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ABSTRACT. Topoisomerased is a nuclear enzyme involved in chromosome segregation and other essential
cellular processes. It is also the target of several clinically important antineoplastic agents such as the
epipodophyllotoxin, VP-16 (etoposide). We have previously described a VP-16-selected lung cancer cell
line, H209/V6, that expresses reduced levels of two species of topoisomerastaied mMRNAs and a
catalytically active, predominantly cytoplasmic topoisomeragerélated protein that is 10 kDa smaller

than the wild-type protein [Mirski, S. E. Let al. (1993) Cancer Resb3, 4866-4873; Feldhoff, P. W.

et al (1994)Cancer Resb4, 756-762]. The smaller H209/V6 4.8 kb mRNA is missing 988 nucleotides

of contiguous coding and non-coding sequence at'iend resulting in an MRNA predicted to encode a
truncated polypeptide missing three previously unrecognized potential COOH-proximal bipartite nuclear
localization signals [Mirski, S. E. L., & Cole, S. P. C. (199%Gancer Res55, 2129-2134]. We have

now determined the structure of the larger 6.2 kb topoisomeraseelated mRNA and show that it is
missing 684 nucleotides of contiguouscdding and non-coding sequence between nucleotide positions
4267 and 4951. This sequence is replaced by 847 nucleotides of new sequence, containing an in-frame
stop codon after 41 nucleotides. The translation product of the 6.2 kb mRNA is predicted to contain 13
new amino acids replacing the COOH-terminal 109 residues of wild-type topoisomesagedilucing

a truncated polypeptide of approximately 160 kDa. Immunoblot analyses using antisera against the unique
COOH-terminal 13 and 34 amino acids encoded by H209/V6 6.2 kb and 4.8 kb mRNAs, respectively,
confirmed that both mRNAs are translated. Restriction enzyme analysis and sequencing-pftxaaal

region of theTOP2Agene in the H209 and H209/V6 DNA revealed that a partial deletion has occurred

in H209/V6 and the novel sequence identified in the H209/V6 6.2 kb mRNA is derived from the adjacent
3 intron as a consequence of read-through at a concensus splice donor site. These observations suggest
a mechanism for the generation of the two mutant topoisomerasenRNAs in H209/V6 cells and
provide the first reported example of a drug resistant cell line containing two different cytoplasmic forms
of topoisomerase d.

DNA topo II* has been implicated in a variety of cellular 1989). There are two isoforms of mammalian topo II,
functions and is essential for the survival of eukaryotic cells designatedr andg (Drake et al., 1987, 1989), which differ
(Adachi et al., 1991; Taagepera et al., 1993). Itis believed from each other with respect to certain biochemical and
to play important roles in DNA replication (Clarke et al., pharmacological properties. Expression of tomodhd topo
1993; Holm et al., 1989) and recombination (Wang et al., |13 also appears to be differentially regulated (Austin et al.,
1990), as well as in chromosome condensation and chromatid1995; Woessner et al., 1991; Drake et al., 1987, 1989). In
segregation at mitosis (Adachi et al., 1991; Holm et al., 1985, addition to its essential physiological functions, topa i$
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sulfate; Denhardt’s solution, 50= 1% bovine serum albumin, 1% ; At _
polyvinylpyrrolidone. 1% ficoll: SSC. & — 150 mM NaCl, 15 mM We have reported previously the characterization of a VP

sodium citrate, pH 7.0; nt, nucleotide; SSPE, 150 mM NaCl, 10 16-selected drug resistant small cell lung cancer cell line,
mM NaH,PQ,, 1 mM EDTA, pH 7.4; PCR, polymerase chain reaction; H209/V6, that expresses 10-fold lower levels of an apparently
cDNA, complementary DNA; nt, nucleotide; GST, glutathioBe e iraki .
transferase; TBS-T, Tris-buffered saline with Tween (10 mM Tris, 0.15 no_rmf_:ll sized 6.1 kb tOpOdd.mRNA (Mirski & Cole, 1995;

M NaC1, 0.05% Tween-20, pH 7.5); RT, reverse transcriptase; UTR, Mirski etal., 1993). In addition, the H209/V6 cells express

untranslated region. low levels of a 4.8 kb topo t-related mRNA. Despite the
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presence of two H209/V6 topodirelated mMRNAs, only one  coding sequence of normal topalmRNA. These latter
immunoreactive topo #i-related protein is detectable in these probes [designated probe | (nt 4328645), probe Il (nt
cells using an antiserum raised against the 70 kDa recom-4665-5203), and probe Il (nt 51885589), respectively]
binant COOH-terminal portion of HelLa cell topodll were generated by PCR using the plashii@P2(American
(Sullivan et al., 1989). However, the H209/V6 topa. Il  Type Culture Collection #59748, Rockville, MD) as template
protein is smaller than normal (160 k2a 170 kDa) and it and Pfu DNA polymerase (Stratagene). Probe IV was
is present at levels approximately 5-fold lower than the 170 generated by PCR using the H209/V6 2.2 kb reverse
kDa topo lk in parental H209 cells. Moreover, in contrast transcriptase (RT)-PCR product as template (see below) and
to parental cells, the H209/V6 160 kDa protein is primarily sense primer'sSCTTTGAGATGGGTTAATGTT-3 and an-
localized in the cytoplasm. Nevertheless, the catalytic tisense primer' SAAAGATCGAAAAGAAATTGC-3'. The
activities of purified H209 170 kDa topodland H209/V6 PCR products were gel purified using GeneClean (Bio 101,
160 kDa topo l&x are comparable (Feldhoff et al., 1994). La Jolla, CA). All DNA probes were labeled with

In a previous study, we determined the structure of the [a-*P]JdCTP (NEN-Dupont) to a specific activity of ap-
H209/V6 4.8 kb topo K mRNA and found that it was  Proximately 1x 10° cpmjg using BRL Random primers
missing a contiguous 988 bp sequence corresponding to ntDNA labeling system (GIBCO-BRL). Blots were hybridized
42675255 of the normal topo &t mRNA (Mirski & Cole, with probes and then exposed to Kodak X-Omat AR film
1995). The absence of this sequence, which is composedEastman Kodak, Rochester, NY)-a70 °C with enhancing
of both coding and ‘3untranslated sequences, results in an screens for 10 days as required. In some experiments,
MRNA predicted to encode a protein lacking the 109 COOH- membranes were stripped in a 0.5% SDSH3SC solution
terminal amino acids of the normal 170 kDa top@x I at 95°C for 20 min and then SUbjeCted to hybridization with
enzyme. Within these missing 109 amino acids are several@ second probe.
potential bipartite nuclear localization signals (Dingwall &  Reverse Transcription and PCR Amplification of the H209/
Laskey, 1991; Mirski & Cole, 1995). We therefore con- V6 6.1 kb Topo ik mRNA. Single stranded cDNA was
cluded that the absence of this sequence from the H209/v6synthesized by reverse transcription of poly(ANA from
4.8 kb mRNA might be responsible for the predominantly H209 and H209/V6 cells using avian myeloblastosis virus
cytoplasmic localization of the mutant 160 kDa topa. Il  reverse transcriptase (Life Science Inc., St. Petersburg, FL)
(Mirski & Cole, 1995). However, although our analyses and random hexamers (Amersham, Oakville, Ontario, Canada).
showed that the H209/V6 4.8 kb topoutrelated mMRNA ~ The cDNAs were subjected to PCR usinigaqg DNA
could encode the cytoplasmic 160 kDa topa, Ithey did polymerase andraq extender (Promega, Madison, WI)
not explain the absence of a normal size 170 kDa protein in @ccording to the manufacturer's instructions. In these
H209/V6 cells, which would be expected from the larger reactions, the sense primer wasCECACCTTCAACTATCT-

