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Abstract

There are controversial theoretical models about a possible involvement of DNA topoisomerase Il (topo II) in the molecular
mechanism of sister chromatid exchanges (SCESs). In order to clarify the role of this enzyme, if any, in such recombinational
event, CHO parental AA8 and mutant EM9 cells, which shows and extremely high baseline frequency of SCE, have been
treated with different doses of the non-poisoning topoisomerase inhibitors, ICRF-193 and bufalin. The frequencies of SCEs
after the treatments have been determined and the inhibitory effect of these compounds has been assessed using a topo |l

activity assay. The results indicate that ICRF-193 and bufalin effectively inhibit topo Il activity in AA8 and EM9 cell lines.

ICRF-193 induced a moderate increase in the frequency of SCEs in both types of cells, while bufalin did not modify the level
of SCEs in any of them. The results are discussed taking into account the apparently unlike mechanisms of inhibition of topo

Il by ICRF-193 and bufalin. © 2001 Published by Elsevier Science B.V.

Keywords:SCEs; Topoisomerase Il; ICRF-193; Bufalin

1. Introduction and Il enzymes are proficient in relaxing supercoilegh
DNA in order to relieve torsional tension generateds

DNA topoisomerases (topos) are conserved nuclear during replication and transcription, while only topas
enzymes that catalyze a series of topological changesll can decatenate intertwined DNA molecules. Thisz
that take place in DNA during many fundamental unique decatenating and unknotting activity of DNAss
metabolic processes such as replication, transcription topo Il is essential to efficiently carry out segregations
and recombination. These changes depend basicallyof daughter chromosomes after DNA replication [1].40
upon the capacity of the enzymes to perform tran-  Focusing on the possible role of topoisomerases
sient cleavage of DNA, strand passing and religation in recombination, in all three types of recombi-z
(for a review, see [1]). While topoisomerase | (topo nation mechanisms, i.e. homologous conservatives,
I) (monomer) breaks and rejoins one DNA strand at homologous non-conservative and non-homologous
a time, topo 1l (homodimer) is able to do so with (illegitimate), it is thought that the initial step is a4s
the two strands that make up duplex DNA. As for double-strand break in one or both target sequences,
the DNA substrates that they do resolve, both type | and one obvious candidate for such an enzymatic
activity, given its mechanism of action (see above)s

"+ Corresponding author. Teks 34-95-4557039: is topo 11 [2]. In a piqneer work, lkeda et al._[3] first a9
fax: +34-95-4610261. reported that bacterial gyrase (a prokaryotic topo Ho
E-mail addresscortes@cica.es (F. Cés). enzyme) directly participates in illegitimate recombisi
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nation in vitro. An association of the sites for recom- is one of the topo Il inhibitors that belongs to thiso
bination with the topoisomerase cleavage sites was “catalytic” type [19,20]. Bufalin, one of the compo1o1
further observed for bacteriophage T4 DNA topoi- nents of the bufadienolides in the traditional Chines
somerase [4]. Similarly, eukaryotic topo Il has been medicine, has also been reported to inhibit topo its
shown to mediate illegitimate recombination in vitro activity [22]. Although, its molecular mechanism ofos
[5,6]. As for the capacity of topo Il to stimulate re- inhibition remains unclear, there is evidence that itiss

combination, also in vivo, the addition of exogenous not a topo Il poison [23]. 106
topo Il resulted in an increase in the recombination  With the aim of testing the hypothesis of a poser
frequency in mammalian cells [2]. sible involvement of DNA topo Il in the molecularios

