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Summary. FK-506, a novel immunosuppressive agent,
was examined for its reversing effect on multidrug-re-
sistant tumor cells. FK-506 at 3 uM completely reversed
the resistance against vincristine (VCR) in vitro in VCR-
resistant mouse leukemia P388 cells (P388/VCR). FK-506
also enhanced the cytotoxicity of VCR in Adriamy-
cin(ADM)-resistant human ovarian cancer A2780 cells
(AD10) and ADM-resistant human myelogenous leukemia
K562 cells (K562/ADM) in vitro. FK-506 was also effec-
tive in modulating sensitivity to ADM in ADjp cells in
vitro. FK-506 enhanced the chemotherapeutic effect of
VCR in P388/VCR-bearing mice. When 20 mg/kg FK-506
was combined with 200 pg/kg VCR, a T/C value of 151%
was obtained. Under the protocol used in this study, FK-
506 was more potent than cyclosporin A (CsA) and vera-
pamil. FK-506 inhibited [3H]azidopine binding to P-glyco-
protein efficiently. The binding of VCR to K562/ADM
plasma membrane was inhibited by FK-506 as effectively
as by CsA. Moreover, the accumulation of VCR in AD1g
cells was increased by FK-506 as efficiently as that of CsA
and verapamil. These results indicate that FK-506 directly
interacts with P-glycoprotein like CsA and verapamil, in-
hibits the active efflux of vincristine from resistant cells,
increases the vincristine accumulation in resistant cells,
and thus overcomes multidrug resistance in vitro and in
vivo.

Abbreviations: VCR, vincristine; ADM, Adriamycin; CsA, cyclos-
porin A; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (thiazolyt blue); T/C, mean survival time of treated group of
mice divided by mean survival time of control group; T/V, mean survival
time of treated group of mice divided by mean survival time of the group
of mice treated with vincristine alone
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Introduction

Cancer chemotherapy is often hampered by drug resistance
during treatment. When tumor cells acquire resistance to
naturally occurring antitumor agents such as Vinca alka-
loids and anthracycline antibiotics, they may show cross-
resistance to a variety of antitumor agents of natural origin.
The mechanism of the multidrug resistance has been stud-
ied well, and it was found that a glycoprotein termed P-gly-
coprotein, an efflux pump for hydrophobic antitumor
agents, is an important component in rendering tumor
cells resistant to various antitumor agents (reviewed in
13, 10, 23)).

It is well known that verapamil can inhibit the efflux of
antitumor agents from resistant cells and can overcome this
form of drug resistance [18, 19, 20]. Since the discovery of
verapamil, many other compounds including cyclos-
porin A (CsA) were also reported to overcome multidrug
resistance when combined with antitumor agents [14, 25]
(see [24] for review). CsA is an immunosuppressive agent
used against rejection of transplanted tissues in recipients.
It was reported that CsA suppressed the induction of cyto-
toxic T lymphocytes by suppressing the production of in-
terleukin-2, interleukin-3 and interferon v, and the expres-
sion of interleukin-2 receptors [1, 2, 11]. CsA is hydropho-
bic compound and has an affinity to P-glycoprotein [8].
CsA increases the accumulation of antitumor agents in
resistant cells and circumvents drug resistance [13].

FK-506 is a newly developed immunosuppressive agent
isolated from Streptomyces tsukubaensis [4-6, 16].
FK-506 is more potent than CsA in suppressing the pro-
duction of interleukin-2, interleukin-3 and interferon v, the
expression of interleukin-2 receptors, and the rejection of
transplants [4—6]. Both CsA and FK-506 bind and inhibit
rotamases in various cells [15, 17]. FK-506 is a hydropho-
bic compound and has similar biological activity to CsA,
although these two compounds have no structural similar-
ity. We were interested in the effect of FK-506 on multi-
drug-resistant cells, and we found FK-506 is more effec-
tive than CsA in overcoming multidrug resistance in vivo.
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Table 1. Effect of FK-506 upon growth-inhibitory actions of vincristine (VCR) on multidrug-resistant cells®

Cells Modifiers ICso of VCR (nM)®
with a modifier concentration of
0 0.1 uM 0.3 uM 1uM 3 uM 10 uM

A2780 None 1.8 (1)¢

FK-506 22 (0.8) 1.8 (D 1.0 (1.8)

CsAd 1.6 (1.1) 1.1 (1.6) 08 (2.3)

Verapamil 15 (1.2) 09 (@ 0.7 (2.6
AD1o None 2070 (1)

