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ABSTRACT

kinase C) in this drug resistance, we studied the specific phorbol ester
binding component and protein kinase C in the parent and drug-resistant
sublines of P388 cells. The phorbol ester receptor, as expressed by the
numbers of sites per cell, significantly decreased in P388/VP-16 (57.6%
of control). Scatchard analysis revealed that the variant contained a single
class of binding sites. However, no difference was observed in the
dissociation constants (A'd),thereby suggesting much the same affinity of
receptors between the two lines. Phorbol diester analogues inhibited (20â€¢>H]phorbol-12,13-dibutyrate
binding of both the variant and control cell
lines, in a stereospecific manner and consistent with their binding potency.
The activity of protein kinase C, which is related to the phorbol ester
receptor, significantly decreased in the variant cell. The enzyme activity,
particularly in the membrane fraction of P388/VP-16 cells, was remark
ably decreased. These data suggest that the decrease in the specific
phorbol diester receptor and protein kinase C in the variant cells might
correlate with the pleiotropic drug resistance.

INTRODUCTION
VP-16-2133 is a semisynthetic derivative of podophyllotoxin.
The clinical efficacy of this compound has been shown against
a spectrum of human tumors, including small cell lung cancer,
test Â¡cularcarcinoma, acute nonlymphocytic leukemia, and lymphomas (1). The development of resistance of tumor cells to
anticancer agents is one of the major problems related to
effective cancer chemotherapy. Resistance to VP-16-213 of a
tumor cell is often associated with decreased drug accumulation,
presumably the result of an enhanced drug efflux via a process
shared by several classes of drug, including ani hracy cline. Vinca
alkaloids, dactinomycin, and podophyllotoxin (2, 3). Calmodulin inhibitors (4) and calcium channel blockers (2-6) will
reverse this drug resistance by reducing the efflux of the drug
from the resistant cells. The calcium-calmodulin-dependent
system is speculated to be a major mechanism linked to this
resistance. However, no major difference was observed in the
calmodulin content of these cells (5, 7).
Many of the intracellular Ca2+ actions appear to be mediated

MATERIALS AND METHODS
Chemicals. Histone III-S, histone H-2B, TPA, PDB, phorbol-12,13dibenzoate, phorbol-12,13-didecanoate, and 4/3-phorbol were purchased
from Sigma Chemical Co., St. Louis, MO, Phosphatidylserine (pig
liver) was purchased from Serdary Research Laboratories, Inc. Chlo
roform was removed from this phospholipid by a stream of nitrogen,
and the phospholipid was sonicated in water for 1 min to produce a
suspension of 0.5 mg/ml. [20-3H]PDB (specific activity, 8.3 Ci/mmol)
was purchased from New England Nuclear (Boston, MA). Stock solu
tion (10 jiM) was stored in -20Â°C. [7-32P]ATP was purchased from
Amersham Japan, Ltd.
Tumor Cell Lines. P388 murine leukemic cells were maintained by
serial i.p. passages in Shi: (C57BL x DBA)F, (hereafter called BDF,)
mice. P388/VP-16 cells were developed by treatment of BDF, mice
bearing the P388 asci tes cells with 8 mg VP-16-213/kg body weight on
days 1 and 5 after i.p. implantation of IO6 P388 cells, as described by
Wilkoff and Dulmadge (11). P388 and P388/VP-16 cells were collected
on day 10 after passage. Erythrocytes were removed by Ficoll-Conray
density gradient sedimentation. Cells were then washed with phosphatebuffered saline (0.8% NaCl/0.115% Na2HPO4/0.02% KH2PO4/0.02%
K("'l,pH 7.5), resuspended in RPMI 1640 medium supplemented with
10% FBS and 20 Â¿IM
2-mercaptoethanoI, and used immediately for in
vitro experiments.
Quant Â¡rationof Drug Effects. The growth-inhibitory effects of drugs
were assessed by plating cells in multiwell dishes (Falcon 3047) at a
final density of 1-2 x 105/ml. Drugs were diluted with 0.9% NaCl

