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Characterization of an Etoposide-resistant Human K562 Cell Line, K/eto
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An etoposide-resistant K562 cell line (K/eto) was obtained by stepwise exposure, in culture, to
increasing concentrations of etoposide, without the use of mutagens. This cell line was resistant to
etoposide, and slightly resistant to adriamycin, but sensitive to anti-cancer drugs such as
camptothecin, vincristine, actinomycin D and so on. P-Glycoprotein, the mdrl gene product, was not
detected in this cell line, as assessed by immunocytochemistry, immunoprecipitation and flow
cytometry. Overexpression of mdrl mRNA was also not found. Interestingly, expression of 85 kD
protein recognized by MRK 20 monoclonal antibody was noted. The level of DNA topoisomerase 11
protein, detected by antibody staining, decreased concomitantly with a general decrease in DNA
topoisomerase IT unknotting activity, while DNA topoisomerase 1 activity was not affected, Cellular
accumulation of [*H]etoposide was reduced by 75% in the resistant line compared with parental K562,
Karyotype analysis showed that the number of chromosomes in K/eto was 55 and neither a
homogeneous staining region nor double-minute chromosomes were detected. These results indicate
that this resistance is not due to an alfered interaction bhetween the drug and cellular transport
machinery, i.e. MDR1, associated with the “classic” multiple drug resistance phenotype, but rather is
due to the existence of other mechanism(s) of resistance, decreased transport of the drug. and

decreased target enzyme, DNA topoisemerase X1,
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Multidrug resistance {MDR) is a well known phenom-
enon whereby cells resistant to one anti-cancer drug
display cross-resistance to other structurally unrelated
anti-cancer drugs.” It is necessary to establish a cell line
resistant to an anti-cancer drug to dissect the MDR in
more detail. Etoposide is commonly used for the treat-
ment of leukemias and lymphomas.” Cell lines resistant
to etoposide have shown cross-resistance to the Vinca
alkaloids, as is typical of the MDR phenotype.*™ On the
other hand, there are reports of cell lines that are cross-
resistant to etoposide and sensitive to the Vinea alka-
loids.*™ These apparently contradictory results led us to
develop and characterize etoposide-resistant K562 cells.
We selected etoposide because etoposide is a derivative of
the naturally occurring alkaloid podophyllotoxin and its
established target is DNA topoisomerase I, an enzyme
that can alter DNA topology by a double-stranded DNA
breaking-resealing reaction.” We examined etoposide-
resistant K562 cells in terms of karyotyping, DNA
topoisomerases, the 50% growth-inhibitory concentra-
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tions (ICs,), P-glycoprotein, 85 kD protein recognized by
MRXK 20 monoclonal antibody and cellular accumulation
of [*H]etoposide. We report here the isolation and char-
acterization of an etoposide-resistant K562 that may
express MDR different from “classic” MDR.

