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Enhancement by Verapamil of Neocarzinostatin Action on Multidrug-resistant
Chinese Hamster Ovary Cells: Possible Release of Nonprotein Chromophore

in Cells

Yoichi Miyamoto and Hiroshi Maeda'

Department of Microbiology, Kumamoto University Medical School, 2-2-1 Hownjo, Kumamoto 860

Multidrug-resistant CH®C5 cells were about 10-fold more resistant to the proteinaceous anticancer
drug neocarzinostatin (NCS) and its nonprotein chromophore (NPC) than the parental AUXBI cells.
There was little difference in cell growth, glutathione content, or activities of several antioxidant
enzymes between the two cell lines. The degree of intracellular incorporation and extracellular
excretion of fluorescein isothiocyanate-labeled NCS by CHECS cells was similar to that of AUXB1
cells. On the other hand, 20 #M verapamil or 27 M cepharanthine restored the susceptibility of
CHRCS5 cells to NCS and NPC to the level of AUXBI cells. In addition, NPC was found to suppress
the photolabeling of [*H]azidopine (a known P-glycoprotein-binding ligand) to plasma membranes of
CH®CS cells. All these findings favor the possibility that NPC was excreted via P-glycoprotein, which

may contribute to the resistance of CHRCS5 cells to NCS.
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A macromolecular anticancer drug, neocarzinostatin
(NCS),? exhibited cytotoxicity against two different
types of Chinese hamster ovary cells, parental AUXBI1
and its multidrug-resistant subline, CH®CS5 cells, at
nanomolar concentrations,” as was shown for other cell
lines.” CHRCS cells were 20- to 900-fold more resistant
than AUXBI1 cells to adriamycin, aclacinomycin, vin-
blastine, and mitomycin C. CH*CS cells were also about
10-fold more resistant than AUXB1 cells to NCS."” The
increased active efflux of anthracyclines and vinca alka-
loids was correlated with the multidrug resistance in
many cell lines,>* including CH®C5 cells.”

We previously reported that macromolecular agents
were taken up into cells by an endocytotic mechanism®®’
and more recently that the efflux mechanisms for low-
molecular-weight and high-molecular-weight agents were
different: the former agents are more vulnerable to the
P-glycoprotein-dependent efflux mechanism. Few reports
are available on the development of resistance to NCS,
and we thus attempted to elucidate the cellular mecha-
nism of resistance to NCS in CH*CS cells. The cytotoxic
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2 Abbreviations used: NCS, neocarzinostatin; NPC, nonprotein
chromophore; BSA, bovine serum albumin; SMANCS, styrene-
maleic acid copolymer-conjugated NCS; FITC, fluorescein
isothiocyanate; F-NCS, FITC-labeled NCS; F-BSA, FITC-
labeled BSA; F-SMANCS, FITC-labeled SMANCS; KRP,
Krebs-Ringer phosphate buffer; ICy, 50% inhibitory concen-
tration; GSH, glutathione; NPSH, nonprotein sulfhydryls;
GPX, glutathione peroxidase; GST, glutathione-S-transferase;
Cu,Zn-SOD, Cu,Zn-containing superoxide dismutase; Mn-
SOD, Mn-containing superoxide dismutase; SDS, sodium
dodecyl sulfate.

action of NCS resides in a labile nonprotein chromo-
phore (NPC), which undergoes a rapid and irreversible
reaction with thiols to produce a radical species that
interacts with and cleaves DNA."™ However, there is no
report to our knowledge as to the intracellular liberation
of NPC.

Therefore, we examined the cell growth rate, antioxi-
dant defense systems, drug influx/efflux, and the effects
of P-glycoprotein inhibitors on sensitivity to NCS and
NPC, and further examined the effect of NPC on the
photolabeling with {*H]azidopine of plasma membranes
of CHRCS cells, to clarify the mechanism of resistance of
the cells to NCS.

MATERIALS AND METHODS

Cell lines An auxctrophic mutant of Chinese hamster
ovary cells, AUXB1, and its multidrug-resistant subline
expressing P-glycoprotein at a high level, CH®CS, were
generous gifts from Professor Victor Ling, Ontario
Cancer Institute, Toronto, Ontario, Canada.”t These cell
lines were cultured in Stanner’s modified minimal essen-
tial medium supplemented with antibiotics and 10% fetal
bovine serum.

