E, Bertrand R, Kohn KW,
Pommier Y. 1993. Differential induc-
tion of apoptosis in undifferentiated and

152.

153.

the effects of ionizing 157.

158.

159.

differentiated HL-60 cells by DNA topoi-
somerase | and Il inhibitorsBlood
81:1359-68

Walker PR, Smith C, Youdale T, Leblanc
J, Whitfield JF, Sikorska M. 1991. Topoi-
somerase ll-reactive chemotherapeutic
drugs induce apoptosis in thymocytes.
Cancer Res51:1078-85

Brojatsch J, Naughton J, Rolls MM,
Zingler K, Young JA. 1996. CAR1, a
TNFR-related protein, is a cellular re-
ceptor for cytopathic avian leukosis-
sarcoma viruses and mediates apoptosis.
Cell 87:845-55

Boldin MP, Goncharov TM, Goltsev YV,
Wallach D. 1996. Involvement of MACH,
a novel MORT1/FADD-interacting pro-
tease, in Fas/APO-1- and TNF receptor-
induced cell deatiCell 85:803-15

Lipton P. 1999. Ischemic cell death in
brain neuronsPhysiol. Revr9:1431-568
Furuya Y, Lundmo P, Short AD, Gill
DL, Isaacs JT. 1994. The role of
calcium, pH, and cell proliferation in
the programmed (apoptotic) death of
androgen-independent prostatic cancer
cells induced by thapsigargirCancer
Res54:6167-75

Parekh AB, Penner R. 1997. Store de-
pletion and calcium influxPhysiol. Rev.
77:901-30

Trevani AS, Andonegui G, Giordano M,
Lopez DH, Gamberale R, et al. 1999.
Extracellular acidification induces hu-
man neutrophil activationd. Immunol.
162:4849-57

Williams AC, Collard TJ, Paraskeva C.
1999. An acidic environment leads to
p53 dependent induction of apoptosis
in human adenoma and carcinoma cell
lines: implications for clonal selection
during colorectal carcinogenesi®nco-
genel8:3199-204