solution and were less than 1% of the final volume of the cell suspen
sion. The ICso was defined as the concentration of drug that inhibits
the 48-h cell growth by 50%, compared with untreated controls. The
extent of increase in ICso was determined by dividing the ICso for the
resistant cells by that for the controls.
Phorbol Ester Binding Assay. Phorbol ester binding was carried out
as described by Sando et al. (12). Briefly, P388 and P388/VP-16 cells
Received 9/8/86; revised 2/5/87; accepted 4/7/87.
(1-3 x IO6 in RPMI 1640 + 10% FBS) were incubated with [20-3H]
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times, as indicated in the figures. After the incubation, bound [20-3H]
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filters. Cells on the filters were washed with iced phosphate buffered
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podophyllotoxin-9-(4,6-O-ethylidene)-/3-D-glucopyranoside;
TP A, 12-O-tetradecTotal or nonspecific binding is expressed as the mean of triplicate
anoylphorbol-13-acetate; PDB, phorbol 12,13-dibutyrate; PS, phosphatidylserine;
determinations carried out in the absence or presence of unlabeled
FBS, fetal bovine serum; P388/VP-16, P388 leukemic cells resistant to VP-16213; IC*Â»concentration of drug required for 50% inhibition of cell growth.
PDB, respectively. Specific binding was determined by subtracting the
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A variant P388 murine leukemic cell resistant to 4'-demethylepipodophyllotoxin-9-(4,6-0-ethylidene)-0-D-glucopyranoside
(etoposide)
(VP-16-213) was cloned. The variant P388/VP-16 cell line was 159-fold
resistant to 4'-demethylepipodophyllotoxin-9-(4,6-0-ethylidene)-/?-Dglucopyranoside and showed cross-resistance to vincristine (18.9-fold)
and Adriamycin (522.9-fold), determined by comparing the 50% inhibi
tory concentrations in a 48-h growth inhibition assay. To identify the
possible role of Ca2*-phospholipid-dependent protein kinase (protein

by calcium-dependent protein phosphorylation (8). Two classes
of calcium-dependent protein kinase have been identified,
namely Ca2+-calmodulin-dependent
protein kinase (8) and
Ca2+-phospholipid-dependent protein kinase (protein kinase C)
(9). A tumor-promoting phorbol diester such as TPA has pro
found effects on a variety of cellular functions and the phorbol
diester receptor was reported to be copurified with protein
kinase C (10). The effect of TPA is mediated via the activation
of this enzyme (9). We now present evidence that the induction
of the pleiotropic resistance of P388 murine leukemic cell to
anticancer drugs such as etoposide is accompanied by down
regulation of both the phorbol diester receptor and protein
kinase C.
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mean nonspecific binding from the total value measured at the same
concentration of [20-3H]PDB.
Determination of Protein Kinase C Content. P388 and P388/VP-16
cells were prepared as described above. Protein kinase C was prepared
from the cytosolic and particulate fractions, as described (13-15). Cell
fractionation, protein kinase C preparation and kinase assay were
carried out in the same day so as to avoid inactivation of the enzyme.
Protein kinase C was assayed as described (14-16) and expressed as
pmol of phosphorus-32 incorporated into lysine-rich histone type III-S
over 1, 2, 3, and 5 min at 30Â°Cin the presence of Ca2* and PS. Ca2+dependent activity was subtracted from ( 'Â¡r"- and PS-dependent activity
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in calculating protein kinase C activity.
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incubation, at either temperature. Specific PDB binding was
significantly lower in P388/VP-16 cells (Fig. 1). Nevertheless,
the reduction in binding does not necessarily indicate a decrease
in the number of binding sites, but rather may reflect a change
in affinity. Therefore, we measured the capacities of P388 and
P388/VP-16 cells to bind [20-3H]PDB. Fig. 2A shows the
concentration dependency for [20-3H]PDB binding determined
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Fig. 2. Concentration dependency of |20-3H]PDB bindings. A, P388 (O) and
P388/VP-16 (â€¢)cells were incubated at 37'C for 15 min with varying concentra
tions of [20-3H]PDB in the presence or absence of 1000-fold excess of unlabeled
PDB. Specific binding was determined by subtracting the nonspecific binding at
each [20-3H]PDB concentration from the corresponding total value. Points, mean
of triplicate samples. B, Scatchard plot of the data from A.

