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Abstract

DNA topoisomerases are highly specialized nuclear enzymes that perform topological changes in the DNA molecule in a
very precise and unique fashion. Taking into account their fundamental roles in many events during DNA metabolism such as
replication, transcription, recombination, condensation or segregation, it is no wonder that the last decade has witnessed an
exponential interest on topoisomerases, mainly after the discovery of their potential role as targets in novel antitumor therapy.
The difficulty of the lack of topoisomerase Il mutants in higher eukaryotes has been partly overcome by the availability of
drugs that act as either poisons or true catalytic inhibitors of the enzyme. These chemical tools have provided strong evidence
that accurate performance of topoisomerase Il is essential for chromosome segregation before anaphase, and this in turn
constitutes a prerequisite for the development of normal mitosis. In the absence of cytokinesis, cells become polyploid or
endoreduplicated.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction through transient DNA cleavage, strand passing and
religation (for a recent review, se¢@]). So far, at
The double-stranded nature of DNA poses im- least five different topoisomerases have been reported
portant topological problems that arise during DNA to be present in higher eukaryotes, namely topoiso-
metabolic processes such as replication, transcription merase | and topoisomerasesxind 113, which are
and segregation of daughter molecules. An example type |, and topoisomerasesxland 113, two isozymes
is during the progress of the replication fork machin- belonging to the type Il family1,2] (Fig. 1).
ery along the DNA molecule, that inevitably results Type | enzymes, which do not require ATP, act by
in the generation of positive supercoiling ahead of the forming a transient single-strand break (ssb) through
fork, while the already replicated parental strands in which the other DNA strand passes to achieve relax-
its wake become negatively supercoiled. ation; while type Il, usually ATP-dependent, is able to
DNA topoisomerases are conserved nuclear en- do so with the two strands that make up duplex DNA,
zymes that catalyze a variety of interconversions that creating a DNA-linked protein gate through which
take place between topological isoforms of DNA another intact duplex pass¢3]. Both type | and
type Il enzymes are proficient in relaxing supercoiled
"+ Corresponding author. Tel+34-95-4557039; pNA, yvhile only topoisomerase Il can depatenate
fax: +34-95-4610261. intertwined DNA molecules. Whereas the biological
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DNA Type  Structure M.W. (kD) DNA Gene localization Function
Topoisomerase cleavage  (Human chromosome)
I 1B Monomer 100 ssb 20 Replication, transcription,
recombination
ITo IA 2 isoforms 110 ssh 17 Recombination,
(alternative splicing rDNA metabolism
mrp 1A 3 isoforms 96 ssh 22 Recombination
(alternative splicing)
Io II Homodimer 170 dsb 17 Chromosome condensation
and segregation. Replication
1B I Homodimer 180 dsb 3 Not well defined
TOPO Ila
G1 S G2 M

| TOPO I: TOPO1IB ; TOPO 1llc, B |

Fig. 1. Human DNA topoisomerases and their expression throughout the cell cycle. Human type IA topoisomerases (topoisomerases I
and I1I3) are homologous to bacterial type | topoisomerases (bacterial topoisomerases | and Ill) and, like these bacterial enzymes, have
activity toward negatively supercoiled DNA, but not positively supercoiled DNA substrate. Topoisomerasesl 1|3 are isozymes. As

to their mode of DNA cleavage, type | enzymes act by forming a transient single-strand break (ssb) in DNA to achieve relaxation of the
supercoiled molecule before resealing, while type Il topoisomerases form double-strand breaks (dsb) to facilitate unknotting or decatenation
of entangled DNA molecules. Levels of topoisomerase iRNA increase several-fold (normally over 10 times) in late S aptMG

while other topoisomerases are expressed constitutively in a less cycle-dependent fashion.

understood, many investigations have dealt with the get for a number of widely used antineoplastic drugs

roles of both topoisomerase | and topoisomerase ||
Topoisomerases are required during DNA repli-
cation, transcription (mainly topoisomerase |) and
homologous recombinatiof8—5] and a specific and
unique role for topoisomerase Il in segregation of
daughter chromatids after DNA replication as well as

considerably more lethal to cells that contain high
levels of topoisomerase Il and which are undergo-
ing high rates of DNA replicatioi8—10]. Levels of
topoisomerase d mMRNA peak in late S and £V
several-fold (normally over 10 times) over the amount
detected in G cells. These high levels are consis-

in chromatin condensation and anaphase segregatiortent with the idea that topoisomerase lis required

during mitosis has been proposfg]7]. Contrasting
with topoisomerase | and topoisomeraggk for which

mainly during the final stages of DNA replication to
facilitate chromosome untangling, condensation and

