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Hypophosphorylation of Topoisomerase IIαααα in Etoposide (VP-16)-resistant Human 
Carcinoma Cell Lines Associated with Carboxy-terminal Truncation
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Topoisomerase IIαααα is a target for many chemotherapeutic agents in clinical use. To define mecha-
nisms of resistance and regions crucial for the function of topoisomerase IIαααα, drug-resistant cell
lines have been isolated following exposure to topoisomerase II poisons. Two resistant sublines,
T47D-VP and MCF-7-VP, were isolated from human carcinoma cell lines following exposure to 300
or 500 ng/ml etoposide (VP-16). Cytotoxicity studies confirmed resistance to etoposide and other
topoisomerase II poisons. KCl-sodium dodecyl sulfate (K-SDS) precipitation assays using intact
cells showed reduced DNA-topoisomerase II complex formation following VP-16 or amsacrine (m-
AMSA). RNAse protection analysis identified a deletion of 200 base pairs in the topoisomerase IIαααα
cDNA of T47D-VP and “AA insertion” in the topoisomerase IIαααα cDNA of MCF-7-VP. Reduced
topoisomerase IIαααα mRNA and protein levels were observed in both cell lines. It was somewhat
surprising to find that nuclear extracts from T47D-VP and MCF-7-VP cells had comparable
topoisomerase II activity to that of parental cells. Analysis of the extent of phosphorylation
demonstrated that topoisomerase IIαααα from the resistant cells was relatively hypophosphorylated
compared to that of parental cells. In these cell lines, hypophosphorylation secondary to loss of a
portion of the C-terminal domain of topoisomerase IIαααα mediated the restored activity, despite a fall
in topoisomerase IIαααα mRNA and protein, and this resulted in cross resistance to topoisomerase II
poisons.
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The epipodophyllotoxins, VP-16 and VM-26, are useful
antineoplastic agents with activity against both hemato-
logic malignancies and solid tumors.1) The anticancer
activity of these agents is thought to result at least in part
from stabilization of the cleavable complex, an intermedi-
ate in which topoisomerase II is covalently bound to DNA
in a step that precedes DNA cleavage. This mechanism of
action is shared by other antitumor agents including the
anthracyclines, the aminoacridines, and the ellipticines.2)

Topoisomerase II exists in cells as a phosphoprotein;
this posttranslational modification occurs primarily on
serine residues in the carboxyl domain of the enzyme.3, 4)

Studies using synchronized cells and in vitro phosphoryla-
tion of purified topoisomerase IIα have demonstrated a
correlation between phosphorylation and topoisomerase II
catalytic activity, suggesting that phosphorylation may be
an important mechanism for regulating topoisomerase II
function.5, 6) For example, the extent of phosphorylation of
topoisomerase II increases as cells enter the G2/M phase
of the cell cycle, when the activity of the enzyme is

greatest.7, 8) More recently, peptide mapping of topoi-
somerase IIα at various times after synchronization of
Chinese hamster ovary cells revealed that CKIIα was a
major kinase responsible for phosphorylation of topoi-
somerase IIα.7) However, several reports suggest that pro-
tein kinase C (PKC) may also play a role in phosphor-
ylation and/or regulation of topoisomerase IIα.7) In all
these cases, phosphorylation in vitro enhanced topoiso-
merase II activity, as measured by decatenation assays.9)

Analysis of truncated forms of yeast topoisomerase II
has provided intriguing insights about the importance of
the C-terminal domain and its phosphorylation. Drastic
truncations up to amino acid 922 in the S. cerevisiae TOP2
gene do not allow rescue of top2ts or deletion strains.10) In
contrast, C-terminal truncation of the S. pombe topoi-
somerase II to amino acid 1198, which removes most of
the potential CKII phosphoacceptor sites, partially com-
plements an S. pombe top2ts mutation and a null mutant,
allowing conditional growth, yet fails to complement
another top2ts mutation.11) Surprisingly, protease digestion
studies show that a proteolytic core of the enzyme that
extends only to amino acid 1220 retains the full decatena-
tion activity of topoisomerase II. Similarly, a truncation of
the S. cerevisiae enzyme to amino acid 1167, produces a
topoisomerase II dimer that is fully active in vitro, but
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which complements a top2 disruption poorly in vivo.12)

Paradoxically, when purified, these C terminally truncated
enzymes are highly active in vitro,4) while the full-length,
dephosphorylated topoisomerase II is nearly inactive.13)

Since phosphorylation by CKII suffices to reactivate the
full-length enzyme, the C-terminal 259 amino acids is a
negative regulatory domain that can be neutralized by
phosphorylation. Without this inhibitory domain (e.g.,
truncated eukaryotic enzymes), topoisomerase II should
not require phosphorylation to be active, and should be
insensitive to the stimulatory effects of the kinases.

