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Abstract We show herein that human DNA topoisomeradéey words Topoisomerase @ - Mitoxantrone-
lIB is functional in yeast. It can complement a yeagttoposide- Doxorubicin- mAMSA
temperature-sensitive mutation in topoisomerase Il. The
effect on human topoisomerase Ibf a number of topo-
isomerase |l inhibitors was analysed in a yeast in vive
system and compared with that of human topoisomerase lhtroduction
and wild-type yeast topoisomerase Il. A drug permeable
yeast strain (JN39tbp2—4 was used to analyse the in vivoType Il DNA topoisomerases are essential cellular en-
effects of known anti-topoisomerase Il agents on humagmes. They catalyse the interconversion of topological
topoisomerase @ transformants. A parallel analysis orisomers of DNA by passing one DNA helix through a
human topoisomerasedltransformants provides the firsttransient enzyme-bridged double-stranded DNA break in
in vivo analysis of the responses of yeast bearing th@other [34]. Two genetically different topoisomerase Il
individual isoforms to these drugs. The strain was analysadforms, a and B, are produced by mammalian cells,
at 35°C, a non-permissive temperature at which onlynlike lower eukaryotes such @rosophila melanogaster
plasmid-borne topoisomerase Il is active. A shuttle vectandSaccharomyces cerevisiaghich appear to have only a
with either human topoisomeras@|/human topoisomerasesingle enzyme form [1, 2, 7, 32]. The two isoforms display
lla or yeast topoisomerase Il under the control of a GAlLdifferent patterns of temporal and spatial expression. To-
promoter was used. The key findings were that amsacripeisomerase B is expressed in a wide range of tissues,
produced comparable levels of cell killing with bathand whilst topoisomerase di is expressed predominantly in
. whilst etoposide, doxorubicin and mitoxantrone praissues containing proliferating cells, [5, 10, 26]. The two
duced higher degrees of cell killing witt than with3 or human isoforms thus appear to be regulated independently
yeast topoisomerase |l. Merbarone had the greatest effeaati may have different roles in the cell.
on the yeast strain bearing plasmid-borne yeast topoisom-Topoisomerase Il is the intracellular target for a number
erase |l. Suramin, quercetin and genistein showed little cefl structurally diverse clinically important antitumour
killing in this system. This yeast in vivo system provides agents, including doxorubicin, epipodophyllotoxins, doxo-
powerful way to analyse the effects of anti-topoisomeraserllbicin and mMAMSA (amsacrine). These anti-topoisomer-
agents on transformants bearing the individual human isgse Il agents interfere with DNA breakage-reunion by the
forms. This system also provides a means of analysiegzyme, stabilising an enzyme-DNA intermediate or ‘clea-
putative drug-resistance mutations in human topoisomeraséle complex’ in which the two DNA strands are broken
IIB or to select for drug-resistance mutations in humamd covalently attached at their Sermini, one to each
topoisomerase [. subunit of the enzyme dimer [29, 30]. Cleavable complexes
are the principal lesion by which topoisomerase Il inhibi-
tors exert their cytotoxic effects. During transcription and
E. L. Meczes: K. L. Marsh+ M. P. Rogers C. A. Austin (x) replication, cleavable complexes are processed into DNA
Department of Biochemistry and Genetics, The Medical School, Thétrand breaks, which trigger cell death. Hence, the cytotox-
Bnkvers'ty of Newcastle-upon-Tyne, Newcastle-upon-Tyne, NE2 4Hkpjty, of these drugs is not only dependent upon the intrinsic
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A second class of topoisomerase Il inhibitors, includinguramin, mitoxantrone and doxorubicin. Recombinant human topo-
merbarone, suramin and ICRF193, act by mechanisms tijgifierasest andp were purified as described previously {3, 36]. Al
do not involve stabilisation of the cleavable complex [4, 60,t er reagents were obtained from commercial sources.

