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Abstract

Iunior cell resistance to chemotherapeutic agents of diverse structure
and mechanism of action is thought to be due to efflux of drug by P-gly-
coprotein, which is overexpressed in tumor cells with the multidrug-resis-
tant phenotype. Agents generally associated with the multidrug-resistant
phenotype include inhibitors of topoisomerase II, e.g., doxorubicin, etop-

oside, and the microtubule poisons such as vinblastine, vincristine (VCR),
and taxol. The antiepileptic drug phenytoin (DPH), an inhibitor of tubulin
polymerization, potentiates i /' < 0.05) the cytotoxicity of the chemother-

apeutically useful microtubule poison VCR in tumor cells with the wild-
type or multidrug-resistant phenotype. Among agents associated with the
multidrug-resistant phenotype, the modulation of cytotoxicity by DPH

was selectively effective with the microtubule poison VCR but not the
topoisomerase II inhibitor doxorubicin. The potentiation of vincristine
cytotoxicity by DPH was not due to binding to P-glycoprotein or by

increasing VCR accumulation. We thus propose a novel mechanism for the
modulation of resistance based on evidence that DPH at noncytotoxic
concentrations can selectively enhance the cytotoxic potential of vincris
tine without interfering with P-glycoprotein function. Thus, studies with

phenytoin could assist in characterizing other molecular determinants of
multidrug resistance and the design of trials to modulate drug efficacy.

Introduction

Drugs that interfere with microtubule function are widely used in
the chemotherapy of neoplastic diseases (1). Among the clinically
effective microtubule poisons, the Vinca alkaloids, e.g., vincristine
and vinblastine, inhibit microtubule assembly, whereas taxol promotes
microtubule assembly (2). These effects on microtubule function and
formation, a key component of the mitotic spindle, lead to growth
arrest of cells in the metaphase of mitosis (1).

In spite of the potency of the Vinca alkaloids or taxol in chemo
therapy, the development of resistance is not uncommon (2). The
mechanism of tumor cell resistance to microtubule poisons which is
primarily associated with the MDR' phenotype, can also occur from

mutations in a- or ÃŸ-tubulins(3). Specifically, cells with the MDR
phenotype overexpress a M, 150,000-180,000 membrane glycopro-

tein termed PGP. The putative function of PGP in resistance is the
energy-dependent efflux of drug across a concentration gradient (2).

Efflux of drug results in the reduced net cellular drug accumulation
and expression of resistance (2). The MDR phenotype is not restricted
to microtubule poisons but includes an array of other agents which
differ in structure and mechanism of action, e.g., doxorubicin, etopo-

side, and actinomycin D (2). During the past decade, the identification
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of compounds capable of modulating the MDR phenotype has been
actively pursued (4). Although the pharmacological effects of these
modulators are quite diverse (2, 4), a fundamental mechanism gov
erning their efficacy in MDR cells is attributed to their binding to PGP
and interfering with the efflux process (2, 4).

The antiepileptic drug DPH was demonstrated by Kornblith et al.
(5) to have selective growth inhibitory effects on human brain tumor
cells in culture. The metaphase arrest of lymphocytes induced by
phenytoin was identified by MacKinney et al. (6, 7) to be related to
inhibition of tubulin polymerization. Estus and Blumer (8), using the
model system of sea urchin embryogenesis, demonstrated that the
teratogenic effects of phenytoin may be due to inhibition of microtu
bule assembly leading to abnormal cleavage.

We have investigated the interaction between phenytoin and drugs
associated with the MDR phenotype. The results demonstrate that
phenytoin can significantly enhance vincristine cytotoxicity in tumor
cells with the wild-type or MDR phenotype. The effects of DPH were

selective for potentiation of vincristine cytotoxicity, since no modu
lation of cytotoxicity with the topoisomerase II inhibitor doxorubicin
was observed. Furthermore, the modulation of vincristine cytotoxicity
in wild-type or MDR cells was unrelated to binding to PGP or alter

ations in drug accumulation.

