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SUMMARY

We selected and characterized a 30-fold etoposide (VP-16)-
resistant subline of K562 human leukemia cells (K/VP.5) that
exhibits quantitative and qualitative changes in topoisomerase
ll, including hypophosphorylation of this drug target. The initial
rate of topoisomerase |l phosphorylation was reduced 3-fold in
K/VP.5 compared with K562 cells, but the rate of dephospho-
rylation was similar. Analysis of potential topoisomerase Il pro-
tein kinases revealed a 3-fold reduction in the level of the B,
protein kinase C (PKC) in K/VP.5 cells, whereas levels of a- and
€ PKC, casein kinase Il, p42™ kinase, and p34°9°2 kinase
were comparable for both cell lines. The PKC activator, bryo-
statin 1, together with K562 nuclear extracts potentiated VP-
16-induced topoisomerase |I/DNA covalent complex formation

in nuclei isolated from K/VP.5 cells but not from K562 cells.
Bryostatin 1 effects were blocked by the PKC inhibitor 7-O-
methyl-hydroxy-staurosporine. Bryostatin 1 also up-regulated
topoisomerase Il phosphorylation and potentiated VP-16 activ-
ity in intact K/VP.5 cells but had no enhancing effect in K562
cells. 4p-Phorbol-12,13-dibutyrate = and  12-O-tetrade-
canoylphorbol-13-acetate did not potentiate VP-16-induced
topoisomerase 1I/DNA complex formation in intact cells or in
isolated K/VP.5 nuclei. Together, our results indicate that g,
PKC plays a role in modulating the VP-16-induced DNA binding
activity of topoisomerase |l in resistant K/VP.5 cells through a
mechanism linked to phosphorylation of topoisomerase |l.

The DNA binding protein topoisomerase II (M, 170,000
isoform) is a target for several clinically effective anticancer
drugs, including VP-16 (1-3). The cytotoxic effects of topo-
isomerase II inhibitory drugs are due to the accumulation of
DNA strand breaks secondary to stabilization of a covalent
topoisomerase II/DNA complex (1). A number of tumor cell
lines resistant to the inhibitory effects of topoisomerase II
targeting drugs have been selected after exposure to topo-
isomerase II inhibitors or on treatment with mutagens fol-
lowed by selection in the presence of topoisomerase II inhib-
itors (4-14). Acquired resistance to topoisomerase II inhibi-
tors in these cells is usually characterized by a reduction in
drug-induced topoisomerase II/DNA covalent complexes in
resistant compared with sensitive cells, which in turn is
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attributed to a reduction of enzyme levels (4-8) or to an
alteration in topoisomerase II activity (8—14).
Topoisomerase II exists in cells as a phosphoprotein; this
post-translational modification occurs primarily on serine
residues in the carboxyl domain of the enzyme (15, 16).
Studies using synchronized cells and in vitro phosphoryla-
tion of purified topoisomerase II have demonstrated a corre-
lation between phosphorylation and topoisomerase II cata-
Iytic activity, suggesting that phosphorylation may be an
important mechanism for regulating topoisomerase II func-
tion (17-19). For example, the extent of phosphorylation of
topoisomerase II increases as cells enter Go/M phase of the
cell cycle, when activity of the enzyme is greatest (17-18).
More recently, peptide mapping of topoisomerase II at vari-
ous times after synchronization of Chinese hamster ovary
cells revealed that the distribution of phosphorylated serine
residues changes as cells progress through the cell cycle (19).
Also, in vitro phosphorylation of topoisomerase II with casein

ABBREVIATIONS: topoisomerase Il, DNA topoisomerase Il ; VP-16, etoposide [4’'-demethylepipodophyilotoxin 9-(4,6-0-ethylidene-B-p-gluco-
pyranoside)]; mAMSA (amsacrine), 4'(9-acridinylamino)methane-sulfon-m-anisidide; p42™® kinase, 42-kDa mitogen-activated protein kinase;
n-HexylILV, lyngbyatoxin analogue (—)-n-hexylindolactam V; PKC, protein kinase C; PdBU, 4B-phorbol-12,13-dibutyrate; TPA, 12-0O-tetrade-
canoylphorbol-13-acetate; SDS, sodium dodecyl sulfate; DMSO, dimethylsulfoxide; UCN-01, 7-0-methyl-hydroxy-staurosporine; DMEM, Dul-
becco’s modified Eagle’s medium; PAGE, polyacrylamide gel electrophoresis.
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kinase II or PKC increases the catalytic activity of the en-
zyme by increasing the rate of hydrolysis of ATP, thus esca-
lating enzyme turnover (20-22). Finally, purified casein ki-
nase II and yeast topoisomerase II have been shown to form
a stable complex, resulting in enhanced topoisomerase II
phosphorylation and a 2-3-fold increase in topoisomerase II
catalytic activity (23).

It is not clear what role topoisomerase II phosphorylation
plays in the induction of DNA damage by topoisomerase II
inhibitors. In one study, in vitro phosphorylation of purified
Drosophila topoisomerase II slightly decreased VP-16 or
mAMSA-induced topoisomerase II-mediated cleavage of
plasmid DNA (24). In a separate report, topoisomerase II was
found to be more phosphorylated in a VP-16-resistant human
KB cell line that exhibited decreased VP-16-induced DNA
cleavage compared with parental KB cells (25). In another
study, topoisomerase II from mAMSA-resistant HL-60 cells
was shown to be translated and phosphorylated at a 2—-3-fold
slower rate, although the enzyme was more stable and de-
phosphorylated at a reduced rate compared with parental
HL-60 cells (26). These findings suggest that critical phos-
phorylation site(s) of topoisomerase II may affect the sensi-
tivity of cells to topoisomerase II inhibitors.