9, 17, 18, 31]. ICRF 193 acts by stabilising the closed-
clamp form of DNA topoisomerase Il and prevents itSeast strains:
conversion to the open-clamp form [28]. The precise

i i i ccharomyces cerevisiarains JN362Aa ura3—52 leu2 trpl his7
mode of action of suramin and merbarone is not yet knowﬁ?el—z ISE2IN394t2-4Mata ISE2 ura3—-52 top2—-4 rad52::LEU2

Resistance to 'antl-topo!someras.e Il agents dev_elops[a%ﬁ; SD117 MATa ade2 leu2 his7 top2—1 trpl ura3—58D119
two routes: ‘classical’ multidrug resistance (MDR) involviATa top1—-1 top2—1 trpl ura3—52CW26MATa, leu2, trpl—63,
ing P-glycoprotein and atypical MDR, a form of resistanc@a3-52, his3—-200, top2—4nd JCW28MATa, leu2, trpl-63,
specific to topoisomerase ll-targeting agents. Atypic#fa3—52, his3—200, top2—4top1::URA3[36] were kindly provided
MDR involves a decrease in topoisomerase Il protein level§ Professors J.C. Wang and R. Stemglanz.
or alterations within the protein. Cells with diminished
enzyme levels display resistance to a variety of cleavablgasmids
complex-forming drugs. Conversely, overexpression causes
hypersensitivity to anti-topoisomerase Il agents [11]. BoffFPhTOPBKLM was made by mutagenesis of plasmid YEphT@P2

: : . : se 4957 in the TOPB cDNA was mutated to an A using the
human topoisomerase Il isoforms have been implicated atagene Chameleon mutagenesis system according to the manufac-

drug _reSiStance [8, 12—-14]. Human topoisomerage |'Jl_Jrer’s instructions. Plasmids YEpWOB6, YCpDEDWOB10, YEph-
protein levels have been shown to be down-regulated T@P2, YCp50 and YEpTOP2-PGAL1(G1T2) have been described

two drug-resistant cell lines [8, 12—14]. However, thelsewhere [3, 36].
relative importance of the two isoforms as in vivo targets
for anti-topoisomerase Il agents remains to be clarified. \1athods

A yeast model system for in vivo analysis of the
interaction of yeast topoisomerase Il with its anticanc@rotein concentrations were measured by the method of Bradford using
inhibitors has been developed by Nitiss and Wang [23]€ Bic_’fa‘gj gmteli” a_ssayfkit- DNA FIO%OiSé’ImefaS_e '(; "’!C“‘éityl Was_d
This system has been used extensively to analyse the eff ﬁfﬁw'ggcatgnrgtﬁ)xr?t(')?%?]e?oa’;;rgol\'li (IED,\EJ:)S%'% erived plasmi
of anti-cancer agents on yeast topoisomerase Il. Overex-
pression of yeast topoisomerase Il rendered yeast hyper-
sensitive to MAMSA and etoposide [24]. This system h&ymplementation analysis
also been used to test putative druQ-resiStance mma.t% g viability of yeast strains transformed with various plasmids was
_[15, 16, 19, 25] and to select for drug-re5|stancg mutatiopg. 4 by growth at 25 30° and 35°C. This was done either
in yeast topoisomerase Il [14, 20, 22, 23, 35]. This approagluiitatively by streaking single colonies onto the test plate or
is very powerful and has provided a wealth of usefujuantitatively by plating cultures of known optical density (OD)
information about drug interactions with yeast topoisomelfom microtitre trays using a replicator consisting of an aluminium

ck with an array of cylindrically shaped prongs. Yeast strains were
ase Il. However, the more relevant targets for Cancgrgwn in selective liquid culture at 2% to an ORoo of 1 and then

chemotherapy are human topoisomerase dhd B. We  serially diluted in sterile microtitre trays. These cultures were trans-
have previously utilized an in vivo yeast system to studgrred to the plates using the replicator. All experiments were carried

human topoisomeraseni[[36]. In this paper, we extend thisout at least twice.
work to human topoisomerase]ldescribing for the first
time the complementation of a yeasp2 tsmutation with a
plasmid-borne human TOB2gene. The effects of anti-
cancer agents on human topoisomeragerlthis yeast in Two methods have previously been reported for the analysis of drug
Vvivo system are presented, and Compared with the resultSe@fsitivity in this in vivo yeast system; we have utilised both. The first

parallel experiments involving yeast topoisomerase Il or tfithod involved continuous drug exposure by plating the yeast on agar
plates containing drugs at varying concentrations and incubation at

Determination of drug sensitivity in vivo

humana form. 25° or 35°C for 3—4 days [36]. The second method involves short-
term drug exposure in liquid culture followed by growth in drug-free
plates [23].