Materials and Methods

The parental L1210/S cells were established in vitro from ascites of a
tumor-bearing mouse (9). The L12IO/R2 subline was developed in vitro and
exhibits the salient characteristics of the multidrug-resistant phenotype (9, 10).
The VCR-resistant subline of P388 mouse leukemia, P388/VCR, was selected

in vivo by repeated drug exposure (11, 12). The sensitive and resistant sublines
of LI210 and P388 mouse leukemia were maintained as suspension cultures in
RPMI 1640 supplemented with 10% fetal bovine serum, 2 mm L-glutamine, and
10 JIM2-mercaptoethanoI. Doubling time in vitro was 12-14 h and the resistant

sublines were not maintained in the presence of DOX or VCR to maintain the
resistant phenotype. The human promyelocytic leukemia HL-60 was obtained
from the American Type Culture Collection, Rockville, MD. The HL-60 cells,

maintained in vitro using RPMI 1640 supplemented with 10% fetal bovine
serum and 2 mw L-glutamine, had a doubling time of 40 h.

L1210/S, L1210/R2, P388/VCR, and HL-60 cells in logarithmic phase of

growth were treated with increasing concentrations of VCR, VLB, or DOX for
24 h (L1210/S, L12IO/R2, P388/VCR) or 48 h (HL-60) in the absence or

presence of 36.5 /UM(10 ftg/ml) and 73 /J.M(20 /xg/ml) DPH. Viability of
control and treated cultures was determined by trypan blue dye exclusion.
Subsequently, 5 x 10\ 1 X IO4, and 2.5 X IO4 "viable" cells from L1210,

P388, and HL-60 cells, respectively, were plated in triplicate in 35- x 10-mm
Petri dishes. All incubations were performed at 37Â°Cin a humidified 5% CO2

plus 95% air atmosphere. Survival based on colony (>50 cells) count was
determined after a 4-10-day incubation (9).

The effect of DPH on cellular uptake and retention of [ 'H]VCR (Amersham

Radiochemicals, Chicago, IL) was carried out as previously described (10).
Cellular VCR levels were expressed as pmol['H]VCR/106 cells.

Photoaffmity labeling studies to determine interaction of DPH with P-gly
coprotein were carried out using [I25l]iodoarylazidoprazosin (DuPont NEN

Research Products, Boston, MA). Briefly, 100 Â¿igof protein in a plasma
membrane enriched microsomal fraction from L1210/S and L1210/R2 cells
(10) were treated with 2 nM [125I]iodoarylazidoprazosin (13) in the absence or
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presence of 73.0 /J.MDPH or 20 /UMvinblastine for l h at room temperature.

Samples were subsequently irradiated at 10 cm using a Mineralight, Model
R52-G (UVP Inc., San Gabriel, CA) for 5 min at 4Â°C(13). Following centrif-

ugation (100,000 X g) for 20 min at 4Â°C,the pellet was directly resuspended

in Laemmli sample buffer for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis or immunoprecipitated with C-219 monoclonal antibody and

then analysed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(2, 14, 15). The gels were dried at 60Â°Cand subjected to autoradiography at

-70Â°C using intensifying screens and Kodak XAR-5 film (Kodak Inc., Roch

ester, NY).
The modulating effect of DPH on VCR- or VLB-induced cell kill or drug

accumulation in each cell type was statistically analysed by r-tests. Analysis of

variance was used to compare ratios of the cytotoxicity in the absence or
presence of DPH to determine whether the modulating effect differed between

the various cell types.

Results

The effects of DPH alone at 36.5 JJ.M(10 /xg/ml) and 73 Â¿IM(20
jug/ml) were minimal, based on cell counts, cell cycle phase distribu
tion analysis, mitotic index, or cell survival in a soft-agar colony assay

(>97%). The effects of DPH in modulating the cytotoxicity of VCR
was tested in the wild-type L1210/S cells and HL-60 cells (Fig. 1).
The cytotoxic effects of VCR were enhanced (P < 0.05) 1.5- to 8-fold
in the presence of increasing concentrations of 36.5-73 /X.MDPH. The
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Fig. 1. Effect of DPH on VCR cytotoxicity in L1210/S, HL-60, L1210/R2, and P388/
VCR cells. Data are the mean values from at least duplicate experiments containing
triplicate Petri dishes. SD <15%. Survival of cells treated with 36.5 or 73 MMDPH alone
was 97-100%. The colony-forming efficiency of untreated control L1210/S, HL-60.

L1210/R2. and P388/VCR cells was 28, 15, 28, and 47%, respectively.

modulating effects of DPH while apparent over a range of VCR
concentrations were saturable when cell kill induced by VCR alone
exceeded 95%.