FK-506 1260  (1.6) 130  (16) 20 (104)

CsA 470  (4.4) 25 (83) 5.2 (398)

Verapamil 2200 (0.9) 450 (4.6) 410 4)
K562 None 0.8 (1)

FK-506 0.7 (1.1) 0.8 (1) 03 2.7

CsA 04 (2) 02 4 02 @)

Verapamil 0.5 (1.6) 04 (2) 02 @
K562/ADM None 680 (1)

FK-506 510 (L3) 38  (18) 25272)

CsA 570 (1.2) 34 (8) 15 (45)

Verapamil 44 (15) 5.9(115) 89 (76)
P388 None 0.5(D)

FK-506 0.6 (0.8) 05 () 0.4 (1.3)

CsA 03 (1.7 02 (2.5) 02 (25

Verapamnil 04 (1.3) 03 (1.7 0.2 (2.5)
P388/VCR None 20 (1)

FK-506 8.1 (2.5) 0.8 (25) 0.1 (200)

CsA 1.7(12) 0.3 (67)

Verapamil 2.3 (8.7 04 (50) 0.1 (200)

2 Cells were cultured for 24 h (A278%0 and ADjo) or 5 h (K562,
K562/ADM, P388 and P388/VCR) and then treated with graded concen-
trations of VCR in the absence or presence of the indicated modifier
concentrations and reincubated for 72 h. Growth-inhibitory effects were
evaluated by MTT (thiazolyl blue) assay as described in Materials and
methods

Materials and methods

Drugs. The sources of materials used in this work were as follows:
FK-506 from Fujisawa Pharmaceutical Co. Ltd., Osaka; CsA from
Sandoz Pharmaceuticals Co. Ltd., Tokyo; verapamil from Eizai Co. Ltd.,
Tokyo; Adriamycin (ADM) from Kyowa Hakko Co. Ltd., Tokyo,
vincristine (VCR) from Shionogi Co. Ltd., Osaka; [FHJVCR
(263 GBg/mmol) and [*H]Jazidopine (1.67 TBg/mmol) from Amersham
JapanLtd., Tokyo; 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (thiazolyl blue) (MTT) and ATP from Sigma Chemical Co.
Ltd., St. Louis.

Cell culture and drug trearment. P388 leukemia cells were supplied by
Simonsen Laboratories Inc. (Gilroy, Calif.), under the auspices of the
National Cancer Institute (NIH, Bethesda, Md.). P388 cells resistant to
VCR (P388/VCR) were kindly supplied by the Mammalian Genetics and
Animal Products Section, NCI, NIH. The human myelogenous leukemia
K562 cell line was provided by Dr. Ezaki; sublines resistant to ADM
(K562/ADM) were established in our laboratory [21, 22]. The human
ovarian cancer line A2780 and its ADM-resistant subline (AD1g) were
provided by Drs. R. Ozols and T. Hamilton, Medicine Branch, NCI, NIH
[t23.

For the drug treatment experiments, tumor cells (10° cells for P388
and P388/VCR cells, 2 x 103 cells for A2780, AD1g and K562 cells and
3% 10% cells for K562/ADM cells) were cultured at 37°C for 24 hin
96-well flat-bottom plates (for A2780 and ADio, which grow on the
surface of the plate) or for 5 h (for other cell lines, which grow in
suspension) containing 100 pl growth medium (RPMI-1640 medium

b Each value represents the mean of triplicate determinations. Standard
deviation was within 5% of each mean value

¢ Numbers in parentheses indicate the x-fold decrease in the ICsp value
as compared with that obtained in the absence of modifiers

4 CsA, cyclosporin A

containing 5% fetal bovine serum and 100 pg/ml kanamycin) in a humid-
ified atmosphere comprising 5% C02/95% air. The cells were then
ireated with a graded concentration of VCR (0.03-3000 nM) or ADM
(1-3000 nM) and reincubated for 72 h in the presence of the drugs. After
the incubation, 50 pl 1 mg/ml MTT was added to each well and further
incubated for 4 h. Plates were centrifuged for 15 min and then the super-
natant was aspirated. Dimethylsulfoxide (150 ul/well) was added to each
well and the mixture was pipetted well to solubilize the formazan crys-
tals. The plates were then read immediately at 540 nm [9]. Three samples
were used for each drug concentration. In the control cultures, tumor
cells grew exponentially during the incubation period. When the effects
of modifiers (FK-506, CsA and verapamil) were examined, the indicated
concentrations of modifiers were added together with VCR and the cells
were incubated in the presence of antitumor agents and modifiers as
above. The median concentration of drug necessary to inhibit the growth
of tumor cells by 50% (ICso) was determined by plotting the logarithm of
the drug concentration versus the growth rate (percentage of control) of
the treated cells. FK-506 alone at a higher concentration slightly inhibit-
ed the growth of tumor cells; 15%, 15%, 17% and 11% inhibition was
abserved at 10 pM FK-506 in A2780, ADjo, K562 and K562/ADM cells
respectively, and 17% and 24% inhibition at 3 uM FK-506 in P388 and
P388/VCR cells respectively.