Using a single clone selection process, we have isolated
and characterized two human carcinoma cell lines with
resistance to topoisomerase II agents. An RNAse protec-
tion assay identified an acquired mutation. The present
study describes the characterization of two etoposide-
selected cell lines in which aberrant splicing leads to dele-
tion of an exon, resulting in a C-terminally truncated
enzyme, which exhibits impaired phosphorylation.

MATERIALS AND METHODS

Cell lines  T47D-VP and MCF-7-VP cells were isolated
from parental T47D and MCF-7 human breast cancer cells
using a cloning ring to isolate colonies growing in 300 and
500 ng/ml etoposide.
Cytotoxicity assays  Cytotoxicity assays were performed
as previously described.14) Briefly, 500 to 1000 cells were
plated in 96-well dishes and incubated overnight prior to
the addition of drug, followed by an additional 5-day incu-
bation. After fixation with trichloroacetic acid, the dishes
were stained with 0.4% sulforhodamine B (SRB) dis-
solved in 1% acetic acid. Unbound dye was removed by
four washes with 1% acetic acid, and protein-bound dye
was extracted with 10 mM unbuffered Tris base. The den-
sity was determined with a 96-well microtiter plate reader.
KCl-sodium dodecyl sulfate (K-SDS) precipitation
assay for protein-DNA complexes  The in-vitro forma-
tion of covalent topoisomerase-DNA complexes was quan-
titated as previously described.2) Briefly, the DNA in
logarithmically growing cells was labeled by adding
[methyl-3H]thymidine to a final concentration of 5 µCi/ml
medium. After an overnight incubation, cells were
trypsinized and total radioactivity determined. Cells were
then diluted in fresh medium to a final concentration of
1×105 cpm/ml, and 1 ml was aliquoted into each well of a
24-well plate prior to an overnight incubation. The follow-
ing day, cells were treated with a range of drug concentra-
tions for 30 min at 37°C, washed with cold phosphate-
buffered saline (PBS) once and lysed by adding 1 ml of
prewarmed lysis solution (1.25% SDS, 5 mM EDTA, 0.4
mg/ml salmon sperm DNA, pH 8.0, 65°C). After shearing
chromosomal DNA by passing the lysate through a 22
gauge needle, the sample was transferred to a tube con-

