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Multilevel Therapeutic Targeting by Topoisomerase Inhibitors
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Summary The successful use of cytotoxic agents in the clinical management of LCH depends upon the
selective targeting of cells participating in the disease process. The topoisomerase 'poisons', currently used
extensively in the treatment of aggressive malignancies, represent an intriguing class of cytotoxic agents
exerting their cytostatic and cytotoxic effects at multiple levels according to cell type. The non-DNA
intercalating topoisomerase II poison, etoposide (VP-16), is the "drug of first choice" in the treatment of LCH
by cytotoxic chemotherapy. This major anticancer agent traps the nuclear enzyme DNA topoisomerase II on
DNA in a sequence-specific manner, the processing of trapped complexes giving rise to a plethora of cellular
effects not least the potential activation of pathways leading to cell cycle arrest and apoptosis. This short
review describes the principles of topoisomerase inhibition, the multiplicity of cellular effects and the concept
of cellular targeting in LCH. The successful treatment of LCH by cytotoxic chemotherapy will depend on both
the identity of the target tissues and a clear view of therapeutic intent, given the potential for induction of
haematological neoplasia.

Introduction

The eukaryotic cell has the formidable problem of maintain-
ing control over the higher order structure of its genetic
material, while pursuing the biological imperatives of DNA
replication, transcription and the separation of daughter
chromosomes at cell division. The orderly progression of
these cellular processes is dependent upon the action of the
nuclear topoisomerases - enzymes that resolve topological and
conformational changes in DNA (Wang, 1985; Liu, 1989).
Inhibition of topoisomerases can disrupt cell cycle progres-
sion and generate intracellular signals that lead to cell death
or prolonged cytostasis (Smith, 1990) so it is not surprising
to find that several classes of anticancer drugs are now
recognised as potent topoisomerase "poisons". The epipodo-
phyllotoxins are the most widely used class of non-inter-
calative antitumour topoisomerase II poisons. Etoposide
(VP-16), in particular, is currently used in the treatment of a
number of adult and child cancers eg. acute leukaemia, non-
Hodgkin lymphomas and Hodgkin disease, malignant germ
cell tumours, small cell lung cancer and neuroblastoma. The
effectiveness of topoisomerase inhibitors in modifying the in
vivo behaviour and the viability of targeted cell populations is
relevant to the clinical management of LCH because etopo-
side has also become a 'drug of first choice' in the manage-
ment of the 2 principle forms of histiocytosis - Langerhans
cell histiocytosis (LCH) and haemophagocytic lymphohistio-
cytosis. To place the rational application of chemotherapy in
LCH into context, this selective review considers the prin-
ciples of topoisomerase inhibition and some of the factors
governing cellular responses to inhibition.

Topoisomerases: forms, functions and regulation

Through highly co-ordinated processes topoisomerases per-

mit changes in the topological state of compromised DNA
molecules as shown diagrammatically in Figure 1. The
topoisomerases have been classified as either type I or type II
enzymes depending on their ability to cleave one or two
DNA strands, respectively.
The human type I enzyme, topoisomerase I, can relax

supercoiled DNA by a process involving the transient intro-
duction of a single-strand break in DNA and the passing of
an intact strand through the gap prior to re-ligation. This

reaction is independent of ATP supply. Topoisomerase II can
unknot, decatenate or relax supercoiled DNA by the tran-
sient introduction of a double-strand break through which an
intact helix can be passed, the complete reaction requiring
ATP hydrolysis (Wang, 1985; Liu, 1989).
The human topoisomerase I enzyme, a monomer of

