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Topoisomerases are essential nuclear enzymes that cat-

alyze the interconversion of topological forms of single-

and double-stranded DNA; in doing so, they are intimately

involved in processes related to cell growth and division

and appear to be structural and functional components

of the cell nucleus 0-3). Over the past several years,

there has been considerable interest in these enzymes as

targets of certain classes of antineoplastic agents, includ-

ing camptothecin, doxorubicin and daunorubicin (anthracy-

clines), teniposide and etoposide (epipodophyllotoxins), and

amsacrine (an aminoacridine) (3-5). While camptothecin and

analogs appear to be specific inhibitors of DNA topoiso-

merase I (6), the other drugs inhibit the activity of DNA

topoisomerase II (7,5).

Rodent and human tumor cell lines expressing resistance

to drugs that act on topoisomerase I (9,10) or topoisomerase

11(77-73) have been described, and resistance, where it has

been studied, appears to be associated with decreased activ-

ity of these enzymes (9,10,14-16). It is of interest that cells

selected for resistance to one inhibitor of topoisomerase II

express cross-resistance to other classes of drugs that inter-

act with this enzyme, a form of multidrug resistance (MDR)

(13,14). We have termed cells expressing this phenotype

"at-MDR" (16), since the phenotype appears to be mediated

by alterations in topoisomerase II. Because topoisomerase

II-interacting drugs are used clinically, and because selec-

tion of cell lines expressing altered topoisomerases can be

achieved relatively easily, it is likely that the tumor cells of

patients who have been treated with these drugs will also

develop an altered topoisomerase form of resistance to these

agents. Accordingly, efforts to understand the biochemical

and molecular bases of at-MDR are warranted.

While several recent biochemical studies have provided

insights into at-MDR (16-19), the paper by Tan et al. in

this issue of the Journal (20) poses new challenges to our

understanding of this complex problem. I will confine my

comments here mostly to topoisomerase II and at-MDR but

will address camptothecin resistance and topoisomerase I

where appropriate.

What do we know about the biochemical and molecular

basis of at-MDR? In contrast to "classic" P-glycoprotein-

associated MDR (Pgp-MDR), cells expressing "pure" at-

MDR are generally unaltered in drug accumulation and re-

tention (13) and do not overexpress P-glycoprotein (21). In-

sofar as we know, at-MDR cells all display decreased activ-

ities of topoisomerase II (14-16,22), but the precise mech-

anism^) through which this decrease is mediated may vary.

In thinking about the possible bases of decreased or al-

tered topoisomerase II activity, it is instructive to consider

the steps involved in the normal functioning of the enzyme.

Osheroff (23) proposed that enzyme activity can be viewed

as comprising several discrete steps: 1) binding/recognition

of specific DNA sequences, 2) strand-cleavage and covalent

attachment of the enzyme to the cleaved 5' termini, 3) pas-

sage of the second strand of DNA, which requires adeno-

sine triphosphate (ATP) binding but not hydrolysis, 4) religa-

tion of the cleaved DNA, and 5) enzyme turnover (catalysis),

which requires ATP hydrolysis. A mutation in the topoiso-

merase gene could affect any or all of these steps and lead

to a decrease in enzyme activity.

In many (15,18,19) but not all (76) at-MDR cell lines, de-

creased catalytic activities of, and cleavage by, DNA topo-

isomerase II are associated with decreased amounts of im-

munoreactive enzyme in nuclear extracts. We have found

that nuclear matrix-bound topoisomerase II is decreased in

amount and activity in our teniposide-resistant human CEM

cell lines, compared to drug-sensitive cells (24). Further, we

recently showed that the requirement of topoisomerase II for

ATP is increased in resistant cells (17). Experiments with

novobiocin and a nonhydrolyzable analog of ATP sug-

gested that topoisomerase II from the resistant cells bound

ATP less well than the enzyme from the sensitive cells,

and we postulated that this phenomenon was due to a struc-

tural alteration or mutation in the gene encoding the enzyme

(77), a possibility that we are presently examining. Based

on the steps involved in topoisomerase activity, the proposed

mutation in our cells most likely affects second-strand pas-

sage. Resistant topoisomerases have been purified from ro-

dent (18,19) and human (9,15) cell lines and have been

shown to differ from the sensitive cell enzymes in activity

or physical properties. The finding of decreased amounts of

topoisomerase II in resistant cell extracts is consistent with

the fact that the phenotype associated with decreased topo-

isomerase activity is expressed recessively (10,14,25,26).