For short-term drug exposure, logarithmically growing yeast strain
JN394top2—4transformed with a human TOB2human TOPR or

Materials and methods yeast TOP2 plasmid was cultured in selective media &2 Sliluted
to a titre of 5x106cells/ml in complete medium (YPDA) containing
Materials yeast extract, bacto-peptone, glucose (dextrose) and adenine sulfate
and grown for 1 h at 38C. Pregrowth at 38C inactivates yeast
Chemicals and drugs topoisomerase Il derived from the hostp2—4 allele, so the only

active topoisomerase Il is produced by the plasmid- borne TOP2 gene.
Merbarone, suramin, mMAMSA and oAMSA were obtained from thBrug or solvent was added and growth was continued for a further
Drug Synthesis and Chemistry Branch, National Cancer Institute6 hours. The yeast were then diluted appropriately and plated in
(Bethesda, Md.) Mitoxantrone, doxorubicin, quercetin and genisteinplicate in molten agar. Plates were incubated for 3—4 days a€35
were obtained from Sigma. Etoposide was kindly provided by Praind the number of colonies were counted. The percentage survival was
Herbie Newell. Drugs were dissolved in appropriate solvents dgstermined by comparison of the number of colonies counted in the no-
follows: dimethylsulfoxide (DMSQO) for mAMSA, c0AMSA, genistein, drug control culture with those in the drug-treated culture. The I€
quercetin and merbarone; methanol for etoposide;, and water fbe drug concentration that reduces the number of colonies by 50% as
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compared with cells grown in the absence of drug. All experimentonserved arginine found in the wild-type protein. Given
were repeated at least three times and the means and populz%?t the N-terminally truncatedt protein produced by

standard deviations were calculated for each set of data. T, . .
Student'st-test (two tailed paired) was performed to determine th pWOB6 can complement in yeast, we decided to revert

statistical significance of the differences between dose-respoi8€ Serine codon to arginine in YEphTOP2nd test its
curves. effect on complementation. This change was achieved by

site-directed mutagenesis, generating the new construct
YEphTOPPBKLM. The ability of this plasmid to foster
growth of S. cerevisiae topgnutants was then tested under
Cleavage reactions were carried out in 50MnTRIS-HCI buffer, @ variety of conditions (Fig. 1, and Table 1). )

(pH 7.5), 100 MM KCI, 10 mM MgClz, 0.1 mM dithiothreitol S. cerevisiae uraZtrains SD117 and JCW26 bearing
(DTT), 0.5 mM ethylenediaminetetraacetic acid (EDTA), and bovingop2—1 tsor top2—4 tsmutations, respectively, and double
serum albumin (BSA) at 3Qig/ml, containing 0.4ug of supercoiled mutants SD119 and JCW28 bearitopl—1, top2—1 tand

pBluescript-derived plasmid and gpmoles of human topoisomerase - f
Ila or B in the presence or absence of the drugs. After incubation férmpl' top2—4 ts mutations, respectively, were transformed

1 hour at 37°C, sodium dodecy! sulfate (SDS) was added to a find? URA+ with plasmids encoding humam (YEpWOBS6),
concentration of 1% followed by proteinase K to a final concentratidnuman 3 (YEphTOPZ$ KLM) or yeast topoisomerase |l
of 0.5 mg/ml, and incubation was continued for 1 hour at°G7 éYCpDEDWOBlO). (YCpDEDWOB10 is a single-copy

Loading buffer was added (0.5% SDS, 25% glycerol, 0.1% brom - :
phenol blue) and samples were analysed by electrophoresis in 0. I%Sm'd constructed for the expression of yeast TOP2

agarose in TBE buffer (89 M TRIS, 89 nM boric acid and 2.5 Jene from a constitutive yeast DED1 gene promoter
EDTA). Gels were stained with ethidium bromide and photograph¢@4]). Liquid cultures were grown to an Qg of 1 and
under UV transillumination. then serially diluted in microtitre trays prior to transfer onto
a range of plates. The strains were tested for growth at both
25° and 35°C on either URA-selective media or complete
media (YPA), using three different carbon sources: glucose,
DNA-relaxation reactions containing 04g of supercoiled pBlue- raffinose and galactose. As the plasmid-encoded human
script-derived plasm_id DNA were carried out in the absence @rOP2 cDNAS are under the control of the GAL1 promoter,
presence of drugs in 50 Mh TRIS-HCI (pH 7.5), 100 ™ KCl,  the carbon source affects their level of expression. On
10 mM MClz, 0.1 mM DTT, 0.5 mM EDTA, 1 mM ATP and 3049/, c0se plates, the GALL promoter is repressed such that
ml BSA, (R buffer), 250 ng of recombinant human DNA topoisomer‘-:l u p ' -+ P ! pres: u
ase Il and solvent (DMSO or methanol) to a maximum of 5% (volivol@Nly & low level of topoisomerase Il protein is produced.
Following incubation at 37C for 1 h the reaction was stopped by theGalactose activates the GAL1 promoter, inducing high
aﬂdltlon of |06'slglogg buffer. The IDFQde>t(S¥VBeée Eénéllly%d by ?e_l elo‘IEth}éveIs of topoisomerase I, whilst raffinose produces inter-
pnhoresis In 0.c7 agarose geils In . els were stainea wi H H H H _
ethidium bromide and photographed under UV transillumination. medlate effects as it neither represse_s nor induces expres
sion from the GAL promoter [33]. Figure 1 shows the
growth of the various transformants on complete medium
with glucose as the carbon source (YPDA). Untransformed