Depending on the agent used for selection, tumor cells with the
MDR phenotype can exhibit overexpression of PGP with or without
alterations in topoisomerase II function (12). Therefore, the effects of
DPH on VCR cytotoxicity were evaluated in: (o) a L1210/R2 subline
which overexpresses PGP with altered topoisomerase II function (14);
and (b) a P388/VCR subline which overexpresses only PGP (11, 12).
The results (Fig. 1) demonstrate that in the L1210/R2 and P388/VCR
cells, DPH in a dose-dependent fashion (73 piM> 36.5 /MM)produced
a 2- to 8-fold enhancement (P < 0.05) in the cytotoxic effects of VCR.

The modulating effect of DPH, however, was comparable in the
L1210/R2 and P388/VCR cells. The effect of DPH in enhancing
cytotoxicity was not specific for VCR, since a similar magnitude of
modulation in vinblastine cytotoxicity was also observed in the
L1210/S, L1210/R2, and HL-60 cells (data not shown).

Tumor cells with the MDR phenotype are usually cross-resistant to
the topoisomerase II inhibitor DOX (2). Since agents such as verap-

amil, trifluoperazine, and cyclosporin potentiate both VCR and DOX
cytotoxicity (4), the effects of DPH on DOX cytotoxicity in L1210/S
and L1210/R2 cells were determined. As shown in Table 1, DPH had
no measurable effect on DOX cytotoxicity in either the L1210/S or
L1210/R2 cells with the MDR phenotype.

The cytotoxic effects of VCR are dependent on cellular drug levels,
especially in tumors with the MDR phenotype ( 10, 16). Consequently,
the effect of DPH on uptake of VCR in L1210/S and L1210/R2 cells
was measured (Fig. 2). Although accumulation of VCR was time
dependent (3 h > 1 h), the levels of VCR in the L1210/S or L1210/R2
cells were not significantly different in the absence or presence of 73
/AMDPH. Furthermore, DPH (36.5 and 73 Â¿AM)had no marked effect
on accumulation of VCR in the L1210/S or L1210/R2 cells treated for
24 h with concentrations of VCR (see Fig. 1) used in cytotoxicity
experiments (data not shown).

Modulation of drug accumulation and cytotoxicity in cells with the
MDR phenotype by various agents is primarily associated with bind
ing of the agent to PGP (2, 4). The effect of DPH on photoaffmity
labeling of PGP with [125I]iodoaryl azidoprazosin was determined

Table 1 Effect of DPH on cytotoxicity of DOX in sensitive and DOX-resistant LI210

mouse leukemia cells

Drug
Survival (% of contrÃ´lÃ©e

concentration LI2IO/S L1210/R2

36.5 JIM DPH

73 tat DPH

0.018 MMDOX
0.018 MMDOX + 36.5 MMDPH
0.018 JIM DOX + 73 /AMDPH

0.046 M" DOX
0.046 MMDOX + 36.5 MMDPH
0.046 MMDOX + 73 MMDPH

100. 100*

95, 100

72, 69
80, 79
83,80

II, 13
15. 18
14, 15

100. 100"

100, 100

0.46 MMDOX
0.46 MMDOX + 36.5 MMDPH
0.46 MMDOX + 73 MMDPH0.92

MMDOX
0.92 MMDOX + 36.5 MMDPH
0.92 MMDOX + 73 MMDPH84,

79
89, 83
88.8163,54

61,53
65. 56

a Cells were treated with various concentrations of DOX in the absence or presence of

36.5 or 73 MMDPH for 24 h washed and plated in soft agar.
* Values are from duplicate experiments containing triplicate Petri dishes. Survival is

based on colony counts.
c Cells, 5 X IO3, were plated per 35- x 10-mm Petri dish, and the colony count (mean

Â±SE) in the untreated control was 1385 Â±50, corresponding to a plating efficiency of
approximately 28%.
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Fig. 2. Effecl of DPH on uptake of |'H|VCR in L1210/S and LI210/R2 cells. Points,

mean values of replicate determinations from at least duplicate experiments. SD <\5%.
The Mest P values were 0.35-0.55 for L1210/S cells and 0.32-0.9 for LI210/R2 cells.

