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ABSTRACT

Five cell lines selected for resistance to the cytotoxicity of inhibitors of
DNA topoisomerase II have point mutations in the gene that codes for the
V/, 170,000 form of this enzyme. In each case, the mutation results in an
amino acid change in or near an ATP binding sequence of the M, 170,000
isozyme of topoisomerase II. We used single-strand conformational poly
morphism analysis to screen for similar mutations in other drug-resistant
cell lines or in leukemic cells from patients previously treated with etopo-

side or teniposide. We also analyzed the region of the gene that codes for
amino acids adjacent to the tyrosine at position 804 of topoisomerase II
which binds covalently to DNA. CEM/VM-1, CEM/VM-I-5, and HL-60/

\\1SA human leukemic cell lines were used as controls; 3 of 3 known
mutations were detected by migration differences of polymerase chain
reaction products from the RNA extracted from these three lines. A pre
viously unknown mutation was found in the tyrosine 804 region of the M,
170,000 topoisomerase II expressed by CEM/VM-1 and CEM/VM-1-5
cells. Sequence analysis showed that substitution of a T for a C at nucle-

otide 2404 resulted in an amino acid change of a serine for a proline at
amino acid 802. No mutations in any of the ATP binding sequences or in
the tyrosine 804 region were detected in polymerase chain reaction prod
ucts from RNA extracted from human leukemia HL-60/MX2 or CEM/

MX1 cells (both cell lines selected for resistance to mitoxantrone) or in
human myeloma 8226/Doxl V cells (selected for resistance by simultaneous
exposure to doxorubicin and verapamil). No mutations were detected in
polymerase chain reaction products from RNA extracted from blasts of 15
patients with relapsed acute lymphocytic leukemia, previously treated
with etoposide or teniposide. We conclude that: (a) single-strand confor

mational polymorphism analysis is useful for screening for mutations in
topoisomerase II; </Â»resistance to the cytotoxicity of inhibitors of DNA
topoisomerase II is not always associated with mutations in ATP binding
sequences or the active site tyrosine region of MT 170,000 topoisomerase II;
and (c ) mutations similar to those detected in drug resistant cells selected
in culture have not been identified in blast cells from patients with re
lapsed acute lymphocytic leukemia, previously treated with etoposide or
teniposide.

INTRODUCTION

Resistance to the cytotoxicity of inhibitors of DNA topoisomerase
II is associated with decreased numbers of drug-induced covalent
enzyme-DNA complexes in resistant compared to sensitive cells. This

decreased number of complexes, in turn, is associated with a de
creased amount of topoisomerase II or a change in the biochemical
characteristics of the enzyme, or both (reviewed in Ref. l).

Five cell lines resistant to the cytotoxicity of inhibitors of DNA
topoisomerase II express a biochemically altered M, 170.000 DNA
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topoisomerase II. The enzyme from each drug-resistant cell line has a

point mutation in or near a nucleotide sequence that codes for amino
acids which form ATP binding sites (2-5). CEM/VM-1 and CEM/
VM-1-5 cells have a mutation in the region coding for a Motif B1

nucleotide-binding sequence which, in many proteins, combines with
a Motif A sequence to form an adenine nucleotide-binding fold (6).
HL-60/AMSA, VpmR-5, and KBM-3/AMSA cells (3-5) have muta

tions associated with the sequence coding for the DNBS described by
Wierenga and Hoi (7) and found in some protein kinases and the
human p21 protein. The point mutation in each of the five drug-

resistant cell lines results in a single amino acid substitution in either
the sequence coding for Motif B or the DNBS sequence in the M,
170,000 DNA topoisomerase II (Fig. 1; Table 1). Further, in HL-60/
AMSA and VpmR-5 cells, the amino acid substitution in the DNBS is

known to be the only difference in the Mr 170,000 isozyme of topoi
somerase II expressed by the drug-resistant cell line compared to each
drug-sensitive cell line (3, 5).

ATP binding and hydrolysis are necessary for the catalytic function
of topoisomerase II (8-12). The ATP-binding sequences (Motif A,

Motif B, and DNBS) described above are known to be binding sites
for ATP in other proteins; however, direct evidence identifying which
of these sequences, if any, is a functional ATP binding site for topoi
somerase II is not yet available. Interestingly, the topoisomerase II
from the CEM/VM-1 and CEM/VM-1-5, which has a point mutation
in the Motif B nucleotide-binding site, requires a higher concentration

of ATP for strand passing activity in vitro than does the enzyme from
CEM cells (13).