Evaluation of antitumor activity. For evaluation of antitumor activity,
0.1 ml diluted ascites fluid containing 106 P388/VCR cells was trans-
planted i, p. into CD2F) mice [18, 20]. Drugs were injected i.p. daily on
days 1-5 after tumor inoculation. Five mice were used for each experi-
mental group. Antitumor activity was evaluated by the mean survival of
a group of mice and was also expressed by the mean survival time of the
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Table 2. Effect of FK-506 upon growth-inhibitory actions of Adriamycin (ADM) on AD g cells?

ICs0 of ADM (nM)P
Cells Modifiers with a modifier concentration of
0 uM I uM 3uM 10 uM
A2780 None 10 (1)
FK-506 10 (D 8.7 (L.1) 79 (1.3)
CsA 8.7 (L.1) 75 (1.3) 8.8 (1.1)
Verapamil 7.3(1.4) 6.4 (1.6) 5.6 (1.8)
ADjo None 1460 (1)
FK-506 2050 (0.7) 780  (1.9) 140 (11)
CsA 390 (4) 120 (12) 36 (41)
Verapamil 280 (5) 160 (9 48 (30)

2 Cells were cultured for 24 h and they were treated with graded concen-
trations of ADM in the absence or presence of indicated modifier concen-
trations. After incubation for 72 h, growth-inhibitory effects were eval-
vated by MTT assay as described in Materials and methods

treated group of mice divided by the mean survival time of the control
group (T/C) and the mean survival time of the treated group of mice
divided by mean survival time of the group of mice treated with vincris-
tine alone (T/V}).

Intracellular accumulation of PHJVCR. A2780 and ADjo cells (10°
cells) in growth medium were plated in Corning six-well tissue-culture
clusters and incubated for 24 h at 37° C. The medium in each well was
aspirated and 0.5 ml fresh growth medium containing 10 mM 4-(2-hy-
droxyethyl)-1-piperazineethanesulfonic acid was added. Then [SH]JVCR
(7.5 pmol) and the indicated concentrations of drugs were added. After
incubation at 37°C for 2 h, the intracellular VCR accumulation was
determined as described previously [19].

Binding inhibition assay of [PH]VCR. Inhibition of binding of [3H]VCR
to a membrane preparation was measured by filtration methods as de-
scribed previously [7, 8]. Plasma membrane prepared from K562/ADM
cells (50 ug protein) was incubated at 25°C with 0.2 uM [*HJVCR and
3 mM ATP in 10 mM TRIS/HCI (pH 7.4), 250 mM sucrose, and 5 mM
Mg Cl, in a total volume of 50 pl. After 10 min, the reaction was stopped
by the addition of 4 ml ice-cold buffer. Samples were collected by
filtration on membrane filter (Millipore MF membrane; pore size,
0.22 pum) pretreated with 3% bovine serum albumin solution and were
then washed with another 4 ml ice-cold buffer. By this method, about
60% of membrane proteins were recovered on the filter. The filters were
dried and radioactivity on each filter was measured. Then the concentra-
tions of agents needed for 50% inhibition (ICso) were determined.

Photolabeling of plasma membrane. Plasma membrane from
K562/ADM cells (50 pg protein) was preincubated with 177 nM
[*H]azidopine and 10 uM or 100 UM drugs for 15 min at 25°C in 50 pl
10 mM TRIS/HCI (pH 7.2), 150 mM NaCl buffer. The reaction mixture
was then irradiated for 10 min with a 400-W mercury 365-nm lamp
(model H400PL; Chiyoda Kohan Co. Ltd., Tokyo) at a distance of 10 cm
at 0° C. Photolabeled membrane was then subjected to sodium dodecyl
sulfate/polyacrylamide gel electrophoresis using 4% —20% gradient gels
(Daiichi Chemicals Co. Ltd., Tokyo). The gel was fixed in 25% iso-
propyl alcohol/10% acetic acid, treated with the fluorographic reagent
Amplfy (Amersham Japan Ltd.) for 30 min, dried, and then exposed to
X-ray film for 1 week at —70°C as described previously [26].