Cleavage of supercoiled plasmid DNA

Inhibition of DNA relaxation

Results or transformed SD117op2—1or JCW26top2—4 strains
grew normally at 25C, a permissive temperature for these

Human TOPB construct complements thep2—-1and temperature-sensitive mutants. As expected, atCG3mo

top2—4 tsmutations inSaccharomyces cerevisiae growth was observed for the untransformed strains or

transformants containing the control vector plasmid
We have previously described plasmids YEpWOB6 andCp50 (Fig. 1, columns a and b). However, introduction
YEphTOP3 which carry the respective human T@Pand of YCpDEDWOB10 bearing yeast TOP2 allowed the
TOPZ cDNA sequences downstream of the GAL1 promarowth of both strains under all conditions, demonstrating
ter [3, 36]. Except for their TOP2 inserts, the plasmids wetkat expression of a functional topoisomerase Il could
identical, bearindJRA andampgenes, and the replicationcomplement thés mutation (Fig. 1, column c). Similarly,
origins of pBR322 and the @m plasmid allowing growth transformation of JCW 2@op 2—4and SD117top 2-1
and selection inEscherichia colior yeast. Unlike YEp- with either YEpWOB6 or YEphTOREKLM, plasmids
WOBG, construct YEphTOHRwas not capable of rescuingencoding human topoisomerase lbr 3, was also capable
growth at 35°C of S. cerevisiasstrains carryingop2—21or of rescuing the lethal phenotype of the parent strains at
top2—4 temperature-sensitive mutations in their singld5°C (Fig. 1, columns d—f). The humam and 3 TOP2
chromosomal TOP2 gene [36, unpublished results). ThiEismids facilitated similar levels of growth in these
TOPZ gene in YEpTOPR produces a recombinant proteirstrains. Thus, the human TOPZDNA could rescue the
in which residues 46-1621 of the hum@nisoform are growth of top2—1andtop2—4strains, indicating that the
linked to the first 5 residues @&. cerevisiagopoisomerase recombinant human enzyme expressed from YEph-
Il. Although the recombinanf protein was catalytically TOPBKLM is functional in this heterologous yeast system.
active [3], it evidently lacks complementing activity in Topoisomerase | can perform some of the functions of
yeast, possibly due to alteration of its N-terminal endiopoisomerase Il. Therefore, double mutants JCW28
The construction of YEpTORRinvolved the introduction (Atopl, top2—4) and SD119(topl-1, top2-1),whose
of two base changes into the TQBP2DNA that concomi- topoisomerases | and Il are non-functional at the non-
tantly altered codon 165 to specify serine instead of tipermissive temperature, were also studied on glucose-
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containing medium (Fig. 1). At 25C, both of the strains JCW28 JCW26 SD117 SD119
and their transformants grew as expected. Neither nc

transformed strain or YCp50 transformants grew afG5 abcdef abedef abcdef ab cdet
Strain JCW28fitop 1, top2—4}ransformed with a plasmid }
encoding yeast topoisomerase Il, human topoisomerase _ __
or B survived at the non-permissive temperature (Fig. 25°C
columns c—f). With strain SD11@op1-1, top2—-1)com-
plementation was seen with human topoisomerasefi3

but growth was less vigorous than that obtained wit
JCW28 The double mutants grew less vigorously tha

the single mutants, but both TO®2nd TOPB supported
growth, though less well than the yeast TOP2.