MATERIALS AND METHODS

Cell lines Human myelogenous leukemia K562 cells
were obtained from one of the present authors and were
maintained as described previously.>'™ An etoposide-
resistant cell line (K/eto) was obtained by sequential
selection, by using increasing concentrations of etopo-
side, without the use of mutagens. Selection was begun
by exposing a culture of K562 cells to 100 ng/ml etopo-
side, and after one month this was increased to 200 ng/
ml. Thereafter, this was increased to 800 ng/ml as a final
concentration. Under these conditions and subsequent
selection conditions a clonal line was obtained from
several clones based on the most rapid rate of pro-
liferation in the presence of the drug. The selection of a
stable clone, K/eto, took one year from the beginning of
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exposure to 100 ng/ml etoposide. A colchicine-selected
multidrug-resistant derivative, KB-8-5, has been re-
ported.'"'” An adriamycin-selected multidrug-resistant
derivative, K562/ADM, has also been described.”
Drugs Etoposide, bleomycin and cisplatin were gifts
from Nippon Kayaku Co., Ltd., Tokyo. Adriamycin was
kindly provided by Kyowa Hakko Co., Ltd., Tokyo.
Vincristine, colchicine, actinomycin D and methotrexate
were purchased from Sigma Chemical Co., St. Louis,
MO. Camptothecin was a gift from Yakult Co., Lid.,
Tokyo. [*H]Etoposide was purchased from Moravek
Biochemicals (Brea, CA).
Antibodies MRK 16 and MRK 20 monoclonal anti-
bodies (MAb) were prepared by one of the present
authors.” ' Rabbit serum containing antibodies to
DNA topoisomerase II was a generous gift of Dr, L. Liu,
Johns Hopkins University, Baltimore, MD.'” The MAb
to DNA topoisomerase I was prepared and characterized
by Dr. A. Kikuchi, Mitsubishi Kasei Institute of Life
Sciences, Tokyo.
Drug toxicity Cells (3 X 10%) were cultured at 37°C for 5h
in 24-well culture wells containing 1.5 ml of RPMI 1640
with 109 fetal calf serum. Then they were treated with
graded concentrations of etoposide or other anti-cancer
drugs (0.001-10 pgM). The cells were cultured in the
presence of the drug and counted in a hemocytometer
three days after drug treatment. Three wells were used
for each drug concentration. The cytotoxic activity of the
drug was measured by determining the ICs,, which was
obtained by plotting the logarithm of the drug concentra-
tion versus the growth rate (percentage of control) of the
treated cells. The initial cell number was subtracted in
the calculation,”
Determination of cellular drug content K /eto and X562
cells (3 X 10°/ml each) were incubated in the presence of
10 M [*H]etoposide at 37°C for 20, 40, and 60 min. The
cells were washed three times with ice-cold PBS. The
radioactivity of cell precipitates treated with 4 N NaOH
and 5 N HCI at room temperature was determined in a
liquid scintillation counter.'®

In order to examine outward transport of [*H]etopo-
side, K/eto and K562 cells were incubated in the pres-
ence of 10 uM [*H]etoposide at 37°C for 60 min. The
cells were washed three times with ice-cold PBS. The cell
precipitates in RPMI 1640 were incubated at 37°C for 20,
40, and 60 min. Then the cells were washed three times
with ice-cold PBS, The radioactivity of the cell precipi-
tates was determined in a liquid scintillation counter.
Cytogenetic studies For chromosome analysis, expo-
nentially growing cells were treated with colcemid (0.04
peg/ml) for 2 h. The cells were harvested, treated with
0.075 M KCl for 20 min at 37°C, fixed in methanol-acetic
acid (3:1) solution, and spread on dry slides. Quinacrine
staining was used for detailed karyotype analysis."”
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Immunocytochemistry Immunocytochemistry was car-
ried out as described previously.’” ' MAbs MRK 16 and
MRK 20 were used as the first antibodies.
Immunoelectron microscopy Immunoelectron micro-
scopy was performed using MAb MRK 16 and K/eto
cells as described previously.'®

Flow cytometry Flow cytometry was carried out using
MAbs MRK 16 and MRK 20 as described previously.'®
Western blotting To perform Western blotting to dem-
onstrate DNA topoisomerases I and II, nuclei from K562
and K/eto cells were first isolated as described else-
where.”” Thereafter, the polyethylene glycol (PEG) su-
pernatant was prepared from the nuclei from 2.5 g of
fresh K562 and K/eto cells. The nuclei were resuspended
in 5 m! of nuclei wash buffer, and ethylenediaminetetra-
acetic acid (EDTA) was added to a final concentration
of 4 mM. After 15 min at 0°C, the nuclei were lysed by
the slow addition, with stirring, of 5 ml of 2 M NaCl, 50
mM Tris-HCl, pH 7.5, 10 mM mercaptoethanol, 1 mM
phenylmethylsulfonyl fluoride (PMSF). After another 15
min at 0°C, 5 ml of 8% (w/v) PEG, 1 M NaCl, 50 mM
Tris-HCL, pH 7.5, 10 mM mercaptoethanol, and 1 mM
PMSF was slowly added with constant stirring. This
solution was incubated for 40 min at 0°C with occasional
stirring and then centrifuged at 12,000g for 30 min. The
supernatants were used for Weéstern blotting. Western
blotting was carried out using antibodies against DNA
topoisomerases I and II as described previously. Western
blotting using solubilized proteins from K562 and K /eto
cells was also performed to demonstrate the presence of
85 kD protein recognized by MRK 20.
Immunoprecipitation Immunoprecipitation was done to
examine the presence of P-glycoprotein as described
previously, "%