size (approximately 6.1 kb) topodImRNA. Inthe present ~ TCT-3 (nt 3367-3387) and the antisense primer wés 5
study we have determined the structure of this larger nRNA GCTGAGCATGGTTATCAA-3 (nt 5381-5399). These
and characterized the-Broximal region of the H209/v6  Primers were selected because they liaril 3, respectively,
TOP2Aallele which encodes both mutant mRNAs. Our Of the missing sequence in the H209/V6 4.8 kb mRNA
results indicate that a partial gene deletion has occurred in(Mirski & Cole, 1995). Confirmation of the identity of the
H209/V6 cells and that the mutamOP2Aallele gives rise ~ PCR products was determined by southern blot analyses
to the two topo et MRNA species as a result of alternative Using appropriate oligonucleotide probes labeled with
splicing. We also show that both H209/V6 topodtelated ~ [7-**P]JdATP (4500 Ci/mmol; ICN Biomedical, Cleveland,
MRNASs are translated into truncated, 160 kDa, cytoplasmic OH) and T4 kinase (GIBCO-BRL).

polypeptides which have different COOH-termini and are _ Subcloning and Sequencing of the H209/V6 2.2 kb RT-
missing three potential bipartite nuclear localization signals. PCR Product. The H209/V6 2.2 kb product obtained from

the RT-PCR experiments described above was ligated into
EXPERIMENTAL PROCEDURES the pBluescript SK plasmid (Stratagene) by blunt-ended
cloning (Hitti & Bertino, 1994). Recombinant plasmids were

Cell Culture. The origin and maintenance of the human transformed into competent Did&’ Escherichia colicells
small cell lung cancer cell line H209 and its VP-16 selected (GIBCO-BRL) by electroporation. The individual bacterial
variant H209/V6 have been described previously (Mirski et colonies containing plasmid with insert DNA were identified
al., 1993). Both cell lines were grown in RPMI 1640 py hybridization with32P-labeled oligonucleotide probe nt
medium supplemented with 5% calf serum (Hyclone, Logan, 5188-5208 as well as by restriction enzyme analysis.
UT) at 37°C and 5% CQ@ All experiments were performed  plasmid DNAs from 10 positive colonies were purified,
on day 3 cultures when cells were in exponential growth. pooled, and sequenced by the dideoxy method using

Northern Blot Analyses.Poly(A)" RNA was prepared  [3°S]dATP (Amersham) and Sequenase version 2.0 DNA
using a Micro-FastTrack mRNA isolation kit (Invitrogen, polymerase (United States Biochemical, Cleveland, OH).
San Diego, CA) according to the manufacturer’s instructions. Sequence data was compiled and analyzed using the Eyeball
RNA was separated on 1% agarose gels containing 0.66 MSequence Editor software (Eric Cabot).
formaldehyde and blotted onto ZetaProbe membrane (Bio- Immunoblot AnalysesPreparation of H209 and H209/
Rad, Mississauga, Ontario, Canada) by pressure transfer withv/6 total cell lysates and subsequent electrophoretic separation
10x SSC/16« SSPE as described previously (Mirski & Cole, and transfer of these proteins to nylon membranes were
1995). The DNA probes used for these studies included theperformed as described previously (Mirski & Cole, 1995;
3.1 kb EcoRI/Scd SP-1 cDNA specific for topo Liu & Wang, 1991). For detection of topod| blots were
(provided by Dr. K. B. Tan) (Chung et al., 1989) and probes incubated with rabbit antiserum raised against the recombi-
corresponding to selected segments of coding dnibB- nant 70 kDa COOH-terminus of HelLa topoali(kindly
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provided by Drs. W. Ross and D. Sullivan) (Sullivan et al.,
1989), or with rabbit antiserum A160 raised against the
synthetic peptide [Cys]-Lys-Pro-Lys-Ser-Leu-Arg-Trp-Val-
Asn-Val-Ala-lle-Thr (kindly provided by Dr. W. G. Harker)
(Harker et al., 1995b), or with rabbit antiserum QU10 raised
against a glutathioné&-transferase (GST) fusion protein
containing the COOH-terminal 34 amino acids of the putative
polypeptide encoded by the H209/V6 4.8 kb topm-telated
mMRNA. To generate this fusion protein, a PCR product

Yu et al.
()
o
61kb » By |« 621
“ < 48kb

corresponding to the sequence between nt 5256 and 5356 in

the 3-UTR of topo llo cDNA was synthesized using the
plasmid hTOP2 as template and sense primer@&CG-
GATCCACTCTTGACCTGTCCCCTCTG-3and antisense
primer 3-CGGAATTCAAATGTTGTCCCCGAGTCTT-3
The PCR product was digested wBanH| and Ecarl and
subcloned in-frame into thBanHI/EcaRl site of a pGEX2T

expression vector (Pharmacia Biotech, Uppsala, Sweden) as

described previously (Hipfner et al., 1996). The fidelity of
the construct was confirmed by DNA sequence analysis.
Expression of the GST-fusion protein was induced in BH5
F' bacteria by adding isopropyl thif-galactoside (2 mM)
for 5 h. After cell lysis by sonication, the expressed GST-
fusion protein was affinity purified by using glutathione
cross-linked agarose (Sigma) as described (Smith, 1993).
Rabbit antiserum was raised against the purified fusion
protein by Cocalico Biologicals (Reamstown, PA). Antisera
were diluted appropriately in blocking solution [4% non-fat
Carnation milk in TBS-T (10 mM Tris, 0.15 M NaC1, 0.05%
Tween 20, pH 7.5)] and then incubated with the blots for
1-2 h. After washing 3x 5 min in TBS-T, horseradish
peroxidase-conjugated F(abfragments of goat anti-rabbit
IgG (H+L) (Jackson ImmunoResearch, West Grove, PA)
(diluted in blocking buffer) were added and blots were
incubated for 1 h. After washing % 5 min in TBS-T,
antibody binding was determined by enhanced chemilumi-
nescent detection (Dupont NEN, Boston, MA) and exposure
on Kodak X-Omat AR film.

