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DNA Topoisomerase II Rescue by Catalytic Inhibitors

A NEW STRATEGY TO IMPROVE THE ANTITUMOR SELECTIVITY OF ETOPOSIDE
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ABSTRACT. The nuclear enzyme DNA topoisomerase II (topo 1I) is the target of important antitumor agents
such as etoposide. Recent work has classified topo Il targeting drugs into either topo Il poisons that act by
stabilizing enzyme—-DNA cleavable complexes leading to DNA breaks, or topo Il catalytic inhibitors that act at
stages in the cata'ytic cycle of the enzyme where both DNA strands are intact and, therefore, do not cause DNA
breaks. Accordingly, catalytic inhibitors are known to abrogate DNA damage and cytotoxicity caused by topo
11 poisons. In this commentary, we have focused on the possibilities of enabling high-dose therapy with the topo
I1 poison etoposide by protection of normal tissue with catalytic inhibitors, analogous to folinic acid rescue in
high-dose methotrexate treatment. Thus, we have demonstrated recently that (+)-1,2-bis(3,5-dioxopiperazinyl-
1-yl)propane (ICRF-187) enabled a 3- to 4-fold dose escalation of etoposide in mice. Two high-dose etoposide
models are described, namely use of the weak base chloroquine in tumors with acidic extracellular pH and
targeting of CNS tumors with protection of normal tissue by the bisdioxopiperazine ICRF-187. In conclusion,
high supralethal doses of topo I poisons in combination with catalytic inhibitor protection form a new strategy
to improve the antitumor selectivity of etoposide and other topo II poisons. Such an approach may be used to
overcome problems with drug resistance and drug penetration. BIOCHEM PHARMACOL 54;7:755-759, 1997.
© 1997 Elsevier Science Inc.
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The nuclear enzyme DNA topo 11§ is the target of impor-
tant antitumor agents [1]. Topo Il targeted drugs such as
etoposide (VP-16) and doxorubicin {(Adriamycin®) are
used in diseases such as leukemia, malignant lymphoma,
breast and testicular cancer, and small cell lung cancer
(SCLC). Thus, etoposide as a single drug yields remissions
in 70% of SCLC patients, and half of these patients obtain
complete remissions [2]. This essential enzyme, which exists
in both a 170 kDa « and a 180 kDa B isoform, is responsible
for a cleavage/rejoining reaction of double-stranded DNA
allowing the separation of intertwined DNA strands [3].
During its catalytic cycle, the enzyme binds covalently to
DNA, creating a transient double-strand DNA break.
Through this DNA break rthe enzyme allows the passage of
another DNA double-strand helix. Then DNA is rejoined,
and the enzyme dissociates from the DNA. Topo Il target-
ing anticancer agents can be classified conveniently into
poisons and catalytic inhibitors (Table 1). Both drug classes
inhibit the enzyme, but only topo Il poisons result in the
accumulation of topo Il linked DNA breaks. This accumu-
lation of DNA breaks is due to an inhibition of the
rejoining step of the enzyme. The breaks are called cleav-
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§ Abbreviations: topo 1l, topoisomerase II; MTX, methotrexate; and
ICRF-187, (+)-1,2-bis(3,5-dioxcpiperazinyl-1-yl)propane.

able complexes, as their detection relies on SDS fixation
and proteinase treatment to remove the covalently linked
topo 1l from the DNA break. Thus, a topo 11 poison acts at
a stage of the catalytic cycle of the enzyme where the gate
DNA strand is open or cleaved (Fig. 1), whereas a catalytic
inhibitor interacts with the enzyme at a stage where there
are no DNA breaks, i.e. the gate DNA strand is intact. This
distinction may have some practical implications; thus, a
topo Il poison converts the essential enzyme to a poisonous
molecule, whereas the catalytic inhibitor appears to exhibit
toxicity by blocking the activity of the enzyme. Accord-
ingly, a reduction in the nuclear topo Il content or activity
as in the at-MDR (altered topoisomerase 1I multidrug
resistance) phenotype results in resistance to topo !l poi-
sons [4, 5] and a lack of cross-resistance or even increased
sensitivity to catalytic inhibitors, as demonstrated with
aclarubicin [6], fostriecin [7}, and the ICRF-187 analogs
-159 and -193 [8]. A logical consequence of the distinction
is that a catalytic inhibitor should be able to inhibit a topo
II poison by interfering with the catalytic cycle in such a
way as to reduce the amount of cleavable complex forma-
tion, in other words, to decrease the available target of the
poison. This has been shown to be the case for aclarubicin
19, 10], merbarone {11], fostriecin [12], novobiocin [13],
suramin [14], chloroquine [15], distamycin [16], and the
bisdioxopiperazines [17-19]. Only small differences in the
molecular structure of a drug can determine whether it is a
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TABLE 1. Topoisomerase II targeted drugs divided into
enzyme poisons and catalytic inhibitors and subdivided into
DNA intercalators and non-intercalators