While the exact sequence(s) to which ATP binds to topoisomerase
II is not known, one functional region of the M, \ 70,000 isozyme of
DNA topoisomerase II has been clearly defined. During the strand
passing cycle catalyzed by topoisomerase II, the tyrosine at amino
acid position 804 (Tyr 804) binds covalently to DNA (Fig. 1)(14, 15).
As yet, no cell lines have been reported to express a topoisomerase II
having altered activity associated with a mutation in the region coding
for this active tyrosine.

The five cell lines with known mutations in topoisomerase II were
selected for resistance to VM-26, VP-16, or m-AMSA. All three drugs

inhibit topoisomerase II activity by inhibiting religation of a cleaved
strand of DNA (reviewed in Ref. 16); all three are used clinically
(reviewed in Ref. 17). We used SSCP (18) analysis to determine
whether the known mutations are detectable by SSCP and to screen
other drug-resistant cell lines that may have mutations similar to those

described above or in the region of the functional tyrosine. We also

1The abbreviations used are: Motif B. ATP-binding site described by Walker et al.

(6); DNBS. ATP-binding site described by Wierenga and Hoi (7); VP-16, eloposide
(4'-demethylepipodophyllolo!cin 9-(4,6-O-ethylidene-ÃŸ-n-glycopyranoside|; ALL. acute

lymphocytic leukemia; SSCP, single-strand conformational polymorphism; PCR, poly
merase chain reaction; dsDNA, double-stranded DNA; ssDNA, single-stranded DNA;
Motif A. ATP-binding site described by Walker el al. (6); at-MDR, phenolype character
istic of cells resistant to the cytotoxicity of inhibitors of DNA topoisomerase II; AMSA,
amsacrine; cDNA, complementary DNA; RFLP. restriction fragment-linked polymor
phism.

1373

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/6/1373/2453664/cr0530061373.pdf by guest on 19 M

ay 2023



SSCP ANALYSIS OF TOPOISOMKRASK

DNBS

AminoAdds

NH?
160-165 449-460 466-494

Tyr
Leucma

Zlpptr

-COOH

NucliOlides
478-495 1345-1380 1396-1482 2410-2412 2980-3063

! H U i

ATPBinding
ConsensusSequences

Binds PossibleSIMol
Covalently Protein.Protein

toONA Interaction

Fig. I. Schematic representation of the M, 170,000 isozyme of DNA topoisomerase II.
Regions containing each of three types of nucleotide binding siles, the active site tyrosine.
and the leucine zipper sequences are shown.

analyzed RNA from blasts of patients with relapsed acute lymphocytic
leukemia who had received VP-16 as pan of their chemotherapy.

MATERIALS AND METHODS

Cell Lines and Lymphoblasts from Patients. Cell culture conditions and
characterization of CEM. CEM/VM-1, CEM/VM-1-5 (19. 20), HL-60, HL-
60/AMSA (21, 22). HL-60/MX2 (23). and 8226 (24) cell lines have been
published. HL-60/MX2 cells were selected for resistance to mitoxantrone and
are cross-resistant to other drugs that inhibit topoisomerase II (25). Culture

conditions for this cell line have been reported. CEM/MX1 cells were recently
selected for resistance to the topoisomerase II inhibitor mitoxantrone and
preliminary characterization of this line has been presented (26). The cell line
is 75-fold resistant to mitoxantrone and cross-resistant to other inhibitors of

topoisomerase II. Culture conditions for the cell line are the same as those
reported for the parent CEM cell line (20). 8226/DoxlV was exposed simul
taneously to doxorubicin and verapamil. This cell line is 8-fold resistant to
doxorubicin. and cross-resistant to other inhibitors of topoisomerase II (27). It
does not overexpress P-glycoprotein and will be characterized more com
pletely in a separate publication. HL-60/MX2. CEM/MX 1, and 8226/DoxlV

cell lines were chosen for this study because each is resistant to inhibitors of
DNA topoisomerase II but does not overexpress P-glycoprotein.

Lymphoblasts from pediatrie patients with acute lymphocytic leukemia
were obtained at relapse as part of an Institutional Review Board-approved

protocol. Blast cells were isolated by standard methods using Hespan
(hetastarch from Dupont Pharmaceuticals, Wilmington. DE) according to the
directions of the manufacturer.