Contrasting with this proposed role of topo Il in  mechanism leading to SCE, we have treated EM9 and
promoting recombination, studies mainly carried out AA8 Chinese hamster cultured cells with the topo 1o
in yeast have shown results that seem to supportinhibitors ICRF-193 and bufalin. The frequencies af1
that topoisomerases (both | and Il) could also sup- SCEsin EM9 and its parental cell line AA8 after treati2
press recombination. Nitiss and Wang [7] reported ment with these inhibitors has been assessed. The tapo
that anti-tumor drugs camptothecin and mAMSA, Il inhibition assays were carried out in order to cheaks
that interfere with topo | and I, respectively induce the effects of these compounds on the catalytic activs
high levels of homologous recombination. A strong ity of the enzyme. 116
suppression of mitotic recombination within tBac-
charomyces cerevisia@®NA cluster as a result of a

combined action of DNA topo | and Il has also been 2. Materials and methods 117
found [8].
Sister chromatid exchange (SCE) is the cytological 2.1. Culture conditions 118

manifestation of double-strand breakage of sister chro-

matids, at supposedly the same locus, and exchange The parental cell line AA8 and mutant EMQig
and rejoining of the subunits [9]. This recombinational were grown as monolayers in McCoy’s 5A mediunzo
process, that can take place spontaneously to some exsupplemented with 10% fetal bovine serum, 2 mhd
tent but is highly sensitive to base damage in DNA, oc- L-glutamine and the antibiotics penicillin (50 U/ml)22
curs through an as yet unknown molecular mechanism, and streptomycin (5@g/ml). Cells were grown in 123

though some favored models have proposed the pos-dark at 37C in a 5% CQ atmosphere. 124
sible participation of DNA topoisomerases [10-12].
The CHO mutant EM9 shows a defect in the repair 2.2. Cell treatments 125

of DNA strand breaks induced by either chemicals or
ionizing radiation, and its main feature is an extremely ~ Exponentially growing cells were cultured for twaze
high baseline SCE frequency compared to its parental complete rounds of replication in a mixture made upr
line AA8 [13-15]. This extraordinarily high yield of  of 1 wM 5-fluorodeoxyuridine (FdU, Sigma), 1M 128
SCEs in EM9 parallels that found in cells from the deoxycytidine (dC, Sigma) as well as bromodeoxyutizo
human hereditary disease Bloom’s syndrome [16].  dine (BrdU, Sigma) at fM for AA8, and 1.25.M 130
The classical topo Il inhibitors exert their effects for EM9. The topo Il inhibitors were added to thes:
by stabilizing covalent complexes between topo Il cultures after the first round of replication (13 h fars2
and DNA, the so-called “cleavable complex” thus AA8and 16 hfor EM9) at concentrations ranging fromss
“poisoning” the otherwise beneficial reaction and 1073 to 2.5 x 10~1 uM for ICRF-193 and from10” 134
generating DNA double-strand breaks that lead to to 5x 10~#M for bufalin. Cell cultures which wereiss
chromosome damage, SCE and cell death. In recenttreated with the halogenated mixture but did not ress
years, a diverse group of drugs has been reportedceive any inhibitor treatment served as controls. The
which inhibit catalytic activity but, unlike the classical inhibitor treatments were given for 13 h in AA8 cellsss
topo Il poisons, do not stabilize cleavable complexes and 16 h in EM9 cells, that is one round of replicass
[17-21]. Thus, they are widely known as true “cat- tion. The cultures were then washed and the mediuwm
alytic inhibitors”. The bis-dioxopiperazine ICRF-193 plus the halogenated mixture was replaced. After 54
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of cell recovery, Colcemid (% 10" M) was added wash buffer, and 501 of 4mM EDTA was added. 186
for the last 3 h of cell culture for metaphase arrest. ~ Following incubation at ©C for 15 min, the nuclei 187
The flasks were shaken to dislodge the mitotic cells, were lysed by adding 100l of 2M NaCl, 20mM 1ss
which were collected by centrifugation, treated with Tris—HCI pH 7.5, 10 mMp-mercaptoethanol, 1 mMzisg
0.075M KClI for 2min, fixed in methanol:acetic acid PMSF. Following a 15 min incubation af©@, 50l 190
(3:1) and dropped onto clean glass microscope slides.of 18% polyethylene glycol (PEG-6000) in 1 M NaChe1
The slides were used for SCEs and chromosome aber-50 mM Tris—HCI pH 7.5, 10 mM3-mercaptoethanol,192
rations (CAs) analysis. Two independent experiments and 1 mM PMSF was added. The suspension was
were carried out for each inhibitor. incubated for a further 40 min period at@. The su- 194
pernatant from a 30 min centrifugation at 12 500 rpis
at #C was then collected. Total protein concentratiaps
in each extract was determined in a Beckman DU-&e#%
Differential staining of BrdU-substituted sister spectrophotometer by the Bradford [27] protein ams
chromatids was obtained in one set of slides by the say (Bio-Rad Laboratories) and extracts were keptisd
fluorescence-plus-Giemsa (FPG) method of Perry and —80°C for no longer than a month. 200
Wolff [24] modified by Morgan et al. [25]. A number
of 50 complete metaphases with well preserved chro- 2.4.2. Topoisomerase Il activity in nuclear extracts2o1
mosome morphology were scored for each treatment The topo Il activity in nuclear extracts was age2
from two independent experiments. sayed using TopoGen (Columbus, OH, USA) assag
Another set of slides was stained with 3% Giemsa kits based upon decatenation of kinetoplast DNA«
in order to analyze CAs. A number of 100 metaphases (kDNA). The amount of nuclear extract protein fronms
were analyzed for each treatment from the two inde- the different cell lines used in each assay was 100 bg.
pendent experiments. Reaction products were resolved using agarose gel
electrophoresis of DNA. After 40 min incubation atos
37°C the samples were loaded onto 1% agarose gets
and subjected to electrophoresis for 2.5h at 1002w
Finally, gels were stained with Ogg/ml ethidium 211
bromide, destained (30 min) in distilled water and>
photographed using a standard photodyne set. 213

