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ABSTRACT

The tumor promoter 12-CMetradecanoylphorbol-13-acetate(TPA) has
been shown in cell cultures to enhance the frequency of resistance to
methotrexate. However, we found that TPA could also partially protect
human KB cells over a short time (72 h) from the cytotoxicity of several
antitumor agents, including 4'-demethylepipodophyllotoxin 9-(4,6-O-
ethylidene)-|8-D-glucopyranoside (VP-16), vincristine, mitoxantrone, and
methotrexate, but not 1-0-D-arabinofuranosylcytosine or 5-fluorouracil.
The modes of protection were different for methotrexate and VP-16.
Protection by TPA was concentration dependent up to 40 n\i and could
be accomplished by a 2-h incubation of cells with TPA alone prior to
drug treatment. This protection disappeared after a 24-h drug-free incu
bation. TPA-induced protection could not be mimicked by treatment of
cells with l-oleoyl-2-acetyl-glycerol (a stimulator of protein kinase ( ') or

phospholipase C, which increased the cellular content of diacylglycerols.
Thus the action of TPA on protein kinase C may not be sufficient to
exert protection. VerapamiL, a calcium-channel blocker which has been
found to circumvent resistance of multiple drug-resistant cells, also
circumvented the protective effect of TPA when used with VP-16. The
presence of TPA during a 24-h exposure to radiolabeled VP-16 reduced
the cellular drug content by about 30%, whereas verapamil enhanced
drug content by at least 50% in TPA-treated and untreated cultures.
Since substances with some TPA-like activity have been found in foods
and in human circulation, the observation of clinical resistance to some
compounds may partly be due to a related mechanism.

INTRODUCTION

The phorbol ester TPA3 is one of a group of tumor promoters
(1,2) which can stimulate cell proliferation (3-5) or cause arrest
(6, 7), depending on the type of cell which is treated and the
proliferative status of the culture. A third phenomenon observed
with TPA treatment is an increase in the frequency of appear
ance of drug-resistant colonies in populations of cells exposed
to methotrexate (8, 9) or cadmium (9, 10) for periods of up to
3 wk. Resistance in the cells of most colonies was due to gene
amplification (8, 10), and although TPA has been shown to
alter patterns of gene expression (11-13), permanent genotypic
changes have not been shown to be a direct consequence of
TPA treatment. TPA has been suggested to perhaps modulate
expression of mutagenized genes (14, IS).

PKC (16) has been identified as a high-affinity receptor for
TPA (17). Through activation of this enzyme (18, 19), treat
ment of cells with TPA can lead to a number of changes in
phenotype as a result of PKC-dependent phosphorylation, in
cluding alteration of receptor affinity (20, 21) and enzyme
activities (22-25).
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Substances with TPA-like activity, with respect to binding to
PKC, have been isolated from food products (26), as well as
from sera of a variety of animals (27). It is possible that such
products could confer drug resistance on part or all of a tumor
prior to commencement of therapy. Given the strict limitations
on drug dosages imposed by toxic side effects (28), tumor cells
would not require a large degree of resistance in order to
withstand clinically achievable drug doses.

Thus we examined the phenomenon of TPA-induced resist
ance in cultured human nasopharyngeal carcinoma KB cells, in
the presence of methotrexate or one of a variety of other drugs,
including antimetabolites (l-/3-D-arabinofuranosylcytosine, 5-
fluorouracil) (28), an antimitotic agent (vincristine) (29), VP-
16, which causes DNA breaks mediated through type II topoi-
somerase (30), and mitoxantrone, the function of which is not
fully understood (31). As a result of preliminary observations
in cells treated with methotrexate and TPA, in which greater
than expected levels of resistance were observed, the effect of
TPA on antiproliferative activity was measured over a time
period of 3 days. TPA treatment decreased by 50% the sensitiv
ity of cultures to VP-16, vincristine, and mitoxantrone, but not
1-0-D-arabinofuranosylcytosine or 5-fluorouracil. Cells were
protected against the cytotoxic effects of methotrexate under
certain conditions of treatment. Given that this phenomenon
could not be shown to be due to a permanent, heritable change
in the cells, the effect of TPA in decreasing the antiproliferative
activity of these drugs shall hereafter be referred to as "protec
tion," in lieu of "resistance."

MATERIALS AND METHODS

Cell Culture. Human nasopharyngeal carcinoma KB cells, obtained
from American Type Culture Collection, were maintained as monolayer
cultures in RPMI 1640 supplemented with 5% fetal bovine serum, 10
HIM HEPES buffer (pH 7.4), and kanamycin (100 Mg/ml), hereafter
referred to as growth medium. Every 3 mo new cultures were started
from ampuls of cells stored at -70Â°C and demonstrated to be free of
Mycoplasma. Cells were maintained at 37Â°Cin a humidified atmosphere

of 5% CO2 in air. Cell numbers were determined by enumerating with
an electronic particle counter (model Zf; Coulter Electronics, Hialeah,
FL).

For determination of drug effects on cell proliferation, cells were
harvested from rapidly proliferating cultures by treatment with pan-
creatin and plated in 5 ml of growth medium in a 25-cm2 plastic flask
or a 60-mm plastic Petri dish. The seed number was about 75% of the
desired initial cell number for the experiment, and after an overnight
incubation to allow cells to overcome the lag period, cells proliferated
with a MGT of about 22 h. If a large number of cells (Id") was seeded,

then the MGT began to increase after about 48 h, whereas at lower cell
numbers (10* to 5 x 10*), the MGT was consistent over 72 h.

All drug exposures and subsequent incubations were carried out in
growth medium at 37Â°Cin 5% COz in air, unless otherwise indicated.