The serine-threonine kinases, casein kinase II (15, 20),
PKC (15, 21), and p34°%°2 kinase (15) phosphorylate topo-
isomerase Il in vitro. Phosphopeptide mapping of Drosophila
and yeast topoisomerase II indicated that the pattern of in
vivo phosphorylation of this enzyme resembles that of puri-
fied topoisomerase II phosphorylated in vitro by casein ki-
nase II (15, 22, 27), suggesting that casein kinase II is the
major kinase responsible for phosphorylation of topoisomer-
ase. However, several reports suggest that PKC may also
play a role in phosphorylation and/or regulation of topo-
isomerase II (28-30). Although these studies suggest that
topoisomerase II is an important component of PKC-medi-
ated differentiation in HL-60 cells, PKC-mediated phosphor-
ylation of topoisomerase II has not been directly demon-
strated.

PKC plays an important role in signal transduction cas-
cades resulting from mitogenic and differentiation-inducing
stimuli (31). There are three isotypes of PKC (a, By;, and €)
expressed in K562 cells (32, 33). In K562 cells, PMA-induced
differentiation and inhibition of growth resulted in an in-
crease in a- and € PKC and a decrease in g;; PKC levels (33).
In contrast, exposure of K562 cells to bryostatin 1 did not
inhibit proliferation or elicit changes in PKC isoform levels
(33). Bryostatin 1 treatment of K562 and HL-60 cells results
in nuclear translocation/activation of B; PKC, consistent
with a role for this protein kinase in supporting cell prolifer-
ation (32—-34). Nuclear B; PKC directly phosphorylates lamin
B contributing to nuclear envelope breakdown, an event re-
quired for mitosis (35). Compatible with a function in cell
cycle progression, B;; PKC selectively translocates from the
cytosol to the nucleus during G,/M phase (36). In addition, an
endogenous nuclear membrane activation factor for g;; PKC
has been identified (37). Because increased phosphorylation
and activity of topoisomerase II are also associated with cell
cycle progression into mitosis (17-19), these results invite
further consideration of 8;; PKC as a regulator of topoisomer-
ase II activity in K562 cells.

We isolated and characterized a stable VP-16-resistant
K562 cell line (K/VP.5), selected by continuous exposure to
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0.5 uM VP-16 (8, 9). Compared with parental K562 cells, the
K/VP.5 cell line contains reduced levels of topoisomerase II
protein and exhibits decreased VP-16-induced DNA damage,
more rapid dissociation of VP-16-induced covalent topo-
isomerase II/DNA complexes, and attenuated ATP stimula-
tion of VP-16-induced topoisomerase I/DNA complexes (8,
9). In addition, topoisomerase II from resistant K/VP.5 cells
is 2.6-fold less phosphorylated than enzyme from sensitive
K562 cells (38). These observations suggest that resistance to
VP-16 in K/VP.5 cells is due, at least in part, to reduced
phosphorylation of topoisomerase II, which may ultimately
decrease the stability of VP-16-induced topoisomerase II
binding to DNA. Partial sequencing and single strand con-
formational polymorphism analyses of the entire topoisomer-
ase II cDNA strongly suggest that the biochemical changes
associated with topoisomerase II enzyme in K/VP.5 cells are
not the result of mutations in the topoisomerase II gene (38).
Thus, reduced phosphorylation of topoisomerase II is not due
to mutation of a critical phosphorylation site. Alternatively,
the biochemical changes in resistant topoisomerase II (in
particular, reduced phosphorylation) may be attributable to a
modulator of topoisomerase II, such as a protein kinase.

To investigate post-translational regulation of topoisomer-
ase IT and its effects on VP-16-induced topoisomerase I/DNA
covalent complexes, we compared the rate of synthesis, turn-
over, and the rates of phosphorylation and dephosphoryla-
tion of topoisomerase II in K562 and K/VP.5 cells. In addi-
tion, we quantified the levels of several potential
topoisomerase II protein kinases in these two cell lines. Fi-
nally, we examined the effect of PKC activators on topo-
isomerase II phosphorylation and on VP-16-induced topo-
isomerase I/DNA covalent complexes. Qur results strongly
suggest that changes in the levels of the B;; isoform of PKC
affect topoisomerase II phosphorylation and, consequently,
VP-16-induced topoisomerase II/DNA covalent complex for-
mation in resistant K/VP.5 cells.

Materials and Methods

Cells. Human K562 cells and VP-16-resistant K/VP.5 cells (9)
were grown in suspension in DMEM supplemented with 7% iron-
supplemented newborn bovine serum (Hyclone, Logan, UT) and 2
mM L-glutamine (GIBCO-BRL, Bethesda, MD). Exponentially grow-
ing cells (48 X 10° cells/ml) were used for all experiments. K/'VP.5
cells were maintained in the absence of VP-16 for at least 3 days
before use in experiments.

Drugs and chemicals. VP-16 was obtained from Bristol-Myers
Squibb, Co. (Wallingford, CT) and prepared as a concentrated stock
solution by being dissolved in DMSO (unless specified, the final
DMSO concentration in VP-16-treated and control cells was adjusted
to 0.1%). Bryostatin 1 was a generous gift from Dr. W. S. May (The
Johns Hopkins Oncology Center, Baltimore, MD). The lyngbyatoxin
analogue n-HexylILV was provided by Dr. A. P. Kozikowski (Mayo
Clinic, Jacksonville, FL). The phorbol esters PdABU and TPA were
obtained from Sigma Chemical Co. (St. Louis, MO). The PKC inhib-
itor UCN-01 (NSC-638850) (39) was generously provided by Dr. E.
Sausville (National Cancer Institute, Bethesda, MD).