The ability of human TOPR to complement yeasts
mutants was also analysed on media containing raffinose 35°C
galactose. A summary of at least two independent expe
ments to analyse yeast growth at ¥ on both selective
and complete media with either glucose, raffinose
galactose as carbon sources is shown in Table 1. Stre
carrying a singlets mutation (JCW26 and SD117) trans:
formed with either TOP&@, TOPZ or yeast TOP2 were
capable of growing on both media with any of the thre
sugars. However, growth was significantly reduced for

; ininAig. 1 Human TOPP construct rescues the growth 8accharomyces
TOPx or TOPEB transformants on media COmalnmierevisiae top2tstrains. Strains SD117, JCW26, SD119 or, JCW28

galactose, Suggesting that high-level eXpreSSion of tOR : were transformed with vector YCp50b){ YCpDEDWOB10
isomerase Il is toxic. The double mutants JCW28 amdaring yeast TOPX): YEpWOB6 bearing human TOR2(d): and

SD119 transformed with YCpDEDWOB10, a low-copyYEpTOPBKLM bearing human TORR (e, f). The strains or their
number plasmid bearing yeast TOP2 under the control tinsformants were grown to an @@of 1 and serially diluted into a
the constitutive pDED promoter, grew on all media. Doublglglt%‘ﬁueﬂftgerg\:'v?‘r I gggffseg %’ :sr?ﬁé'ﬁz‘;rdomo YPDA agar plates.
mutant JCW28 transformed with human T@Rgew on all
three sugars, but with human TOR2very poor growth,
was observed on galactose-containing media (Table 1).
Conversely, SD119 transformed with TdP8rew on all with YEphTOPBKLM in comparison with YEpTOP2-
media, whilst TOP@ growth was media dependentPGAL1 and YEpWOBSG6 transformants at 35. As addi-
(Table 1). Thus, a human TOHR2cDNA can complement tional controls, JN3%p2—4 transformed with YCp50,
temperature-sensitive yeasp2 mutations, in both the YCpDEDWOB10 and YEpTOHRZ and the parental strain
presence and the absence of a functional topoisomerasdNl362AISE2were also examined (data not shown).
The drug sensitivities of yeast transformants were tested

initially by plating on agar plates containing drugs at
Drug sensitivity of yeast strains expressing human DNAvarying concentrations and incubating at°2ér 35°C for
topoisomerase f 3—4 days [36]. This method ensures continuous exposure to

drug for an extended period and allows a rapid and direct
To test whether the recombinant human topoisomergse tiomparison of relative sensitivites under identical condi-
expressed in yeast could serve as a target for anticantiens. Doxorubicin, mitoxantrone and mAMSA were the
drugs in vivo, yeast strain JN39tbp2—4 Mati ISE2 most toxic agents in this assay. Quercetin, genistein and
ura3-52 top2—4 rad52::LEUZ23] was employed. This 0AMSA were the least toxic and were not studied further.
strain has th@op2—4 mutation allowing growth at 25C However, this procedure is only semi-quantitative. For
but not at 35°C. ThelSE2permeability mutation facilitates quantitative analysis of drug killing a second method was
drug uptake and thead52 mutation renders the yeastused involving short-term exposure to drug in liquid culture
defective in double-stranded DNA break repair, thereligllowed by growth in drug-free agar for 3—4 days [23].
sensitising the strain to the effects of topoisomerase iMeast were grown at 28C until they reached mid-log
hibitors [23]. At 25°C, JN3940p2—-4was drug-sensitive, phase, were then diluted to 1@ells/ml and were then
indicating that the endogenous yedsp2-4 enzyme is incubated at 38C for 1 h toinactivate the temperature-
sensitive to drugs at the permissive temperature. In previ@ensitive host topoisomerase II. Either drug or the relevant
work it has been shown that the growth of INGR—4at solvent control (DMSO or methanol) was then added and
35°C is strictly dependent on transformation with a plaghe cells were grown for a further 16 h at 35. The yeast
mid-borne TOP2 gene, e.g. yeast TOP2 plasmid YEpTORgZere then diluted appropriately, plated in molten YPDA
PGAL1 or human TOP2 plasmid YEpWOBG6, each of agar (48°C) without drug and incubated for 3—4 days at
which has TOP2 under GAL1 regulation. We thereforg5 °C. The yeast cells were plated in agar as this produced a
tested the drug sensitivity of JIN3@$2—4 transformed more even spread of colonies than surface spreading,
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Table 1 Summary of the complementation analysis of temperaturgslates containing the medium indicated. Plates were incubated’at 25
sensitive yeast topoisomerase |l by human topoisomeraserIp at  30° and 35°C and the results obtained at 35 are shown. No growth
35°C. Four yeast strains — SD117, SD119, JCW26 and JCW28 is indicated byminus symbolsand poor to very good growth are
were transformed with control plasmid (YCp50) or plasmids expresgnadicated by plus/minus and plus or multiple plus symbolsAll

sing yeast topoisomerase Il (YCpDedWOB10) or human topoisomexperiments were repeated at least twice. For YEphTBR™ a

rase I (YEpWOBS6) or B (YEphTOPBKLM). Liquid cultures of number of independent transformants of each strain were tested and
each transformant were grown in glucose containing minimal media apresentive results are shown