For drug treatments of periods longer than 24 h, drug exposure was
initiated by a complete change of medium. For drug exposures of
shorter duration, exposure was initiated by adding 1 ml of a solution
of drug at 6 times the final concentration. For cultures exposed for 2 h
or 24 h to drug, followed by a second incubation under new conditions,
flasks or plates were rinsed gently with RPMI 1640 between removal
of drug-containing medium and addition of new medium. Cell prolif-
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eration was monitored by determining the cell number in 4 to 6 flasks
before commencing drug exposure and then determining cell number
at the end of drug exposure in 3 to 4 replicate flasks for each condition.
For cells treated 24 h under one set of conditions to be followed by a
second treatment, cell number was also determined in replicate samples
before initiation of the second treatment. In this case, cells treated 24
h prior to drug treatment were seeded at 0.5 x 10s/flask, so that the
cell number at the initiation of drug exposure would be 10:/flask, to

facilitate comparison with cultures not pretreated for 24 h. The increase
in cell number was calculated only for the period over which the cells
were exposed to the drug of concern, except in the case where prolif
eration was monitored after exposure to methotrexate.

Drug effects on reproductive viability were determined by assay of
colony-forming ability. Cells were diluted in growth medium to plate
at a final concentration of 100 or 1000 cells/60-mm l'etri dish, and,
after a 6-h incubation to allow cells to attach, drug exposure was
initiated by changing the medium on all cultures. Following a 3-day
drug exposure, drug-containing medium was aspirated, and plates were
washed by gently rinsing with RPMI 1640 and aspirating. Drug-free
medium was added to the cultures and incubated for 11 days. Colonies
were scored visually after staining with crystal violet.

For determining the frequency of resistance, cells were plated in 60-
inni Petri dishes as described above for proliferation assays. Drug
exposures were initiated by a complete change of medium, and cultures
were incubated for 3 wk. After removal of drug by aspiration, cultures
were incubated in drug-free medium for another 4 days. This treatment
increased the size of the colonies, for easier identification after staining
with crystal violet, without increasing the number of colonies.

Some of the materials used in these experiments were dissolved in
DMSO. The final concentration of DMSO in culture fluids was less
than 0.1 ml per 100 ml of growth medium, a concentration that had
no influence on cell proliferation. Also of note was that our source of
serum was unavoidably changed during this series of experiments, with
the result that the dose-response relationship with VP-16 was slightly
altered. However, the protective effect of TPA was not changed.

Uptake of |JH)VP-16. Measurements of cellular uptake of [3H]VP-

16 by KB cells were conducted under conditions similar to those of
proliferation experiments. Rapidly proliferating KB cells were used to
establish cultures of 5 x 10s cells per 25-cm2 flask, and these were
incubated for 3 days before exposing to drug. HPLC-purified [3H]VP-

16 was evaporated and dissolved in water, and the concentration was
determined spectrophotometrically. This stock solution was used to
prepare drug-containing medium, and exposure to [3H]VP-16 was

initiated by a complete change of medium. Cell number was determined
in replicate cultures incubated under the same conditions (37*C, 5%

CO..) with an equivalent concentration of unlabeled VP-16. To stop
exposure to [3H]VP-16, medium was aspirated, and culture flasks were
rinsed twice with 5 ml of ice-cold 0.15 M NaCl. Cells were removed,
after treating with 0.5 ml of pancreatin, by pipeting with 0.5 ml of
Ilo. The flasks were then rinsed with another 1.0 ml of H2O, which
was pooled with the tirsi 1.0 ml in a scintillation vial. Similar treatments
were carried out with flasks containing no cells, which had been
incubated for 3 days with 5 ml of growth medium, in order to determine
nonspecific binding of drug to the plastic flask. Eight ml of aqueous
counting scintillant (Amersham Corporation, Arlington Heights, IL)
were added to each sample, and radioactive content was determined.

Turnover of Phosphatidyl-pHJInositol. Release of [3H]inositol from

phosphoglycerides during treatment of KB cells with phospholipase C
was determined using a modification of a previously reported procedure
(32). Rapidly proliferating KB cells were used to establish cultures of 3
x 10s cells in 2 ml in 30-mm Petri dishes. After 2 days, medium was
removed by aspiration and replaced with 2 ml of inositol-free Dulbec-
co's minimal essential medium supplemented with 5% fetal bovine

serum, 20 m\i HEPES (pH 7.4), and kanamycin (100 /ig/ml), and
containing 13 nM [3H]inositol (specific activity, 15 Ci/mmol). After

incubating overnight, medium was removed by aspiration, and cultures
were washed 3 times with 2 ml of a solution containing 0.15 M NaCl
and 0.65 IHMKH2PO4 (pH 7.4). To each plate were added 2 ml of a
solution of 10 mM LiCl in RPMI 1640 containing 20 mM HEPES and
kanamycin, and cultures were incubated for 20 min. After aspirating this

medium, 2 ml of RPMI 1640 growth medium containing phospholipase
C (5 units/ml) were added. Cultures were incubated for 2 h at 37'C,

similar to the treatment for assay of proliferation. The incubation was
stopped by aspirating the medium and adding 0.5 ml of ice-cold
methanol. Cells were removed by scraping with a small rubber scraper
and pipeted into 13- x IOO-mmglass tubes. The plates were rinsed with
another 0.5 ml of methanol and pooled with the first extraction. To
these samples were added 1.0 ml of chloroform and 0.8 ml of IM).
Samples were vortexed vigorously for 10 s and then centrifuged at 1500
x g for 15 min at 4Â°C.The amounts of [3H]inositol products in the

aqueous and organic phases were evaluated by removing a sample from
each and determining radioactivity as described above using an aqueous
scintillant.

Materials. [3H]VP-16 was purchased from Moravek Biochemicals

(Brea, CA) and purified no more than 7 days before use by HPLC using
a modification of a procedure described elsewhere (33). VP-16 was a
generous gift of Bristol-Myers Pharmaceuticals, Syracuse, NY. Meth
otrexate was generously provided by The Upjohn Co., Kalamazoo, MI.
Mitoxantrone was a generous gift of Lederle Laboratories Division,
American Cyanamid Co., Pearl River, NY. TPA, phospholipase C
(Clostridium perfringens), and verapamil were purchased from Sigma
Chemical Co., St. Louis, MO. HPLC-grade chemicals (KH2PO4 and
methanol) were supplied by Fisher Scientific, Fair Lawn, NJ. Tissue
culture materials were purchased from Grand Island Biological Co.,
Grand Island, NY, and Hazelton Research Products, Denver, PA
(serum). Other chemicals and plasticware were purchased from com
mercial sources.