Immunoprecipitation. Exponentially growing cells were pel-
leted, washed with saline, and then incubated with [3*Slmethionine
and [3*S]cysteine or [32Plorthophosphate for various times as previ-
ously described (38). Resuspended cells (1 X 10%/ml) were incubated
with 10-30 xCi/ml EXPRE35S%5S labeling mix (a mixture of [3*S]me-
thionine and [3*S]cysteine; DuPont-NEN, Wilmington, DE) in methi-
onine-free DMEM (GIBCO-BRL) and/or 100 uCi/ml [32Plorthophos-
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phate (ICN Biomedicals, Irvine, CA) in phosphate-free DMEM
(GIBCO-BRL). Unless otherwise noted, cells incubated with 32Pi
were pooled with an equal number of 35S-labeled cells. For some
experiments, cells were then transferred from radiolabeled media to
complete DMEM. At various times afterward, nuclear lysates were
prepared from aliquots of radiolabeled cells as described previously
(17). Topoisomerase II was immunoprecipitated from 50-100 pug
nuclear lysate protein as previously described (38) using rabbit poly-
clonal anti-topoisomerase II sera produced in our laboratory (this
antibody does not immunoprecipitate the 180-kDa [B] isoform of
topoisomerase II). Topoisomerase II immunoprecipitated from nu-
clear lysates (100 ug protein) was resolved by 7% SDS-PAGE. To-
poisomerase II bands (170 kDa) were localized by autoradiography
using either X-ray film or phosphor screens (Molecular Dynamics,
Sunnyvale, CA). Radiolabel incorporated into topoisomerase II from
cells labeled with either 32P or 35S were quantified by phosphorimage
analysis using ImageQuant software (Molecular Dynamics). Radio-
label incorporated into topoisomerase II from cells labeled with both
32P and 3°S was detected by scintillation counting of 170-kDa bands
excised from gels. For quantification of phosphorylation of topo-
isomerase II, 32P cpm were normalized to **S cpm to account for the
reduced levels of topoisomerase II in K/VP.5 compared with K562
cells (38).

Western blots. Whole cell lysates were prepared from 5 X 10°
cells by dissolving cell pellets in SDS-PAGE sample buffer (0.125 M
Tris'HCl, pH 6.8, 2% SDS, 10% glycerol, 5% B-mercaptoethanol).
Lysates were sonicated, and 1-10 ug protein was loaded per well
onto 10% SDS-PAGE gels. Resolved proteins were electrophoreti-
cally transferred to nitrocellulose and incubated with rabbit poly-
clonal antisera to one of the following kinases: a, B, or € isoforms of
PKC (40), casein kinase II (Upstate Biotechnologies, Lake Placid,
NY), p344°2 kinase (Oncogene Science, Uniondale, NY), or monoclo-
nal antibody for p42™°P kinase (a gift from Dr. Michael Weber,
University of Virginia, Charlottesville, VA). Blots were then incu-
bated with horseradish peroxidase-conjugated donkey anti-rabbit
IgG (Upstate Biotechnologies) or horseradish peroxidase-conjugated
goat anti-mouse IgG (Sigma Chemical Co.). Bound antibodies were
detected using enhanced chemiluminescence (Amersham Life Sci-
ences, Arlington Heights, IL). Autoradiographic signals were quan-
tified by densitometric scanning using a LKB laser densitometer
(LKB Pharmacia, Piscataway, NJ).

Topoisomerase I/DNA covalent complexes. Topoisomerase
IU/DNA covalent complex formation in intact cells and nuclei was
measured as previously described (9, 12). Before use in assays, cells
were prelabeled for 24 hr with 0.5 uCi/ml [methyl-*Hlthymidine and
0.1 uCi [U-*C]leucine. Nuclei were isolated according to the method
of Filipski and Kohn (41) by lysing radiolabeled cells with 0.3%
Triton X-100. Whole cells (2 X 10%/ml in 110 mM NaCl, 5 mm KCI, 1
mM MgCl,, 5 mM NaH,PO,, 25 mM 4-[2-hydroxy-ethyl]-1-pipera-
zineethanesulfonic acid, and 10 mM glucose, pH 7.4) were treated in
the presence or absence of 100 nM bryostatin 1 for 1-4 hr, followed by
20 uM VP-16 or 0.1% DMSO for 30 min at 37°. Isolated nuclei (2 X
10%ml) in buffer A (1 mm KH,PO,, 5 mM MgCl,, 150 mM NaCl, and
1 mM EGTA, pH 7.4) were incubated for 30 min at 37° with 100 nmM
bryostatin 1 alone or together with 100 nM UCN-01, 20 uM VP-16 or
0.1% DMSO, 1 mM ATP, and 60 ug of 1 M NaCl nuclear extracts from
K562 cells (10). Topoisomerase I/DNA covalent complexes (°H
counts) were isolated by KCVSDS precipitation and quantified by
scintillation counting. DNA in precipitates was normalized to cell
number using the coprecipitated 4C-labeled protein as an internal
standard (9, 12).