25°C to an ODRooof 1 prior to serial dilution and imprinting onto agar

Strain Plasmid Media
-Uracil + -Uracil + -Uracil + YPA + YPA + YPA +
glucose raffinose galactose glucose raffinose galactose
top2 ts
SD117 None - - - - - -
(top2-1) YCp50 - - - - - -
YCpDEDWOB10 ++ +++ ++ +++ +++ ++
YEpWOBG6 ++ +++ +/— ++ ++ +/—
YEpTOPZBKLM ++ ++ +/— ++ ++ +/—
JCW26 None - - - - - -
(top2-9 YCp50 - - - - - -
YCpDEDWOB10 ++ ++ +++ +++ ++ ++
YEpWOB6 ++ ++ + +++ ++ +/—
YEpTOPZBKLM ++ ++ +/— +++ ++ +
topl top2 ts
SD119 None - - - - - -
(top1-1, YCp50 - - - - - -
top2-1 YCpDEDWOB10 +++ ++ +++ ++ ++ +++
YEpWOB6 - +/— +/— + +/— +/—
YEpTOPZBKLM + + + ++ + +
JCW28 None - - - - - -
(Atop1l, YCp50 - - - - - -
top2-9 YCpDEDWOB10 ++ +++ +++ +++ +++ ++
YEpWOBG6 + + ++ ++ + +
YEpTOPBKLM ++ + +/— ++ + -

making counting easier. Individual colonies were countexild-type yeast topoisomerase Il as reflected in the respec-
and the percentage of survival was calculated by comp#ire ICso values of 23, 77 and 78g/ml (Table 2).
ison to the cell number in the control cultures treated with Of all the drugs tested, doxorubicin exhibited the most
solvent alone. The percentage survival versus drug concdramatic cell killing (Fig. 2c); at 5qug/ml there was little
tration were plotted and are shown in Fig. 2a—f ; each poistirvival, if any, of yeast bearing any of the three plasmids.
is the average of at least three experiments. Kill curvé®ast expressing human topoisomerase ékhibited sig-
were determined for mAMSA, etoposide, doxorubicimificantly greater sensitivity to doxorubicin, with only 50%
mitoxantrone, suramin and merbarone. The drugs fell insarvival being observed at 2.2hg/ml and very little
two categories: agents to which human T@Rihd TOPB survival being seen at concentrations above pfml.
yeast transformants showed similar sensitivity, i.&east expressing humdhor yeast topoisomerase Il shared
MAMSA, suramin and merbarone, and those to which tlae similar survival pattern, both being 3—-4 times less
TOP2x transformant was more sensitive than that bearisgnsitive to doxorubicin than the TO#&2transformant.
TOPZ i.e. etoposide, doxorubicin and mitoxantrone.  Similar responses were seen for mitoxantrone survival
For mAMSA a concentration range of 1-p@/ml was curves (Fig. 2d).
tested (Fig. 2a). At Jug/ml an initial 20—30% drop in  Two non-cleavable complex-forming drugs, suramin and
survival was observed for yeast transformants containingerbarone, were also analysed. These two agents were the
any one of the three TOP2 plasmids. Similar survivéast effective drugs tested. Thus, yeast expressing human
profiles were observed for TOB2and TOPB transfor- a, B or yeast topoisomerase Il were capable of surviving a
mants, yielding 1G values of 7.75 and 9.75ug/ml, maximal suramin dose of 1 mg/ml (Fig. 2e). Merbarone
respectively (Table 2). The yeast transformant bearingwas tested between 50 and 50/ml; TOPZx and TOPB
plasmid encoding yeast topoisomerase Il was about 4 tinteansformants showed comparable levels of survival
less sensitive than TOB2r TOPZ transformants, having (Fig. 2f). Somewhat surprisingly, the yeast TOP2 transfor-
an 1Gso of 38 pug/ml. The effects of short-term exposure tonant was significantly more sensitive to merbarone (Fig. 2f,
etoposide (5—20Qg/ml) are shown in Fig. 2b. At 100 andTable 2).
200 pg/ml the yeast strain expressing hunwanmvas signif-
icantly more sensitive than the yeast expressing hupnam
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Table 2 ICso values recorded for topoisomerase ll-targeting agents
yeast JN39tbp2—4ransformants