RNA Extraction. Total RNA was extracted with RNAzol (Tel-Test. Inc..

Friendswood, TX) according to the directions of the manufacturer from 1 x
IO7 cells in culture or 2 x IO7 cells from patients. The leukemic cells from

patients had been frozen as viable cells. These were thawed quickly, brought
to 50 ml volume slowly with sterile tissue culture medium, and washed twice
with medium before the procedure for extracting RNA was begun. When we
could generate no PCR product from total RNA, we isolated polyadenylated
RNA from the total RNA with a Promega (Madison, WI) PolyATtract mRNA
Isolation System III, also according to the directions of the manufacturer.

Polymerase Chain Reaction. A GeneAmp RNA PCR kit (Perkin Elmer
Cetus, Norwalk, CT) was used to generate dsDNA from RNA templates. As
outlined in the literature supplied with the kit, each reaction tube for generating
cDNA from the RNA included in 10 uJ: ~1 (Jg total RNA or -0.3 ug poly

adenylated RNA; 5 m.viMgCI:; 1 HIMeach dGTP. dATP, TTP, and dCTP: 0.5
unit RNase inhibitor; 2.5 UMrandom hexamers; and 1.25 units reverse tran-

scriptase. The thermal cycler (Perkin Elmer Cetus. Norwalk. CT) was pro
grammed as follows: 42Â°Cfor 15 min; 99Â°Cfor 5 min; 5Â°Cfor 5 min for one

cycle. To produce dsDNA from the cDNA. 40 ul of the following solution were
added to the products of the first reaction: 2 HIMMgCl2; 0.5 UMeach primer;
1 uCi ['-PjdATPor 1 uCi ['2P]dCTP(Dupont. Wilmington. DE); and 1.25 units
Taq polymerase. The thermal cycler was programmed as follows: 30 s at 94Â°C

to separate any double stranded or aggregated nucleic acids; 30 s at a temper
ature specific to a given set of primers to allow specific annealing of these
primers to the cDNA (see below for specific temperature for each set of
primers); and 1.5 min at 72Â°Cto allow amplification of designated DNA

sequences. When RNA from cultured cells was used, enough double stranded
DNA was generated for ~40 SSCP gels after 25 cycles. When RNA from
patients' cells was used. 30 cycles were required to produce enough DNA for

-10 SSCP gels.
Primers for Amplification of "Functional Regions" of the .17, 170,000

Isozyme of DNA Topoisomerase II. Nucleotides are numbered using the A of
the published ATG start codon as nucleotide 1. Two different sets of primers
were used to analyze the Motif B region alone or the combined Motif B/DNBS
regions (Table 2).

Sequence of Primers

Motif A (M, 170.000 topoisomerase II)
3' primer = TCTTGTATTCTCTACTGGCTGTTTCCACAG
5' primer = GTCCCAGCTCTCATATTTGGACAGCTCCTA

MotifB (M, 170.000topoisomeraseII)
3' primer = TGCTTATGAGAAGCTTCTCGAACATTGAGT
5' primer = ATAATAGAATCAAGGGAATTCCCAAACTCGA

Motif B/DNBS (M, 170,000 topoisomerase II)
3' primer = CTTGTACTGCAGACCCACA
5' primer = ATAATAGAATCAAGGGAATTCCCAAACTCGA

Tyr 804 (M, 170,000 topoisomerase II)
3' primer = ACCATTCAGGCTCAACACGCTGGTTGTCAT
5' primer = CTTATCATCATGGTGAGATGTCACTAATGA

Primers for Amplification of Motif B Region of the 180 kDa Isozyme of
DNA Topoisomerase II. The goal of these experiments was to analyze by
SSCP specific regions of the M, 170.000 isozyme of DNA topoisomerase II.
However, because of the close homology between the M, 170,000 (28) and M,
180.000 (29, 30) isozyme we wanted to verify that we had identified conditions
that would generate a product specifically from one or the other isozyme.
Therefore, in preliminary experiments we also amplified the Motif B sequence
of the M, 180,000 isozyme. The sequence amplified was 233 base pairs long;
the annealing temperature for these primers was 55Â°C.We used nested primers
to amplify this region. The first set of primers was 3' primer = TGTTTAT-
GAGAAGCTTCCCGTACATTAAGA and 5' primer = ACAGTAAAAT-
CAAAGGTATTCCCAAACTGGA. The second set of primers was 3' primer
= TGTTTATGAGAAGCTTCCCGTACATTAAGA and 5' primer = ACAG-