Alkaline elution analysis of DNA damage. Drug-mediated
DNA damage was assessed using the alkaline elution technique for
high frequency single-strand breaks (42). K562 and K/VP.5 cells
were labeled for 48 hr with [2-1*Clthymidine (0.02 wCi/ml), after
which nuclei were isolated by lysing radiolabeled cells with 0.3%
Triton X-100 (41). Nuclei were suspended in buffer A to a final
density of 1 X 10%/ml and incubated 30 min at 37° with 20 uM VP-16,

1 mM ATP, and 0 or 40 ug K562 nuclear extract. The final solvent
concentration in all conditions was 0.4% DMSO. K562 cells (7.5 X
105) containing [PH]DNA (labeled for 48 hr with 0.1 xCi/ml [methyl-
3Hlthymidine) were irradiated with 1500 rad on ice using a '3’Cs
source (Mark Irradiator; J. L. Sheppard and Associates, Glendale,
CA). These irradiated cells were added as internal standards to
drug-treated and [**C]-labeled K562 or K/VP.5 nuclei, and the mix-
ture was layered onto a polyvinyl chloride filter (pore size, 2.0 um;
Gelman Sciences, Ann Arbor, MI) and lysed with a solution of 2%
SDS, 10 mM disodium EDTA, and 0.5 mg/ml proteinase K. The DNA
was eluted from the filter with tetrapropylammonium hydroxide, pH
12.1, at a flow rate of 0.16 ml/min, with a fractional interval of 5 min.
The frequency of VP-16-induced DNA single-strand breaks was
quantified as the fraction of [“CIDNA retained on the filter when
60% of the 3H-labeled internal standard DNA remained. A calibra-
tion curve for relating the frequency of VP-16-induced DNA single-
strand breaks to a corresponding effect of radiation (radiation equiv-
alent DNA damage) using '4C-labeled nuclei was obtained by
plotting rads versus [*CIDNA retention at 60% retention of the
[*H]DNA internal standard (not shown).

Results

Synthesis and stability of topoisomerase II in K562
and K/VP.5 cells. Topoisomerase II was immunoprecipi-
tated from nuclear lysates of cells labeled for various times
with [3°SImethionine and [3®S]cysteine (EXPRE35S35S). In-
corporation of radiolabel into topoisomerase II increased for
up to 20 hr (Fig. 1A). The level of radiolabeled topoisomerase
II at 20 hr was reduced more than 2-fold in nuclear lysates of
K/VP.5 compared with K562 cells (Fig. 1A), consistent with
the 3-fold reduction of topoisomerase II previously observed
by Western blot analysis of K562 and K/VP.5 nuclei (9).
Initial topoisomerase II synthesis rates were determined
from experiments in which cells were labeled for 1-8 hr with
EXPRE?%S35S (Fig. 1B). The rate of topoisomerase II synthe-
sis was reduced 2.9 * 0.6-fold (mean *+ standard error from
three experiments; p = 0.06, paired Student’s ¢ test) for
K/VP.5 compared with K562 cells. We next compared the
stability of 35S-labeled topoisomerase II from K562 and
K/VP.5 cells. For these experiments, cells were prelabeled for
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Fig. 1. Rate of synthesis of topoisomerase Il in K562 and K/VP. 5 cells.
Cells were incubated in the presence of 30 uCi/ml EXPRE®SS5S label-
ing mix. At various times after the addition of radiolabel [1-28 hr (A) or
1-8 hr (B)], nuclear lysates were prepared from 5 x 10° cells. Topo-
isomerase Il was immunoprecipitated from the lysates (50-100 ug
protein) and resolved by electrophoresis, and 3°S signals were quanti-
fied by phosphorimage analyses of dried gels. Results are representa-
tive of three independent experiments. Ordinate values (35S-Topo /i)
are expressed as arbitrary units derived by quantifying the volume of
the phosphorimager radioactive signal using ImageQuant software.
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6 hr with EXPRE25S35S and then transferred to medium free
of radiolabel. Topoisomerase II was immunoprecipitated
from nuclear lysates and 3°S-labeled topoisomerase II re-
maining 3, 6, 9, 12, and 22 hr after removal of radiolabel was
quantified. The half-life of 3°S-labeled topoisomerase II was
13.3 * 1.7 hr for K562 topoisomerase II and 15.3 + 0.9 hr for
K/VP.5 topoisomerase II (mean * standard error from three
experiments; p = 0.51, paired Student’s ¢ test; not shown).
Thus, the rate of turnover of topoisomerase II is comparable
for both cell lines.

Phosphorylation and dephosphorylation of topo-
isomerase II in K562 and K/VP.5 cells. Topoisomerase II
was immunoprecipitated from nuclear lysates of cells that
were first prelabeled for 16 hr with EXPRE3°S35S and then
labeled for various times (1-8 hr) with [32PJorthophosphate.
Topoisomerase II phosphorylation was expressed as 32P/3°S
ratios to account for the different levels of enzyme in sensi-
tive and resistant cells (Fig. 2). After accounting for the
reduced levels of topoisomerase II in K/VP.5 cells, the rate of
phosphorylation of topoisomerase II in these cells was re-
duced 2.9 * 0.1-fold compared with K562 cells (mean *
standard error from three experiments; p < 0.01, paired
Student’s ¢ test). The rate of dephosphorylation of topo-
isomerase II was determined in cells prelabeled for 6 hr with
EXPRE35S%5S and [32Plorthophosphate (Fig. 3). Topoisomer-
ase II was immunoprecipitated from nuclear lysates pre-
pared 1, 3, 6, 9, 12, and 21 hr after removal of radiolabel, and
32P and 3°S counts remaining were quantified. The rate of
dephosphorylation of topoisomerase II was comparable in
K562 and K/VP.5 cells (¢,,, = 11.1 * 0.6 and 11.1 * 0.9 hr,
respectively, mean *+ standard error from three experiments;
p = 0.96, paired Student’s ¢ test).