Southern Blot Analyses and Amplification of Genomic
DNA. High molecular weight genomic DNA was isolated
from exponentially growing H209 and H209/V6 cells using
a Cell Culture DNA kit (Qiagen, Chatsworth, CA) following
the manufacturer’s instructions. DNA (1) was digested
with selected restriction enzymes, size fractionated on a 0.7%

Ficure 1: Northern blot analysis of topodl MRNA expression

in H209 and H209/V6 cells. Poly(A)RNA was prepared from
H209 and H209/V6 cells, electrophoretically separated on form-
aldehyde-agarose gels, and blotted onto nylon membranes. Hy-
bridizations were performed using the random priré&ttlabeled
topo llo-specific SP-1 cDNA probe. Approximatelyu of H209
poly(A)* RNA and 3ug of H209/V6 poly(A)" RNA were loaded

on the gel.

subsequent cycles, denaturation was at°’@4for 1 min;
annealing at 54.2C for 1 min; and elongation at 7L for

10 min. Final extension was at 7Z for 15 min. The
genomic PCR products were gel purified using Geneclean
and then sequenced with the 373A DNA Sequencing System
using DyeDeoxy Terminators (Applied Biosystems, Missis-
sauga, Ontario, Canada). Sequence data were compiled and
analyzed as before.

RESULTS

Northern Blot Analyses of TopoodlmRNAs in H209/V6
Cells. The first objective of this study was to characterize
the previously described apparently normal sized 6.1 kb topo
[la mRNA in H209/V6 cells. In some RNA blots it was
noted that this mMRNA might not be exactly the same size as
its counterpart in parental H209 cells. By increasing the
amount of H209/V6 mRNA loaded on the gel, it was possible
to obtain a topo t mRNA signal of similar intensity from
the two cell lines. These experiments clearly demonstrated
that the topo &t MRNA in H209/V6 was approximately 6.2
kb and larger than the normal 6.1 kb mRNA in H209 (Figure
1).

Northern blots of H209 and H209/V6 mRNAs were
hybridized with PCR-generated probes derived from the 3
proximal region of the normal topodl mRNA (Figure 2,

agarose gel and transferred to Zeta Probe nylon membraneprobe III) or from within the region we previously determined

The membranes were prehybridized at°€2for 4 h in a
solution containing 50% formamide x5SSPE, % Den-
hardt's, and 1% SDS and hybridized withP-labeled topo
Ila-specific SP-1 cDNA in the same solution at 42 for
12—18 h. After hybridization, the membranes were washed
once in Ix SSC/0.1% SDS at room temperature for 15 min
and twice at 42C in 0.1x SSC/0.1% SDS for 15 min. The
membranes were exposed to film-af0 °C with enhancing
screens for 710 days.

Genomic DNA was amplified using the Expand Long
Template PCR System (Boehringer Mannheim, Germany)
for 35 cycles. For these reactions the sense primer 5
CCATCAGATGCTAGTCCACCTAAGACC-3 (nt 4048~
4074) derived from the topo dl coding sequence and the
antisense primer'8S2CAGAGGGGACAGGTCAAGAG-3
(nt 5256-5277) from the topo W 3'-untranslated sequence
were used. PCR conditions were as follows: for the first
cycle, denaturation at 94C for 5 min; annealing at 54.9C
for 5 min; and elongation at 72C for 40 min. For

to be absent from the H209/V6 4.8 kb toparitelated
MRNA (Figure 2, probes | and Il) (Mirski & Cole, 1995).
Neither probe | nor probe Il hybridized with the 4.8 kb
MRNA in H209/V6, as expected (Figure 2). Probe | also
failed to detect the 6.2 kb mRNA in H209/V6, whereas
probes Il and Ill both hybridized with this mRNA. It was
concluded that a'5ortion of the region previously found
to be missing from the topodtrelated 4.8 kb mRNA was
also absent from the 6.2 kb mRNA in H209/V6 cells.
Reverse Transcriptase-PCR, Cloning, and Sequencing of
the 3-Proximal Region of the H209/V6 6.2 kb Topall
MRNA. To compare the'3proximal region of the H209/V6
topo llo. 6.2 kb mRNA with the corresponding region of
the H209 topo & 6.1 kb mRNA, PCR was performed on
cDNA that had been reversed transcribed from H209 and
H209/V6 mRNAs. For these reactions, primers were
selected such that the region spanning nt 338396 would
be amplified. A 2 kb PCR product was obtained from H209
cDNA as expected (Figure 3). However, PCR of H209/V6
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Ficure 2: Northern blot analyses of topodlImRNA in H209 and H209/V6 cells with selected DNA probes. Poly(RNA was isolated

and blots prepared as described in Figure 1 and Experimental Procedures. Probes I, I, and Ill were generated by PCR using the human topo
Ila hTOP2cDNA as template and correspond to the sequences indicated on the figure. Shown below the blots is a schematic diagram of
the 3-proximal region of the normal 6.1 kb topaliImRNA aligned with the corresponding region in the H209/V6 4.8 kb toperdlated

mRNA (Mirski & Cole, 1995). The solid portion represents coding sequence while the open portion represents non-coding sequence. The
broken line in the H209/V6 4.8 kb mRNA indicates the normal topodéquence missing from this mRNA.

V‘() analyses of H209/V6 6.2 kb mRNA using the same probes
q@“q&@ (Figure 2). Southern analyses of the H209/V6 2.2 kb RT-
PCR product with six different oligonucleotides (correspond-
ing to sequences between nt 3367 and 5381) gave positive
signals with oligonucleotide probes 3367, 3560, 5188, and
<« 22kb 5256 but not with oligonucleotide probes 4272 and 4897
< 20kb (Figure 4). These results indicated that the H209/V6 2.2 kb
RT-PCR product was missing at least 0.6 kb of topo Il
sequence located somewhere between nt 4264 and 4914.
Subcloning and sequencing of the 2.2 kb RT-PCR product
revealed that it contained the normal topa #equence from
nt 3367 to 4267 and from nt 4951 to 5401 but 684 bp of
coding and non-coding topodlsequence between nt 4267
and 4950 were replaced by 847 nt of non-topm ¢DNA
sequence (Figure 5). To confirm that the novel sequence
identified in the 2.2 kb product was unique to the H209/V6

Ficure 3: Gel electrophoresis analysis of RT-PCR products 6.2 kb topo lbcrelated mRNA, northern analysis was
generated from the’ proximal region of topo l-related MRNAs g'erformedlusm_g a I?ChR prOb? encompanSIIPg ?‘46 m4%f6t£]e
in H209 and H209/V6 cells. cDNA was synthesized from poly(A) -proximal region of the novel sequence following nt