TAAAATCAAAGGTATTCCCAAACTGGA.
Agarose Gels. To verify that PCR products were of the correct size and that

only a single product was generated in each reaction, we electrophoresed 10 ul
of the PCR products on a \c7c agarose gel at 150 V for 1.5 h. The electro-

phoresis buffer included 89 mM Tris-borate and 0.25 msi EDTA, pH 8.O. If

more than one band was apparent on the agarose gel, the sample was not

suitable for analysis by SSCP.
Single-Strand Conformational Polymorphism Analysis. SSCP analysis

is used to screen for base changes in a given nucleotide sequence. Comple
mentary strands of dsDNA are separated by heating to 99Â°Cin formamide and

then placed immediately on ice to allow each strand to assume and retain a
stable three-dimensional conformation dictated by the primary nucleotide se
quence of the DNA. Identical sequences assume the same three-dimensional

conformation and migrate in the gel at the same rate. Different sequences, such
as those containing point mutations, have different three-dimensional confor

mations and migrate at different rates (31 ). A difference in migration between
ssDNA having a normal sequence and ssDNA containing a base change is
thought to result from differences in the three-dimensional conformation (con-

formational polymorphism) of each sequence. Differences in three dimensional
conformations, in turn, indicate differences in the nucleotide sequence. The
method detects 55-100% of mutations detected by sequencing (32), depending

on the conditions used for SSCP analysis. Electrophoresis time, temperature,
and length of nucleotide each influence the efficiency of the assay (reviewed

in Ref. 33).
Samples (0.5 to 6.0 \i\ of PCR products) for SSCP analysis were heated to

99Â°Cin sample buffer for at least 6 min and then placed immediately on ice for

at least 8 min to allow renaturation of individual single strands of DNA. Each
ml of 5X sample buffer contained 710 ul formamide. 250 ul glycerol. 40 ul

EDTA (0.5 M. pH 8.0), 2.5 ug bromophenol blue, and 2.5 jag xylene cyanol.
Sample volumes were equalized to 6 ul with distilled water before adding 1.5
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Table 1 Known mutations in Mr Â¡70,000DNA topoisomerase II

CelllineCEM/VM-ICEM/VM-1-5HL-60/AMSAKBM-3/AMSAVpmR-5NucleotideNo.*134614571457143515551478Mutation"NucleotidechangeG-Â»AG->

AG

-Â»AA-Â»GA

->TG->

AAmino

acidchangeArg449

-,Oln^,Arg486

~*Lys486Arg486

-Â»Lys486Lys.479
-Â»Glu479Lys5i9
â€”¿�' StopcodonArg493

-Â»010,93''Ref.Bugg

el al.(2)Hinds

tÃal.(3)Lee

et al.(4)Chan

Â«al. (5)
" Human sequence.
h A of the AUG start codon = nucleotide 1.
' Equivalent human amino acid number (hamster cell line).

Table 2 Nucleotide numbers

Sequence
AmplifiedMotif

A
Motif B
Motif B/DNBS
Tyr 8045'

primer406-435

1292-1322
1292-1322
2264-22933'

primer530-559

1472-1496
1535-1554
2489-2518Annealing

temperature50Â°C

62Â°C
55Â°C
64Â°C

|jl sample buffer. Five ul of the boiled-cooled reaction mixtures were placed in
1-cm wells of a gel consisting of 6% acrylamide, 0.12% bisacrylamide (Boeh-

ringer Mannheim, Indianapolis. IN), and 10% glycerol. An IBI Model STS45
Sequencing Apparatus (New Haven, CT) with 0.4-mm spacers was used for

electrophoresis. Agarose gels were run at room temperature at 30 W for either
8.5 h (Motif A or Tyr 804 region) or 9.5 h (Motif B/DNBS region). Gels were
removed from the glass plates onto Whatman No. 3MM paper (Whatman,
Maidstone. England), wrapped in plastic wrap, and exposed to X-Omat AR
X-ray film (Kodak, Rochester, NY) for 0.5 to 72 h, depending on the level of

radioactivity incorporated into the PCR products.
Subcloning and Sequencing of PCR Products. Details of these proce

dures have been published previously (2).