The paper by Tan et al. in this issue of the Journal presents

two interesting and potentially important concepts regarding

topoisomerases and the drugs that interact with them. The

first is that apparently one allele for topoisomerase is shut

down in the resistant cell lines, and the investigators have

presented some data indicating that the basis for this may

be hypermethylation of the topoisomerase genes. The other

is that resistance to a topoisomerase II inhibitor confers

collateral sensitivity to inhibitors of topoisomerase I and vice

versa.
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The idea that a possible mode of drug resistance may be
by "down-regulation" of topoisomerase II via hypermethyl-
ation of the gene and expression of only one of the alle-
les is intriguing. Hypermethylation of topoisomerase II in
HL-60/m-AMSA cells was also suggested in another recent
study (75), although the possibility of a mutation could not
be ruled out. While altered regulation by hypermethylation is
consistent with the recessive nature of drug resistance associ-
ated with decreased topoisomerase activities, it differs from
the idea that this type of resistance is due to mutations in the
genes encoding these enzymes. Seemingly, hypermethylation
may be another way of regulating topoisomerase II, and pos-
sibly topoisomerase I. It will be of interest to examine other
possible modes of topoisomerase gene regulation in drug-re-
sistant cells, such as altered rates of transcription. In the con-
text of the Tan study, confirmation of hypermethylation in
other at-MDR lines could open new avenues for therapeu-
tic intervention. For example, treatment with azacitidine,
which inhibits DNA methylation (27), might "up-regulate"
the expression of topoisomerase II and render topoisomerase
II-resistant (presumably hypermethylated) cells sensitive to
antineoplastic agents.

The other concept to come from the paper by Tan et al.
is that of the apparent reciprocal relationship between the
two topoisomerase enzymes. Studies with yeast mutants sug-
gest that topoisomerase I is not an essential enzyme, that
these organisms can function without it (28), but that topo-
isomerase II may be able to assume some of its functions
(29). Controls for the two enzymes in mammalian cells may
differ from those in yeast. Sensitivity to the topoisomerase
I inhibitor camptothecin has not been reported in other cell
lines resistant to topoisomerase II inhibitors, but moderate
hypersensitivity to topoisomerase II inhibitors was seen in
a Chinese hamster ovary (CHO) cell line selected for high
resistance to camptothecin (10). While decreased levels of
topoisomerase I were shown in these camptothecin-resistant
CHO cells, topoisomerase II levels did not appear to be ele-
vated (10). In other studies, topoisomerase II levels were
found to be increased in an ataxia telangiectasia fibroblast cell
line (30), in a doxorubicin-hypersensitive CHO cell line (31),
and in mechlorethamine-resistant Raji human Burkitt's lym-
phoma cells (32). The drug-resistant Raji cells were collater-
ally sensitive not only to several topoisomerase II in-
hibitors, but also to camptothecin (32). Although the ataxia
telangiectasia fibroblast line expressed a reciprocal decrease
in topoisomerase I levels, this effect was not seen in the
doxorubicin-hypersensitive CHO line, and the authors con-
cluded that decreased topoisomerase I is not inevitably linked
with increased levels of topoisomerase II (30). Clearly, more
studies are needed to determine whether a functional rela-
tionship between the two enzymes exists in mammalian cells.

It is now clear that "natural product" multidrug resistance
can take several forms. Although much has been learned
recently about that form associated with the overexpression
of P-glycoprotein (33,34), we are just beginning to see the
shape and magnitude of the problem of MDR associated
with altered topoisomerase II. Resistance associated with
altered topoisomerase I has not been studied extensively. It
is presently unclear whether mutation or altered regulation

of the enzymes is the predominant mechanism responsible
for the resistant phenotype, but work in several laboratories
should provide information about this in the near future.
There are likely to be several different pathways that can lead
to drug resistance via alterations in topoisomerase II activity
and produce a similar phenotype, at-MDR. The paper by
Tan et al. in this issue of the Journal affords new ways of
thinking about the role of altered topoisomerases that may
help us unknot the complexities of multidrug resistance.
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