RNA expression cDNA was prepared by reverse tran-
scription of 2 ug of total RNA using 200 ng of random
hexanucleotide primer (Takara Shuzo Co., Kyoto) and
200 units of MMulLV reverse transcriptase (Bethesda
Research Labs.) under the conditions recommended by
the supplier. Total RNA was prepared as described pre-
viously.™ Aliquots of cDNA equivalent to 0.2 ug of total
RNA were used for enzymatic amplification by poly-
merase chain reaction (PCR)} using 0.6 unit of Tag DNA
polymerase (Perkin Elmer Cetus) in the presence of 1
#M of mdrl-specific primers (positions 2314-2334 and
2889-2909 in the cDNA sequence) and 3,-microglobulin-
specific primers (1556-1575 and 3558-3577 in the geno-
mic sequence).”” Thirty cycles of PCR were carried out
in 50 yl volume using a thermal cycler. Each cycle in-
cluded 1 min of denaturation at 94°C, followed by 5 min
of primer annealing and extension at 65°C. Because the
efficiency of the amplification process is greatly affected
by a number of variables including yield and quality of
cDNA preparations, the overall efficiency of individual



PCR reactions was first calculated by measuring the
amount of the coamplified 261-bp [S,-microglobulin-
specific band, then 2 ul and 4 ¢l of 1/5 diluted reaction
mixtures were analyzed by electrophoresis on a 1.2%
agarose gel, and the amount of the S,-microglobulin-
specific DNA was estimated in terms of ethidium
bromide-mediated fluorescence. A 5 to 20 ul aliquot of
each reaction mixture was then analyzed by electropho-
resis on a 1.2% agarose gel, followed by ethidium bro-
mide staining, and Southern hybridization with 5A probe
for mdrl RNA.? "

DNA topoisomerase II assay The standard DNA topo-
isomerase II reaction mixture (20 1) contained 50 mM
Tris-HCI, pH 7.9, 120 mM KCl, 10 mM MgCl,, 0.5 mM
dithiothreitol, 0.5 mM EDTA, 30 zg/ml of bovine serum
albumin, 0.5 mM ATP, 20 pg/ml of DNA. For the
unknotting reactions, knotted P, DNA was used in the
standard reaction.'”

RESULTS

In vitro drug cytotoxicity The 72-h 1Cy;, values of several
drugs for the parent drug-sensitive (K562) and an eto-
poside-resistant (K/eto) cell line are shown in Table I.
K/eto showed a high degree of resistance to etoposide
(17.1-fold). The cells were moderately resistant to ad-
riamycin (7.6-fold). The cells were sensitive to vin-
cristine, colchicine, cisplatin, bleomycin, actinomycin D,
methotrexate and camptothecin.

Characterization of K/eto The K/eto line was cloned by
limiting dilution and retained its resistance to etoposide
for one month in the absence of the drug. The doubling
time of K/eto was ca. 40 h, while that of K562 was ca.
24 h. The K/eto cells did not possess P-glycoprotein as
evaluated by immunocytochemistry (Fig. 1), flow cyto-
metry (Fig. 2) and immunoprecipitation (data not

Table I Sensitivity of K562/¢to to Various Drugs
Drug I 1 ¥
K562 K562/¢eto

Etoposide 0.14 24 (17.)°
Adriamycin 0.011 0.08 (7.6)
Vincristine < 0.001 < 0.001
Colchicine 0.0028 0.0038 (1.4)
Cisplatin 0.98 055  (0.6)
Bleomycin 0.7 0.4 (0.6)
Actinomycin D 0.003 0.003  (1.0)
Methotrexate 0.011 0.001  (0.1)
Camptothecin 0.0025 0.0027 (1.1)

a) Relative resistance.