RESULTS

Prior to SSCP analysis of RNA for mutations in topoisomerase II
from drug-resistant cell lines and from relapsed ALL patients, we did

two preliminary experiments to facilitate interpretation of SSCP re
sults. The first of these experiments determined that the PCR products
containing the sequences of interest had unique migration patterns that
could be distinguished on an SSCP gel. Because of the high degree of
homology between the known sequences of the M, 170,000 and M,
180,000 isozymes of topoisomerase II (25), it was particularly impor
tant to ascertain that our primers and PCR conditions produced one
dsDNA product from the M, 170,000 isozyme of topoisomerase II.
When the complementary strands of a dsDNA sequence are separated,
one dsDNA PCR product should appear as two bands on an SSCP gel.
It was also necessary to be able to distinguish ssDNA from dsDNA.
in case any of the complementary strands reannealed under the con
ditions of our experiment.

Fig. 2 shows an autoradiograph of PCR products containing Motif
A, Motif B, or Tyr 804 sequences of the M, 170,000 isozyme or the
Motif B sequence of the 180 kDa isozyme of topoisomerase II. Also
done, but not shown in the figure was the combined Motif B/DNBS
region of the M, 170,000 isozyme. Each PCR product appeared as two
separate bands in a single lane, since under SSCP conditions comple
mentary strands migrate independently. The dsDNA in all of our
samples migrated more rapidly than the ssDNA and was evident as a
third band separated from the ssDNA by â€”¿�4-7cm. If samples were
diluted in formamide sample buffer (see "Materials and Methods") but
not heated before placing on ice "to renature," the complementary

strands did not separate and the dsDNA was the only band evident on

the gel (data not shown). Therefore, Fig. 2 showed that each PCR
product represented a unique nucleotide sequence and that, under
these conditions, dsDNA and ssDNA migrated 5-10 cm apart. Only

the areas of the gels containing ssDNA are shown in subsequent
figures.

Effect of Temperature and DNA Concentration on Migration of
ssDNA in SSCP Gels. Because a single-stranded nucleic acid can

assume more than one stable conformation at a given temperature (18,
31 ) and because DNA concentration can influence its rate of migration
in nondenaturing gels,4 we determined the effect of temperature and

DNA concentration on the migration of PCR reaction products on
SSCP gels. Gels run at room temperature (Fig. 2) separated ssDNA
sequences better than gels run at 4Â°C,but the same number of bands
(i.e., the same number of stable conformations) were present at 4Â°C

and room temperature for any given sample (data not shown). There
fore, all gels were run at room temperature.

We next looked at the effect of DNA concentration on migration of
our PCR products. We amplified the combined Motif B/DNBS region
using RNA from CEM cells as the template for the PCR and then
loaded different dilutions of this PCR product on a SSCP gel. The
autoradiogram of this gel (Fig. 3) shows that concentrated DNA
(undiluted PCR product; Fig. 3, Lane I) migrated differently than
diluted DNA (Fig. 3, Lanes 2-6), and samples containing intermediate

concentrations of DNA had more than the expected two bands. We
then asked whether it was the concentration or the amount of DNA
that was influencing its migration. We determined that for any given
concentration of DNA, different amounts of DNA had identical mi
gration patterns; i.e., the concentration but not the amount of DNA
affected its migration in SSCP gels. Therefore, in subsequent exper
iments, the appearance of a third (or fourth) band that did not comi-

grate with controls was attributed to either (a) a mutation or (b) a
function of DNA concentration. Samples that appeared to have mi
gration patterns different from controls were electrophoresed at sev
eral different DNA concentrations on a second SSCP gel. Only those
samples the migration of which was different from controls at all
concentrations of DNA were sequenced. The migration in SSCP gels
of PCR products containing Motif B/DNBS (Fig. 3), Motif B alone
(data not shown), or Tyr 804 (data not shown) sequences were affected
by DNA concentration. The migration of products containing Motif A
sequences was not affected by DNA concentration.