taining 0.25 ml of 325 mM KCl. The sample was vortexed
vigorously for 10 s, cooled on ice for 10 min and centri-
fuged at 3000 rpm for 10 min at 4°C. The pellet was
resuspended in 1 ml of wash solution (100 mM KCl, 1
mM EDTA, 0.1 mg/ml salmon sperm DNA, 10 mM Tris-
HCl, pH 8.0) and placed at 65°C for 10 min with occa-
sional mixing. After cooling on ice for 10 min the sample
was centrifuged and the pellet was washed again. The pel-
let was resuspended in 0.2 ml of water at 65°C and added
to 10 ml of scintillation fluid to determine the number of
counts precipitated.
RNAse protection assay: Total RNA (20 µg) was hybrid-
ized with 2×105 cpm of antisense RNA probes synthe-
sized using a modification of the method of Melton et
al.15) RNAse protection analysis was performed on these
hybrids as described.16) Following heat denaturation of the
RNA probe and sample RNA at 85°C for 5 min and over-
night hybridization at 45°C, the samples were digested
with an RNAse mixture at 30°C for 1 h before treatment
with a freshly prepared mixture of proteinase K and 10%
SDS for 15 min at 37°C. The samples were phenol and
chloroform-extracted, ethanol-precipitated, lyophilized,
and resuspended in gel loading buffer for separation on a
6% polyacrylamide gel. Samples were electrophoresed at
55 mA for 2–3 h followed by autoradiography for 1–3
days.
Cloning of topoisomerase αααα cDNA by reverse tran-
scription polymerase chain reaction (RT-PCR)  Syn-
thetic oligonucleotides corresponding to the published
cDNA sequence of human topoisomerase α were used to
isolate by RT-PCR specific products for direct cloning into
pGEM-3z vectors (Promega, Madison, WI). The identity
of the cDNA clone was confirmed by direct sequence
analysis prior to use as a probe for northern analysis. The
sequences of the oligonucleotides used in the RT-PCR
were as follows. Topoisomerase IIα: −91-5′TGTGGAGA-
AGCGGCTTGGTC3′ and 449-5′TAGTTACTAGAAGT-
TAGGAGCTG3′.
Northern blotting  Total RNA (20 µg/lane) was sepa-
rated on a 6% formaldehyde gel and transferred to Hybond
N+ with 10× SSC. The membranes were hybridized at
42°C overnight with the radiolabeled probe in Hybrisol I
(Oncor, Gaithersburg, MD).
Separation of cytosolic and nuclear fractions  Separa-
tion of cytosolic and nuclear fractions was performed as
previously described.2) Cells were centrifuged at 9000g,
sequentially washed with 10 ml of PBS and 10 ml of PBS
containing 1.5 mM MgCl2 and resuspended in 150 µl of
buffer containing 1.5 mM MgCl2, 10 mM KCl, 30 mM
Tris (pH 7.5), with 1 mM phenylmethanesulfonyl fluoride
(PMSF), 10 µg/ml antipain, aprotinin, chymostatin, leu-
peptin, and pepstatin A in 1% Triton-X 100 (v:v). The
samples were vortexed, placed on ice for 5 min, and cen-
trifuged at 13 000g for 1.5 min at 4°C. A 150 µl aliquot of
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supernatant (cytosolic fraction) was incubated with 1.5 µl
of 10× DNAse/RNAse solution (1 unit/ml DNAse I, 2.5
mg/ml RNAse) and 17 µl 2% SDS/100 mM dithiothreitol
(DTT) for 60 min at 4°C. The pellet (nuclear fraction) was
resuspended in 135 µl of 50 mM Tris (pH 7.5), 5 mM
MgCl2, 1 unit/ml DNAse I, 0.25 mg/ml RNAse A with 10
mg/ml antipain, aprotinin, chymostatin, leupeptin and
pepstatin A, and 15 µl of 2% SDS/100 mM DTT for 60
min at 4°C. Both fractions were vortexed every 15 min
during the incubation. Following the 60-min incubation,
an equal volume of 2× sample buffer (4% SDS, 0.2 M
DTT and 20% glycerol) was added and the samples were
boiled for 5 min, then separated by SDS-polyacrylamide
gel electrophoresis (PAGE).
Immunoblotting  Cell extracts, cytosolic and nuclear
fractions were separated on 6% PAGE. Following transfer
to a difluoride membrane, the blots were incubated with
antibody against human DNA topoisomerase II (1:500),
rinsed with Tris-buffered saline (TBS)-0.5% Tween-20,
and then incubated with horseradish peroxidase-conju-
gated goat anti-rabbit IgG, followed by enhanced chemilu-
minescence detection.
DNA topoisomerase II activity assay  The standard reac-
tion mixture contained 50 mM Tris-HCl (pH 7.5), 85 mM
KCl, 10 mM MgCl2, 5 mM DTT, 0.5 mM EDTA, 0.03 mg/
ml bovine serum albumin, and 1 mM ATP. The decatena-
tion reaction of catenated DNA was carried out with serial
dilutions of nuclear extract and 0.1 mg of kinetoplast
DNA (TopoGEN, Columbus, OH) in a final volume of 20
µl at 30°C for 30 min. The reaction was terminated by
adding 2 ml of 1.2 µg/ml proteinase K in 22 mM EDTA
followed by incubation for 15 min at 37°C. Then, 5 ml of
0.05% bromophenol blue in 50% glycerol was added to
the reaction mixture. Samples were separated by electro-
phoresis through a 1% agarose gel. After staining with
ethidium bromide, gels were photographed under UV illu-
mination.1)