Etoposide-resistant K562

shown). However, K/eto did possess 85 kD protein
recognized by MRK 20 (Figs. 1 and 2). Fig. 3 shows the
result of Western blotting when MRK 20 MAb was used
as the first antibody. Immunoelectron microscopy has

i . Wi

Fig. 1. Immunocytochemistry of K/eto and K562. The
ABC-PO method was used. A, K/eto cells immunostained with
MRK 16. *400. B, K/eto cells immunostained with MRK 20.
%400, C. K/eto cells immunostained with non-immune mouse
serum. *400.
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Fig. 2. Flow cytometric profiles of K/eto cells. A, K/eto cells
immunostained with non-immune mouse serum (negative con-
trol). B, K/eto cells immunostained with MRK16. C, K/eto
cells immunostained with MRK 20.
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Fig. 3.  Western blot of solubilized proteins from K/eto, K562
and K562/ADM cells. Solubilized proteins from K562/ADM

(lane 1), K/eto (lane 2) and K562 (lane 3) immunostained
with MRK 20.
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Fig. 4. Immunoelectron micrograph of K/eto immunostained
with MRK 20. A, MRK 20. B, non-immune mouse serum
instead of the first antibody. The 85 kD protein is distributed

heterogeneously in the cell membrane of the K/eto cell
(arrow).

revealed that this 85 kD protein was distributed
heterogeneously in the cell membranes of the K/eto cells
(Fig. 4).

mdr1 gene analysis of K/eto The data in Fig. 5 show that
K/eto does not overexpress the mdrl gene as evaluated
by enzymatic amplification after reverse transcription of
mdrl mRNA into the cDNA.
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Fig. 5. mdrl gene analysis of K/eto cells. A, Detection of
mdrl mRNA by enzymatic amplification. After electrophoresis
the product was detected by ethidium bromide staining. M,
Haelll-digested ox 174 DNA. lane 1, KB 3-1. 2, KB 8-5. 3, 5-
fold-diluted KB 8-3. 4, 25-fold-diluted KB 8-5. 5, 125-fold-
diluted KB 8-5. 6, K/eto. B, Southern blot hybridization of
PCR products.

Cytogenetic analysis The number of chromosomes in
K562 was 65, while that in K/eto was 55. Neither a
homogeneous staining region nor double-minute chromo-
somes were detected in K/eto (Fig. 6).

Cellular pharmacology of [*H]etoposide In the presence
of 10 M [*H]etoposide, the accumulation of the drug in
K562 reached a plateau after incubation for 10 min at
37°C, and approximately 18 pmol of etoposide was incor-
porated into 10° cells (Fig. 7). Incorporation of ['H]-
etoposide into K/eto cells was approximately 1/5 of that
found in K562 cells.

Outward transport of the drug was examined at 37°C
in the growth medium without etoposide. At 37°C a rapid
efflux of the drug occurred during incubation for 10 min.
No clear difference in drug efflux was detected between
K562 cells and K/eto cells (Fig. 7).

Detection of DNA topoisomerases I and II by antibody
staining The PEG supernatants containing nuclear pro-
teins were subjected to SDS-polyacrylamide gel electro-
phoresis in 7.5% acrylamide. Approximately 100 ug of
protein was applied per lane for K562 and K/eto cells.

Etoposide-resistant K562

Fig. 6. Cytogenetic analysis of K/eto. A, A Q-banded karyo-
type (65 chromosomes) of the cell line K562. Structurally
abnormal marker chromosomes whose origins were not identi-
fiable are arranged below the white line. The marker chromo-
somes found in more than 40% of the cells analyzed are
numbered as ml-mll. The arrows indicate the common
markers between K562 and K/eto cells. B, A Q-banded
karyotype (55 chromosomes) of the K/eto line, a subline
derived from the K562 cell line.

Fig. 8A shows that 97 kD bands corresponding to DNA
topoisomerase I were recognized in K562 and K/eto cells
and that there was no difference in staining intensity
between them.
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Fig. 7. Uptake and efflux of ['H]etoposide. K/eto and K562

cells (3 X 10°/ml) were incubated in the presence of 10 M [*H]-
etopeside at 37°C for 20, 40 and 60 min. The cells were washed
with ice-cold PBS. For outward transport of [*H]etoposide, K/
eto and K562 cells were incubated in the presence of 10 uM
[*H]etoposide at 37°C for 60 min. Thereafter, the cell precipi-
tates were incubated at 37°C for 20, 40 and 60 min. Then the
cells were washed with ice-cold PBS. The radioactivity of the
cell precipitates was determined in a liquid scintillation counter.
®; K562, ¢; K/A, m; K/eto.