RNA from both H209 and H209/V6 cells and subjected to PCR. (probe 1V). As expected, this probe hybridized with the
To amplify the region which spans the sequence known to be H209/V6 6.2 kb mRNA but not with either the H209/V6

missing from the H209/V6 topo &l 4.8 kb mRNA, primers that 4.8 kb mRNA or the H209 6.1 kb mRNA (not shown)
lie on either side of the missing sequence were used. The PCR ) )

products obtained were resolved by agarose gel electrophoresis and Predicted Structure of the H209/V6 Mutant Topa B.2
stained with ethidium bromide. The 2 kb PCR product from H209 kb mRNA and Encoded ProteiThe structure of the H209/

cDNA and the 2.2 kb and 1 kb PCR products from H209/V6 cDNA /g 6.2 kb topo Ib-related mRNA and its encoded protein
are indicated. A minor product of 1.5 kb was also observed. The : P : :
100 bp DNA Iadder is shown on the left. are depicted in Figure 6, aligned with the structure of the

4.8 kb mRNA we described previously (Mirski & Cole,
1995). The region of the normal topalkequence missing
from the H209/V6 6.2 kb mRNA contains the normal stop

< 1.0kb

cDNA generated two major products of approximately 2.2

kb and 1 kb. It seemed probable that the 2.2 kb PCR producty o, ot nt 4594 and encodes the 109 COOH-terminal amino

was derived from the H209/V6 topodirelated 6.2 kb 5cigs of the normal topodl enzyme which are consequently
MRNA because it was somewhat larger than the 2 kb prOd“Ctpredicted to be absent from the protein encoded by this

obtained with H209 cDNA. Evidence that this was the case MmRNA (Figure 6A) In addition, the 847 nt of new sequence
was obtained from southern analyses of the RT-PCRin the H209/V6 6.2 kb mRNA contain an in-frame stop
products. As shown in Figure 4, probe Il hybridized with codon after 41 nt and thus are predicted to add 14 new amino
the 2.2 kb RT-PCR product, whereas probe | did not. This acids in place of the 109 terminal residues of normal topo
hybridization pattern is consistent with the Northern blot Ilae (Figure 6B). The smaller topo dtrelated protein



5872 Biochemistry, Vol. 36, No. 19, 1997 Yu et al.

B

probe I (nt 4328-4645) probe II (nt 4668-5205)
H209/V6
5 3 6.2 kb mRNA
2.2 kb RT-PCR product
5 / ’ \lT— 3 4.8 kb mRNA
Oligo probes 3364 3557 4269 4894 5185 5253

Ficure 4: Southern analyses of the H209/V6 2.2 kb RT-PCR product. Blots of the 2.2 kb RT-PCR product derived from the H209/V6 6.2
kb mRNA were hybridized wit¥2P-labeled PCR probes | (nt 4328645) and Il (nt 46685205) generated using the wild-tybdOP2

cDNA as template and with six wild-type topooHspecific 32P-labeled synthetic 2921 mer oligonucleotide probes. The approximate
positions of these probes in the normal topm thRNA sequence are indicated on the diagram. With respect to the oligonucleotide probes,
the numbers under the blots indicate the nucleotide position in normal tepoRINA of the first nucleotide of the probe. Thé@oximal

regions of the H209/V6 2.2 kb and 4.8 kb topoditelated mRNAs (narrow lines) are indicated above and below, respectively, the H209/
V6 2.2 kb RT-PCR product (wide line). Conditions for radiolabeling of DNA probes and hybridization are described in Experimental
Procedures.

4259 v
CAGCAAAAAGTAAGCCTAAATCTTTGAGATGGGTTAATGTTGAATTACCITAACTGGTTIC

CACGTGTCTATTTCAATTTTTTTATTGCCAAAACTTACTATTGATATTACAGATTAAATATTIT
CAATTGGAAGCAATTTCTTITCGATCTTTATAATCAAAATTAGTAGTCAAGGCTGTTCCAAAA
CAGTAAGTTATCTCTATTGATTGTTCAGTTACAGATCAACTCCTTGTTCTACTCTITITCCCTC
CTTCTCACTACTGCACTTGACTAGTCAAAAAACAAAACAAAAGCCAGGCAGAGTGGCTCAT
GCCTGTAATCCCAGCACTTTGGGAGGCTAAAACAAGAGGATTGCTTGAGGCCAGGAGTIC
AAGGCTGCAGTGAGCTATATGATCAAGCCACTGCACTCAGCCTGAGTGAGAGAGCAAGAC
CCTGTCTCCAAAAATAAGGTAGTCCAAATGTTTAAAATCAGTGAGTTTCTCTCAGTACCAGG
CTTCATCTAGTTCATTTCTGTGACAAGGATAGGATTTATAAGCAATTGCAATGTITAACGTA
AAACGTATTCTTGAAATTGAATTAAGTTTAAGGCTGGGTGCAGTGGCTCATGCTGTAATCC
CAGCACTTTGGGAGGCCAAGGTGGGTGGATCACCTGAGGTCAGGAGTTCGAGACTAGCC
TGGCCAACATAGTGAACCCTCATCTCTACTAAAAACACAAAATTAGCCAGGTGTGGTGGCA
CATGCCTGTAGTCAGCTACTCGGGAGGCTGAAACAGGAGAATCACTTGAACCCAGGAGGC

AGAGGCTACAGTGAGCCGAGATCGTGCCACTGCACTCCAGCCTGGGGCGAGATAGAGAT
A
GATTTAAAAGTGTCACTCTTCCTCCTTTTCTACTTTCAGTAGATATGAGATAGAG

CAT
5000

Ficure 5: Nucleotide sequence of the divergent region of the H209/V6 2.2 kb RT-PCR product. The region between the two triangles
(italics type) represents the non-topa InRNA sequence. The region$ &d 3 of the triangles (normal and bold type) correspond to
wild-type topo Il mRNA sequence. The location of the new predicted stop codon, TAA, in the H209/V6 6.2 kb tepeldted mMRNA

is indicated by underlining.