Drug JN3942—-4 + plasmid Protein 16 (ng/ml)
Etoposide YEpTOP2-PGAL1  Yeast Topoll 79
YEpWOB 6 Human Topo i 23
YEphTOPBKLM Human TopoIB 77
MAMSA YEpTOP2-PGAL1  Yeast Topoll 38
YEpWOB 6 Human Topo t 8
YEphTOPBKLM Human TopoIB 10
Doxorubicin  YEpTOP2-PGAL1  Yeast Topoll 10
YEpWOB6 Human Topo i 2
YEphTOPBKLM Human TopoIB 9
Mitoxantrone YEpTOP2-PGAL1  Yeast Topoll >50
YEpWOB 6 Human Topo i 7
YEphTOPBKLM Human TopoIB >50
Merbarone YEpTOP2-PGAL1  Yeast Topoll 70
YEpWOB 6 Human Topotk  >500
YEphTOPBKLM Human TopolIB 235
Suramin YEpTOP2-PGAL1  Yeast Topoll >1000
YEpWOB 6 Human Topot >1000

YEphTOPBKLM Human TopolIB >1000

% relative survival

b [etoposide] pg/mi

0 10 20 30 40 50
d [mitoxantrone] ng/ml
w®
2
4
=3
[
:
K
[
=
o} 100 200 300 400 500
f [merbarone] pg/mi

fiig. 2a—f Viability of yeast transformants following exposure to
topoisomerase |l inhibition, Strain JN324-4 bearing either plas-
mid-borne wild-type yeast topoisomerase Il (YEpTOP2-PGAL1,
..... #.....), plasmid-borne human DNA topoisomerase(lY EpWOB6,
---l---) or plasmid-borne human DNA topoisomerasp (YEph-
TOPZPBKLM, ——A——) were treated for 16 h with increasing
concentrations of the indicated drug at €5 After 16 h three aliquots

of cells were taken, plated in YPDA and grown for 3—4 days to
determine the titre. The percentage survival was determined by
comparison with the no-drug control. Plots represent an average of
three independent experiments. Error bars indicateSD from the
mean.a MAMSA. b Etoposide (VP16).c Doxorubicin. d Mitox-
antrone.e Suramin.f Merbarone

Comparison of topoisomeraseiland 3 interactions with
drugs in vitro

The in vitro effect of the anti-topoisomerase Il agents on
purified human topoisomerasealland the human topo-
isomerase B (produced from plasmid YEpTOBRKLM)
were analysed in one of two ways: promotion of DNA
cleavage or inhibition of relaxation. In vitro cleavage of
supercoiled plasmid DNA was used to assess the relative in
vitro inhibition of human topoisomerases. Recombinant
human topoisomeraseadiland human topoisomerase |l
were analysed. Etoposide, mMAMSA and oAMSA cleavage
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9 topoisomerase &l expressed from plasmid YEpWOBG6
("N <= Nicked [36], but this is the first report of a yeast system in which
Lo |~ Linecar growth is dependent on the hum@rsoform. It appears that
either human isoform can substitute for yeast topoisomer-
g = PRSP ] == Supercoiled  @S€ Il and discharge its essential functions in chromosome

condensation and segregation. The construction of YEph-
Fig. 3 Mitoxantrone-stimulated DNA cleavage of supercoiled DNATOPZBKLM and YEpWOBS6 involved cloning of the ap-
Eﬁéﬁﬂ??gﬁi f"a ggoil%v:?hvrintgodhanleaﬁs:psergﬁmja?'\tl?jgig% rf] propriate TOP2 cDNA in the same vector downstream of a
erase ltx V\Fl)ith mitoxantrone at 0.125,%.25 and Qug/ml, respgctively; GAL1 promOter' allowing different levels of induction,
lane 6 human topoisomerasepliwith no drug; lanes 7—9human depending on the carbon source used for growth (Tablel)
topoisomerase [ with mitoxantrone at 0.125, 0.25 and Oug/ml, [3, 36]. These constructs and the corresponding yeast TOP2
respectively plasmid, YEpTOP2-PGAL1, allowed us to compare under
identical conditions the drug sensitivities of yeast JN394
top2-4tstransformants growing at 3% by virtue of human