approximately 95 kDa, is encoded by a single copy gene
located on human chromosome 20 (Juan et al., 1988). The
human type II enzyme, DNA topoisomerase II, is found in
two forms encoded by single copy genes yielding
homodimeric proteins of 170 kDa (topoisomerase lot) and
180 kDa (topoisomerase Ip) (Tan et al., 1992). The human
chromosomal location of the topoisomerase Ilo gene is at
17q21-22 (Tsai-Pflugfelder et al., 1988) and the topoiso-
merase II gene has been mapped to 3p24 (Jenkins et al.,
1992). While the expression of the topoisomerases I and IIP
is the same in quiescent and cycling cells, the expression of
the topoisomerase IIak is low in GO-GI cells but high in
proliferating and transformed cells (Heck et al., 1988, Woess-
ner et al., 1990). In contrast, topoisomerase Ilp is preferen-
tially expressed in quiescent cells (Woessner et al., 1990).
Topoisomerase Ioc shows a cycle of synthesis and degrada-
tion coupled to, or perhaps driving, changes in chromosome
condensation and decondensation (Heck et al., 1988). Both
DNA topoisomerases I and II undergo post-translational
modification and are poly (ADP)-ribosylated, serine-phos-
phorylated proteins (Kroll & Rowe, 1991; Jenkins et al.,
1992). The phosphorylation of the topoisomerase II increases
activity and its phosphorylation status follows its cell cycle-
dependent expression (Heck et al., 1988; Saijo et al., 1990;
Saijo et al., 1992).
Topoisomerase I aids the orderly progression of DNA

replication, transcription and recombination and shows
strong sequence preferences for DNA binding and cleavage.
The type I enzyme is involved in the repression and activa-
tion of transcription (Merino et al., 1993) and is therefore
more abundant in transcriptionally-active regions of the
nucleus. It has an essential role in higher eukaryote develop-
ment (Lee et al., 1993). Unlike the type I enzyme, topoiso-
merase II is essential for cell viability and facilitates the
resolution and separation of daughter chromosomes at
mitosis. The more abundant isoform, topoisomerase IIo, is
located at nuclear matrix-associated regions, a strategic loca-
tion at the base of chromatin loop domains which infers both
structural and functional roles (Wood & Earnshaw, 1990).
Topoisomerase IIP is found predominantly in the nucleolus
(Negri et al., 1992; Zini et al., 1992) and binds to GC-rich
sequences present in gene promotor regions, suggesting par-
ticipation in gene expression (Ura & Hirose, 1991).
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Figure 1 Diagrammatic representation of the normal activities of type I and type II topoisomerases, the effects of specific poisons
and the cellular consequences of trapping topoisomerase-DNA complexes

Targeting of topoisomerases by anticancer drugs

Several classes of antitumour drugs can act as topoisomerase
poisons and there is now convincing evidence that DNA
topoisomerases are important, and perhaps primary, cellular
targets (Liu 1989; Schneider et al., 1990). The Figure shows
how poisons stabilise the topoisomerase-DNA complex in a
form that can be cleaved by strong protein denaturants to
reveal that, within the complex, the trapped enzyme
sequesters a DNA single- or double-strand break. Not all
topoisomerase inhibitors act to trap cleavable complexes
(Cummings & Smyth, 1993). For example, the disruption of
ATP turnover by coumarins (eg novobiocin) can inhibit the
activity of the type II enzyme. Derivatives of the antitumour
plant alkaloid camptothecin have been found to be specific
topoisomerase I poisons that trap complexes (Ryan et al.,
1991; Madden & Champoux, 1992; Slichenmyer et al., 1993).
Topoisomerase II poisons include both DNA-intercalating
and non-intercalating agents: isoflavones (eg. genistein),
quinolones (eg. CP-115,953), ellipticines (eg. 9-hydroxy-
ellipticinium), anthracyclines (eg. doxorubicin), anilino-
acridines (eg. amsacrine) and epipodophyllotoxins (eg. etopo-
side and teniposide). The current view is that the topoiso-
merase II molecule has domains for interaction with poisons
and that the interaction domain of etoposide overlaps those
of several cleavage-enhancing drugs (Corbett et al., 1993).

Targeting of DNA damage by topoisomerase poisons

Topoisomerase poisons can target complex-trapping on
DNA in a manner dependent upon sequence, gene activity,
nuclear location and function. Strong topoisomerase II bind-

ing sites on DNA have been described (Spitzner et al., 1990;
Huang et al., 1992) with flanking recognition sequences
(Fosse et al., 1988). Topoisomerase poisons in the same
chemical class tend to trigger the cleavage of DNA at similar
sites (Pommier et al., 1991). In general the overall capacity to
trap complexes in intact cells is correlated with the cytotox-
icity of a poison within a given chemical class (Long et al.,
1984).
The stabilisation by antitumour drugs of cleavable com-