Table 2 PDB receptoractivity in PÃŒ88
and P388/VP-16 cells
Numbers of sites per cell and dissociation constants of phorbol ester receptor.
PDB receptor
sites/cell'

Cell line

K, (nM)Â°

6.56 Â±0.84 x 10'
P388
3.78 Â±1.01 x 10'
P388/VP-16
" Mean Â±SD for four separate experiments.

Table 1 Sensitivity of culturedP388 and PÃŒ88/VP-I6cells to VP-16-21ÃŒ
Growth-inhibitory effects of VP-16-213, vincristine, and Adriamycin on P388
and P388/VP-16 cells. Cells were grown in RPMI 1640 medium supplemented
with 10% FBS and 20 n\i 2-mercaptoethanol in a humidified volume of 5% CO:
and 95% air. The 1CÂ»value for each cell line was determined by 4g-h growth
inhibition. The extent of resistance is definÂ«!as the 1CÂ»value for the concentra
tion of drugs producing 50% inhibition of the P388/VP-I6 cell growth divided
by that of the parent P388 cell line.

76.7 Â±17.3
76.9 Â±11.6

ICso(nM)
DrugVP-16-213
30.3
18.9
Vincristine
1.603.27P388/VP-I6"3000
1710sistance*159.3 522.9
AdriamycinP388"18.8
" Diluted to a density of 1-2 x I05/ml, were exposed to drugs for 48 h and
then counted.
'Calculated by dividing the 1CÂ»value of P388/VP-16
parent P388 cells.
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Fig. I. Time course for specific binding of PDB to P388 and P388/VP-I6
cells. P388 cells at 37'C (O) or 4'C (â€¢)and P388/VP-16 cells at 37'C (D) or 4'C
(â€¢)were incubated with 50 n\i [20-3H]PDB in the presence or absence of 50 MM
nonradioactive PDB, and specific binding was determined at the indicated time.
Nonspecific bindings were under 10% of total.
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Fig. 3. Displacement of [20-3H]PDB binding to (A) P388 and (B) P388/VP16 cells by various phorbol esters. Cells were incubated with 50 nM [20-3H]PDB
and vehicle (control) or at the presence of indicated concentrations of nonradioac
tive TPA (â€¢),PDB (â€¢),phorbol 12,13-dibenzoate (A), phorbol 12,13-didecanoate
(O), 4-O-methylphorbol-12-myristate-13-acetate (A), or 4/3-phorbol (D) for 15
min at 37*C. Specific bindings were determined as described in "Materials and
Methods."
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Resistance to Anticancer Drugs and PDB Binding Capacity.
Table 1 shows the sensitivity of P388 and P388/VP-16 cells
for VP-16-213, vincristine, and Adriamycin. By comparison
with the parent P388 cells, P388/VP-16 cells were 159-fold
resistant to VP-16-213 and showed cross-resistance to vincris
tine (18.9-fold) and to Adriamycin (522.9-fold).
The time course for specific binding of [20-3H]PDB to P388
or P388/VP-16 cells is shown in Fig. 1. In both cell lines, the
binding reached the plateau within 15 min at 37Â°Cand 60 min
at 4"( '. Nonspecific binding did not increase with prolonged