2.3. Analysis of SCEs and CAs

2.4. Topoisomerase Il activity assay

2.4.1. Preparation of nuclear extracts

Exponentially growing AA8 and EM9 cells were
incubated for 22 h in the presence of different doses
of the topo Il inhibitors. ICRF-193 was added to the
cultures at concentrations of 0.05%B1, while the
doses used for bufalin were in the range of 4@o
5 x 10~* M. After the treatment, the cells were pro-

3. Results 214

cessed to obtain extracts of nuclear proteins, while
control (untreated) cells were also sampled in par-
allel for comparison. The procedure followed was
basically that described by Heartlein et al. [26]. Ap-
proximately 13 cells were suspended in 1ml of
0.32M sucrose, 0.01M Tris—HCI (pH 7.5), 0.05M
MgCl,, 1% Triton X-100 and thoroughly vortexed
to lyse the cells. Nuclear pellets were obtained by
centrifugation at 2000 rpm (Eppendorf centrifuge),
for 5min at #C. Nuclei were then washed in 1 ml
of nucleus wash buffer (5mM potassium phosphate
buffer, pH 7.5, 1 mM phenylmethyl sulfonyl fluo-
ride (PMSF), 1 mMB-mercaptoethanol, and 0.5 mM
dithiothreitol (DTT)). The nuclei were then pelleted as
described above and resuspended inb6Of nucleus

Fig. 1A shows the decatenation activity, assessecbiy
the decatenation assay using kinetoplast DNA (KDNAgs
as a substrate, in nuclear extracts in AA8 and EM&
cell lines after treatments with different doses of thes
topo Il catalytic inhibitor ICRF-193. As can be seenjo
topo Il activity was clearly reduced in AA8 when thig2o
compound was used at QuM or higher. Nevertheless,221
in EM9 the inhibition of topo Il activity was only clearz22
when the dose of ICRF-193 was as high ag\b 223