plexes in the promotor regions of genes and interference with
transcription complexes could explain the decreased expres-
sion of specific genes observed in drug-treated cells. For
example, teniposide and etoposide induce damage preferen-
tially around and within the c-myc proto-oncogene rather
than randomly in the whole genome (Riou et al., 1989;
Gewirtz et al., 1993) and, surprisingly, transcriptionally in-
active ,-globin genes are more sensitive to epipodophyllo-
toxin-induced damage than bulk DNA (Gewirtz et al., 1993).
The accessibility and conformation of DNA within the
nucleus may also dictate the intranuclear location of topoiso-
merase trapping by poisons. Teniposide and amsacrine
appear to interact preferentially with nuclear matrix-bound
topoisomerase II, and one mechanism of cellular resistance to
these agents may relate to modified intracellular localisation
(Feldhoff et al., 1994). Studies of the interactions of anti-
cancer agents with targets in the nuclear matrix should pro-
vide further insight into the mechanisms by which these
agents exert their therapeutic effects (Fernandes & Catapano,
1991). Thus, cell type-dependent antitumour activity of a
topoisomerase poison may relate to damage to specific genes
and/or to features of nuclear architecture specific to that cell
type.

I
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Cell targeting by topoisonmerase poisons

The selectivity of anticancer agents is often related to the
increased proliferation rate of tumour cells. Although co-
ordinated topoisomerase activity may be vital to proliferating
cells, the cytotoxic action of topoisomerase poisons is
associated with the presence of trapped complexes rather
than the withdrawal of enzyme function per se. The intrinsic
sensitivity of actively proliferating cells to a topoisomerase
poison is crucially dependent upon the availability of the
target enzyme (Liu 1989; Smith & Makinson, 1989; Webb et
al., 1991) as determined by cell cycle disposition and topoiso-
merase gene expression. Sensitivity to the topoisomerase I
poison camptothecin is dependent upon the amount of
enzyme and active DNA replication. The requirement for
DNA replication is consistent with a replicon-collision model
for the generation of double-strand breaks. These 'secondary'
DNA lesions lead to inhibition of DNA synthesis, arrest of
cells in G2 and cell death (Hsiang et al., 1989; Falk & Smith,
1992). In contrast, RNA and protein synthesis have been
shown to be necessary to the expression of etoposide- (Chow
et al., 1988) and amsacrine-induced (Schneider et al., 1989)
cytotoxicity, suggesting that the processing or conversion of
trapped topoisomerase II complexes may also give rise to
secondary DNA lesions perhaps through an activation of
endonucleolytic degradation (Kaufmann, 1989).

In human colon cancer, a tumour type particularly sensi-
tive to camptothecin, there is an elevated level of type I
enzyme (Giovanella et al., 1989). Interestingly, tumour cells,
even those of the same histogenetic orgin, can vary in the
degree of expression of topoisomerase II. For example, ten-
fold variation was found in a recent study of human lung
cancer cell lines (Giaccone et al., 1992). Furthermore, there
may be differential expression of the type I and II enzymes in
tumour and normal tissues, implying that selectivity could be
achievable for one class of poisons. Indeed, it has been
reported that while lung cancer and normal lung tissues show
identical topoisomerase I mRNA patterns there is enhanced
expression of topoisomerase II mRNA in the tumour cells
(Hasegawa et al., 1993). As yet there is no clear consensus as
to the relevance of the topoisomerase II enzyme for cytotox-
icity or whether given tumour types display distinctive pat-
terns of expression (Jenkins et al., 1992).

LCH and etoposide

The potential for low doses of topoisomerase II poisons to
produce quasi-synchronisation of target populations, rather
than immediate cytostasis and cell death, is a relatively unex-
plored aspect of 'cell targeting'. Therapy-related dynamic
changes in target cell populations may have several conse-
quences. Low-dose therapy may reduce the cell proliferation
rate while enhancing the intrinsic chemo-sensitivity of cells by
increasing the availability of a cell cycle-regulated target
enzyme such as topoisomerase II. Studies of etoposide in the
treatment of small cell lung cancer have provided evidence of
schedule-dependency (Dombernowsky & Nissen, 1973; Wolfe
et al., 1987). Continuous low concentrations of etoposide
may be required for optimal activity of the drug when
administered as a single agent (Clark et al., 1989). The
optimal use of etoposide against target cells in LCH is also
likely to be highly schedule-dependent.
The induction of haematological neoplasia is a conspic-