DNA topoisomerase II phosphorylation  Phosphoryla-
tion and immunoprecipitation were performed using a
modification of a technique previously described.1) Cells
(5×105) were plated in 100 mm dishes and allowed to
attach overnight. The plates were rinsed with PBS, and
10 ml of phosphate-free, serum-free minimum essential
medium (MEM) was added. After 4 h, 32P orthophosphate
was added to a final concentration of 100 mCi/ml and the
incubation was allowed to proceed for an additional 1 h
prior to preparation of nuclear extracts (see above). The
nuclear extracts were incubated with antibody against
human topoisomerase IIα at 4°C overnight in 800 µl of 20
mM Tris-HCl pH 7.5, 0.15 M NaCl, 1% Triton X-100, 1%
deoxycholate, 0.1% SDS, 10 mg/ml aprotinin. Protein A-
Sepharose was added to the reaction mixture followed by
incubation for 2 h at room temperature with gentle rock-
ing. The mixture was centrifuged at 12 000g for 20 s at

4°C; the supernatant was removed, and 1 ml of 50 mM
Tris-HCl, 150 mM NaCl, 2.5 M KCl, 0.5% NP-40 buffer
was added. This procedure was repeated twice and the
mixture was then washed with 1 ml of 50 mM Tris-HCl,
150 mM NaCl, 0.5% NP-40, 0.05% SDS buffer, and cen-
trifuged at 12 000g for 20 s at 4°C, after which the super-
natant was removed. The pellets were then resuspended in
loading buffer and boiled. The supernatants were subjected
to electrophoresis on 6% SDS polyacrylamide gel and

Table I. Relative Resistance

VP-16 m-AMSA MTX ADR VCR

T47D 1 1 1 1 1
T47D-VP 126 142 109 27 1
MCF-7 1 1 1 1 1
MCF-7-VP 18 8 7.8 9.8 1.5

Cytotoxicity assays were performed as described.14)

Drug exposure was continuous for 5 days. Degree of resistance
was calculated dividing the IC50 values of the resistant lines by
those of the corresponding parent lines.

Fig. 1. K-SDS precipitation. Intact parental and T47D-VP cells
were exposed to increasing concentrations of drug, after which
precipitable protein counts were determined. , parental cell
lines, T47D and MCF-7; , VP-16 resistant cell lines, T47D-VP
and MCF-7-VP.
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transferred to an Immobilon-P membrane. Following auto-
radiography, immunoblotting for topoisomerase IIα pro-
tein was performed on the same membrane.

RESULTS

T47D-VP and MCF-7-VP cells were isolated from
parental T47D and MCF-7 human carcinoma cells by
using a cloning ring to isolate colonies growing in 300 and
500 ng/ml etoposide. Table I depicts the cross resistance
profile of the two sublines to various chemotherapeutic
agents. Cross resistance to four topoisomerase II poisons
was observed in the two sublines, but there was little resis-
tance to the anti-microtubule agent, vincristine.

Parental T47D and MCF-7 cells do not express MDR-1,
and none was found in T47D-VP or MCF-7-VP cells by
northern analysis (not shown). Expression of the multidrug

resistance-associated protein (MRP) in parental T47D and
MCF-7 cells and the resistant T47D-VP and MCF-7-VP
cells was also examined by northern analysis and expres-
sion levels were found to be comparable (not shown).

A functional role of topoisomerase II in the observed
cross resistance was demonstrated by K-SDS precipitation
assay, as shown in Fig 1. Treatment of intact cells with
increasing concentrations of either m-AMSA or etoposide
increased the formation of K-SDS-precipitable cleavage
complexes to a greater extent in parental cell lines than in
resistant cell lines, confirming the cytotoxicity studies.