the amount and stability show no significant fluctua- mitotic segregation. A variety of drugs that interfere
tions through the cell cycle, topoisomerase plrotein with topoisomerase Il have been reported to induce
levels vary naturally as a function of the proliferative polyploidy and endoreduplication to different degrees
stage (higher in cancer cells than in normal ones) and [7,11-16] providing indirect evidence that the enzyme
cell cycle position Fig. 1). This particular behavior  is required for separation of sister chromatids. This
has made topoisomerase |l the primary cellular tar- review will focus on topoisomerase Il as the nuclear
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enzyme that plays an essential role during chromo-
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A difficulty commonly encountered when using

some segregation, an absolute prerequisite for thetopoisomerase Il poisons such as etoposide to sta-

development of normal mitosis and the proper distri-

bilize the normally transient covalent intermediate

bution of the genetic material between daughter cells. DNA—enzyme cleavable complex, is that rather high

2. Essential function of topoisomerase Il for
anaphase separation of chromosomes

cytotoxic doses, that induce of DNA damage with
subsequent &delay have to be used to block en-
zyme function[25-27] This drawback is overcome

by the use of topoisomerase |l catalytic inhibitors
which do not cause DNA and chromosome dam-

As concluded from reports on temperature sensitive age, in order to determine the relative importance of

yeast mutants that are defective in one or more topoi-

the enzyme in promoting chromosome segregation

somerases, type | and type Il enzymes are able to sub-at metaphase—anaphase transifibd]. Focusing on
stitute for each other to some extent in many functions topoisomerase Il catalytic inhibitors, even though

such as DNA replication and transcription, while the
only topoisomerase that is essential for cell viability
as a whole seems to be the type Il enzyj2ie Yeast
topoisomerase Il, encoded by tt@p2 gene, is abso-
lutely required to carry out separation of completely
replicated chromosomes before cell division. Topoi-

they have been available for quite a long time and
despite their usefulness and promise, reports on in-
duced polyploidization and endoreduplication as a
result of topoisomerase Il malfunction are scarce. Hu-
man leukemic CEM cells continuously exposed to the
topoisomerase |l catalytic inhibitors merbarone and

somerase type | is basically unable to fully separate SN22995 first accumulated in,Gout then escaped
double-stranded DNA molecules. Lending support to the & block and proceeded into mitosis. Failure to
this proposed role of the enzyme, it has been reported divide led to re-replication, and the cells accumulated

that in yeast cells with no topoisomerase Il activity

plasmids are fully replicated but accumulate as cate-

nated dimerg6]. When it comes to higher eukary-

at the 8N DNA stagg12]. Inactivation of topoiso-
merase |l by merbarone also resulted in polyploidy in
male mouse meiotic celld6]. Among other classes

otes, the lack of topoisomerase Il mutants has made of catalytic topoisomerase Il inhibitors, the bisdiox-

it difficult to prove a similar mitotic function of the

opiperazines (ICRF-154, ICRF-187, ICRF-193, etc.)

enzyme. As an alternative approach, topoisomerase Ilhave been the most studied to analyze their effect

poisons and catalytic inhibitors have been employed.

on chromosome segregation. Andoh et [@8,29]

In good agreement with the observations made in yeastfirst reported that ICRF-193, considered a catalytic

[4], reports from studies carried out Drosophila
[17], amphibig[18] and mammal§3,7,14,19]indicate

non-cleavable-complex-forming-type topoisomerase
Il inhibitor [30] led to an absence of chromosome seg-

that the conserved nuclear enzyme topoisomerase llregation at mitosis with further accumulation of poly-
plays a major role in chromosome segregation dur- ploid cells with 8C DNA complements. Formation of

ing mitosis. A consistent observation that lends sup-

polyploid nuclei as a consequence of failure of chro-

port to the idea of the importance of the enzyme for mosome segregation in the presence of ICRF-193 was
anaphase segregation is that if topoisomerase Il func-also reported in HeLa cell31]. Similar results on
tion is blocked after chromosome condensation, the endoreduplication resulting in large highly polyploid
cells are arrested at metaphase and the chromatids failcells have been recently obtained after treatment of

to separat¢4,7,14,20,21] Taken as a whole, these re-

human leukemia cells with dexrazoxane (ICRF-187)

sults seem to support the idea that supercoils generated32]. While the notion that bisdioxopiperazines are

in initiation and elongation steps of replication can be
removed by topoisomerase | activity, while the final

pure catalytic inhibitors of DNA topoisomerase |l
has been recently challenged, with reports on their

step of decatenation of intertwined daughter molecules possible poisoning mechanisf83,34] treatment of

can only be carried out by topoisomerase Il. A con-
sistent observation is that inactivation of DNA topoi-
somerase |l does not result in an inhibition of DNA
synthesig22-24]

cultured Chinese hamster ovary (CHO) cells with
ICRF-193 also results in a high yield of endoredupli-
cated cells, as reported recently from our laboratory
[35] (Fig. 2). Interestingly, the repair defective CHO
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Fig. 2. Chinese hamster ovary (CHO) metaphase cell showing the
characteristic diplochromosomes, made up of four chromatids in-
stead of the normal two, as a consequence of a treatment with
the bisdioxopiperazine ICRF-193, a topoisomerase Il catalytic in-
hibitor.

mutant EM9[36] that exhibits a relatively high rate
of spontaneous endoreduplicati¢B7], appears as
highly sensitive to ICRF-193 treatment as compared
with its parental line AAg35].