SSCP Analysis of the Motif A ATP Binding Site. We electro
phoresed 154-base pair products containing the Motif A ATP binding

region of the M, 170,000 isozyme of topoisomerase II from CEM,
CEM/VM-1, CEM/VM-1-5, CEM/MX1, HL-60, HL-60/AMSA, HL-

60/MX2, 8226/S, and 8226/DoxlV cells on SSCP gels. Each com
plementary strand of the 154-base pair dsDNA sequence migrated

J M. K. Danks, unpublished observation.
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Fig. 2. Autoradiogram of SSCP gel showing migration of PCR products from RNA of
CEM cells containing two nucleotide binding sequences (Motif A or Motif Bl and the
tyrosine 804 region of the M, 170.000 isozyme of topoisomerase II and the Motif B
sequence of the Mr 170.000 isozyme of topoisomerase II. PCR products were heated to
95Â°Cfor 6 min. put immediately on ice for 8 min. and then electrophoresed on SSCP gels.
See "Materials and Methods" for details of the procedure.

independently, similar to bands in Fig. 2. Lane 4. No differences were
seen in the rate of migration of PCR products among the nine cell lines
(data not shown); i.e., SSCP analysis suggested that no mutations were
present. This area of the message for topoisomerase II from CEM,
CEM/VM-1, CEM/VM-1-5 (2), HL-60, HL-60/AMSA (3), and HL/

60/MX2 (data not shown) cells has also been sequenced. Sequencing
and SSCP analysis agreed in all six cases; no mutations were present
in the Motif A ATP binding sequence of M, 170,000 topoisomerase II
in any of the above cell lines.

All the drug-resistant cell lines included in these experiments
(CEM/VM-1, CEM/VM-1-5, HL-60/AMSA, HL-60/MX2, 8226/
DoxlV, and CEM/MX1) have an at-MDR phenotype (1); i.e., com

pared to their respective parent cell lines, they are resistant to the
cytotoxicity of inhibitors of topoisomerase II. Each cell line forms

fewer topoisomerase II-DNA complexes in response to these inhibi

tors than their respective parent cell lines. Clearly, mutations in the
Motif A dinucleotide-binding sequence are not necessary for cells to

express the phenotype characteristic of cells having alterations in
topoisomerase II.

SSCP Analysis and Sequencing of the Motif B/Dinucleotide-
binding Site Sequences. Fig. 4 shows SSCP analysis of the mRNA
for topoisomerase II from nucleotide 1323 through 1534. This 262-

base pair sequence (including primers) contains both the Motif B
ATP-binding sequence (6) and the dinucleotide-binding site (DNBS)

(7). The known mutations at nucleotide 1346, 1346, or 1457 in the
CEM/VM-1, CEM/VM-1-5 (2), and HL-60/AMSA (3) cells, respec

tively, were evident as bands that migrate more slowly than those from
the drug-sensitive control cell lines. Ideally, lanes containing PCR

products from cell lines that express only a mutant protein should
contain two bands with rates of migration different from controls. This
was the case when we compared lanes containing products from
HL-60/AMSA with HL-60 cells. Further, lanes containing PCR prod

ucts from cell lines that express both normal and mutant alÃeleswould
have four bands, representing complementary ssDNA fragments of
two distinct sequences. CEM/VM-1 and CEM/VM-1-5 cells express

both normal and mutant topoisomerase II (2). Both ssDNA fragments
containing the mutant sequences were seen in the lanes containing
products from CEM/VM-1 and CEM/VM-1-5 cells, but only one of

the the ssDNA fragments having the normal sequence was evident on

1 1:2 1:4 1:8 1:16 1:32
Fig. 3. Effect of DNA concentration on migration of PCR products containing the

Motif B/DNBS region of the M, 170.000 topoisomerase II from CEM cells. A single PCR
product was diluted as indicated and 5 ul of each dilution were electrophoresed according
to the method outlined in "Materials and Methods."
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Fig. 5. Autoradiogram of SSCP gel showing migration of PCR products of the Motif

B/DNBS sequences generated from RNA of CEM cells or from blasts of bone marrow
aspirates from patients with relapsed acute lymphocytic leukemia who had been treated
previously with VP-16 or teniposide.

this gel. Our electrophoresis conditions did not separate the fourth
band in these particular samples.

Were the sequence of this region in CEM/VM-1, CEM/VM-1-5,
and HL-60/AMSA cells not known, results on this gel would predict
a mutation in the CEM/VM-1 and CEM/VM-1-5 cells and a different
mutation in this same region of the topoisomerase II of the HL-60/

AMSA cells. Agreement between the data in Fig. 4 and published
sequence data (2, 3) is 100%.

The sequence of the topoisomerase II in the Motif B/DNBS region
of the HL-60/MX2, CEM/MX1 and 8226/DoxlV cells was unknown.