EM9 is highly sensitive to BrdU and has an ex24
tremely elevated frequency of SCEs [13-15] corms
pared with its parental line AA8. In order to reduces
the level of SCEs induced by BrdU alone thus maie7
ing possible a more accurate scoring, a low dosezof
1.25uM BrdU was used in this mutant cell line, while29
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Fig. 1. Percentage of decatenated DNA, that shows the catalytic activity of topo Il, in AA8 and EM9 cells treated with: (A) different
doses of the enzyme catalytic inhibitor ICRF-193; and (B) different doses of bufalin.

the dose chosen for the parental line AA8 wash\b ing with this, the highest dose used5X 101 puM 245

BrdU. ICRF-193, was shown as cytotoxic and to produee
Table 1 shows the frequencies of SCEs induced by such a delay in the cell cycle that no proper scoring
different doses of ICRF-193 in AA8 and EM9 cell could be done. 248

lines, respectively. The results indicate that ICRF-193  As can be seen in Table 1, ICRF-193 also induced
did not clearly modify the frequency of SCEs in AA8 an increase in the frequency of SCEs in EM9 celo
cells for inhibitor concentrations up to 1®uM, while line as compared with that observed in cells treated
a detectable enhancement in the frequency of SCEswith BrdU alone. Nevertheless, this increase was mase
in cells treated with non-cytotoxic higher doses of moderated than that obtained in the parental cell lings
ICRF-193 was observed. The percentage of secondThe percentage of second mitosis, that is indicatecksn
and third mitosis was also analyzed for all the treat- Table 1 as well, was about 90% for all the doses ey
ments so that any delay in the cell cycle could be de- to 5x 102 uM of ICRF-193. The dose of 10 uM 256
tected and the results are shown in Table 1 as well. For reduced this value to 65% and scoring was not possie
all the doses tested up to 1M, the percentage of  due to bad morphology of chromosomes; no mitogis
second and/or third mitosis was about 90%. Contrast- were obtained at the dose 062« 10~ uM. 259
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Table 1
Effect of different doses of ICRF-193 on the induction of SCEs and CAs in AA8 and EM9 celflines

Cell line BrdU (M) ICRF-193 M) SCEs per metaphasée S.E. CAs (%) Proliferation rafe

Second mitosis (%) Third mitosis (%)

AA8 5 - 7.84+ 0.78 8.67 56 44
5 1073 10.76+ 0.91 9.15 67 33
5 5x 1073 9.42+ 0.85 32.22 72 28
5 102 10.06 + 0.88 34 72 27
5 5x 1072 12.24+ 0.97 1415 90 7
5 10! 13.88+ 1.03 80.5 93 0
5 25x 101 nme - -

EM9 1.25 - 51.84+ 1.99 21.33 99 0
1.25 103 58.24+ 2.11 17.8 99 0
1.25 5x 1073 58.96+ 2.13 43.15 94 0
1.25 102 57.52+ 2.10 63.2 100 0
1.25 5x 102 59.70+ 2.14 187.03 86 0
1.25 101 - - 69 0
1.25 2.5x 1071 nm - -

aA number of 100 metaphases were scored in each of two independent experiments and the mean of the values is shown.

b Second mitosis (%): chromosome staining pattern corresponding to cells with two rounds of replication; and third mitosis (%): cells
with at least some chromosomes stained according to a pattern corresponding to more than two rounds of replication.

¢nm: no mitosis.

d SCE scoring was not possible due to the bad morphology of chromosomes.