Drugs and chemicals NCS (M, 12,000} was obtained
from Kayaku Antibiotics Research Laboratories, Tokyo.
NPC was extracted from NCS powder with acetic acid
according to the method previously described'” and was
stored at —70°C. [*H]Azidopine (52 Ci/mmol) was
obtained from Amersham Japan, Tokyo. Fluorescein
isothiocyanate-labeled NCS (F-NCS) was prepared by
essentially the same method as previously described.'?
All other chemicals were from commercial sources.
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Cytotoxicity study Cytotoxicity was assayed in terms of
inhibition of colony formation." The cells were plated in
a 96-well flat-bottomed plate (Falcon, no. 3072) at a
density of 3 X 10* cells/well and were cultured overnight.
After removal of the medium, cells were exposed to
various concentrations of drugs in growth medium for 24
h at 37°C. Then the drug-containing medium was re-
moved, the cells in each well were trypsinized and diluted
with the growth medium, and about 500 celis were
seeded into dishes (Falcon, no. 3001). After culturing for
4 to 5 days, colonies formed were stained and the number
of colonies was counted.

Binding study AUXB1 or CH®CS5 cells were plated at a
density of 4 X 10° cells/well in 24-well plates (Falcon, no.
3047) and were cultured overnight at 37°C. The medium
was replaced with 500 ul of Krebs-Ringer-phosphate
buffer (KRP), which contained a constant amount of
F-NCS at pH 7.4. The cells were then incubated at 37°C
or 4°C for different time periods. At the end of the
incubation period, the supernatant was discarded and the
cells were washed three times with KRP to remove the
unbound drug. For quantification of cell-associated
F-NCS, cells were lysed in 1 ml of 50 mAf Tris-HCl
buffer, pH 8.5, containing 0.5% sodium dodecyl sulfate
(8DS), and the fluorescence intensity of the lysates was
measured by using the flucrescence spectrophotometer
with excitation at 490 nm and emission at 520 nm."
Aliquots of the lysates were also used to quantify the
protein content.

Efflux study AUXBI and CH®CS5 cells were exposed to
a constant amount of F-NCS for 80 min at 37°C or at 4°C
in the same way as described above. Cells were rinsed
three times with KRP and were incubated further at
37°C or at 4°C in drug-free growth medium. At various
time periods, the medium was discarded, cells were
washed once with KRP, and cell-associated drug and
cellular protein were quantified after lysing the cells as
described above."”

. Antioxidant components Because of the known involve-
ment of free radical(s) in the biclogical action of NCS,'®
we tested some radical scavengers. The content of total
glutathione (GSH), nonprotein sulfhydryls (NPSH),
GSH-S-transferase (GST), GSH peroxidase (GPX),
Cu,Zn-containing superoxide dismutase (Cu,Zn-SOD)
and Mn-containing SOD (Mn-SOD) in cells was mea-
sured according to the methods of Tietze,”” Ellman,™
Bjorn et al.,'” Paglia and Valentine,'” and Joenje ez al.,'”
respectively.

Photolabeling of plasma membranes The plasma mem-
branes were prepared according to the method described
previously. [*H]Azidopine photolabeling was per-
formed as described.'” In brief, membrane fractions
were incubated with 0.5 M [*H]azidopine for 15 min at
room temperature in the presence and absence of 100 z M

352

NPC, a putative competitor of [*H]azidopine with re-
spect to P-glycoprotein. After exposure to light at 366 nm
for 20 min at 25°C using a fluorescence spectrophotome-
ter with maximum slit opening (20 nm) (Hitachi Model
650-40), samples were solubilized in the buffer containing
49 SDS. Photolabeled membranes were then subjected
to SDS-polyacrylamide gel electrophoresis (5.6%) con-
taining 4.5 M urea at pH 7.4. Quantitation of radioactiv-
ity was made by using the cut gel corresponding to M,
140,000-440,000, which contained P-glycoprotein, then
it was dissolved in 31% H,0, by heating, and the radio-
activity was counted.