These particular cell lines were of interest because of the similarities
between the phenotype of each of these lines and the phenotype of the
CEM/VM-1 cell line. Of the three, the topoisomerase II of the HL-

60/MX2 cell line has been most thoroughly characterized, and the
topoisomerase Us of the CEM/VM-1 and HL-60/MX2 lines are re
markably similar (13, 15, 33).5 Especially relevant is the observation

that the topoisomerase II from HL-60/MX2 cells required 3-4-fold
more ATP for catalytic acitivity than did the enzyme from the HL-60

cells (34). A similar observation had been made when the topoi
somerase II from CEM/VM-1 and CEM/VM-1-5 cells was compared

to CEM cells (13). Therefore, we expected to find a mutation in the
Motif B binding sequence of topoisomerase II from HL-60/MX2 cells.

SSCP gels indicated that no mutation was present in the Motif
B/DNBS region of the HL-60/MX2 cells (Fig. 4). Because we antic

ipated different results than we obtained by SSCP analysis and be
cause SSCP analysis is not always 100% efficient, we sequenced this
area of the message for topoisomerase II from HL-60/MX2 cells.

Sequencing of PCR products confirmed the results of the SSCP anal
ysis: no mutation was present in the Motif B region of M, 170,000
topoisomerase II from HL-60/MX2 cells (data not shown). We then

sequenced the Motif B region from CEM/MX1 and 8226/Dox 1V cells
to confirm the results of the SSCP analysis. No mutations were iden
tified by either method. Unlike the previously published cell lines
(Table 1), the HL-60/MX2, 8226/Dox IV, and the CEM/MX 1 cells all

have altered responses to the cytotoxicity of inhibitors of topoi
somerase II that is not associated with mutations in the MotifB/DNBS
ATP binding sequences of the M, 170,000 topoisomerase II. We con
clude that either: (a) the previously identified mutations are irrelevant
to the at-MDR phenotype: or (b) mutations in other regions of the Mr

170.000 topoisomerase II gene or in other genes can cause expression
of this phenotype.

Since all the drug-resistant cell lines listed in Table 1 have muta

tions in a consensus ATP binding sequence and were derived by
exposure to inhibitors of topoisomerase II, we asked whether patients

with ALL who had received inhibitors of topoisomerase II during the
course of their therapy might also express topoisomerase II with
mutations in this area of the gene; i.e., does exposure to inhibitors of
topoisomerase II in vivo produce mutations similar to those induced in
some cultured cells? SSCP analysis indicated that the mRNA in this
region of the gene for topoisomerase II was normal in 15 patients with
acute lymphocytic leukemia who had received VP-16 therapy. Results

from these patient samples are shown in Fig. 5. The third band evident
in some lanes is a consequence of DNA concentration, as shown in
Fig. 3.

SSCP Analysis of the Tyrosine 804 Region. The functional do
main of topoisomerase II that has been well documented is the ty-

rosine at amino acid position 804. During part of the strand passing
cycle catalyzed by the enzyme, this tyrosine residue binds covalently
to DNA via a phosphotyrosine bond (14, 15). No mutations have been
identified previously in this region of topoisomerase II from drug-

resistant mammalian cell lines. However, because of the known im
portance of this region to the catalytic function of the enzyme, we
analyzed PCR products of the region surrounding tyrosine 804 in the
several cell lines with altered sensitivity to inhibitors of topoisomerase
II. The SSCP gel in Fig. 6 shows that each complementary strand of
DNA produced from the RNA of the CEM/VM-1 and CEM/VM-1-5

cells migrated more slowly than those of CEM cells. The altered
migration of these bands suggested that a mutation was present in this
area of the genome. Sequencing showed a substitution at nucleotide
2404 of a T for the normal C (data not shown), resulting in an amino
acid substitution of a serine for a proline at position 802. In agreement
with published sequences, no mutations were detected in HL-60/

AMSA cells (3). Additionally, SSCP analysis suggested that no mu
tations were present in this region of the gene from 60/MX2, CEM/
MX1, or 8226/DoxIV cells. The SSCP results for HL-60/MX2 and

CEM/MX 1 cells were confirmed by sequencing (data not shown). We
conclude that mutations in the Tyr 804 region are sometimes but not
always present in cell lines resistant to inhibitors of topoisomerase II.

We also note from Fig. 6 that, in addition to the two major bands in
the lanes containing PCR products from CEM/VM-1 and CEM/VM-
1-5 cells, there were two additional very light bands that comigrated

with the bands in the lane containing products from CEM cells. In
agreement with published data and the data in Fig. 4, we interpret the

* M. K. Danks and W. G. Harker, unpublished observations.