encoded by the 6.2 kb mRNA is thus expected to have atopo llo polypeptide (Sullivan et al., 1989). The single
molecular weight of approximately 160 kDa. immunoreactive band observed previously on topa I
Relationship between the H209/V6 4.8 kb and 6.2 kb immunoblots of H209/V6 cells using this antiserum could
mRNAs and the 160 kDa Topooll Comparison of the  therefore correspond to two co-migrating proteins rather than
COOH-terminal deduced amino acid sequences of the H209/just one (Mirski et al., 1993). To determine if the 160 kDa
V6 6.2 kb and 4.8 kb topo #l-related mRNAs shows that topo lla. in H209/V6 cells was encoded by the 6.2 kb mRNA
they could encode polypeptides that differ in size by only or the 4.8 kb mRNA or both, immunoblotting experiments
21 amino acids. Thus if both mRNAs are translated, they were performed. Proteins from whole cell lysates of H209
would not be distinguishable on an immunoblot with the and H209/V6 cells were resolved by electrophoresis, blotted
antiserum against the recombinant COOH-terminal 70 kDa and probed with an antiserum (A160) (Harker et al., 1995b)
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61kb normal |
45'56\ u‘,* 5.‘,9‘5
TAA
847 nt new sequence
6.2kb H209/V6
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8kb H209/V6 | ]
BT
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Ficure 6: Predicted structures of thé-gBroximal region of the H209/V6 topodl 6.2 kb and 4.8 kb mRNAs and encoded proteins. (A)
Predicted structure of theé-Broximal region of the H209/V6 6.2 kb mRNA is aligned with the H209/V6 4.8 kb mRNA and H209 normal

6.1 kb topo It MRNA. The solid portion represents coding sequence while the open portion represents non-coding sequence. The regions
connected by broken lines represent the missing normal tapsdtjuence in the H209/V6 4.8 kb and 6.2 kb mRNAs. Predicted stop
codons in these two mRNAs are shown as TAA and TGA, respectively. (B) Schematic diagram of proteins predicted to be encoded by the
H209/V6 6.2 kb and 4.8 kb mRNAs. The open portions represent normal taonino acid sequence while the shaded portions represent

the new COOH-terminal peptides in the two proteins. In the case of the H209/V6 6.2 kb mRNA, 14 new amino acids are predicted while
for the 4.8 kb mRNA 34 new amino acids are predicted. The sequences of the new COOH-terminal peptides are indicated by the single-

letter amino acid code; aa, amino acids.
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FIGURE 7: Immunoblot analyses of H209 and H209/V6 whole cell
lysates. Proteins from H209 and H209/V6 whole cell lysates were
resolved by SDSPAGE and blotted onto nylon membrane as
described in Experimental Procedures. Protein equivalentsxo 1

the H209 whole cell lysate. These results indicate that both
the H209/V6 mutant 6.2 kb and 4.8 kb mRNAs are
translated. The resultant mutant 160 kDa topmoptoteins
may localize differently from each other because they differ
at their COOH termini. However, immunoblots of crude
nuclear and cytoplasmic fractions of H209/V6 cells prepared
(Feldhoff et al., 1994) and probed with each of the three
different topo It antisera, show that both 160 kDa topa Il
proteins are similar in their inefficient localization to the

10° cells was loaded per lane. The blots were incubated with the Nucleus (not shown).

following: (left panel) rabbit antiserum raised against the recom-
binant 70 kDa COOH-terminal portion of HeLa topatl(Sullivan

et al. 1989); (centre panel) rabbit antiserum A160 raised against a

Restriction Enzyme Analysis of theRoximal TOP2A
Gene in H209 and H209/V6 Cellslo begin analysis of the

synthetic peptide corresponding to the COOH-terminal 13 amino 9€netic basis for the altered topaxlexpression in H209/

acids predicted to be encoded by the H209/V6 6.2 kb tope I
related mRNA (Harker et al. 1995b); and (right panel), rabbit

antiserum QU10 raised against a GST-fusion protein containing
the COOH-terminal 34 amino acids predicted to be encoded by

the H209/V6 4.8 kb topo H-related mRNA. The blots were
processed as described in Experimental Procedures.

V6 cells, genomic DNAs from H209 and H209/V6 cells were
digested with a series of restriction endonucleases and
analyzed by southern blotting with the topo$pecific SP-1
cDNA probe. The enzymes used includgdnHlI, EcoRl,
Hindlll, Hpall, Sst, Aval, Bgll, Dral, Msd, Ndd, Puull,
Smad, Std, and Bglll. Different restriction patterns were

raised against a synthetic peptide corresponding to theobserved for the H209 and H209/V6 genomic DNAs after

COOH-terminal 13 amino acids predicted from the H209/
V6 6.2 kb topo Ibe mMRNA sequence, or with an antiserum

digestion with seven of these enzymeiz,, BanHl, Hpall,
Sst, Ndd, Puull, Std, andBglll, and four of these are shown

(QU10) raised against a GST fusion protein containing the in Figure 8. Extra bands were observed with H209/V6 DNA

COOH-terminal 34 amino acids predicted from the H209/
V6 4.8 kb topo Ibo mRNA sequence. As shown in Figure
7, both antisera react with a 160 kDa topa. Ih the H209/
V6 whole cell lysate but not with the 170 kDa topalin

digests in addition to the fragments seen with H209 genomic
DNA digests (Figure 8). These results suggested the
presence of at least two alleles which differ at theed,
one of which has sustained a rearrangement or deletion.
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FIGURE 8: Topo llo restriction enzyme analysis of genomic DNA
from H209 and H209/V6 cells. Genomic DNA was prepared from
H209 and H209/V6 cells and 10g digested with the indicated
restriction enzymes. After electrophoresis in 0.7% agarose, the DNA
was blotted onto a nylon membrane and hybridized ##hlabeled
SP-1 topo It cDNA. In addition to the fragments detected in the
H209 DNA, H209/V6 DNA showed extra fragments, which are
indicated by the arrows. The autoradiographs shown are 5-day
exposures. Positions and sizedifdlll-digestedl DNA fragments

are shown on the left.

Sequence and Structure Analyses of thR&gion of the
TOP2A Gene in H209 and H209/v6 Cell&\ portion of
the 3-proximal region of theTOP2A gene in H209 and
H209/V6 cells was amplified from genomic DNA by PCR
using a pair of primers which lie'zand 3 of the region
containing the mutations in the H209/V6 topaeielated
4.8 kb and 6.2 kb mRNAs. Amplification of H209 genomic
DNA generatd a 4 kbproduct whereas amplification of
H209/V6 genomic DNA generated ltoa 4 kbproduct and
a 1.8 kb product (not shown). This observation suggested
that a deletion of approximately 2.2 kb had occurred in one
allele of the TOP2A gene in H209/V6 cells. Sequence

Yu et al.