Table 2
Effect of different doses of bufalin on the induction of SCEs and CAs in AA8 and EM9 celllines

Cell line BrdU (M) Bufalin (M) SCEs per metaphase S.E. CAs (%) Proliferation rafe

Second mitosis (%) Third mitosis (%)

AA8 5 - 9.16+ 0.84 9 32 68
5 1077 10.944 0.92 8.5 20 80
5 10°6 11.48+ 0.94 11 32 67
5 10°° 10.82+ 0.91 11.24 23 75
5 5x 10°° 10.32+ 0.89 7.2 48 50
5 104 9.56 + 0.86 6.8 99 0
5 5x 1074 - - 2 0

EM9 1.25 - 52.8+ 2.01 19.2 96 0
1.25 107 54.26+ 2.04 22.4 95 0
1.25 106 51.46+ 1.99 22.6 95 0
1.25 10° 60.36+ 2.15 26.78 99 0
1.25 5x 1075 55.80+ 2.07 21.91 96 0
1.25 104 51.36+ 1.99 20.45 87 0
1.25 5x 104 nme -

A number of 100 metaphases were scored in each of two independent experiments and the mean of the values is shown.

b Second mitosis (%): chromosome staining pattern corresponding to cells with two rounds of replication; and third mitosis (%): cells
with at least some chromosomes stained according to a pattern corresponding to more than two rounds of replication.

¢nm: no mitosis.
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The frequencies of chromosome aberrations (see second model proposes that, topo Il causes transient
Table 1), on the other hand, indicated that ICRF-193 double-stranded DNA breaks during replication, ands
induced a significant level of damage in AA8 at con- the proximity of DNA breaks on sister chromatids?
centrations of 5< 103 uM or higher, while in EM9 may result in incorrect rejoining, causing an SCias
this clastogenic effect was observed at concentrations[12,26,30,31]. Concerning the second model, there are
of 1072 uM or higher. many reports which support that DNA topoisomerasas

As previously shown for ICRF-193 (Fig. 1A), in  are involved in recombination [32,33]. Such a possixt
AAS8 bufalin caused a patrtial inhibition of topo Il ac- ble role of topoisomerases in the SCE mechanisnsis

tivity at the dose of 10° M (Fig. 1B) while the inhibi- based upon the ability of these nuclear enzymesste
tion was more evident for the dose of M. In EM9 carry out a concerted breakage and rejoining of DNy
cell line, on the other hand, a partial inhibition of topo [10-12,31,34]. 315

Il activity was demonstrated when bufalin treatment  In order to study the still open question of a poszs
had been given at the dose of TOM, whereas the in-  sible involvement of topo Il activity in the formatiorsi7
hibition was total when the dose used wasB) M. of SCEs, we have examined the effect of the toposlk
Table 2 shows the results on the frequency of SCEs inhibitors ICRF-193 and bufalin on the production afio
in AA8 and EM9 cell lines treated with BrdU plus dif- SCEs in the CHO mutant EM9, which shows an exzo
ferent doses of the anti-topoisomerase agent bufalin. tremely elevated baseline frequency of SCE after Brdki
As can be seen, bufalin did not produce any signif- incorporation in DNA, and its parental line AA8. Both22
icant modification in the frequency of SCEs induced ICRF-193 and bufalin act on topo Il activity withous2s
by BrdU in AA8 and EM9 cell lines for all the doses forming any cleavable complex [17,23]. 324
tested up to 10* M, that turned out to be the high- ICRF-193 and related dioxopiperazines catalybs
est non-cytotoxic. The results on cell cycle progres- ically inhibit mammalian DNA topo Il [17,18]. 326
sion are also presented in Table 2, and indicate that ICRF-193 stabilizes the closed clamp-form of the7
about 90% of the cells had completed two rounds of enzyme on DNA as a post-passage complex by #ns
replication in all the treatments up to 1M of bu- hibiting the intrinsic ATPase activity of the topo Il329
falin. When 5¢10~% M was used, no result could be sequestering the enzyme from its normal turnovan
obtained due to the low number of metaphases found [19]. 331
in EM9, and the low percentage of metaphases intheir We have found that the treatment with ICRF-1932
second mitosis found in AA8 (2%). induced a moderate increase in the level of SCEs in the
Chromosome aberrations were also analyzed cell line AA8, while the induction of SCE was onlyssa
for this inhibitor. Contrasting with that found for slight for the mutant cell line. In good agreement witss
ICRF-193 (see above) the observation was that bu- our results, it has been shown earlier that ICRF-183
falin did not induce chromosome aberrations at any only slightly elevated the frequency of SCEs in MR-&7
of the doses tested (see Table 2). cells [35]. The effect of ICRF-193 on the inductionss
of chromosome damage has been recently reporteal.