Kinase levels in K562 and K/VP.5 cells. The decreased
rate of topoisomerase II phosphorylation in K/VP.5 compared
with K562 cells suggested a reduction in the levels and/or
activity of a kinase that phosphorylates topoisomerase II.
Therefore, levels of several kinases in K562 and K/VP.5 cells
were quantified by Western blot analysis of whole-cell ly-

400
= 300 - L
o
&
- K562
) 200 A L
]
[
} °
o 100 - () K/VP.5 |
° °
°
0
1] Y T T Y
[} 2 4 ] 8
Hours

Fig. 2. Rate of phosphorylation of topoisomerase Il in K562 and
KNP.5 cells. Cells prelabeled 16-18 hr with 10 uCi/ml EXPRE®*S%°S
labeling mix were transferred to medium containing 100 pCi/mi
[*2Plorthophosphate (*2Pi). At various times after the addition of 32Pi
(1-8 hn), nuclear lysates were prepared from 5 % 10° cells, and topo-
isomerase Il was isolated as for Fig. 1. Topoisomerase |l was localized
by autoradiography, excised from gels, and quantified by scintillation
counting. Results are e; as 3P/*°S ratios to account for the
reduced rate of synthesis of topoisomerase Il in K/VP.5 cells.
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Fig. 3. Rate of dephosphorylation of topoisomerase Il in K562 and
KNP.5 cells. Parallel flasks containing cells labeled for 6 hr with 30
pCi/ml EXPRE®®S35S labeling mix or with 100 pCi/ml [*2Pjorthophos-
phate (°2Pi) were pooled and then transferred to unlabeled medium. At
various times after removal from radiolabeled media (1-21 hr), nuclear
lysates were prepared from 5 x 10° cells, and topoisomerase Il immu-
noprecipitated as for Fig. 1. Topoisomerase Il was resolved by electro-
phoresis, localized by autoradiography, excised from gels, and quan-
tified by scintillation counting. Results are expressed as 32P/35S ratios
to account for the reduced levels of topoisomerase Il in K/VP.5 cells.

sates. Levels of a PKC, ¢ PKC (not shown), casein kinase II,
p42™2P kinase, and p34°3°2 kinase were comparable for both
cell lines (Fig. 4). In contrast, B;; PKC levels were reduced 3.0
+ 0.4-fold in K/VP.5 compared with K562 cells (mean *+
standard error of six determinations; p < 0.01, paired Stu-
dent’s ¢ test). These data suggest that reduced phosphoryla-
tion of topoisomerase II and alterations in VP-16-induced
topoisomerase II/DNA binding in K/VP.5 cells may be attrib-
utable to changes in the levels of B;; PKC in these cells.

Effect of K562 nuclear extract on VP-16-induced to-
poisomerase IIV/DNA complexes and VP-induced DNA
breaks in K562 and K/VP.5 nuclei. VP-16-induced topo-
isomerase II/DNA complex formation is reduced 4-fold in
K/VP.5 compared with K562 nuclei (8, 9). After normalizing
for VP-16 effects in K562 and K/VP.5 nuclei, the addition of
nuclear extract (40 ug of protein) from K562 cells potentiated
the formation of 20 uM VP-16-induced topoisomerase IV'DNA
complexes 2.2-fold in K/VP.5 nuclei but did not enhance this
VP-16-induced activity in K562 nuclei (Fig. 5A). In contrast,
40 ug of nuclear extract from K/VP.5 cells did not affect
drug-induced topoisomerase II/DNA complex formation in
nuclei from either cell line (not shown). Similarly, K562 nu-
clear extract (40 ug) potentiated VP-16-induced DNA single-
strand breaks 2-fold in K/VP.5 but not in K562 nuclei (Fig.
5B). Thus, K562 nuclear extracts contain a modulating factor
for VP-16-induced topoisomerase II/DNA binding that is ab-
sent or limiting in K/VP.5 cells. Western blot analysis indi-
cated that levels of B;; PKC were reduced 2-fold in nuclear
extracts of K/VP.5 compared with K562 cells (not shown),
suggesting that the limiting factor is 8;; PKC.

Effect of PKC activators on VP-16-induced topoi-
somerase II/DNA complexes. The effect of the PKC acti-
vators bryostatin 1, phorbol esters (TPA and PdBU), and
n-HexylILV (43) on VP-16-induced topoisomerase II/DNA
binding in K/VP.5 nuclei was examined (Fig. 6). Using
K/VP.5 nuclei supplemented with K562 nuclear extract (60
pg of protein), only bryostatin 1, which specifically activates

2102 ‘2 Jaqwadag uo Asianiun pesewwey ye Bio'sjeuinofiadse wareydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

802 Ritke ot al.

K562 K562 K/VP.5
(10png) (Sug)  (10ug)
Y Y Y
—116 kD
PKCB"—-D- L S———— 70 kD
L  |—116 kD

PKC, —o| wiimpee ~ww

A — 70D

kinase || — 43kD

p42Map —p- - 43 kD

kinase

p34 cdc2__

kinase i

A
K562 K/VP.5
(10 ug) (10 ug)

Fig. 4. Levels of protein kinases in K562 and K/VP.5 cells. Whole cell
lysates were prepared from 2.5 x 10° cells. Proteins (5-10 ug) were
resolved by SDS-PAGE and Western blotted to nitrocellulose. Immo-
bilized proteins were incubated sequentially with a primary antibody
(rabbit antisera specific for the a or B, isoforms of protein kinase C,
p34°9°2 kinase, or casein kinase Il or with mouse antibody specific for
p42™® kinase) and then with horseradish peroxidase-conjugated sec-
ondary antibody (donkey anti-rabbit IgG or goat anti-mouse IgG).
Bound antibodies were detected by enhanced chemiluminescence and
quantified by densitometric scanning. The ratio of kinase levels in K562
compared with K/VP.5 cells were as follows: Bll PKC, 3.02 + 0.42 (nine
experiments, p < 0.01), « PKC, 1.09 = 0.05 (three experiments, p =
0.93), casein kinase /I, 1.35 *+ 0.16 (seven experiments, p = 0.08);
p3dcdc2 kinase, 0.91 = 0.2 (seven experiments, p = 0.66); and
p42map kinase, 0.92 *+ 0.05 (three experiments, p = 0.26). Results are
given as mean * standard error; p values were determined with paired
Student’s t test.