Results

Enhanced cytotoxicity of VCR and ADM in
multidrug-resistant cells by FK-506

We examined the sensitizing effect of FK-506 in multi-
drug-resistant cells and their parental cells against VCR

b Each value represents the mean of triplicate determinations. Standard
deviation was within 5% of each mean value

¢ Numbers in parentheses indicate the x-fold decrease in the ICsp value
as compared with that obtained in the absence of modifiers

(Table 1). AD1o cells showed 1150-fold resistance against
VCR as compared to the parental A2780 cells, and the ICsg
values of VCR for A2780 and ADjy cells were 1.8 nM and
2070 nM respectively. When FK-506 was added at a final
concentration of 1, 3 and 10 uM, the ICsp values of VCR in
AD1p cells were shifted to 1260, 130 and 20 nM respec-
tively. CsA enhanced the sensitivity to VCR in ADjg cells
more effectively than FK-506, and verapamil was less
effective than FK-506. The sensitivity to VCR in the pa-
rental A2780 cells was marginally modulated by FK-506;
only 1.8-fold sensitization was observed at 10 uM FK-506.
In K562/ADM cells, FK-506 at 3 uM and 10 uM shifted
the ICso values from 680 nM to 38 nM and 2.5 nM, respec-
tively. Again FK-506 only marginally enhanced the sensi-
tivity to VCR in the parental K562 cells. In the case of
P388/VCR cells, FK-506 at 0.3, 1 and 3 uM shifted the
1Cs0 values from 20 to 8.1, 0.8 and 0.1 nM, respectively. In
this cell line CsA was more effective than FK-506, and the
ICso values were shifted to 1.7 nM and 0.3 nM by 0.1 uM
and 0.3 uM CsA respectively. In the parental P388 cells,
FK-506 was not effective in modulating the sensitivity to
VCR. These results indicate that FK-506 as well as CsA
and verapamil specifically enhanced the sensitivity to VCR
in multidrug-resistant tumor cells.

FK-506 also enhanced the sensitivity to ADM in ADjo
cells (Table 2). FK-506 at 3 pM and 10 uM shifted the
ICso values of ADM in ADjig cells from 1460 uM to
780 uM and 140 oM, respectively. The enhancement of
the sensitivity to ADM was specific to the resistant cells
and the ICsg value of ADM in the parental A2780 cells was
not shifted by FK-506. Thus, FK-506 can modulate the
multidrug resistance as well as CsA and verapamil in vitro.

Combined chemotherapeutic effect of VCR and FK-506
on P388/VCR-bearing mice

VCR administered daily for 5 days starting from day 1
showed a slight chemotherapeutic effect against
P388/VCR-bearing mice (Table 3). T/C values were
109%, 109% and 111% at a VCR dosage of 100 pg/kg,
150 pgrkg and 200 pg/kg, respectively. FK-506 alone and
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Table 3. Effect of FK-506 on antitumor activity of VCR in P388/VCR-
bearing mice?

Drug and dosage Survival time T/C (%) T/V (%)®
(days)
Control 11.0x0¢ 100
FK-506 (20 mg/kg) 12.5+0.6 1141
(10 mg/kg) 12.5+0.6 114*1
(5 mg/kg) 128105 116*1
Cyclosporin A (20 mg/kg) 12.8+0.5 116%1
(10 mg/kg) 123+0.5 112%
(5 mg/kg) 11.3+05 103%1
Verapamil (75 mg/kg) 10.3+0.5 94%2
(50 mg/kg) 10.5+0.6 96
VCR (200 ng/kg) 122404 111+ 100
+ FK-506 (20 mg/kg) 16.6+1.1 151*1 138%3
(10 mg/kg) 16.2+0.8 147#1 135%3
(5 mg/kg) 154+1.1 140%1  126%3
+ Cyclosporin A (20 mg/kg) 8.0=x1.0 73%1 663
(10 mg/kg) 8.0+£0.7 73%1 66%3
(Smgkg) 122£26 111 100
+ Verapamil (75 mg/kg) 13.6+£0.9 124%*1 112%5
(50 mg/kg) 13.4+09 122%1 110%5
VCR (150 pg/kg) 12.0+0 109*! 100
+ FK506 (20 mg/kg) 152104 138%1 127%3
(10 mgrkg) 150+1.0 136%1 125%3
(5 mg/kg) 14.2+0.8 129%1 116%3
+ Cyclosporin A (20 mg/kg) 94+34 86 78
(10 mg/kg)  10.8+4.1 98 90
(5 mgkg) 10.0x33 91 83
+ Verapamil (75 mg/kg) 13.0x0 118%*1 108%3
(50 mg/kg) 13.0x0 118*! 108*3
VCR (100 pg/kg) 12.0+0 109*! 100
+ FK506 (20 mg/kg) 15014 136%2 125%4
(10 mg/kg) 14.0+1.0 1274 117%4
(5 mg/kg) 14.0+1.4 127*1 115%5
+ Cyclosporin A (20 mg/kg)  11.0+4.6 100 92
(10 mg/kg)  15.0+3.1 136%2 125
(5 mg/kg) 144%13 131%1 120%4
+ Verapamil (75 mg/kg) 13.0+0.7 118%1 1085
(50 mg/kg) 13.0x0 118+*1 108%3