Fig. 6. Autoradiogram of SSCP gel showing migration of PCR products of the tyrosine
804 regions of the M, 170.000 isozyme of topoisomerase II generated from RNA of CEM.
CEM/VM-1. or CEM/VM-1-5 cells.
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presence of these bands to mean that both the mutant enzyme se
quence and the normal enzyme sequence are expressed in CEM/VM-1
andCEM/VM-1-5 cells.

Finally, we analyzed RNA from the blasts of the 15 patients with
relapsed ALL that had been treated previously with VP-16. No mu
tations were detected in the region of the functional tyrosine of to-

poisomerase II in these samples from ALL patients (data not shown).

DISCUSSION

Resistance to the cytotoxicity of inhibitors of topoisomerase II is
associated with quantitative and/or qualitative changes in the Mr
170.000 and M, 180,000 isozymes of DNA topoisomerase II (1). Of
the cell lines selected for resistance to inhibitors of topoisomerase II
that express a topoisomerase II with altered biochemical characteris
tics, five have been completely or partially sequenced (Table 1). All
five have point mutations in the gene coding for the M, 170,000
isozyme of this enzyme. These mutations all occur between nucle-

otides 1346 and 1555, an area of the gene that contains consensus
sequences known in other proteins to bind to ATP. We used SSCP
analysis to determine whether similar mutations occur in the Mr
170,000 isozyme of DNA topoisomerase II from other cell lines
having the at-MDR phenotype. Also, since the tyrosine at position 804

of the M, 170,000 isozyme of topoisomerase II binds to DNA and a
dysfunctional enzyme might contain mutations in this region, we also
screened the nucleotides coding for the region that surrounds this
amino acid.

A previous study by Zwelling el al. (35) used RFLP analysis to
screen for mutations in topoisomerase II from patient samples. No
mutations were detected in that study. SSCP analysis is more sensitive
than RFLP analysis in that SSCP detects mutations occurring at any
position in the nucleic acid sequence being analyzed, while RFLP
analysis detects mutations only if they occur at the specific recogni
tion site of the restriction enzyme used. Despite the advantage of
SSCP analysis, we detected no mutations in 15 samples from the
lymphocytic leukemic patients in this study.

The SSCP method itself has been reported to be anywhere between
55 and 100% accurate in identifying mutations, depending on the
conditions under which the gels are run (31-33). Sequence data are

available (published or data not shown) on 33 of the 36 nucleotide
sequences included in our study. The same results were obtained by
both methods for all 33 sequences. Therefore, our results suggest that
the SSCP method, as outlined for the specified regions of the topoi
somerase II gene, is 100% efficient. The apparent high level of effi
ciency in detecting mutations by the method as detailed in "Materials
and Methods" may be due to the length of time we electrophorese the

DNA samples. Longer electrophoresis times (e.g., 3-5 h) increase the

efficiency of the method (32). Each of our gels was run for 8.5 or 9.5
h. Additionally, since SSCP analysis is reported to be most efficient if
the fragments of DNA analyzed are 200 base pairs or less, we ana
lyzed the Motif B region alone (204bp) or the combined Motif
B/DNBS (262 base pairs). With DNA fragments of either length, there
is 100% agreement between SSCP results and sequencing data. We
also tried several different buffer concentrations, gel concentrations,
power settings, and temperatures before deciding on those reported
here. Of note, in working out the best conditions for separating com
plementary strands of DNA, we found that for Motif B alone. Motif
B/DNBS, and Tyr 804 sequences, the concentration of DNA affected
its migration in SSCP gels (Fig. 3 and data not shown). In other
studies, unanticipated bands have been attributed to temperature-de
pendent stability of several different three-dimensional conformations

of a given nucleotide sequence (18, 31). With these caveats, the

method is a useful, rapid, and accurate way to screen for mutations in
DNA topoisomerase II.

The results obtained from this study are clear. While some cell lines
resistant to the cytotoxic effect of inhibitors of topoisomerase II have
mutations in ATP binding sequences or in the functional Tyr 804
region of the M, 170,000 form of this enzyme, others do not. Since
inhibitors of topoisomerase II affect both the M, 170,000 and M,
180,000 forms of topoisomerase II (36), it may be informative to
analyze similar sequences in the gene encoding the M, 180,000 to
poisomerase II or other regions of the gene encoding each topoi
somerase II isozyme.
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