topo llo. sequence were absent from this mutant mRNA and
that the missing sequence consisted of both coding and 3
untranslated sequence. Analysis of the missing sequence
indicated that it contained three potential bipartite nuclear
localization signals (Mirski & Cole, 1995). We therefore
suggested that the H209/V6 4.8 kb mRNA encoded the
H209/V6 160 kDa cytoplasmic immunoreactive topa Il
protein (Mirski & Cole, 1995). In agreement with this
conclusion was the inability of an antiserum against the
terminal 17 amino acids of normal topaolito detect the
H209/V6 160 kDa protein. However, the fact remained that
H209/V6 cells contained an apparently normal sized 6.1 kb
topo llo MRNA but no detectable normal size 170 kDa
protein. In the present study, we have determined that this
larger H209/V6 topo ki-related mRNA is slightly bigger
than its counterpart in H209 cells (Figure 1). This observa-
tion provided the first indication that the H209/V6 6.2 kb
topo lla-related mRNA might be different from the H209
6.1 kb topo It MRNA. Further evidence that this was the
case was obtained from Northern analyses with probes
corresponding to'sand 3 portions of the region previously
determined to be missing from the H209/V6 4.8 kb mRNA
(Mirski & Cole, 1995). While the 3 proximal probes
hybridized to the H209/V6 6.2 kb topodirelated mRNA,

the B proximal probe did not (Figure 2), indicating that the
H209/V6 6.2 kb mRNA is also missing a portion of the
region that we previously showed was absent from the H209/
V6 4.8 kb mRNA (Mirski & Cole, 1995).

When cDNA corresponding to thé-Broximal region of
H209/V6 6.2 kb mRNA was amplified, two major RT-PCR
products were obtained (Figure 3). These products (2.2 and
1 kb) corresponded in size to those expected from cDNAs
derived from the H209/V6 6.2 kb and 4.8 kb mRNAs,
respectively (Figure 3). The 2.2 kb RT-PCR product from
H209/V6 cDNA is approximately 0.2 kb longer than the
corresponding product from H209 cDNA, consistent with
our observation that the H209/V6 6.2 kb topauielated
MRNA is a little larger than its counterpart in H209.

analyses of these genomic PCR products revealed that thiszrthermore, Southern blot analyses of the H209/V6 2.2 kb

deletion consisted of an entire exon and intron and portions
of a second exon and intron as illustrated in Figure 9A.

Comparison of the genomic sequence with the sequence of,

the H209/V6 6.2 kb topo d-related mMRNA revealed that
the 847 nt of new sequence in the mRNA were derived from
the intron immediately ‘3to the end of the exon where the
mutation begins.

DISCUSSION

Reduced expression of topalbr mutations in conserved
regions of this enzyme have been associated with drug
resistance in numerous resistant tumor cell lines (Liu, 1989;
Mirski & Cole, 1996; Sullivan & Ross, 1991; Osheroff et
al., 1994; Cole, 1996). More recently, cytoplasmic localiza-

RT-PCR product with several probes showed similar hy-
bridization patterns as the Northern blot analyses with the
same probes (Figure 4). Taken together, these data provided
convincing evidence that the 2.2 kb RT-PCR product was
indeed derived from the H209/V6 6.2 kb topa ImRNA.

The subsequent finding that this H209/V6 RT-PCR product
was missing at least 0.6 kb of normal topaet Isequence
seemed inconsistent with the observation that it was ap-
proximately 0.2 kb longer than the corresponding RT-PCR
product from H209 cDNA. A possible explanation for this
finding was that the larger H209/V6 RT-PCR product
contained non-topo # sequence. This was confirmed by
cloning and sequencing which revealed that 684 nt from the
3'-coding and non-coding region of the normal topo. Il

tion of topo llo has also been suggested as a mechanismmRNA sequence were no longer present in the H209/V6 6.2

leading to drug resistance (Cole, 1996; Feldhoff et al., 1994;
Harker et al., 1995; Mirski & Cole, 1995; Harker et al.,
1991). Previous studies from this laboratory identified
guantitative and qualitative alterations of topa lh the VP-
16-selected H209/V6 small cell lung cancer cell line (Mirski
et al., 1993). In addition to the presence of a 160 kDa topo
Ila-related protein in H209/V6 cells was the appearance of
a new species of topodtrelated mMRNA of approximately
4.8 kb. We found that 988 nucleotides ¢fiBoximal normal

kb mRNA but were instead replaced by 847 nt of unknown
sequence (Figure 5). This alteration results in a net gain of
163 nucleotides which is consistent with the decreased
electrophoretic mobility of H209/V6 6.2 kb mRNA compared
to the H209 6.1 kb mRNA, and with the larger size (2.2 kb)
of the H209/V6 RT-PCR product compared to the H209 RT-
PCR product (2 kb). Northern analysis with a PCR probe
corresponding to a 143 nt sequence within th@roximal
region of the novel sequence of the H209/V6 2.2 kb RT-
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A 3'-proximal topo llo gene

H209
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B 3'-proximal H209/V6 topo llo-related mRNAs
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FiIGUrRe 9: Schematic relationship of thé-Broximal regions of the H209/V6 6.2 kb and 4.8 kb topa hRNASs to the 3-proximal region

of the topo I gene in H209 and H209/V6 cells. (A) Exon/intron organization of thpr@ximal region of the topo ¢l gene in H209 and

H209/V6 as determined by the sequencing of genomic PCR products is shown. The solid portions represent the exons (coding sequence),
the open circles below represent the introns, and the hatched portions reptasgnaislated sequence. The numbers at the top show the

nt position of the intron/exon boundaries within the topm thRNA sequence. The normal H209 stop codon TAA at nt 4495 is indicated

by an asterisk. The portion of the gene deleted in H209/V6 is indicated by shading. (B) Structures' girtherBal H209/V6 topo Ié 6.2

kb and 4.8 kb mRNAs as predicted from the partial gene deletion shown in A. The solid portions represent coding sequence with the
position of the exon/intron boundaries indicated by the numbers above. For the 6.2 kb mRNA (top), the open portion indicates intron
sequence which is transcribed; the first stop codon TAA encountered 41 nt into the 847 bp intron sequence is noted by an asterisk. The
hatched region beginning at nt 4952 indicates the position at the end of the deletion where rnddiml equence resumes. For the 4.8

kb mRNA (bottom), the solid portion represents normgb®ximal topo Ibx coding sequence with intron/exon boundary positions indicated.

The hatched portion represents what was formerly norirlTR and the sequence between nt 4267 and 5256 has been spliced out by
utilization of a cryptic 3acceptor splice site located at nt 5256. The first stop codon after the nt 5256 acceptor splice site, TGA, is located
at nt 5357 in the former'3JTR and is indicated by an asterisk.