uous problem with the use of chemotherapeutic agents in the
management of human disease. Indeed, acute nonlympho-
cytic leukaemia (ANLL) is a well-recognised complication of
regimens incorporating alkylating agents. The leukaemogenic
potential of topoisomerase poisons, particularly the epipo-
dophyllotoxins, has been more difficult to assess because they
are usually used in combination chemotherapy rather than as

single agents. However, recent evidence (Whitlock et al.,
1991; Pederson-Bjergaard et al., 1992) supports a relationship
between the use of epipodophyllotoxins and the induction of
secondary ANLL with characteristics distinct from that
occurring after treatment with alkylating agents. Further-
more, topoisomerase II-interactive anthracyclines may con-
tribute to leukaemogenesis by acting synergistically with
directly-acting genotoxic drugs. To date the leukaemogenic
potential of low-dose single-agent etoposide therapy has not
been determined.
The optimal therapeutic approach in the treatment of LCH

is not clear. Should therapy aim to selectively destroy abnor-
mal cells or to modify the behaviour of affected tissues and
cellular subpopulations? On the one hand, the use of topoiso-
merase inhibitors in doses and schedules usually employed to
effect tumour cell destruction may run the risk of induction
of ANLL. The risk may be reduced by the use of single-
agent/prolonged-schedule regimens but confirmation awaits
further clinical studies. On the other hand, aberrant cellular
processes in LCH may be subject to selective therapeutic
modulation by the disturbance of topoisomerase function,
although it is likely that such processes would have to im-
pinge upon DNA metabolism in some way.

It is becoming increasingly clear that the response of a
tumour cell to topoisomerase inhibition is not dependent
upon topoisomerase-targeting alone. Rather, the integrity of
cellular 'checkpoints' controlling cell cycle traverse and the
function of elements responsive to DNA damage and stalled
DNA metabolism play important roles in determining the
cytostatic and cytotoxic actions of topoisomerase poisons
((Kastan et al., 1992; Kaufmann, 1989; Lock and Ross, 1990;
Dive et al., 1992). Arrest at the GI/S phase and G2/mitosis
cell cycle stages are typical but variable responses of pro-
liferating human cells to DNA damaging agents. These cell
cycle checkpoints can be viewed as the nodes at which
systems capable of detecting cellular stress, in this case DNA
damage, interface with the mechanisms controlling cell cycle
traverse (Lane, 1993, Lock and Ross, 1990).

Studies have shown a requirement for the product of the
pS3 tumour supressor gene both in the efficient activation of
apoptosis (Clarke et al., 1993) and in the arrest of cells at the
G1/S phase checkpoint (Kastan et al., 1992). The general
concept is that pS3 can act as a guardian of the genome
(Lane, 1993) and provide a defence reaction against the
consequences of uncontrolled replication of DNA carrying
lesions induced by genotoxic agents. This defence involves
the activation of a block to S phase entry, providing a
potential recovery period, and a programmed apoptotic dest-
ruction of damaged cells. In the presence of a functional
pS3-dependent pathway, cells appear to be capable of expres-
sing apoptosis with evidence that c-myc and bcl-2 genes
cooperate in that process of active cell death (Evan et al.,
1992; Fanidi et al., 1992). Critically, checkpoint modulation
can alter cellular responsiveness to chemotherapeutic agents
(Lowe et al., 1993) and topoisomerase poisons are effective
inducers of apoptosis (Bertrand et al., 1993). However, there
is currently no evidence that checkpoint abnormalities are a
feature of LCH and it would be expected that such cells are
competent for both cell cycle arrest and the ability to commit
damaged cells to apoptosis, although this awaits experimental
confirmation.

Persistent cytostasis induced by topoisomerase poisons,
reflecting chronic checkpoint activation, may be a valuable
clinical outcome in the control of abnormal cellular behav-
iour including LCH. The future for cytotoxic chemotherapy
of LCH my lie in the selection and application of cytotoxic
agents, such as etoposide, to attain a level of selectivity for
given cell lineages combined with the complementary mani-
pulation of response pathways that alter the population
dynamics of the target cells through the promotion of cell
cycle arrest and cell loss.
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