— 28 kD

and translocates B;; PKC to the nucleus (32, 34), stimulated
VP-16-induced topoisomerase II/DNA covalent complex for-
mation. In separate experiments, the potentiating effect of
bryostatin 1 on VP-16-induced topoisomerase II/DNA com-
plexes was completely inhibited by 100 nMm UCN-01 (Fig. 7).
Pretreatment of K/VP.5 cells with bryostatin 1 for 2 or 4 hr
potentiated VP-16-induced topoisomerase I/DNA covalent
complex formation (Fig. 8A). In contrast, pretreatment of
K562 cells with bryostatin 1 (14 hr) caused no further in-
crease in VP-16-induced topoisomerase II DNA complex for-
mation (Fig. 8A), indicating that in these cells, conditions for
drug-induced topoisomerase II/DNA complex formation are
already optimal. Furthermore, pretreatment of K562 or
K/VP.5 cells with the PKC activators TPA and PdBU (50-200
nM for 0, 1, or 19 hr) had no effect on 20 uM VP-16-induced
topoisomerase II/DNA covalent complex formation in either

K562 or K/VP.5 cells (not shown). After a 4-hr incubation of
K/VP.5 cells with bryostatin 1 (100 nM), there was a statis-
tically significant increase in topoisomerase II phosphoryla-
tion (1.65 * 0.13-fold; mean * standard error from five
separate experiments; p = 0.043) (Fig. 8B). In contrast, bryo-
statin 1 did not significantly increase topoisomerase II phos-
phorylation in K562 cells (1.06 * 0.08-fold, mean * standard
error from five separate experiments, p = 0.40) (Fig. 8B).
These results support the idea that bryostatin 1 up-regulates
topoisomerase II phosphorylation through translocation/ac-
tivation of B;; PKC, thus leading to potentiation of VP-16-
induced topoisomerase II/DNA covalent complex formation.
The specific effects of bryostatin 1 in K/VP.5 nuclei and cells
further indicate that B;; PKC plays a role in modulating
VP-16 activity and suggest that this PKC isoform is a deter-
minant of resistance to VP-16 in K/VP.5 cells.

Discussion

The results of the present study suggest that a decrease in
the level of B;; PKC contributes to the changes observed in
VP-16-resistant K/VP.5 cells, particularly the reduction of
topoisomerase II phosphorylation and the resultant decrease
in stability of VP-16-induced topoisomerase I/DNA com-
plexes (9, 38). Topoisomerase II in K/VP.5 cells is synthesized
and phosphorylated at a decreased rate compared with pa-
rental K562 cells (Figs. 1 and 2). The decreased rate of
synthesis of K/VP.5 topoisomerase II is most likely the result
of reduced mRNA template for the enzyme in these cells (8).
Reduced rates of synthesis and phosphorylation of topo-
isomerase II were also reported for mAMSA-resistant HL-60
cells (26). In contrast to this earlier study, however, we
observed no decrease in the turnover (stability) or the de-
phosphorylation rate of topoisomerase II for resistant K/'VP.5
cells compared with parental K562 cells. The relatively high
stability of topoisomerase II and of topoisomerase II-associ-
ated phosphate in K562 and K/VP.5 cells is comparable to
that previously reported for HeLa cell topoisomerase II (16).
Furthermore, the comparable rates of dephosphorylation in
sensitive and resistant cells indicate that reduced phosphor-
ylation of topoisomerase II in K/VP.5 cells is not due to the
presence of a more active topoisomerase II-associated phos-
phatase in these cells. Together with the observation that
levels of B;; PKC are reduced in K/VP.5 compared with K562
cells (Fig. 3), these results suggest that a change in the levels
and/or activity of this protein kinase plays a role in the
decreased phosphorylation status of topoisomerase II in
K/VP.5 cells.

Nuclear extracts from K562 cells, which contain B;; PKC,
enhance VP-16-induced topoisomerase II/DNA complex for-
mation and subsequent DNA damage in K/VP.5 nuclei (Fig.
5; see also Ref. 38). The addition of bryostatin 1 (but not TPA,
PdBU, or n-hexylILV) potentiated VP-16-induced topo-
isomerase II/DNA complex formation in K/VP.5 nuclei sup-
plemented with K562 nuclear extract (Fig. 6), an effect that
was blocked by the PKC inhibitor UCN-01 (Fig. 7). Similarly,
only bryostatin 1 pretreatment of intact K/VP.5 cells en-
hanced VP-16-induced topoisomerase II/DNA complex forma-
tion (Fig. 8A). It is likely that phorbol esters did not poten-
tiate VP-16-induced topoisomerase II/DNA complex
formation in cells because activation of PKC by these agents
stimulates a differentiation pathway that has previously
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Fig. 5. Effect of K562 nuclear extract on VP-16-induced topoisomerase II/DNA covalent complexes (A) and DNA single-strand breaks (B) in K562
and K/VP.5 nuclei. Isolated nuclei from K562 and K/VP.5 cells, prelabeled 24 hr with 0.5 uCi/ml [methyi->H]thymidine and 0.1 uCi/ml [U-'“C]leucine
(A) or 48 hr with 0.02 u.Ci/ml ['“C]thymidine (B), were incubated 30 min with 1 mm ATP and 20 um VP-16 in the absence or presence of 40 ug K562
nuclear extract. A, Topoisomerase IVDNA covalent complexes were isolated by KCI/SDS precipitation and quantified by scintillation counting as
described in Materials and Methods. Results are expressed as -fold increase in VP-16-induced topoisomerase II/DNA covalent complexes for
nuclei incubated in the presence compared with the absence of nuclear extract. Data shown are the mean * standard error of 10-19 experiments.
For K562 nuclei, there was no significant potentiation of VP-16 activity in the presence of nuclear extract (o = 0. 96, Wilcoxon signed-ranks test).
For K/VP.5 nuclei, nuclear extracts caused a statistically significant increase in VP-16 activity (p = 0.001, Wilcoxon signed-ranks test). B, DNA
single-strand breaks were quantified by alkaline elution as described in Materials and Methods. Bars represent the mean * range or standard error
from two (K562 nuclei) to five (K/VP.5 nuclei) independent experiments. For K/VP.5 nuclei, there was a statistically significant potentiation of