PCR product directly confirmed that the H209/V6 6.2 kb In our earlier study, we determined that the protein encoded
MRNA contains the novel sequence (not shown). by the H209/V6 4.8 kb mRNA is missing the same 109
In the RT-PCR analysis of H209/V6 topadlimRNA, a amino acids but is predicted to contain 34 different amino
low abundance product of approximately 1.5 kb was acids encoded by sequence that was previously in the 3
observed in addition to the expected 2.2 and 1 kb productsuntranslated region (UTR) of the mRNA (Mirski & Cole,
which correspond to the 6.2 and 4.8 kb topa-telated 1995). Thus, both the 4.8 kb and 6.2 kb mRNAs could
mMRNAs, respectively (Figure 3). Southern analysis of this encode proteins of approximately 160 kDa which differ in
product demonstrated a hybridization pattern similar to that length by only 21 amino acids or in molecular mass, by 2
of the 2.2 kb RT-PCR product (data not shown). One kDa. In both cases, the encoded polypeptides have lost three
possible explanation for this finding is that the 1.5 kb product putative bipartite nuclear localization motifs that begin at
represents another species of topo-telated mMRNA. This amino acid positions 1416, 1441, and 1448. Consequently,
seems unlikely since it was not detected in Northern analyses.both proteins might be expected to localize predominantly
A second and more probable explanation is that the 1.5 kbin the cytoplasm. We previously observed only one topo
PCR product is an artifact resulting from heteroduplex Ila immunoreactive protein in H209/V6 cells despite the
formation of single strands from the 1 and 2.2 kb RT-PCR presence of two mRNAs and suggested that only one of the
products (Zacharias et al., 1994). The occurrence of suchmRNAs was translated (Mirski & Cole, 1995). However,
heteroduplexes would not be surprising given the partial in view of the 3-proximal sequences of the H209/vV6 4.8
complementarity of the two amplified DNA sequences. kb and 6.2 kb mRNAs, it became clear that the 160 kDa
According to its deduced amino acid sequence, the H209/ cytoplasmic protein could be the translation product of either
V6 6.2 kb topo lb-related mRNA is predicted to encode a or both of these mRNAs. Immunoblot analyses using an
protein that no longer contains the 109 COOH-terminal antiserum generated against a 13 amino acid COOH-terminal
amino acids of the normal enzyme but instead contains 14 peptide predicted to be encoded by the H209/V6 6.2 kb
new amino acids encoded by the new sequence (Figure 6)mRNA confirms that this mMRNA is indeed translated into a
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160 kDa polypeptide (Figure 7). Antiserum against the GST- mRNA. In H209/V6 cells we have shown that this occurs
fusion protein containing the 34 COOH-terminal amino acids because the portion of ti@OP2Agene deleted in these cells
predicted to be encoded by the 4.8 kb mRNA also reacts includes the normal’3acceptor splice site. Whether or not
with a 160 kDa protein in H209/V6 cells (Figure 7). These the HL60/MX2 cells contain the same deletion in one of its
observations indicate that both H209/V6 topa-telated TOP2Aalleles is unknown although comparison of southern
mMRNAs are translated and provide the first reported exampleanalyses of HL60/MX2 and H209/V6 genomic DNAs
of a drug resistant cell line containing two different suggest that the genetic alterations in the two cell lines differ
cytoplasmic forms of topo é. (Harker et al., 1995a). Nevertheless, the fact that both the

Southern analyses of genomic DNA from H209 and H209/ mitoxantrone-selected HL60/MX2 cells and the VP-16-
V6 cells digested with several different restriction enzymes selected H209/V6 cells have acquired resistance by producing
and probed with a'roximal topo Ibi-specific cDNA probe aberrantly localized topodl suggests that resistance via this
showed different hybridization patterns (Figure 8), suggesting mechanism occurs as a result of exposure to several drugs
that at least one of thEOP2Aalleles in H209/V6 cells had  which target this enzyme.
sustained a deletion. Sequence analysis of the corresponding The observation that the H209/V6 mutant 160 kDa topo
3'-proximal region of theTOP2Agene in H209 and H209/  lla proteins display similar catalytic activity to the wild-
V6 DNA confirmed that a deletion consisting of both intron type topo Ik protein indicates that the COOH-terminal
and exon sequences had occurred (Figure 9A). As aregion does not play a critical role in human topa tatalytic
consequence of this deletion, thed®nor splice site at the  function (Feldhoff et al., 1994). This finding is consistent
exon/intron boundary located at nt 4267 (AA/GT) remains with other reports where it has been demonstrated that the
intact but the normal '3acceptor splice site is disrupted, COOH-proximal domain of topo Il in several simpler
allowing intron read-through and the inclusion of 847 nt of eukaryotic species is not required for activitg vivo
intron sequence in the H209/V6 6.2 kb mRNA (Figure 9B). (Crenshaw & Hsieh, 1993; Caron et al., 1994; Shiozaki &
The H209/V6 4.8 kb and 6.2 kb topadlmRNAs could be Yanagida, 1991). Instead, it has been suggested that this
encoded by the same or different alleles; however, given thatregion acts as a target for post-translational modification
the mutations in the two mRNAs begin at exactly the same (Wells et al., 1994; Cardenas et al., 1992). One study has
position, the most likely explanation is that they arise from shown that the major phosphorylation site in human topo
differential splicing of a primary transcript from the single Ila is serine 1524 located in the extreme COOH-terminus
mutantTOP2Aallele described here. Consistent with this (Wells et al., 1994). Since this site is no longer present in
interpretation is the observation that the H209/V6 4.8 kb either of the H209/V6 mutant 160 kDa proteins, and it has
mMRNA sequence resumes at a potential cryptiac®eptor been shown that nuclear targeting of proteins can be
splice site (TTTCAG/CTC) located at nt 5256 in tHelBTR modulated by phosphorylation, it raises the possibility that
of the normal topo ikt MRNA sequence (Figure 9B). Thus, reduced phosphorylation may also contribute to their inef-
the H209/V6 6.2 kb mRNA is produced as a consequence ficient nuclear localization. Site-directed mutagenesis studies
of intron read-through while the H209/V6 4.8 kb mRNA is are in progress to determine which of the three bipartite
produced from the 6.2 kb mRNA by utilization of a cryptic nuclear localization signals in the COOH-terminal 109 amino
3 acceptor splice site. Finally, although the limited southern acids of topo l&. are functional and whether they are
analysis data presented here does not indicate abnormalitieinterdependent. We have also identified at least six potential
in the secondrOP2Aallele of H209/V6 cells, this allele is  nuclear localization signals in the Nhproximal portion of
clearly not normal since no normal topa@lL70 kDa protein topo llo. and their functionality is under investigation since
or its cognate 6.1 kb mRNA are detectable. Further mutations in these motifs might also result in resistance by
investigation of the Send of theTOP2Agene is ongoing to  reducing nuclear localization of this important drug target.
understand why the normal top@/mMRNA is not expressed
in H209/V6 cells. ACKNOWLEDGMENT