A great deal of the above observations can be ex-

plained, at the molecular and mechanistic levels, as
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charomyces pombe [5] and micg/16,40]has also been
reported. In male mice, topoisomerase Il exhibited a
higher level of activity in meiotic spermatocytes than
in round spermatids, while the enzyme inhibitors teni-
poside (VM-26) and ICRF-193 dramatically inhibited
the formation of metaphase chromosomes in cells in-
duced to progress from prophase to metaphase. Inter-
estingly, however, the disassembly of the synaptone-
mal complex was not prevented, indicating that mech-
anistically this latter process could be uncoupled from
condensation of chromatid0]. Also in male mouse
meiotic divisions, the topoisomerase Il inhibitor mer-
barone was reported to induce cell cycle arrest and
aneuploidy. Both polyploid and hypoploid metaphase
Il spermatocytes were observed after merbarone treat-
ment of the first division diplotene—diakinesis sper-
matocyteq16]. Taken as a whole, these observations
seem to support a similar meiotic role for topoiso-
merase Il as that played in mitosis for the segrega-
tion of sister chromatids after completion of DNA
replication. In the case of meiosis, for separation in
metaphase | of homologous chromosomes having one
or more crossovers, topoisomerase |l has to carry out
the same task as in mitosis: separation of sister chro-
matids that are entangled because of meiotic DNA
replication. Failure of this process should lead to ar-
rest at the first meiotic divisiofiL6,40]

a consequence of the recently proposed notion of the 3. Gene products that may associate with

“decatenation checkpoin{38]. In human cells, it has
been reported that chromatid catenation is actively
monitored as cells progress fromp @ mitosis, in
such a way that entry into mitosis is inhibited when
chromatids are insufficiently decatenatg8]. This
failure results in a delayed mitosis until chromatids
are sufficiently decatenated by topoisomerag89l.

topoisomerase |1 in the chromosomal
segregation process

Focusing exclusively on topoisomerase Il as the
enzyme responsible for chromosome segregation at
mitosis is too simplistic, given the high complexity of
molecular events occurring during cell division. To en-

Sustained chromatid catenation as that induced by sure a proper progression from metaphase to anaphase,
ICRF-193 and other topoisomerase Il inhibitors may a number of processes such as ubiquitin-dependent
stress chromosomes and end up in aneuploidy or poly- proteolysis, protein dephosphorylation, a poorly un-

ploidy through aberrant mitosis, causing genetic in-
stability. As to the genes involved, ICRF-193-induced
mitotic delay has been shown to be ATM-independent,

derstood function by the TPR repeat proteins, chromo-
some transport by microtubule-based motor proteins
and DNA topological change by topoisomerase Il

unlike the G checkpoint response to DNA damage,
while the products of th&TR andBRCA genes seem
to be required38].

A role for topoisomerase Il in meiotic chromosome
condensation and segregation in the yeéabtzosac-