RESULTS AND DISCUSSION

In an effort to lÃ¬nda model cell culture system in which to
study drug resistance, we initiated a set of experiments similar
to those reported by other groups (8-10). Human nasopharyn-
geal carcinoma KB cells were exposed for 3 wk to 100 HM
methotrexate, a concentration approximately 8 times the IC50
for this cell line. At a starting cell density of 2 x IO5 cells per
60-mm Petri dish, simultaneous treatment with 40 nM TPA
increased the frequency of colonies 6-fold, to about 3 x 10~5,

consistent with the effect of TPA reported elsewhere (8-10).
However, the frequency of colonies was dependent on the
starting cell number, in that a 10-fold greater number of cells
gave rise to a 100-fold greater number of colonies in 100 nM
methotrexate alone. If TPA was present, separate colonies were
indistinguishable. Barsoum and Varshavsky reported a depend
ence on starting cell number as well as volume of medium for
insulin-induced resistance, but less dependence in cells treated
with TPA (8). It was suggested that this increase in frequency
may have been a function of conditioning of the medium, and
TPA may have caused the same effect in our experiments.

TPA itself is not mutagenic ( 15), but does have some direct
effects on cell nuclei. TPA has been shown to cause rapid
changes in phosphorylation levels of nuclear proteins (34, 35)
as well as in expression of certain genes and their products (l l -
13). However, it is not known whether such action of TPA
leads to permanent changes in phenotype by directly causing
genotypic alterations, such as gene amplification or changes in
methylation levels. In our experiments, TPA appeared to pos
sibly enhance a nascent system of protection, common to all
cells, such that the frequency of cell survival was much greater
than that expected from induction of or selection for a muta-
tional mechanism of resistance.

We decided to examine the effects of TPA on cell survival
over exposures of shorter duration and to observe whether this
phenomenon existed with other types of drugs. Fig. 1 demon
strates the effect of TPA on the antiproliferative activity of
methotrexate and VP-16. Three x 10s cells per 60-mm Petri
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Fig. 1. Effect of TPA on ant Â¡proliferativi:
activity of methotrexate (MTX) and VP-16
against KB cells. Rapidly proliferating KB cells
were used to establish cultures in 60-mm Petri
dishes and incubated 24 h to allow cells to
overcome the lag period. The initial cell den
sity was 3 x 10s per plate. Cultures were ex

posed for 2 days to 100 nM methotrexate or
600 nM VP-16, as indicated, in the absence or
presence of 40 nM TPA. The medium was
removed by aspiration, cells were washed by
gently rinsing with RPMI 1640, and cells were
then cultured in drug-free growth medium for
another 3 days. Cultures were stained with
crystal violet, and the final cell number in
untreated cultures was 7 x 10*.

TPA(40nM) â€”
MTX(QlpM) VPI6(0.6jjM)

+

â€¢

dish were exposed for 2 days to 100 nM methotrexate or 600
nM VP-16, each in the absence or presence of 40 nM TPA.
Both methotrexate and VP-16 greatly inhibited proliferation,
but TPA partially protected the cells against the effects of both
drugs. With respect to methotrexate treatment, the cell density
was the same after 2 days whether or not TPA was present, but
recovery over the next 3 days depended on the presence of TPA
during the initial exposure. In contrast, the cell density was
higher after 2 days in cultures treated with VP-16 and TPA
compared with VP-16 alone. Recovery following exposure to
VP-16 was also dependent on the presence of TPA during the
initial exposure, and the cell number at Day 5 was 5-fold higher
in cultures in which the treatment included TPA compared with
VP-16 alone.

It thus appeared that TPA could protect cells from the
toxicity of an antiproliferative agent over the duration of a 2-
to 3-day exposure with a frequency of survival much greater
than that expected for mutational changes leading to resistance.
However, this effect depended on the agent used and also the
initial cell number, as demonstrated more fully by Figs. 2 and
3. In the experiments of Fig. 2, 1 x 10s cells were treated for 3

days with a variety of agents in the presence or absence of 40
nM TPA, and survival was determined only as a function of
initial and final cell number. As shown later in Fig. 6, this
concentration of TPA was chosen because of its optimal activ
ity. TPA shifted the dose-response curves of VP-16, mitoxan-
trone, and vincristine all about 1-fold to the right. These three
drugs were chosen for assay because they are unrelated in terms
of biochemical activity, but are similar in that they are all large,
heterocyclic compounds (29-31). The toxicity of methotrexate,
as measured over the time course of this assay and at this cell
number, was unchanged by TPA. As well, the antiproliferative
activities of 2 other an t imet aboli tes, 5-fluorouracil and 1-/3-D-
arabinofuranosylcytosine, were also unchanged by the presence
of 40 nM TPA (data not shown).

The TPA-induced changes in toxicity of the 4 drugs used in
the experiments presented in Fig. 2, with respect to IC50 and
IC8o,are summarized in Table 1. The greatest protective activity
was observed against vincristine, with less activity against VP-
16 and less again against mitoxantrone. The slight increase in
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Fig. 2. Effects of TPA on the antiproliferative activity of 4 antitumor agents
against cultured KB cells. Rapidly proliferating KB cells were used to establish
cultures of 1 x 10*cells per 25-cm2 flask. The flasks were incubated for 20 to 24
h at 37'C to allow cells to overcome the lag period, and cell number was

determined in 4 replicate cultures. Drug exposure was initiated by a complete
change of medium and was continuous for 72 h at 37"C, at the concentrations

indicated, in the absence (â€¢)or presence (O) of 40 nM TPA. Results are repre
sentative of 3 to S experiments with each drug, with similar results, and paints
are averages of 2 to 4 replicates per drug concentration. Values are expressed as
increase in cell number, as a percentage ofthat of the respective untreated cultures,
with or without TPA.

methotrexate toxicity in TPA-treated cells was usually on the
order of only about 1 to 2 nM and is not considered to be
significant.