Another mutant topo & lacking a normal COOH-terminus
has been reported in the mitoxantrone-selected human
leukemia cell line, HL-60/MX2 (Harker et al., 1995b).
However, in contrast to H209/V6 cells, HL60/MX2 cells
contain a normal nuclear 170 kDa protein in addition to a
mutant cytoplasmic 160 kDa protein (Harker et al., 1995a).
Similiar to H209/V6, HL60/MX2 cells express a 4.8 kb
mRNA but they also express the normal 6.1 kb topw |
MRNA. It was determined that the HL60/MX2 topaH REFERENCES
related 4.8 kb mRNA encodes a protein identical to that . .
encoded by the H209/V6 6.2 kb mMRNA (Harker et al., Adachi, Y., Luke, M., & Laemmli, U. K. (1991Fell 64, 137.
1995b). The HLE0/MX2 4.8 kb mRNA contains 725 fewer AUStn. C. A Marsh, K. L., Wasserman, R 2., Wilman, £, Sayer,

. o . J., Wang, J. C., & Fisher, L. M. (1993) Biol. Chem. 270

bp of topo Il intron sequence in its 3JTR than the H209/ 15739.
V6 6.2 kb mRNA and uses an alternate polyadenylation Beck, W. T., Danks, M. K., Wolverton, J. S., Chen, M., Granzen,
signal within its 122 bp intron sequence, thus accounting B., Kim, R., & Suttle, D. P. (1994) irDNA topoisomerases:
for the difference in size of the mRNAs from the two cell X‘égg?&gﬂeg?g;tag%%ﬂB?eggudﬁiuy L. F., Ed.) pp 145169,
types. Intron sequence was included in both the H209/V6 ' .
6.2 kb and HL60/MX2 4.8 kb topo dl-related mRNAs Caéﬁg%sj'_\ﬂif 'i%a;g’Q"Glover’ C.V.C., & Gasser, S. M. (1992)
because of a failure to splice correctly at the exon/intron caron, P. R., Watt, P., & Wang, J. C. (199pl. Cell. Biol. 14
junction site (AA/GT) at nt 4267 of the normal topooll 3197.

We thank Dr. Graydon Harker and Dr. Dan Sullivan for
providing antisera and for helpful discussions. The expert
technical advice of Dr. Caroline Grant and David Hipfner is
gratefully acknowledged as is the help of Tina Inalsingh with
sequencing the genomic PCR products. We thank Maureen
Rogers and Alexander Lang for assistance with the manu-
script and figures.



Alternative Splicing of TopoisomerasenlmRNA

Chung, T. D. Y., Drake, F. H., Tan, K. B., Per, S. R., Crooke, S.
T., & Mirabelli, C. K. (1989)Proc. Natl. Acad. Sci. U.S.A. 86
9431.

Clarke, D. J., Johnson, R. T., & Downes, C. S. (1993¢ell Sci.
105, 563.

Cole, S. P. C. (1996) ihung cancer: Principles and practi¢®ass,

H. I., Mitchell, J. B., Johnson, D. H., & Turrisi, A. T., Eds.) pp
169-204, J. B. Lippincott, Philadelphia.

Crenshaw, D. G., & Hsieh, T.-S. (1993)Biol. Chem. 26821328.

Dingwall, C., & Laskey, R. A. (1991Yrends Biol. Sci. 16478.

Drake, F. H., Zimmerman, J. P., McCabe, F. L., Barus, H. F., Per,
S. R., Sullivan, D. M., Ross, W. E., Mattern, M. R., Johnson, R.
K., Crooke, S. T., & Mirabelli, C. K. (1987). Biol. Chem. 262
16739.

Drake, F. H., Hofmann, G. A., Bartus, H. F., Mattern, M. R.,
Crooke, S. T., & Mirabelli, C. K. (1989Biochemistry 288154.
Feldhoff, P. W., Mirski, S. E. L., Cole, S. P. C., & Sullivan, D. M.

M. (1994) Cancer Res. 54756.

Harker, W. G., Slade, D. L., Drake, F. H., & Parr, R. L. (1991)
Biochemistry 309953.

Harker, W. G., Slade, D. L., Parr, R. L., Feldhoff, P. W., Sullivan,
D. M., & Holguin, M. H. (1995a)Cancer Res. 551707.

Harker, W. G., Slade, D. L., Parr, R. L., & Holguin, M. H. (1995b)
Cancer Res. 54962.

Hipfner, D. R., Almquist, K. C., Stride, B. D., Deeley, R. G., &
Cole, S. P. C. (1996Fancer Res. 563307.

Hitti, Y. S., & Bertino, A. M. (1994)BioTechniques 16302.

Holm, C., Goto, T., Wang, J. C., & Botstein, D. (19856¢ll 41,
553.

Holm, C., Stearns, T., & Botstein, D. (1988)ol. Cell. Biol. 9
159.

Biochemistry, Vol. 36, No. 19, 19956877

Liu, L. F. (1989)Annu. Re. Biochem. 58351.

Liu, L. F., & Wang, J. C. (1991) iflDNA topoisomerases in cancer
(Potmesil, M., & Kohn, K. W., Eds.) pp 1322, Oxford
University Press Inc., New York.

Mirski, S. E. L., & Cole, S. P. C. (1995Fancer Res. 552129.

Mirski, S. E. L., & Cole, S. P. C. (1997) ibrug resistance in
oncology(Bernal, S. D., Ed.) pp 275, Marcel Dekker, New
York.

Mirski, S. E. L., Evans, C. D., Almquist, K. C., Slovak, M. L., &
Cole, S. P. C. (1993Cancer Res. 534866.

Osheroff, N., Corbett, A. H., & Robinson, M. J. (1994) DNA
topoisomerases: Topoisomerase-targeting difugs L. F., Ed.)
pp 105-126, Academic Press, San Diego.

Shiozaki, K., & Yanagida, M. (1991Mol. Cell. Biol. 11, 6093.

Smith, D. B. (1993Methods Mol. Cell Biol. 4220.

Sullivan, D. M., & Ross, W. E. (1991) iMolecular and clinical
advances in anticancer drug resistan¢®zols, R. F., Ed.) pp
57—99, Kluwer Academic Publishers, Boston.

Sullivan, D. M., Latham, M. D., Rowe, T. C., & Ross, W. E. (1989)
Biochemistry 285680.

Taagepera, S., Rao, P. N., Drake, F. H., & Gorbsky, G. J. (1993)
Proc. Natl. Acad. Sci. U.S.A. 98407.

Wang, J. C., Caron, P. R., & Kim, R. A. (199Qell 62, 403.

Wells, N. J., Addison, C. M., Fry, A. M., Ganapathi, R., & Hickson,
I. D. (1994)J. Biol. Chem. 26929746.

Woessner, R. D., Mattern, M. R., Mirabelli, C. K., Johnson, R. K.,
& Drake, F. H. (1991)Cell Growth Diff. 2 209.

Zacharias, D. A., Garamszegi, N., & Strehler, E. E. (1994)
BioTechniques 1,7652.

BI1962400Y