(Fig. 3). No detectable signal for PGP was apparent in L1210/S cells
in the absence or presence of 20 /Â¿MDPH in experiments with total
membrane preparations or immunoprecipitates of PGP. These results
are consistent with the lack of overexpression of mdr transcripts in
L1210/S cells (10) and the absence of detectable PGP in immunoblots
(10). Consistent with the overexpression of mdr transcripts and am
plification of mdr genes (10), a prominent signal at M, 170,000
corresponding to PGP is apparent in the L1210/R2 cells. Immunopre-
cipitation with C-219 monoclonal antibody confirms the protein to be

PGP (2). While DPH did not compete for binding to PGP, 20 /IM VLB
as a positive control completely eliminates the [I2sl]iodoaryl azi-

doprazosin signal in the L1210/R2 cells.

Discussion

The results from this study demonstrate that DPH, a commonly
used anticonvulsant drug which inhibits polymerization of pig brain
tubulin 50% at 360 /IM (6), selectively enhances (P < 0.001) the
cytotoxic effects of the microtubule poison, vincristine. The effects of
VCR or VLB in the presence of DPH were consistently a synergistic
combination (17, 18), since the survival of cells treated with 36.5 or
73 /IM DPH was 97-100%. This potentiation of VCR or VLB cyto-

77-

1 3456789 10
Fig. 3. Photoaffmity labeling of P-glycoprotein with [125I]iodoaryl azidoprazosin.

Lanes 1-5, total membrane preparations. Lanes 6-10, membrane preparations were im-
munoprecipitated with C-219 antibody (2). Lanes I and 6, L12IO/S; Lanes 2 and 7.
L12IO/S + 73 fiÂ»DPH; Lanes 3 and 8, L12IO/R2; Lanes 4 and 9, L1210/R2 + 73 JIM
DPH; Lane 5 and 10, L1210/R2 + 20 /ÃŒMVLB.

toxicity in combination with DPH was also correlative with a 3- to
5-fold increase in the mitotic index of treated cells. The novel aspects

of DPH in modulating the cytotoxic effects of VCR and VLB, in cells
with the MDR phenotype, are its continued modulatory activity de
spite absence of PGP binding or increasing VCR accumulation. Al
though the photoaffinity labeling data do not unequivocally prove the
lack of interaction with PGP, the absence of any measurable effect on
VCR accumulation or competition for VCR efflux supports this in
terpretation. Preliminary studies demonstrate that DPH at 36.5-73 /AM

was effective only when used simultaneously with VCR, but not under
posttreatment conditions. These observations are in sharp contrast to
the effects we have reported with trifluoperazine (10) or with other
modulators of MDR cells (4), wherein the salient mechanisms are lack
of selectivity between the microtubule poisons versus topoisomerase
II inhibitors, binding to PGP, enhancing drug accumulation, and effi
cacy even with posttreatment (2, 4, 10). Furthermore, although DPH
selectively enhanced the cytotoxic effects of the microtubule poisons
VCR and VLB, it was as effective as trifluoperazine, a potent and
recognized sensitizer of VÃ¬ncaalkaloid cytotoxicity in MDR cells (10,
16).

The modulation of cytotoxicity by DPH in wild-type or MDR cells

is also specific for the microtubule poisons VCR and VLB, since no
alteration in DOX cytotoxicity (Table 1) was observed. Since the
potentiation of cytotoxicity by DPH was greater (P < 0.001) with
L1210/S rather than L1210/R2 cells, this differential efficacy may be
partially explained by the role of PGP in reducing net cellular VCR
accumulation in the L1210/R2 cells. Since mutations in tubulin can
also contribute to microtubule poison resistance (3), a characterization
of DPH effects in these model systems warrants further investigation.

In summary, data from the present study demonstrate that the an
ticonvulsant phenytoin in a selective fashion enhances (P < 0.001) the
cytotoxic effects of the microtubule poison, vincristine. The modulat
ing effects of DPH are novel with activity and selectivity for VCR
versus DOX, even in tumors with the MDR phenotype. A remarkable
property of DPH is its activity in potentiating cytotoxicity of VCR or
VLB at concentrations that can routinely be achieved clinically. Thus,
studies with phenytoin could assist in characterizing other molecular
determinants of multidrug resistance and the design of trials to mod
ulate drug efficacy.
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