Ikushima et al. [36] showed that ICRF-193 causes

4. Discussion both chromatid- and chromosome-type aberrations
in Chinese V79 cells. Our results also indicated thab

Although, SCE is a cytogenetic end-point now ICRF-193 induced chromosome aberrations in bais
known for over 30 years, many features of its molec- cell lines. 344
ular mechanism still remain to be fully elucidated. As It has been suggested that SCE reflect a DNA repair
they occur during S, it is generally believed that SCE process [31,34] and that it is intimately associated withs
is a recombinational process that represents the in- DNA replication. In our opinion, the well establisheds?
terchange of DNA replication products at apparently mechanism by which ICRF-193 inhibits topo Il activsas
homologous loci, involving DNA breakage and re- ity [19] could provide an explanation for our resultgsas
union [9,28]. There are two major models to explain ICRF-193 produces stabilization of the closed-clamgm
SCE. According to the first model, SCE is medi- form of the enzyme, which could represent an obstas:
ated by homologous recombination [10,11,29]. The cle for the progression of the replication fork. A numnss2
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ber of recent reports point to the importance of repli-
cation fork arrest for DNA double-strand breaks [37]
and recombination [38,39]. The closed-clamp struc-
ture, similarly to a bulky lesion, could recruit recom-
binatory repair enzymes which in turn would induce
DNA breaks leading to the induction of chromosome
aberrations and SCE. It is noteworthy that, according

to recent data, SCE are mediated by homologous re-

combination in vertebrate cells [29].
The mechanism by which bufalin exerts its action
against topo Il, on the other hand, is not yet completely

tivity associated to DNA, thus maybe explaining the:
lack of any effect on SCEs. According to this explanas2
tion, in spite of our observations on a lack of effect af3
bufalin, it cannot be conclusively ruled out a possibies
role of topo Il in the formation of SCEs. 405

While there are still many unanswered questions
concerning the molecular mechanism of SCE, the rate
of other enzymes in the formation of SCEs has been
demonstrated. Recently, it has been shown that DhbA
helicase activity of Sgsl is required for suppressiamn
of SCE in yeast [41]. It has also been shown that

understood, but it has been demonstrated that it canRecA mediates homologous recombination betwean

induce a decrease in the level of ARNm for topa Il

sister chromatids during S-phase in transformed plants

that in turn leads to a decrease in the amount and expressing this protein [42]. In the same way, as stated

activity of topo llx [23].
Our results show that, bufalin was unable to modify
the frequencies of SCEs in both, AA8 and EM9 cell

lines. Since, bufalin causes a drastic decrease in topo

Il activity, this absence of any effect on the yield of

SCE seems to indicate that this enzyme activity has
not a direct role in the formation of SCEs, so contrast-
ing with that proposed earlier by different authors in

their models to explain the molecular mechanism of
this recombinational event [10,11,31]. Nevertheless,
in our opinion, caution has to be taken before reaching
any conclusion on this controversial subject. A possi-
ble way by which bufalin could cause the decrease in

the activity of the nuclear enzyme has been proposed.

Hashimoto et al. [23] suggested that top® ith HL-60
cells that had been treated with bufalin might undergo
post-translational modification, such as ubiquitination,
and the modified topo d might be then easily de-
graded. Concerning the localization of topo Il, how-

above, there are evidences that eukaryotic homologues
of RecA are involved in SCE formation in vertebratas
cells [29]. 417
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