The experiments of Fig. 3 examined the ability of TPA to
protect cells against methotrexate over a 2-day exposure, such
that cells could recover following exposure and continue prolif-
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Table 1 Effects of TPA on toxicity of various antiproliferative agents
Rapidly proliferating KB cells were used to establish cultures of 1 x 10s cells

per 25 mr' flask and were incubated overnight to allow cells to overcome the lag

period. Drug exposure was initiated by a complete change of medium, and cells
were incubated at 37"C in a humidified atmosphere of 5% CO2 for 3 days. Cell

number was determined by enumerating on an electronic particle counter, and
relative proliferation was determined as described in "Materials and Methods."
H MIand U 'â€žnvalues were determined from interpolation of graphs similar to

those shown in Fig. 2.

DragVP-
16Vincristine

Mitoxantrone

MelhotrexateParameter

of
sensitivity1CÂ»

1CÂ«,
1CÂ»,
1CÂ«,
1CÂ«,
1CÂ«,
1CÂ»
1C.Concentration

(DM)170
Â±43Â°(11)*

320 Â±80(11)
1.15 + 0.14(3)
1.81 Â±0.25(3)
5.1 Â±1.3(4)
7.5 Â±0.8 (3)
13 Â±0.6 (3)

20. Â±3 (4)Increase

due to
TPA(%)69

Â±21 (7)
84 Â±32 (7)

132 Â±34(3)
151 Â±27(3)
37 Â±25 (4)
21 Â±13(3)

-9.8 Â±3.6 (3)
-9.8 Â±13(3)

â€¢Average Â±SD.
* Numbers in parentheses, number of experiments from which determinations

were made.
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Fig. 3. Effects of cell density on protection of KB cells by TPA against the
antiproliferative activity of methotrexate, in the presence of dialyzed or nondi-
alyzed serum. Rapidly proliferating KB cells were used to establish cultures of 1
x 10* (A and Q or 1 X IO6(B and D) cells per 25-cm2 flask. After incubating for
20 to 24 h at 37'C to allow cells to overcome the lag period, drug exposure was

initiated by a complete change of medium. For subsequent incubations in the
presence and the absence of drug, culture medium contained nondialyzed (A and
B) or dialyzed (C and D) fetal bovine serum. Cells were exposed for 48 h to
methotrexate at the concentrations indicated, in the absence (â€¢)or presence (O)
of 40 nM TPA, after which time cell number was determined as described in
"Materials and Methods." In duplicate flasks, drug-containing medium was

removed by aspiration, and cells were washed once by gently rinsing with RPMI
1640, which was aspirated. Cells were incubated for a further 72 h at 37'C in

drug-free growth medium. Results are representative of 3 experiments with similar
results, and points are averages of duplicate flasks. Values are expressed as increase
in cell number during the 72 h following drug exposure, as a percentage of the
expected increase, obtained using a 5-day plot of TPA-treated or untreated
controls, respectively.

erating. These experiments were performed using dialyzed and
nondialyzed serum, in order to test the possible effects of
dialyzable serum components such as nucleosides. (The most
efficient protection against methotrexate by TPA was observed
for exposure periods of 2 days, with less efficient protection
occurring over a 3-day exposure.) The degree of protection was
dependent on initial cell density, the concentration of metho
trexate, and also on the presence of dialyzable serum compo-
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nents. Cells were exposed for 2 days to methotrexate in the
absence or presence of 40 nM TPA and then incubated in drug-
free medium for 3 days; the figures present the increase in cell
number over the 3 days following methotrexate exposure. At
an initial density of 10s cells per 25-cm2 flask, in nondialyzed

serum, TPA was not able to protect cells from methotrexate at
any concentration tested. However, if the initial cell number
was 106, TPA protected cells from all concentrations of meth

otrexate examined, even those which inhibited 100%. Since
cells seeded at 106/flask proliferated more slowly than those

seeded at the lower density, it is not possible to directly compare
the dose responses between the two densities. In dialyzed serum,
the dose response of methotrexate against KB cells, at an initial
cell density of 105/flask, was shifted to the left such that the

ICso was about half that observed using nondialyzed serum.
Under these conditions, TPA protected the cells from metho
trexate to the extent that the dose response was shifted back to
that observed in nondialyzed serum. However, protection could
not be observed against 100% inhibitory concentrations (80
and 100 nM). At the initial cell density of 106/flask, the protec

tion induced by TPA was independent of dialysis of serum. At
both initial cell densities, at all concentrations of methotrexate
greater than 20 nM, the cell number increased by less than 1-
fold over the 2-day exposure, compared with a 5-fold increase
in cell number in untreated cultures. Experiments similar to
those described above were conducted using 5-fluorouracil and
1-0-D-arabinofuranosylcytosine in the absence or presence of
TPA, and no protection was observed against these 2 agents.

The above experiments suggest that TPA protects cells from
antiproliferative agents by at least 2 different modes of action.
The cell density-dependent protection afforded against metho
trexate may be attributable to conditioning of medium, possibly
in conjunction with other unknown activities altered or induced
by TPA treatment. Protection is not likely a function of meta
bolic cooperation between cells at higher density, since TPA
has been shown to inhibit cell-cell communication (36). Indeed,
the protective effect of TPA could be mimicked 100% in 10s

cells exposed to the same concentrations of methotrexate de
scribed above by supplementing the medium with 50% 3-day
conditioned medium4 (data not shown). TPA may have accel

erated the process by which the cells produced materials, pos
sibly the same as the dialyzable serum components, which
protected against methotrexate. The concentration of these
materials, the identity of which is not yet known, would thus
depend on the cell density. Conditioned medium did not protect
cells against VP-16 (data not shown), and so it probably did
not contain TPA-like substances. The dialyzable components
in serum may have provided optimal protection in lower density
cultures, masking that of any effect due to added TPA, but
which in turn was masked by the action of TPA in high density
cultures. Protection against unbalanced growth as a result of
methotrexate treatment has been accomplished with hypoxan-
thine in cultures of BeWo cells treated with methotrexate (37).
TPA has been shown not to alter nucleoside and nucleotide
pool sizes (3). Although the effect of TPA alone on KB cells
was only to slightly stimulate proliferation, it may have acted
on an area(s) of cell metabolism that protected the cell from
the cytotoxic but not the antiproliferative activity of methotrex
ate. However, this effect of TPA was selective, since it was not
protective against the other antimetabolites tested (1-ÃŸ-D-arab-
inofuranosylcytosine and 5-fluorouracil), which inhibit meta
bolic pathways other than those perturbed by methotrexate.