MULTIDRUG
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Table 3 Distribution of protein kinase C activity between cytosolic and
paniculate fractions
Protein kinase C assay was done as described in "Materials and Methods" and
expressed as pmol 'â€¢'!'
incorporated into lysine-rich histone type III-S over 1, 2,
3, and 5 min at 30'C in the presence of Ca2* and PS. Ca2*-dependent activity
was subtracted from ( ';r ' and PS-dependent activity in calculating protein kinase
C activity.
Protein kinase C activity, 32P incorporation
(pmol/min/106 cells)"
lineP388
Cell
Â±0.81
Â±0.34
Â±0.49
P388/VP-16
2.35 Â±0.49
1.79Â±0.10NSÂ°Membrane4.05
4. 14 Â±0.45
p value*Cytosol2.17
<0.05Total6.21
<0.01
" Mean Â±SD for three different experiments.
* Student's / test.
' NS, not significantly different.

after 15 min at 37Â°C.Two hundred HM of PDB led to a

16 cells was determined by examining the relative abilities of
various tumor promoters to displace labeled PDB from intact
cells. As shown in Fig. 3, A and B, the specific [20-3H]PDB
binding to both cell types was inhibited by the biological active
promoters TPA and PDB, whereas phorbol-12,13-dibenzoate
was less effectively bound. Phorbol-12,13-didecanoate,
4-0methylphorbol-12-myristate-13-acetate,
and 4/S-phorbol bound
only weakly.
Protein Kinase C Activity. To determine if the lower phorbol
diester receptor concentration of P388/VP-16 cells was due to
the depletion of protein kinase C, the enzyme activity of cytosol
and membrane fraction from the two cell lines was measured.
The activity of protein kinase C significantly decreased in the
P388/VP-16 cells, particularly in the membrane fraction, as
shown in Table 3.

PROTEIN

KINASE C

phorbol esters (10), we then examined whether the downregulated phorbol ester receptors in the drug-resistant cells are
related to Ca2+-phospholipid-dependent
protein kinase. The
activity of protein kinase C of P388/VP-16 cells significantly
decreased, particularly in the membrane fraction. A decrease in
the level of protein kinase C in the P388/VP-16 cells correlates
with the decrease in phorbol ester receptor. The translocation
of protein kinase C from the cytosol to the membrane after
treatment with TPA also occurred in P388/VP-16 cells (data
not shown).
Down regulation of the specific high-affinity phorbol ester
receptor occurs in several cell systems after treatment with
phorbol esters (16, 17) or another ligand (18). Collins and
Rozengurt (16) found that prolonged treatment of Swiss 3T3
cells with PDB rendered them refractory to subsequent mitogenie stimulation by both PDB and vasopressin, with a decrease
in the PDB receptor. Perrella et al. (17) reported that the HL60
phorbol ester-resistant variant R1B6, when grown in the pres
ence of phorbol esters, had a reduced concentration of phorbol
ester receptors, relative to parental cells, and could not be
induced by phorbol esters to differentiate into macrophage-like
cells. Hormones and polypeptide growth factors that affect
cellular metabolism, cell division, and synthesis of specialized
products do down regulate their receptors. The cells can become
refractory to responsiveness following prolonged exposure to
ligand, and this often correlates with a 50-75% decrease in the
number of receptors for that ligand (19).
One hypothesis for multidrug resistance is that the phorbol
ester receptor constitutes a regulator which inhibits the Ca2+calniod uIin-dependent system. If such is the case, then the down
regulation of the phorbol ester receptors following prolonged
VP-16-213 treatment would eliminate the inhibition of phorbol
esters on calcium-calmodulin-dependent
activation of drug ef
flux. This suggested mechanism of regulation is the least com
plex explanation as to why calcium and calmodulin inhibitors
can increase intracellular drug levels and restore the sensitivity
of cells to the drug, despite the lack of difference in calmodulin
contents between sensitive and resistant cells (4, 5, 7).
Although the physiological role of phorbol ester receptor and
protein kinase C in P388 murine leukemic cell remains to be
elucidated, the down regulation of specific PDB binding and
protein kinase C reported in this communication may well be
closely related to the mechanism of pleiotropic drug resistance.
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Calcium channel blockers (2-6) and calmodulin inhibitors
(4) are effective in circumventing multidrug resistance, by in
hibiting efflux of the drug from the cell. The Ca2+-calmodulin
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