RESULTS

Cytotoxicity of NCS and NPC The cytotoxicity of NCS
and NPC to both cell lines was examined by colony
formation assay (Table II). The ICs, values (50% in-
hibitory concentration) of NCS for AUXB1 and CHRC5
cells were 3.9 and 36 nM, respectively, On the other
hand, the ICs, values of NPC for AUXBI and CHRCS
cells were 23 and 220 nM, respectively. CH®C5 cells were
about 10-fold more resistant than AUXBI cells to both
NCS and NPC.

Cell growth rate and antioxidant contents Doubling
times of AUXB1 and CH®CS cells were 12 and 14 h,
respectively. The rate of protein synthesis by the resistant
cells at a semiconfluent state, as measured in terms of the
incorporation of [*H]-L-leucine, was about 85% of that
of the parental cells (data not shown).

Some anticancer agents such as adriamycin, mito-
mycin C, and NCS are thought to be cytotoxic because of
free radical formation via bioclogical or chemical acti-
vation. Therefore, the enzyme activities of GST, GPX,
and SOD and the contents of GSH and NPSH were
examined in AUXB1 and CH®C5 cells, because these
enzymes and compounds are thought to reduce the cyto-
toxicity of alkylating agents and anthracyclines by acting
as scavengers of free radicals.”*” On the other hand,

Table I.  Antioxidant Levels in AUXB1 and CH*C% Celis
Compound/enzyme AUXBI cells CHRCS cells
GSH 31.9+0.6 33.6t29
NPSH 3g41L25 332421
GPX 28.61+2.0 262*1.6
GST 131.0+5,0 120.0+21.0
Cu,Zn-S0D 176.2+19.1 180.31+4.9
Mn-SOD 5.6+1.4 12.4+6.2

GSH and NPSH are expressed in nmol/mg protein, and en-
zymes in mU/mg protein, Each value is the mean = SD of four
experiments,



i] : 1 1 L 1 1 ’

0 3¢ 60 90 0 30 60 a0

Intracellular F-NCS Cell-associated F-NCS
{pmol/mg cell protein)

Time (min)

Fig. 1. Kinetics of binding (A and B} and efflux (C and D) of
F-NCS (protein portion). (A) AUXBI (C) and CHRCS (@)
cells were incubated with 20 gg/ml F-NCS in KRP at 37°C
(—) or at 4°C (- ). After incubation, washed cells were
lysed and the amounts of cell-bound F-NCS and cellular pro-
tein were determined as described in the text. Each point is the
mean value of three experiments + 8D (bars). (B) Intracellular
accumulations of F-NCS in AUXBI (&) and CHFCS (4)
cells were calculated by subiracting the amounts of cell-
associated F-NCS at 4°C from those at 37°C. (C) AUXB1 (O)
and CHRC5 (@) cells were exposed to 20 sg/ml F-NCS for 80
min at 37°C or at 4°C and washed. Cells were further incubated
at 37°C (——) or at 4°C (oo ) without drug. F-NCS and
protein contents were determined after lysing the cells as
described in the text. Each point is the mean value of three
experiments = SD  (bars). (D) Intracellular retentions of
F-NCS in AUXBI ( 2) and CHRC5 (4) cells were calculated
in the same way as mentioned above.

P-Glycoprotein-dependent Resistance to NCS

NPC is activated by GSH or NPSH to generate the NPC
radical.'®* The results shown in Table I indicate, how-
ever, that the levels of these compounds and enzymes
were not significantly elevated or decreased in the resis-
tant cells.

Influx and efflux of F-NCS Sehested et al. reported that
endocytosis was increased in a multidrug-resistant cell
line compared with the sensitive parent.” However,
there was little difference in binding and uptake of
F-NCS to cells at 37°C or at 4°C between AUXB1 and
CH®C5 cells (Fig. 1A), indicating the endocytotic
uptake of the drug by these two cell lines was almost the
same. For this calculation the amount of cell-associated
F-NCS at 4°C was considered as the drug on the cell
surface, and thus this value was subtracted from that at
37°C to get the value of the intracellular F-NCS (Fig.
1B). Furthermore, the intracellular F-NCS was retained
well by both cell lines, and we did not find enhanced
efflux of F-NCS from CHFCS5 cells compared with that
from AUXBI cells (Fig. 1C and D).