'Conditioned medium is growth medium in which KB cells were grown for 3
days at a ratio of IO*cells seeded in 30 ml of medium.
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The protection against the nonantimetabolite agents was not
dependent on cell number and thus appeared to result from a
different action of TPA. The phenomenon was examined in
further detail, and VP-16 was chosen as the drug for these
studies. The action of TPA on individual cells is shown in Fig.
4. During 3-day exposures of cells plated at 100 to 1000 cells
per 60-mm dish, the presence of 40 HMTPA increased the IC50
and IC80 of VP-16 by 38 Â±7% and 75 Â±6% (SD; n = 2),

respectively, similar to the results seen in assays of proliferation.
Thus, TPA increased the viability of cells treated with VP-16,
and this did not appear to be a function of cooperativity between
cells or conditioning of medium, given the very low ratio of
cells to culture medium. This experiment also reiterates that
TPA-induced protection against VP-16 was independent of cell
number. Similar experiments were attempted with methotrex-
ate; no inhibition of cloning efficiency by methotrexate was
observed up to 7 days of exposure at concentrations up to 4
//M. This may have been due to the presence of nucleosides or
bases in serum in sufficient levels to protect low numbers of
cells from methotrexate, but not cultures of 10s cells or more.

We wished to determine whether cells protected from VP-16
by TPA had been made permanently resistant by TPA treat
ment. Therefore, cells exposed to VP-16, in the absence or
presence of TPA, were subjected to a second challenge with the
same concentration of VP-16 alone. Table 2 demonstrates that
cells surviving the initial exposure to VP-16 had the same
sensitivity to the second exposure regardless of treatment with
TPA. Had TPA-induced protection been permanent, the rela
tive cloning efficiency of the cells challenged a second time with
VP-16 should have been at least 0.38 (the cloning efficiency
following the first exposure) and more likely closer to 1.0. In
cultures of IO5cells or more grown in the presence of 1 MMVP-
16, TPA increased the number of colonies 100- to 150-fold
(data not shown). However, again the cells were as sensitive to

100

80

I
60

0> 40
_o

ÃœJ

i-

I

0 â€¢

zoo 400 600 BOO 1000 1200

VP-16 Concentration (nM)

Fig. 4. Effects of a 72-h exposure to VP-16 on colony formation by KB cells,
in the absence or presence of TPA. Rapidly proliferating KB cells were plated in
60-mm Petri dishes at 100 or 1000 cells per dish. (Values from the latter were
used where cloning efficiency was below the level of detection of dishes which
had been plated with 100 cells.) After a 6-h to 8-h incubation at 37'C to allow

cells to attach, drug exposure was initiated by a complete change of medium.
Cells were incubated for 72 h at 37*C in medium containing VP-16 at the

concentrations indicated, in the absence (â€¢)or presence (O) of 40 nM TPA. All
medium was aspirated, and cells were washed by gently rinsing with RPMI 1640,
which was aspirated. Cells were then incubated at 37'C in drug-free medium for

11 days. After staining with crystal violet, colonies were scored visually. The
absolute cloning efficiency (mean Â±SD, n = 9 experiments) of untreated cells
was 63 Â±3%, and of TPA-treated cells was 59 Â±6% (n = 3). Values are
representative of 2 experiments using VP-16, with similar results; points, average
of 3 plates per condition.

Table 2 Effect of sequential exposures of VP-16 with or without TPA on colony
formation of KB cells

Rapidly proliferating KB cells were plated in 60-mm Petri dishes at 100 or
1000 cells per dish. After a 6-h to 8-h incubation at 37Â°Cto allow cells to attach,

drug exposure was initiated by a complete change of medium. Cells were incubated
for 72 h at 37'C in growth medium containing 600 nM VP-16 in the absence or

presence of 40 nM TPA. TPA was demonstrated not to alter the cloning efficiency
of KB cells (see legend to Fig. 4). All medium was aspirated, and cells were
washed once by gently rinsing with RPMI 1640. Cells were then incubated for
another 11 days at 37Â°Cin growth medium with or without 600 nM VP-16. After

staining with crystal violet, colonies were scored visually. The cloning efficiencies
of cells treated with 600 nM VP-16 or VP-16 plus TPA, in the experiment
presented below, were 15% and 38%, respectively. Values are representative of 2
experiments with similar results and are presented as the fraction of the cloning
efficiency of the respective cultures incubated in drug-free medium for 2 wk.

Treatment (3days)600

HMVP-16

600 nM VP-16 + 40 nM TPASecond

treatment
(2wk)Drug

free
600 nin VP-16
Drug free
600 nM VP-16Relative

cloning
efficiency1.00

0.13
1.00
0.16

a second challenge with VP-16 as were untreated cells; therefore
TPA did not induce permanent resistance. These experiments
also suggest that VP-16 lost activity within the 3 days of the
initial exposure.