are all necessarj41]. In addition, chromosome con-
densation, mitotic kinetochore function and spindle
formation require a large number of proteins, which
are also prerequisites for successful sister chromatid
separation[41]. Here we will only deal with gene
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products reported to interact with topoisomerase Il and topoisomerase Il might be important to facilitate
and play a role in association with the enzyme for its decatenation of late stage replicons to permit faith-
ability to decatenate intertwined fully replicated DNA  ful chromosome segregation during anaphase. Inter-
molecules before their segregation. estingly, the human Bloom’s and Werner’'s syndrome
Separation of sister chromatids in mitosis, though gene products, which belong to the RecQ family of
highly dependent on topoisomerase Il, seems to re- DNA helicases, have been shown to be associated with
quire, to different extent, a number of other gene prod- topoisomerase Il [51,52] Nevertheless, it has been
ucts. For instance, a gene isolated fr@rosophila, recently proposed that type | topoisomerases such as
the so-called barren (barr) gene has been shown totopoisomerases | and Il are primarily involved in re-
be required for anaphasic segregation of chromo- combination as opposed to being directly involved in
somes[42]. The protein encoded by barr is present chromosome decatenati¢fh6,47,53] again suggest-
in proliferating cells, localizes to chromatin through- ing that only topoisomerase Il is an essential enzyme
out mitosis, and has homologs in yeast and human for DNA segregation.
[43]. Co-localization and biochemical experiments  On the other hand, active DNA topoisomerase |
have indicated that the barren protein associates with has been also recently found to be a component of the
topoisomerase Il during mitosis and alters the activity centrosome, a critical component of the chromosome
of the enzyme, in a manner suggesting a cooperative segregation apparat|s4,55] Isolated centrosomes
role for proper chromosomal segregation by facilitat- exhibited DNA decatenation and relaxation activity
ing chromatid decatenatiod2,43] Another protein that correlated to the amount of topoisomerase Il
that has been proposed to interact with yeast topoi- protein[54]. While it has been proposed that cytoki-
somerase Il is the protein encoded by 81 gene nesis can be blocked as a result of inhibition of topoi-
[44]. This gene product does not appear to be es- somerase ot [55], the exact significance of the active
sential for viability, butpatl mutants present a slow enzyme in centrosomes is as yet poorly understood.
growth rate and exhibit a phenotype that resembles
that of yeast cells grown under limiting amounts of
topoisomerase Il. The mutants show a reduced fidelity 4. Conclusions
of chromosome segregation during both mitosis and
meiosis, suggesting that this protein plays a key, but  Although many unanswered questions still remain,
non-essential role in accurate chromosome transmis-the essential role of topoisomerase Il in chromosome
sion during cell division. The precise function of the segregation at mitosis seems to be well established. In

PAT1 gene, however, remains to be determifi2id higher eukaryotes, despite the lack of topoisomerase
Contrasting with topoisomerases | and Il, whose mutants comparable to those isolated in yeast, the
function in eukaryotes are well establishdeg 1), use of topoisomerase Il poisons as well as catalytic

the role of DNA topoisomerase Il (a type | enzyme inhibitors of the enzyme has provided a powerful tool
that in mammals exists asandp isoforms) remains  to investigate the degree of involvement of topoiso-
poorly defined. Notwithstanding, it has been proposed merase Il in chromosome segregation as compared
that topoisomerase Il may play a role in chromosomal with type | enzymes. As can be seenhiyg. 3 as a
segregatiofd5]. In bacteria, topoisomerase lll, incon- consequence of topoisomerase Il malfunction, despite
junction with the RecQ helicase, is capable of decate- the presence of all the necessary growth factors, cy-
nating completely double-stranded interlinked DNA clins and cyclin-dependent kinases (CDKs), daughter
moleculeg[46] presumably via two sequential strand chromosomes are unable to undergo anaphase sep-
passage reactions. This proposal challenges the previ-aration towards the cell poles. As a consequence of
ous suggestion that only type Il topoisomerases had this failure to achieve anaphase separation, cells be-
the ability to completely decatenate double-stranded come polyploid and, if a new replication (S) period
interlinked circular DNA moleculef7]. takes place, the endoreduplicated cell can reach the
Both in yeast[48] and higher eukaryotes includ- next mitosis showing diplochromosomes made up of
ing human[49,50], a body of data seem to support four chromatids Figs. 2 and 3 instead of the nor-
a model in which the association of a RecQ helicase mal two. However, even though these aberrant cells
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Growth factors,
Oncogenes,
Cyclins & CDKs

Cell cycle

Tumor suppressor
genes,
CDK inhibitors

Fig. 3. Topoisomerase |l and chromosome segregation at mitosis. Even in the presence of all the factors that favor progression through G
and M phases, such as cyclins and cyclin-dependent kinases (CDKs), oncogene products, and growth factors, malfunction of topoisomeras
Il leads to an aberrant mitosis as anaphase separation fails. As a result, cells become polyploid as a consequence of failed cytokinesis. Shoul
a new replication (endoreduplication) proceed, the cell can enter the next mitosis with diplochromosomes (made up of four chromatids).

that underwent mitosis with a non-functional topoi-
somerase Il can proceed through the cell cycle up to
a given point, they eventually are bound to die.

The open questions mainly concern the gene prod-
ucts other than topoisomerase Il that could influence
the proper development of the segregation process,
mainly through association with the enzyme in a co-
operative manner. In this context, we have mentioned
the barren product first isolated froBrosophila but
with homologs in yeast and humap#,43], as well
as the product of thpatl gene[44], though undoubt-
edly new gene products are yet to be discovered.

The most controversial question maybe whether or
not topoisomerase Il is the exclusive topoisomerase
involved in decatenation of replicated DNA. Topoiso-
merase lll, a type | enzyme, in association with the

RecQ helicase, has been proposed to be important to

facilitate decatenation of late stage replicons to per-
mit faithful chromosome segregation during anaphase
[45,46] However, type | topoisomerases may be more
likely to be involved with recombination rather than
chromosome decatenatip#6,47,53]
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