Topoisomerase 11 Topoisomerase 11

poisons catalytic inhibitors
Intercalators
Daunorubicin Aclarubicin
Doxorubicin Chloroquine
msacrine
Ellipticine
Mitoxantrone
Non-intercalators

Etoposide Bisdioxopiperazines
Teniposide (ICRF-159, -187, -193)
CP-115,953 Merbarone
Clerocidin Fostriecin

Suramin

Novobiocin

topo I poison or a topo Il catalytic inhibitor. Thus, we
have demonstrated that the presence of a COOCH; moiety
at the C-10 position in the anthracycline class of drug
molecule is, in itself, enough to alter its status from a topo
II poison to a catalytic inhibitor [6]. While topo 1 poisons
are restricted to a relatively short part of the catalytic cycle
of the enzyme, the catalytic inhibitors have several possible
steps of interaction. These steps have been characterized in
some detail for the intercalators and the bisdioxopipera-
zines. Thus, intercalating agents such as aclarubicin,
ethidium bromide, and chloroquine act early in the cata-
lytic cycle by hindering the access of the enzyme to its
DNA substrate [15, 20, 21] (Fig. 1). Presumably, DNA
minor groove binders such as distamycin act in the same
way [16], while the bisdioxopiperazines appear to lock the
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enzyme in its closed-clamp post-religation step [22-24]
(Fig. 1). One noticeable difference between topo 1l poisons
and catalytic inhibitors is that while the former have
supplied some of the most clinically potent and widely used
anticancer agents, the only catalytic inhibitor that has been
successful in clinical oncological practice has been aclaru-
bicin. Thus, in a randomized phase III trial, aclarubicin +
ara-C was found to be superior to daunorubicin + ara-C as
first-line treatment of acute myeloid leukemia {25]. Curi-
ously, this did not stimulate an interest in aclarubicin,
especially as there is a lack of cross-resistance in the
at-MDR phenotype between the topo Il poison daunorubi-
cin and the topo II catalytic inhibitor aclarubicin [6]. Such
data suggest that their sequential administration would be
beneficial. Unfortunately, this has not been tested, and
today aclarubicin appears to approach pharmacoptosis—the
end stage of a drug’s life.

The question naturally arises whether the knowledge
gained on the different drug interactions of topo II catalytic
inhibitors and poisons could be put to clinical use. This
situation is similar to that of the mid-1970s when folinic
acid rescue was introduced for use in combination with
high dose MTX. Thus, folinic acid is an antidote that is
able to abolish completely the effects of MTX. This
external salvage pathway has enabled manipulation of
MTX pharmacology. High dose MTX with folinic acid
rescue has been studied in a number of settings such as
overcoming problems of drug resistance and poor drug
penetration. Thus, MTX penetrates poorly into the cere-
brospinal fluid. However, after high dose MTX, active dose
levels can be achieved. These regimens, which employ
otherwise lethal infusions of MTX, have now found appli-
cation in the treatment of lymphomas, osteogenic sarcoma,
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THE TOPOISOMERASE Il CATALYTIC CYCLE

FIG. 1. The topoisomerase II catalytic cycle with the proposed interaction sites of the drugs mentioned. The enzyme is shown as a
homodimer, the passing DNA strand is grey, and the cleaved DNA strand is black. VP-16 = etoposide.
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TARGETING ETOPOSIDE (VP-16) TO ACIDIC TUMORS