Phenotypic changes in cells treated with TPA have been
observed very early after exposure (20-25). We therefore inves
tigated whether the protective effect of TPA could be induced
in cells by an exposure of short duration, chosen here as 2 h
for optimal activity. Fig. 5A demonstrates that a 1-fold shift in
dose response could be accomplished by a 2-h exposure of 40
nM TPA, immediately prior to exposure to VP-16. A 2-h
pretreatment with TPA also protected cells against vincristine
and mitoxantrone (data not shown). Although some TPA may
still have been in the cells after washing, the protective effect
was probably induced during the early part of the exposure.
Given the rapidity with which VP-16 has been shown to enter
cells (38), it is reasonable that the changes induced by TPA be
made rapidly, since concomitant treatment of drug and TPA
was also shown to protect cells. A drug-free incubation period
of 24 h following a 2-h exposure to TPA abolished the protec
tive effect (data not shown), again indicating that the TPA-
induced alteration(s) which resulted in protection was not per
manent. Why protection should last for 3 days in the presence
of drug is not clear. Perhaps the presence of the drug induced
maintenance of the protective system by cells, or it is possible
that the drugs lost activity after incubation of longer than 24 h.

Cells displaying pleiotropic drug resistance have been ren
dered more sensitive to drug treatment by concomitant expo
sure with verapamil (39). The variety of drugs to which TPA-
treated KB cells were partially resistant suggested studying the
effects of verapamil on the activity of VP-16 in TPA-treated
and untreated cells. Ten /Â¿Mverapamil, which alone was not
toxic to cells, decreased by 42 Â±2.5% and 38 Â±2.9% (Â«= 3)
the ICso and IC80, respectively, of VP-16 if cells were exposed
to both drugs continuously (Fig. 5,4). Concomitant treatment
of verapamil with VP-16 following a 2-h TPA treatment re
versed the protective effect of TPA (Fig. 5B), but the dose
response was not shifted down to that of VP-16 plus verapamil
in non-TPA-treated cells. A 24-h pretreatment with 10 nM
verapamil (to ensure equilibration of the cells with drug) fol
lowed by a 2-h treatment with TPA and verapamil, followed
then by VP-16 and verapamil, gave the same dose response as
VP-16 alone (data not shown; points omitted for clarity). Since
the dose response was again not shifted to that of VP-16 plus
verapamil alone, verapamil, at this concentration, did not ap
pear to inhibit the action of TPA.
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Fig. 5. Effects of various pretreatments and cotreatments of TPA and vera
pamil on the antiproliferative activity of VP-16 against KB cells. Rapidly prolif
erating KB cells were used to establish cultures of 10* cd Is/25-cm2 flask and
incubated for 24 h at 37'C to allow cells to overcome the lag period. In the

indicated cultures, TPA treatment was initiated by adding 1 ml of a preparation
of 240 nM TPA to give a final concentration of 40 nM TPA. After a 2-h incubation
at 37'C, all medium was aspirated, and cells were washed by gently rinsing with
RPMI 1640. Cells were then exposed to VP-16, in the presence or absence of 10
MMverapamil, as indicated, for 72 h at 37'C. Points with bars, average of 2 to 10
experiments, except for 600 nM VP-16 alone (n = 19); bars, SD. Points without
bars, result of one experiment, average of duplicate determinations. Error bars
pointing to the left indicate results of incubations without verapamil, and those
pointing to the right included verapamil. A, VP-16 alone (â€¢);VP-16 plus 10 MM
verapamil (A); 2-h pretreatment with 40 nM TPA, followed by VP-16 (O). B, VP-
16 alone (â€¢);2-h pretreatment with 40 nM TPA, followed by VP-16 plus 10 MM
verapamil (A).

The effects of verapamil on a variety of concentrations and
time courses of TPA treatment are presented in Fig. 6. The
concentration of VP-16 used for these experiments was 600
nM. As mentioned earlier, this figure demonstrates that 40 HM
TPA was an optimal concentration to use for comparing 2-h
treatments with longer-term exposures, without having to sub
ject cells to higher concentrations of TPA where secondary
effects on cells might occur. The protection afforded cells by a
2-h exposure to TPA (Fig. 6A) was dependent on concentration
of TPA up to about 40 HM. Cotreatment of TPA and 10 fiM
verapamil for 2 h gave the same dose response. A 24-h pretreat
ment with TPA (Fig. 6Ã„)had a dose response similar to that
of a 2-h pretreatment. Cotreatment with 10 tÂ¿Mverapamil may
have reduced the effect of TPA, although this may be within
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Fig. 6. Effects of TPA concentration and length of treatment, in the absence
or presence of verapamil, on the antiproliferative activity of VP-I6. Rapidly
proliferating KB cells were used to establish cultures of O.S x 10s cclls/25-cnr
flask for cells to be treated for 24 h with TPA, or 1 x lO'/flask for cells to be
treated continuously or for 2 h. After incubating for 20 to 24 h at 37*C to allow

cells to overcome the lag period, cells were treated with TPA Â±10>IMverapamil
for 2 h or 24 h prior to exposure to 600 nM VP-16, or were treated simultaneously
with VP-16 Â±TPA Â±10 MMverapamil. Exposure to TPA for 2 h was initiated
by addition of 0.2 volumes of a TPA solution prepared at 6 times the final
concentration in growth medium. Twenty-four-h exposures to TPA Â±10 MM
verapamil were initiated by a complete change of medium, as were all exposures
that included VP-16. Cell number was determined for each treatment before
initiation of VP-16 exposure. All incubations were carried out at 37'C, and VP-

1C insures were for 72 h. Points with bars, mean of 2 experiments for all points
except those with 0 or 40 nM TPA, which include results of 6 to 19 experiments;
bars, SD. Points without bars, results of one experiment, which included 3 or 4
flasks per condition. A. 2-h treatment with TPA followed by 600 nM VI' 16 alone
(â€¢);2-h treatment with TPA plus 10 MMverapamil followed by 600 nM VP-16
(O). B, 24-h treatment with TPA followed by 600 nM VP-16 (â€¢);24-h treatment
with TPA plus 10 MMverapamil followed by 600 nM VP-16 (O). Similar results
were obtained in identical experiments using 200 nM and 400 nM VP-16. C,
continuous treatment with TPA plus 600 nM VP-16 (â€¢);continuous treatment
with TPA plus 10 MMverapamil plus 600 nM VP-16 (O).