In order to screen a large number of cell lines for
acquired mutations in topoisomerase IIα, an RNAse pro-
tection assay was developed. Fragments covering the
entire coding sequence of topoisomerase IIα, were isolated
by restriction enzyme digestion of a full-length cDNA and
subcloned in pGEM3z or pBluescript 2 KS+vector. Anal-
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Fig. 2. RNAse protection analysis in T47D-VP and MCF-7-VP. As shown in panel A and in the schematic in panel C, full-length pro-
tection of a 524-base-pair fragment was observed with RNA from parental T47D cells and also with that from T47D-VP cells. In addi-
tion, when the source of the RNA was T47D-VP, 177- and 147-base-pair fragments were also identified, suggesting that a deletion or
mutation was present (panel A). The amplified fragments were sequenced using Sequenase Version 2. This demonstrated a 200 bp dele-
tion in T47D-VP RNA between 4265 and 4464. As shown in panel B and in the schematic in panel D, full-length protection of a 524-
base-pair fragment was observed with RNA from parental MCF-7 cells and also with that from MCF-7-VP cells. In addition, when the
source of the RNA was MCF-7-VP, 341- and 183-base-pair fragments were also identified, suggesting that a deletion or mutation was
present (panel B). The amplified fragments were sequenced using Sequenase Version 2. This demonstrated an “AA insertion” in MCF-
7-VP RNA between 4458 and 4459 (panel D, E).
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ysis of RNA from T47D-VP and MCF-7-VP cells demon-
strated complete identity of sequence with all probes,
except the fragment covering residues 4118 to 4641. As
shown in panel A of Fig. 2, compared to RNA from paren-
tal T47D cells, which protects a full-length 524-base-pair
fragment, smaller fragments were protected by T47D-VP
RNA, consistent with a large deletion. The amplified frag-
ments were subcloned in pGEM3z vectors and sequenced
using Sequenase Version 2. This demonstrated a 200-base-
pair deletion in T47D-VP RNA beginning with residue
4265 and extending to residue 4464 (amino acid 1422–
1487) (panel B), explaining the 177- and 147-base-pair
fragments obtained in the RNAse protection analysis
(panel A).

Fig. 2 summarizes the results obtained with the frag-
ment corresponding to residues 4118–4641. As shown in
panel A and in the schematic in panel B, full-length pro-
tection of a 524-base-pair fragment was observed with
RNA from parental MCF-7 cells and also with that from
MCF-7-VP cells. In addition, when the source of the RNA
was MCF-7-VP, 341- and 183-base-pair fragments were
also identified, suggesting that a deletion or mutation was
present. The amplified fragments were subcloned in
pGEM3z vectors and sequenced using Sequenase Version
2. This demonstrated an “AA insertion” in MCF-7-VP
RNA between 4458 and 4459 (amino acid 1486) (panel C).

Having identified and characterized the 200 bp deletion
and “AA insertion,” an explanation was sought for how
the acquired phenotype could lead to drug resistance. A
truncated topoisomerase IIα protein could be unstable and
rapidly degraded, so immunoblotting and northern analysis
were performed using a specific topoisomerase IIα anti-
body and a cDNA probe encoding residues −91 to 449, as

shown in Fig. 3. Comparing parental cells and the drug-
resistant T47D-VP cells, the aberrantly spliced message
coded for a protein of 159 kDa. This latter size is consis-
tent with a 200 bp deletion. Northern analysis showed
decreased mRNA expression in T47D-VP and MCF-7-VP
compared to parental cells, consistent with the results of
western analysis in whole cell extracts, suggesting that
these truncated topoisomerase IIα proteins were not unsta-
ble (Fig. 3).

Finally we addressed the question of how T47D-VP and
MCF-7-VP cells could survive with a small amount of
topoisomerase IIα. Expression of topoisomerase IIβ was
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similar in both parental and resistant cells, precluding a
compensatory increase in this isoform as an explanation
(not shown). Although the immunoblotting studies demon-
strated a small quantity of topoisomerase IIα in the resis-
tant cell lines, surprisingly, when topoisomerase II activity
was measured in decatenation assays using crude nuclear
extracts, similar levels of activity were observed in the
crude nuclear extracts of T47D-VP and MCF-7-VP cells
and those of the parental cells (Fig. 4). This high level of
activity in spite of the low topoisomerase II levels
prompted us to examine the level of phosphorylation. As
shown in Fig. 5, the truncated protein is relatively hypo-
phosphorylated compared to that in parental cells; this was
not unexpected, since the C-terminal region has been
shown to be the major site of phosphorylation. This
excludes hyperphosphorylation as an explanation, while
raising the possibility that absence of the C-terminal
domain results in activation.