VP-16-induced DNA damage in the presence of nuclear extract (o = 0.04, Wilcoxon signed-ranks test).

4 4

Fold Increase
Topo 1I/DNA Complexes

Bryo TPA PdBU n-Hexymv

Fig. 6. Effect of PKC activators on VP-16-induced topoisomerase I/
DNA covalent complexes in K/VP.5 nuclei in the presence of K562
nuclear extracts. Isolated nuclei from K/VP.5 cells (prelabeled for 24 hr
with [methyl-*Hjthymidine and [U-'“Clleucine) were incubated 30 min
with 1 mm ATP, 20 um VP-16, and 60 pg K562 nuclear extract in the
absence or presence of 100 nM bryostatin 1 (Bryo), TPA, PdBU, or
n-HexyliLV. Topoisomerase Il/DNA covalent complexes were isolated
by KCVSDS precipitation and quantified by scintillation counting as
described in Materials and Methods. Results are expressed as -fold
increase in VP-16-induced topoisomerase I/DNA covalent complexes
in nuclei treated in the presence compared with the absence of PKC
activators. Results are given as mean * standard error from five to nine

separate experiments [p = 0.04 (bryo), p = 0.42 (TPA), p = 0.50
(PdBU), and p = 0.85 (n-HexylILV); Wilcoxon signed-ranks test].

been associated with down-regulation of topoisomerase II
(28-30). In contrast, bryostatin 1 stimulates the transloca-
tion and activation of B; PKC to the nucleus, an event asso-
ciated with proliferation in K562 cells (32—-34). Nuclear ex-
tracts from K562 cells contain 2-fold more B;; PKC than
K/VP.5 extracts (not shown). Together with results that dem-
onstrate the potentiating effect of K562 (but not K/VP.5)
nuclear extracts on VP-16-induced topoisomerase I/DNA
binding (Fig. 5), these observations are consistent with the
hypothesis that B;; PKC is involved in regulating topoisomer-
ase II/DNA interactions and is a determinant of VP-16 resis-
tance in K/VP.5 cells. This hypothesis is further supported by
the demonstration that bryostatin 1 up-regulates topoi-
somerase II phosphorylation and potentiates VP-16-induced

[ l_

3.0 4
| r

2.0 -

Fold Increase
Topo 1I/DNA Complexes

1.0 4

+Bryostatin 1  +Bryostatin 1
(100nM) +UCN-01
(100nM)

Fig. 7. Effect of the PKC inhibitor UCN-01 on bryostatin 1 potentiation
of VP-16-induced topoisomerase I/DNA complex formation. Isolated
nuclei from K/VP.5 cells (prelabeled for 24 hr with [methyl-*H]thymidine
and [U-'“CJleucine) were incubated 30 min with 1 mm ATP, 20 um
VP-16, 100 nm bryostatin 1, and 0 or 60 ug K562 nuclear extract in the
absence or presence of 100 nm UCN-01. Topoisomerase Il/DNA cova-
lent complexes were isolated by KCI/SDS precipitation and quantified
by scintillation counting as described in Materials and Methods. Re-
sults are expressed as -fold increase in VP-16-induced topoisomerase
I/DNA covalent complexes in nuclei treated in the presence compared
with the absence of K562 nuclear extract. Results are given as mean *+
standard error from five independent experiments [p = 0.04 (bryostatin
1), p = 0.69 (bryostatin 1 + UCN-01); Wilcoxon signed-ranks test].

topoisomerase II/DNA covalent complex formation in K/VP.5
cells (Fig. 8).