experimental error. Reduction in cell proliferation may have
been potentiated slightly by verapamil left in the cells following
a 24-h exposure. However, in other experiments, the presence
of 10 MMverapamil during TPA incubations had no effect on
TPA protection against subsequent treatment with concentra
tions of VP-16 lower than those used in these experiments (data
not shown). A continuous treatment of TPA with VP-16 (Fig.
6Q demonstrated a greater protective effect at lower TPA
concentrations (<40 nM) compared with 2-h and 24-h treat
ments. This may indicate maintenance of the protective system
by the presence of low concentrations of TPA, which may not
be required following treatment with higher concentrations. If
induction of protection were time dependent, then TPA-in-
duced protection would be expected to be greater for 24-h
pretreatment compared with a 2-h pretreatment, and this is not
so. As expected, continuous treatment of 10 /Â¿Mverapamil with
cotreatment of TPA and VP-16 reversed the protective effect
of TPA. Thus, verapamil had to be present during exposure to
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VP-16 in order to enhance toxicity and could not reverse
protection by simple coincubation with TPA prior to exposure
to VP-16.

Exogenously added diacylglycerols, and in some instances
phospholipase C (which produces diacylglycerols in the cell
membrane), have been demonstrated to efficiently mimic the
induction of a variety of activities by TPA in intact cells,
including phosphor ylatiÃ³n of many cellular proteins (40, 41),
alteration of gene expression (40), changing of epidermal
growth factor receptor activity (20, 21), induction of differen
tiation (42), raising of intracellular pH (43), and inhibition of
intercellular communication (36). However, in some cases,
diacylglycerols could only partially substitute for TPA in phos-
phorylating a spectrum of proteins (44) and also did not always
induce the morphological changes induced by TPA (21, 44),
even though PKC activity was stimulated. In our hands, treat
ment of KB cells for 2 h with up to 40 ng/m\ OAG, which
others have shown to efficiently activate PKC in vitro (41),
failed to mimic the protective effect of TPA (Table 3). The
increase in proliferation of VP-16-treated cells was at most 25%
ofthat induced by TPA. Against 600 HMVP-16, pretreatment
with OAG was not always able to improve cell proliferation,
and, if so, by only 10 to 15% of the protection induced by TPA.
Phospholipase C, at a concentration of 5 units/ml, which alone
decreased proliferation by about 25%, efficiently converted
phosphoglycerides to diacylglycerols, but did not confer any
protection against VP-16. Continuous exposure of cells to OAG
at 20 fig/ml or phospholipase C at 1 unit/ml, which were not
toxic to cells, did not protect cells from the antiproliferative
activity of VP-16 (data not shown).

Although 40 JIM tamoxifen has been shown to inhibit PKC
activity by 50% in vitro (45, 46), the protection induced in cells
by a 2-h treatment with TPA could not be inhibited by the
presence of up to 20 Â¿Â¿Mtamoxifen (data not shown). (A 2-h
treatment with 30 Â¿Â¿Mtamoxifen was 100% cytotoxic to cells.)

The results obtained from experiments using OAG, phospho
lipase C, and tamoxifen suggest that PKC may not be respon
sible for the protective effect, although it is possible that these
agonists and antagonist were not used at concentrations high
enough to mimic or inhibit, respectively, the protective effect
of TPA. Also, OAG and the products of phospholipase C
activity may have been turned over too rapidly or not reached
the enzyme in high enough concentrations to induce PKC with

Table 3 Effects of 2-h presentments with various substances on antiproliferative
activity of VP-16

Rapidly proliferating KB cells were used to establish cultures of 1 x 10' cells
per 25-cm2 flask and were incubated overnight to allow cells to overcome the lag

period. Cells were exposed to the various conditions indicated by adding 0.2
volumes of a solution prepared in growth medium at 6x the final concentration.
Following a 2-h incubation at 37*C, medium was aspirated, and flasks were

washed by gently rinsing with RPMI 1640. This was then replaced with 400 n\i
VP-16 (Experiment 1) or 200 nM VP-16 (Experiment 2). The 2-h treatment with
phospholipase C, assayed as described in "Materials and Methods," converted
over 20% of [3H]inositol-containing phosphoglycerides to diacylglycerols. Similar

results for OAG treatment were obtained in Ãöther experiments.

Pretreatment, 2 h
Increase in cell no., 72 h

(% of control)

Experiment 1
No addition
20 Mg/ml OAG
40 Â¿ig/mlOAG
16 nM TPA
40 nin TPA

Experiment 2
No addition
Phospholipase C, S units/ml

16 Â±Ia

23 Â±2
24
37 Â±2
47 Â±2

18 Â±3
22 Â±4

Â°Average Â±SD of 2 to 4 replicate flasks per condition; SD is given only for

values for which there were at least 3 flasks.

the same efficiency as TPA. Although cells were washed follow
ing a 2-h treatment with TPA, a significant fraction of TPA
may not have been washed from the cells, especially considering
the lipophilicity of this compound. This could result in a
sustained exposure of PKC to a low level of TPA. If these
suggestions are true, and the protective effect is in fact modu
lated by PKC activity, then in solid tumors that have been
treated with drugs, enzymes and other factors may be released
from damaged cells and induce protection in neighboring cells.
The alternative is that TPA acted via a different mode, which
may involve a different mechanism of phosphorylation. An
example of this is tyrosine kinase activity, which TPA has been
shown to directly stimulate in membrane preparations (47).
This system may not be inducible by diacylglycerols. In HL-60
cells, TPA has been shown to enhance incorporation of choline
into phospholipids more efficiently than OAG (43), comparing
the concentrations used in our studies. Changes in membrane
fluidity resulting from such alterations in lipid metabolism
might subsequently alter permeability to drug.