DISCUSSION

Topoisomerase II is essential for cell proliferation and is
known to exist as a phosphoprotein in cells from both
lower and higher eukaryotic species. Post-translational
modification of proteins by phosphorylation is one of the
most important means by which enzymatic activity is reg-
ulated in human cells. This modification can lead to inhi-
bition or stimulation of activity and can alter affinity for a
target protein or DNA. Previous studies have shown that
topoisomerase IIα is a phosphoprotein in vivo and that a
major site of phosphorylation is located at serine 1524.5)

This site can be phosphorylated by casein kinase II. The
proposal that the extreme C-terminal domain is the major
target for regulatory phosphorylation of the eukaryotic
topoisomerase II enzyme is hard to reconcile with the
apparently dispensable nature of this region as shown by
several studies utilizing C-terminally truncated versions of
the enzyme. On the other hand, PT1342 antibody, which
recognizes phosphorylated threonine 1342 in topoisomer-
ase IIα, completely inhibited topoisomerase II activity.17)

The most plausible explanation for these apparently con-
tradictory data is that the C-terminal domain after threo-
nine 1342 has a negative regulatory role, which is relieved
by phosphorylation. Thus, in the truncated versions of the
enzyme lacking a large proportion of the C-terminal
domain, no stimulatory phosphorylation is required and
the enzyme is consequently fully functional in vivo.18) A
similar explanation has been advanced for the effects of
phosphorylation on the activity of the mammalian DNA
ligase I.12)

The present study describes the characterization of mul-
tidrug-resistant sublines derived from two parental carci-
noma cell lines by exposure to VP-16. The results

demonstrate the adaptation that occurs during the course
of in vitro selection. The adaptation observed in both
T47D-VP and MCF-7-VP was a reduction in topoi-
somerase IIα levels. However, topoisomerase II activity
was fully maintained, as a result of hypophosphorylation
owing to the loss of a part of the C-terminal domain of the
enzyme, including a major site of phosphorylation at
serine 1524.

The results described in the present study support and
extend previous observations. The initial change observed
was a decrease in the expression of topoisomerase IIα.
Previous studies have documented reduced expression
of topoisomerase IIα with drug selection and this has
been proposed as a mechanism of drug resistance to
topoisomerase poisons.1, 19–22) We ourselves have found
decreased expression of topoisomerase IIα in 50 of 53 sin-
gle step isolates, including the two described in the present
communication, suggesting that reduced expression is a
common adaptation. While reduction of topoisomerase IIα
levels effectively diminishes the main intracellular target
of VP-16 and other topoisomerase poisons, and can confer
broad cross resistance to three agents (m-AMSA, adriamy-
cin and mitoxantrone), such a reduction also leads to a
decrease in topoisomerase II activity.

It was somewhat surprising to find that nuclear extracts
from T47D-VP1 and MCF-7-VP8 cells had comparable
topoisomerase II activity to that of parental cells. Analysis
of the extent of phosphorylation demonstrated that topoi-
somerase IIα from the resistant cells was hypophosphory-
lated compared to that of the parental cells. This was not
unexpected, given the available evidence, which suggests
that the C-terminal region is the principal area for this
modification, and the fact that the deletion and truncation
resulted in a loss of 17 serines and 7 threonines. The
results demonstrate unequivocally that phosphorylation
sites exist elsewhere, since the protein was clearly phos-
phorylated. While a conclusive explanation for the rela-
tively high activity of the truncated topoisomerase cannot
be provided, two possibilities can be considered: (1) phos-
phorylation sites outside of the C-terminal domain can
bring about a greater degree of activation; or (2) the C-ter-
minal region has a negative effect on activity which can be
relieved by phosphorylation, or better still by truncation, a
hypothesis that has been previously suggested,18) and
argued against.13)

In these cell lines, hypophosphorylation secondary to
loss of a part of the C-terminal domain of topoisomerase
IIα resulted in maintained activity, despite decreases in
topoisomerase IIα mRNA and protein, which resulted in
cross resistance to topoisomerase II poisons.

(Received March 7, 2001/Revised April 25, 2001/Accepted May
8, 2001)
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