Effect of P-giycoprotein inhibitors Because a calcium
channel blocker, verapamil, and a biscoclaurine alkaloid,
cepharanthine, are known to inhibit P-glycoprotein-
dependent active efflux of anticancer drugs and to reverse
multidrug resistance,*® we tested the effects of these
compounds on the cytotoxicity of NCS to these two cell
lines (Table II). The sensitivity of the resistant cell line to
NCS was found to be increased up to 4 and 10 times in
the presence of 20 uM verapamil and 27 uM cepharan-
thine, respectively.

Almost all cytotoxic functions of NCS are regarded as
being due to NPC and the protein portion is believed to
act only as a carrier/stabilizer of NPC. Therefore, we
also examined the effects of verapamil and cepharanthine
on the cytotoxicity of NPC (Table II). Both 20 uM

Table II.  Effects of Verapamil and Cepharanthine on the Cytotoxicity of NCS and NPC
IC 2l
Drug 0 (nM) Resistance index®
AUXBI cells CHRCS5 cells

NCS 3.9+1.4" 36.21£17.2% 9.4
NCS + verapamil 3.8 8.4 2.2
NCS +cepharanthine 3.5 1.6 1.0
NPC 19.9+114 184.31+67.5 11.2
NPC + verapamil 28.3 11.5 0.4
NPC +cepharanthine 1.6 12.4 1.6

a) Cells were incubated with each drug at various concentrations for 24 h at 37°C and colony numbers
were counted. The 1Cs, values were obtained. Inhibition of colony formation was determined as described
in the text, Concentrations of verapamil and cepharanthine were 20 M and 27 u M, respectively.

b) ICq, values for NCS or NPC alone are the mean == SD for five experiments. The other values are the

results of duplicate examinations.

¢) Resistance index= (ICs, for CH*CS cells)/(ICs, for AUXBI celis).
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Table [II. Incorporation of [*H]Azidopine into the Plasma
Membranes of AUXBI1 and CH*C5 Cells in the Presence and
Absence of NPC?

NPC Radioactivity® Suppression of incorporation

Cell line (M) (dpm) of [*H]azidopine (%)?
AUXBI 0 68.3 —
CHRCS 0 4797.7 0
CH"C5 100 2808.3 41

@) [*H]Azidopine was used in this experiment at 0.5 g M.

b) Each value is the mean of duplicate experiments.

c) Suppression of incorporation (%) = {1— (radioactivity in
the presence of NPC)/(radioactivity in the absence of NPC)}
x 100.

verapamil and 27 g M cepharanthine increased the sus-
ceptibility of CHRCS5 cells to NPC about 9 fold, to the
level of AUXBI1 cells. On the other hand, the extra-
cellular calcium concentration did not affect the cyto-
toxicity of either NCS or NPC (data not shown).

Furthermore, we examined the suppressing effect of
NPC on the photolabeling of plasma membranes of
CHRC5 cells with [*H]azidopine, which is known to
react covalently with P-glycoprotein. In the presence of
a 200-fold molar excess of NPC to [*H]azidopine, the
radiolabeling of plasma membranes of CH*CS5 cells was
suppressed to 599% (Table IIT). Contrary to the case of
CH"®CS5 cells the radioactivity in the plasma membranes
of AUXBI1 cells was very low, i.e, 1.3% of that of
CHRCS cells, which means that rather few target sites
for [*H]azidopine are present in the sensitive cells. In
other words, most of the radioactivity seems to bind
to P-glycoprotein, which is known to have M, about
170,000.>*

DISCUSSION

The results of this study suggest that the active efflux
of NPC of NCS by P-glycoprotein is one of the mecha-
nisms of resistance to NCS in the multidrug-resistant cell
line uvsed. The results also indicate that NCS releases
low-molecular-weight NPC in the cells, and NPC is then
incorporated into a part of the P-glycoprotein-dependent
efflux system.