FIG. 2. Model depicting a pH-mediated regulation of topoisomerase II. An acidic extracellular pH is a common featute in many solid
tumors. The neutral topoisomerase Il poison etoposide (VP-16) traverses the plasma membrane at both neutral and acidic pH.
However, the catalytic inhibitor chloroquine as a weak base binds a proton and is positively charged at low extracellular pH, and thus
unable to cross the plasma membrane, while it is uncharged and freely permeable at neutral pH. In this way, chloroquine protects cells
at neutral pH such as in normal tissue, but not in acidic cancerous tissue (see Ref. 15 for further details).

and acute leukemia [26]. Interestingly, similar options now resistance and to exploit differential penetration. We there-
appear with topo 1l rescue. The possibility of using high fore found it very encouraging when we realized that the
dose topo Il poisons in combination with catalytic inhibitor bisdioxopirazine ICRF-187 within a wide range of non-
protection is an intriguing idea to overcome problems with toxic doses was able to protect against otherwise lethal

ICRF-187

FIG. 3. Model showing high-dose therapy of CNS tumors by etoposide (VP-16) enabled by differences in permeability of the
blood—brain barrier of the lipophilic topoisomerase II poison VP-16 and the hydrophilic catalytic inhibitor ICRF-187. Standard dose
VP-16 therapy is displayed at the left (thin arrow), while at the right high-dose VP-16 (thick arrow) is made possible by protecting
normal tissue with ICRF-187, which does not pass the barrier. This latter combination enables the use of supralethal etoposide doses.
This means that higher etoposide concentrations are reached in primary and metastatic CNS tumors. The increased etoposide
concentration in neural tissue is not considered a problem as it is low in target topoisomerase IT content (see Ref. 27 for results).
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TABLE 2. Increased survival of mice with CNS tumors treated with high-dose etoposide +
ICRF-187 compared with an equitoxic dose of etoposide

Increased life span (%)

Etoposide Etoposide + ICRF-187
N (33 mg/kg) (125 mg/kg + 120 mg/kg) P
Group 1 18 13 38 <0.01
Group I 18 21 38 <0.01
Group 111 18 13 63 <0.01

Three groups of mice (each containing 18 animals) were inoculated intracerebrally on day 0 with 10% L1210 tumor cells and
then were treated on day 2 with either a standard dose of etoposide or high-dose etoposide with ICRF-187 rescue. The increased
life span was compared with that of the saline-treated controls. The Mann-Whitney test was used for statistical evaluation (from

Ref. 27).

doses of etoposide in mice [27]. This was in contrast to the
intercalator aclarubicin where the window of opportunity
was much smaller [28].

The demands for a meaningful interaction are: (1) the
obtained antagonism should selectively protect normal
tissue and not tumor cells, and (2) the interaction should
enable significant dose escalations in vivo. We have inves-
tigated two models for improving selectivity, one being
antagonist trapping by low extracellular pH [15], while the
other is utilization of differences in drug pharmacokinetics
across the blood—brain barrier [27].

In the first model demonstrated in Fig. 2, chloroquine, a
weak base intercalator, selectively protects cells at physio-
logical pH against etoposide-induced cytotoxicity, etopo-
side being a neutral drug with an unaltered membrane
transport at different pH levels. As solid tumors are known
to have an acid extracellular pH, these would be rargeted as
chloroquine is ionized at acid pH and thus unable to cross
the plasma membrane. Though effective in wvitro [15],
chloroquine appears too toxic for use in wvivo in mice
(unpublished); therefore, less toxic analogs are needed.
However, these data convincingly demonstrate that pH-
mediated regulation of etoposide-induced cytotoxicity is
indeed feasible.

The second model, as shown in Fig. 3, regards the
utilization of the blood—brain barrier and is based on the
assumption that the bisdioxopiperazine ICRF-187, being
highly water soluble, will not pass the blood—brain barrier
to any significant degree, whereas the more lipophilic drug
etoposide will. In contrast to chloroquine, ICRF-187 is
much less toxic; in wvivo studies have been carried out
demonstrating that (a) non-toxic doses of ICRF-187 can
protect healthy mice, enabling an increase of the Ly by
360%, and (b) mice with L1210 inoculated into the CNS
have a significantly better median survival when treated
with a high-dose etoposide/ICRF-187 combination than
when treated with an equitoxic etoposide dose {{27] and
Table 2). These encouraging results have led us to instigate
more detailed in vivo studies including different schedules,
other topo Il poisons, and other murine CNS tumor types
with continued promising outcomes.
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