It is unclear how phosphorylation regulates drug-induced
topoisomerase II/DNA covalent complexes. Phosphorylation
of Drosophila topoisomerase II in vitro with PKC and/or
casein kinase II slightly decreased VP-16-induced topoi-
somerase II-mediated cleavage of purified pPBR322 DNA (24).
In contrast, our earlier work indicated that in K/VP.5 cells,
topoisomerase II was hypophosphorylated (38) and VP-16-
induced topoisomerase II binding to DNA was less stable
than K562 cells (9). It is possible that in vivo, drug-induced
binding of topoisomerase II to chromatin DNA may be more
sensitive to changes in the phosphorylation status of this
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Fig. 8. Effect of bryostatin 1 (100 nm) on VP-16-induced topoisomer-
ase II/DNA covalent complex formation (A) and topoisomerase Il phos-
phorylation (B) in K562 and K/VP.5 cells. A, Cells (prelabeled for 24 hr
with [PHjthymidine and ['“C]leucine) were incubated with 100 nm bryo-
statin 1 or 0.1% DMSO for 1-4 hr at 37°, after which VP-16 (20 um) was
added for an additional 30 min. Topoisomerase Il/DNA covalent com-
plexes were isolated by KCI/SDS precipitation and quantified by scin-
tillation counting as described in Materials and Methods. Results are
expressed as -fold increase in VP-16-induced topoisomerase I/DNA
covalent complexes isolated from cells incubated in the presence com-
pared with the absence of bryostatin 1. Data shown are the mean *
standard error from one to six independent experiments. For the 2-hr
bryostatin 1 pretreatment, there was a statistically significant increase
in VP-16-induced topoisomerase II/DNA covalent complexes in K/VP.5
cells (p = 0.02; Wilcoxon signed-ranks test, averaging six experi-
ments). The data shown for the 4-hr bryostatin 1 pretreatment was
derived from a single experiment during which results were obtained
after 1-, 2-, and 4-hr bryostatin 1 pretreatment. B, Cells were incubated
for 4 hr at 37° with 2.5 mCi/ml of [*2Plorthophosphate in the presence
or absence of 100 nm bryostatin 1. Topoisomerase |l was immunopre-
cipitated from from 2-3 x 10° lysed cells as described (38). Topo-
isomerase Il tion was quantified by phosphorimage analy-
sis of [*2PJorthophosphate from dried gels or by excision of topo Il
bands and scintillation counting. Results are expressed as -fold in-
crease in topo |l phosphorylation in the presence compared with the
absence of bryostatin 1 in both K562 and K/VP.5 cells. Results are
given as mean *+ standard error from five separate experiments. *, p =
0. 04, Wilcoxon signed-ranks test.

05

K562 K/VP.5

protein. Alternatively, the extent and/or sites of phosphory-
lation of topoisomerase II may affect the distribution of en-
zyme in the nucleus or its association with the nuclear ma-
trix, which in turn may affect VP-16-induced topoisomerase
IVDNA covalent complexes. Topoisomerase II associated
with the nuclear matrix has been demonstrated to be reduced
in CCRF-CEM cells selected for resistance to teniposide (VM-
26), suggesting that nuclear matrix binding of topoisomerase
II is an important determinant of drug sensitivity (44). Also,
a recent report demonstrated that Drosophila topoisomerase
II binding to DNA is regulated by phosphorylation (45). To-
poisomerase II phosphorylation in Drosophila also regulates
multimeric topoisomerase II forms, which may be critical for
nuclear matrix binding (45). In light of these studies, changes
in the phosphorylation status of topoisomerase II might be
expected to reduce the ability of the enzyme to stably asso-
ciate with the nuclear matrix, subsequently decreasing its
availability as a target for the inhibitory effects of VP-16 and
ultimately contributing to resistance to topoisomerase II in-
hibitors.

The amino acid sequence of human topoisomerase II (46)
reveals a number of consensus phosphorylation sites: 28 for
PKC (S*/T*-X-K/R), 10 for p34°“Zkinase (X-S*/T*-P-X), and 6
for casein kinase II (S¥/T*-X-(2)D/E). Previous studies in
yeast, Drosophila, and HeLa cells suggested that casein ki-
nase II is most likely the primary topoisomerase II kinase
(15, 47-49). Our data do not challenge this concept. However,

the data presented in the present study suggest that g;; PKC
also regulates topoisomerase II phosphorylation and VP-16-
induced topoisomerase I/DNA complex formation. Because
recent evidence demonstrates that casein kinase II activity is
increased subsequent to phosphorylation of its B subunit by
PKC (50), B;; PKC-mediated phosphorylation of casein ki-
nase II may indirectly influence topoisomerase II phosphor-
ylation. Therefore, reduced B;; PKC levels and/or activity in
K/VP.5 cells may result in hypophosphorylation of topo-
isomerase II as a consequence of less-efficient phosphoryla-
tion and activation of casein kinase II. Preliminary results
indicate that nuclear casein kinase II activity is increased 1.4
+ 0.1-fold (mean * standard error from seven experiments)
after 30-min incubation of K/VP.5 cells with 100 nM bryosta-
tin 1, suggesting that translocation/activation of B; PKC
initiates a signaling pathway involving casein kinase II. The
greater time requirement for bryostatin 1 potentiation of
VP-16-induced topoisomerase II/DNA complexes in intact
K/VP.5 cells (2 hr; Fig. 8) compared with nuclei (30 min; Fig.
6) is also consistent with a cascade mechanism involving
nuclear B;; PKC translocation/activation followed by direct or
indirect (through casein kinase II) phosphorylation of topo-
isomerase II and, finally, stabilization of VP-16-induced to-
poisomerase I/DNA complexes.

Finally, it is conceivable that topoisomerase II is phosphor-
ylated by both B;; PKC and by casein kinase II and that
phosphorylation at any one site influences either nuclear
localization or stabilization of drug-induced topoisomerase
II/DNA binding. Clearly, to understand the role of phosphor-
ylation in regulating VP-16-induced topoisomerase I/DNA
complex formation, it will be necessary to determine whether
B PKC phosphorylates topoisomerase II directly and/or in-
directly through activation of casein kinase II or another
protein kinase. Therefore, studies are under way to identify
the primary topoisomerase II kinase(s) in K562 and K/VP.5
cells by comparing phosphopeptide maps of trypsin-digested
topoisomerase II from 32P-labeled cells (treated in the pres-
ence or absence of bryostatin 1) with tryptic maps of topo-
isomerase II phosphorylated in vitro with B; PKC and/or
casein kinase II. A better understanding of the post-transla-
tional regulation of topoisomerase II will be useful for char-
acterizing mechanisms of acquired resistance to VP-16 in
K562 cells.
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