Multidrug-resistant CH*C5 cells had a slightly lower
growth rate than the parental AUXBI1 cells, although the
difference was small. As we reported previously, NCS
can kill the cells in a non-time-dependent manner.” Be-
cause of this rapid cytotoxic action, it is not likely that
the small difference in cell growth rate is one of the main
mechanisms of the difference in the sensitivity of the two
cell lines to the agent.
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NPC, a bicyclodiynene antibiotic, has a unique, labile
nine-membered ring structure.”® Edo ef al. observed free
radical generation from NPC in the presence of 2-
mercaptoethanol,” and recently, the structure of the
NPC radical and the mechanism of DNA scission by this
radical in the presence of oxygen were proposed.?® 2"

Therefore, we measured the contents of GSH and the
activities of relevant enzymes and SOD (Table I), which
are thought to scavenge the active oxygen species and
have been reported to be associated with the expression
of drug resistance in some cell lines.”>***" The sensitivity
of the cells to NCS could be reduced by depletion of
cellular GSH.*** However, CH®C5 cells contained the
same levels of GSH and NPSH as AUXBI cells {Table
I}. Although the difference was not statistically sig-
nificant (P>>0.10), Mn-SOD in the resistant cells was
about two times more active than that in AUXB1 cells.
Mitochondria, however, are not considered to be the
target for NCS. The activities of the other antioxidant
enzymes measured in the resistant cell line were almost
the same as those in the sensitive parental cell line (Table
I). Therefore, these compounds and enzymes may not
play an important role in the differential sensitivity to
NCS in the cell lines used.

The results shown in Fig. 1 indicate that at least the
protein portion of the drug was incorporated and re-
tained in the two cell lines to the same degree. In addition,
the association kinetics of fluorescein isothiocyanate
(FITC)-labeled bovine serum albumin (F-BSA) and
FITC-labeled SMANCS (styrene-maleic acid copolymer-
conjugated NCS) (F-SMANCS) in CH*CS cells were
not different from those in AUXBI cells (ref. 1 and un-
published data), which indicates that the transmembrane
protein transport activities, i.e., endocytosis and exo-
cytosis, were not different in the multidrug-resistant and
parental cells.

Many chemical agents have been shown to reverse
multidrug resistance in in vitro studies. For instance,
verapamil and cepharanthine were reported to act on
P-glycoprotein and to interfere with the efflux of several
anticancer agents from cells.'®*” Therefore the results
shown in Table II suggest that the resistance of CH*C5
cells to NCS or NPC may be attributable to a P-
glycoprotein-dependent mechanism. Verapamil affects
the influx of calcium and may influence various biochem-
ical functions of the cells. Calcium depletion by the use
of 0.125 mM EDTA in calcium- and magnesium-free
Hanks’ balanced salt solution, at pH 7.4, which was used
for drug treatment, however, did not modulate the
cytotoxicity of NCS to the two cell lines used (data not
shown). Furthermore, cepharanthine, which is known to
act as a membrane stabilizer, has not been reported to
inhibit calcium influx. The potentiating effect of this
agent on NPC in AUXBI cells (Table II) may be ex-



plained by the fact that diffusion out of the membrane
may be suppressed due to its stabilizing effect on the
membrane. Therefore, the reversal of the resistance to
NCS and NPC by these agents may not be a result of the
decrease in intracellular calcium concentration.

In this context, we carried out one more experiment
using [’H]azidopine, which is known to bind P-
glycoprotein selectively,'” to see whether NPC and [*H]-
azidopine compete with each other in their binding to
P-glycoprotein. Namely, a 200-fold excess NPC had a
suppressive effect on the labeling of P-glycoprotein by
[*H]azidopine. This seems to suggest that NPC binds to
the same or a closely related site on P-glycoprotein. As
expected, the sensitive cell line AUXB1 showed only
1.3% as much binding of [*H]azidopine due to the small
amount of P-glycoprotein (Table III).

Keizer Joenje reported that the intracellular pI of
multidrog-resistant human lung tumor cells was higher
than that of the parental cells.” NPC is reported to be
unstable in the high pH environment,*® but it is unrea-
sonable to assume that the resistance of CH®CS cells to
NCS or NPC is due to the higher intracellular pH. Our
preliminary experiment using F-NCS to measure the
intracellular pH” of both cell lines showed almost no
difference (data mnot shown). Furthermore, phorbol
myristate acetate, which is a potent protein kinase C
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