DNA topoisomerase II bands (180 kD) were recog-

nized in K562 and K/eto cells and there was a decrease
of DNA topoisomerase II in K/eto cells, although the
same amount of protein was loaded onto each lane for a
given antibody staining (Fig. 8B).
Assay of DNA topoisomerase II activity Activity of
DNA topoisomerase II was assayed in terms of the
ability to unknot P, phage knotted DNA. The samples
were run on 19 agarose gels and visualized by ethidium
bromide staining and UV irradiation. DNA topoiso-
merase II activity was recognized by the conversion of
the smear of knotted DNA to a band of unknotted DNA
at the top of the gel. Although PEG in DNA topo-
isomerase II-containing reaction mixture inhibited DNA
topoisomerase II activity (lanes 2, 3, 7 and 8 in Fig. 9),
the DNA topoisomerase IT activity in serially diluted
samples derived from the K/eto cells was generally
about one-third of that of K562 cells (Fig. 9).

DISCUSSION

We have shown that our etoposide-resistant K562 line,
K/eto, does not possess P-glycoprotein and hag
decreased DNA topoisomerase II activity. Possible
mechanisms of etoposide or teniposide resistance may be
as follows; (a) reduced level of DNA topoisomerase II,
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Fig. 8. Western blot of DNA topoisomerases from K/eto and
K562 cells. A, DNA topoisomerase 1. 1, DNA topoisomerase 1
from K/eto cells reacted with non-immune mouse serum. 2,
DNA topoisomerase 1 from K/eto cells reacted with anti-DNA
topoisomerase antibody. 3, DNA topoisomerase I from K562
reacted with anti-DNA topoisomerase 1 antibody. B, DNA
topoisomerase I1. 1, DNA topoisomerase II from K362 reacted
with anti-DNA topoisomerase II antibody. 2, DNA topo-
isomerase I from K/eto reacted with non-immune rabbit
serum. 3, DNA topoisomerase 11 from K/eto reacted with
anti-DNA topoisomerase II antibody.

(b) altered DNA topoisomerase II with a reduced drug
sensitivity, (c) reduced cellular accumulation of etopo-
side or teniposide, (d) reduction of DNA topoisomerase
IT because of altered nuclear factor(s) associated with
the enzyme and (e) the existence of membrane protein(s)
other than P-glycoprotein responsible for outward trans-
port of the drug.”* ™ Qur results raise several points
that warrant discussion. First, K/eto cell line is moder-
ately resistant to adriamycin but sensitive to other drugs
examined. Although several etoposide-resistant cell lines
have been reported,””'® they are resistant to vincristine,
Our cell line is sensitive to vincristine. K562 used in this
study was not resistant to adriamycin or vincristine,
although K562 cells are mdrl-positive. K/eto was sensi-
tive to methotrexate as reported elsewhere.'” These
findings suggest that there is an altered interaction be-
tween the drug and its cellular target(s}) such as mem-
brane protein(s).

Second, cellular pharmacology has revealed that there
is a reduced accumulation of [*H]etoposide in K/eto,
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Fig. 9. Assay of DNA topoisomerase II activity. 1, Knotted
P, DNA. 2, Knotted P DNA in the presence of 2-fold-diluted
PEG supernatant from K562. 3, Knotted Py DNA in the
presence of 4-fold-diluted PEG supernatant from K562. 4, 8-
fold-diluted PEG supernatant from K562. 5, 16-fold-diluted
PEG supernatant from K3562. 6, 32-fold-diluted PEG superna-
tant from K562. 7, PEG supernatant from K/cto. 8, 2-fold-
diluted PEG supernatant from K/eto. 9, 4-fold-diluted PEG
supernatant from K/eto. 10, 16-fold-diluted PEG supernatant
from K/eto. 11, 32-fold-diluted PEG supernatant from K/eto.

compared with K562. No difference has been found in
retention of etoposide between K/eto and K562 cells,
although it was reported that there was a difference in
retention of etoposide between CEM and CEM/VLB,y
cells.” This may reflect alteration of the membranes in
K/eto. K/eto cells may have another outward transport
system of etoposide, because K/eto cells do not possess
P-glycoprotein.

Third, our cell line did not possess P-glycoprotein as
evaluated by immunocytochemistry and immunoblot-
ting. Furthermore, there was no overexpression of mdrl
mRNA in our cell line. Our findings are consistent with
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