Resistance to high-molecular-weight drugs such as Adria-
mycin, daunorubicin, and the Vinca alkaloids has been corre
lated with a decreased cellular uptake of these drugs (48-50).
Drug uptake also was inversely related to the ability of cells to
maintain phosphorylation of membrane glycoproteins present
in high levels in resistant sublines (51, 52), although enhancing
the phosphorylation level of the resistance-associated glycopro-
tein by treating cells with verapamil, trifluoperazine, or 7V-
ethylmaleimide was also correlated with loss of resistance (52,
53). Given the possible influences that TPA-stimulated phos
phorylation and verapamil might have on cell systems that may
regulate drug accumulation, and given that verapamil has been
demonstrated to enhance the net uptake of VP-16 in sensitive
cells (38), measurements were made of drug uptake in cells
treated with these agents, using rad iolabeled VP-16. Table 4
indicates that TPA reduced by about 30% the level of drug in
cells after a 24-h exposure. Although statistically these results
do not appear to be significantly different, TPA reduced uptake
of 200 and 400 HM [3H]VP-16 by 25 Â±9% (Â«= 4) and 27 Â±
4% (n = 5), respectively, within each experiment. Comparing
the results obtained from 400 HMVP-16 plus TPA with those
of 200 nM VP-16 alone, the cellular drug content of the former
was higher than expected, given that cell proliferation was about
the same under these two conditions (Fig. 5). Verapamil, as
reported by Yalowich and Ross (38), enhanced the cellular
content of [3H]VP-16. Under all conditions studied, cellular

drug content was increased by between 50 and 100%, depending
on the concentration of VP-16 used and whether or not TPA
was present. Given that the proliferation rate of cells exposed
to 200 HMVP-16 plus 10 MMverapamil was the same as that
of cells exposed to 400 nM VP-16 (Fig. 5), the cellular drug
content of the former was lower than expected. This observa
tion, along with that mentioned above concerning TPA treat
ment, suggests that there was a fraction of drug in the cells, the
uptake of which was unaffected by TPA or verapamil, but which
may not have contributed to the cytotoxic activity of intracel
lular drug. Thus, the effects of TPA and verapamil on uptake
may not have been the sole effects of these agents; they may
have also induced changes which altered the activity of drug
which did enter the cells. An enhanced level of phosphorylation
as a result of TPA treatment may have led to a different
distribution or compartmentalization of drug within the cell,
and may even have inhibited interaction of drug with the target
molecule. The physiological effect(s) of verapamil on cultured
cells has not been clearly identified.

439

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2428642/cr0470020433.pdf by guest on 19 M

ay 2023



PROTECTION AGAINST DRUGS BY TPA

Table 4 Effect of TPA and verapamil on cellular drug content following 24-h exposures of KB cells to [3HjyP-16
Rapidly proliferating KB cells were used to establish cultures and incubated for 2 to 3 days to a density of approximately 4x10' per 25-cm2 flask. Cells were

exposed to [3H]VP-16, in the presence or absence of 40 nin TPA and 10 MMverapamil, as indicated in the table. Cell number was determined in replicate flasks
exposed to equivalent concentrations of unlabeled VP-16 Â±TPA Â±verapamil. Values are derived from duplicate samples for each experiment.

Concentration of
['HJVP-16(HM)200

400pmol/10'

cellsControl0.64

Â±0.13Â°(8)*

1.42 Â±0.19 (9)+

TPA0.45

Â±0.07 (4)
1.05 Â±0.19 (5)+

Verapamil0.98

Â±0.08 (4)
2.29 Â±0.47 (4)+

TPA +verapamil0.86

Â±0.11 (3)
2.14 Â±0.29 (3)

" Mean Â±SD.
* Numbers in parentheses, number of experiments.

The method by which TPA treatment reduced net drug
accumulation can only be speculated at this time. TPA was
shown to raise intracellular pH in mouse neuroblastoma cells
by activating the Na+/H+ exchanger (43), an enzyme which

may not be ubiquitous among cultured cells. The effect, if any,
of TPA on intracellular calcium levels has not been fully char
acterized (54, 55), although in some cell types, TPA was shown
to induce efflux of calcium (43, 56). The possible role of these
mechanisms in TPA-induced protection must be investigated.

In summary, treatment of KB cells with TPA, at an optimal
concentration of 40 nM, induced a system of protection against
several high-molecular-weight drugs, including VP-16, vincris-
tine, and mitoxantrone. This protection appeared to be, at least
in part, a function of decreased drug accumulation inside the
cell, but may also be due in part to some as yet unknown
function of TPA. TPA can also protect KB cells from the
cytotoxic effects of methotrexate, in a manner dependent on
cell density and apparently different from that observed with
the aforementioned drugs. Our data do not rule out the possi
bility that TPA may have effects on the cell cycle distribution,
which may in turn affect the toxicity of phase-specific drugs.
However, TPA-induced protection against methotrexate did
not appear to be due to alteration of the fraction of cells in S
phase, since TPA-treated cells were not protected against a
known S-phase-specific drug, 1-0-D-arabinofuranosylcytosine.
The involvement of protein kinase C in the protection system
remains to be delineated.

The ability of materials isolated from mammalian serum to
inhibit TPA binding and to partially mimic the biological
activities of TPA (27) suggests that a system of protection from
drugs may exist in vivo and may be important clinically. If in
fact PKC is involved, the likelihood of the activation of such a
system is increased, given the variety of agents known to stim
ulate PKC. For example, acetylcholine and a muscarinic ago
nist, carbachol, have been demonstrated to stimulate phospho-
lipase C activity in cultured human astrocytoma cells (32),
which may in turn stimulate PKC activity. Given the limitation
of drug dosages by toxicity to the host, a 1-fold level of protec
tion could mean a large difference in drug effectiveness in
treating a tumor. Indeed, the level of TPA-induced protection
has been demonstrated to be even higher (up to 10-fold) in
other cell lines (57). Such a system of protection may also be
exploited to selectively protect sensitive organs from drug tox
icity, if organ-specific compounds can be utilized to stimulate
PKC.
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