1 234567 89101112131415161718 topoisomerase f, a or yeast topoisomerase |l.
L LI Lo e eSS R = Relaxed '_I'he survival of JN394top2—4transformants was ex-
: -3 amined after both continuous and short-term exposure to
topoisomerase ll-targeting drugs, including the cleavable-
N SRS —=e== Supercoiled complex-forming agents mAMSA, etoposide, doxorubicin

and mitoxantrone and two inhibitors, suramin and merbar-
Fig. 4 Inhibition by merbarone of DNA relaxation by human topo-One, that act on topoisomerase Il by a non-cleavable-
isomerase t and . Purified enzymes (250 ng) were incubated witttomplex mechanism (Fig. 2). The d€values (Table 2)
0.4 g of supercoiled plasmid DNA with and without merbarone anfl;strate the three main conclusions. First, irrespective of
incubated for 1 h at 37C. Lane 1Supercoiled plasmid alonégne 2 . !
human topoisomerasedliwith no drug; lanes 3—8human topoisom- Whether humaro, 3 or yeast topoisomerase Il was ex-
erase It with merbarone at 31.25, 62.5, 125, 250, 500 and 3agfnl, pressed in IN39dp2—4 the DNA intercalator doxorubicin
respectively;lane 9 human topoisomerasealwith no ATP; lane 10 was the most lethal drug tested. The other intercalators
supercoiled plasmid alonéane 11human topoisomerasefiwith no W AMSA and mitoxantrone were somewhat less potent than
drug;lanes 12—1%hhuman topmsomeraseBIleth merbarone at 31.25, d bicin. foll d by et id b d }
62.5, 125, 250, 500 and 10Q@g/ml, respectively;lane 18 human QXOYU Icin, 0_ owe y € OpQSI _e' mer_ar(?ne_ an sura
topoisomerase @ with no ATP min. Second, in terms of their differential inhibition of
TOPZi, TOPZ and yeast TOP2 transformants, the drugs
could be assigned to two classes: those such as mAMSA,
has been reported elsewhere [3]. Mitoxantrone cleavagerbarone and suramin, which displayed similar killing
was significantly enhanced with tiieisoform as compared abilities toward TOP& and TOPB transformants, and
with the a isoform. The amount of cleavage was detethose including doxorubicin, mitoxantrone and etoposide,
mined in several experiments by scanning the gels usingoawhich JN394top2—4 expressing the hunmarisoform
Biorad gel documentation system and Molecular Analygias the most sensitive. None of the agents tested prefer-
software. A sample gel is shown in Fig. 3. Human tope@ntially inhibited yeast expressing human topoisomerase
isomerase [p promoted cleavage at 0.12%/ml, whilst the |13, Third, merbarone was unique in that the strain expres-
a isoform needed at least 4 times more drugQ(5 ug/ml) sing yeast TOP2 was the most sensitive (Fig. 2f). These
to promote similar levels of cleavage. The non-cleavaltesults can be considered in the context of what is known
complex formers suramin and merbarone were analyseddibut topoisomerase Il inhibitor action in vivo and in vitro.
their inhibition of relaxation. Suramin inhibited bothand Doxorubicin, MAMSA and mitoxantrone are highly
B isoforms to similar extents (data not shown). Merbarongotoxic to a variety of human cell lines, with lower
inhibiteda at 2- to 3-fold lower concentrations as comparewxicities being displayed by etoposide, merbarone and
with B; as shown in Fig. 4, yeast topoisomerase |l requirggiramin. In principle, botla andf isoforms may contribute
8 times more merbarone than did human topoisomerase tb drug sensitivity. Studies of drug-resistant cell lines
to inhibit relaxation (data not shown). suggest that botlm and B isoforms play a role. A drug-
resistant cell line selected for resistance to ellipticine is
down-regulated fof [8]. A mitoxantrone resistant cell line
has been reported that has human topoisomergsgoiin-
regulated and alterations in topoisomerase [12-14].
Discussion These cell lines provide circumstantial evidence that looth
and 3 forms can indeed be in vivo drug targets. However,
The present study demonstrates that expression of huntizé complexity of the genetic background in human cells
topoisomerase [ from plasmid YEphTOPRKLM rescues combined with the expression of two topoisomerase iso-
growth of Saccharomyces cerevisiamutants bearing either forms has hindered an understanding of the relative con-
top2—1 or top2—4 tsmutations affecting the host topo-tributions of thea andf as drug targets. The importance of
isomerase Il (Fig. 1). In previous work (confirmed hereinfy and/or 3 isoforms as killing targets for these drugs in
we showed the complementing activity in yeast of humdmwman cells and tumours will depend on the nature and
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