2 Samples of 10¢ cells of P388/VCR were implanted i. p. into each group
of five CD2F1 mice on day 0, and drugs were given i. p. daily from days 1
to 5.

b T/V, at each VCR dosage, the mean survival time of the treated group
divided by the mean survival time of the group of mice treated with VCR
alone.

¢ Mean = SD

*L#2 Sjonificant difference from control group by Student’s r-test:

*1 P <0.001; *2 P <0.01

#3455 Significant difference from VCR alone group by Student’s -
test: *3 P <0.001; #4 P <0.01; *3 P <0.05

CsA alone also slightly increased the life span of
P388/VCR bearers. FK-506, given five times with VCR,
significantly increased the life span of the P388/VCR-bear-
ing mice. The most prominent results were observed when
FK-506 (5-20 mg/kg) was administered with 200 pg/kg
VCR, and T/C values were 140% —151%. At VCR doses of
150 and 100 pg/kg, T/C values of 129%-138% and
127%—136% were obtained with the combined treatment
with 5—20 mg/kg FK-506. CsA at 5 mg/kg and 10 mg/kg
combined with 100 pg/kg VCR resulted in the T/C values
131% and 136%, respectively. The combination of higher
doses of VCR (150 and 200 ug/kg) with CsA (5-
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Fig. 1. The increase in vincristine (VCR) accumulation in the cells by
FK-506. [PH]VCR accumulated in A2780 (A) and ADjp (B) cells was
determined as described in Materials and methods. Data are from tripli-
cate determinations. Error bars represent SD. CsA, cyclosporin A.

Table 4. Inhibition of VCR binding to K562/ADM plasma membrane by
FK-5062

Drug 1Cs0 (UM)
Vinblastine 1.1£0.2
FK-506 0.8+0.05
CsA 0.7+0.04
Verapamil 6 +1

a JCsq values were determined as described in Materials and methods.
The values represent mean £ SD of quadruplicate determinations

20 mg/kg) was presumably toxic to the mice and resulted
in a decreased life span in comparison with control ani-
mals. Verapamil at 50 mg/kg and 75 mg/kg with
200 ug/kg VCR resulted in T/C values of 122% and 124%,
respectively.

Effect of FK-506 on the cellular accumulation of
[PH]VCR

The accumulation of VCR in ADig cells was greatly in-
creased by the addition of FK-506 (Fig. 1B). AD1o celis
(106 cells) accurmnulated 0.17 pmol VCR after incubation
with 15 nM VCR at 37°C for 2 h. When FK-506 at 3 yM
and 10 uM was added to the incubation mixture, the
amount of VCR accumulated in the cells increased to
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Fig. 2. Inhibiton of [*H]azidopine photolabeling to P-glycoprotein by
FK-506. K562/ADM membrane was photolabeled with [3H]azidopine in
the presence (lanes b, 4, f, h 10 uUM; lanes c, ¢, g, i 100 uM) or absence
(lane a) of drugs as described in Materials and methods. Lanes b, c,
FK-506; d, ¢, CsA; f, g verapamil; &, i, VCR. The arrow on the right
indicates P-glycoprotein

0.34 pmol and 0.94 pmol respectively. In contrast to the
resistant tumor cells, A2780 cells accumulated a large
amount of VCR (1.24 pmol/109 cells) in the absence of the
modifiers, and the amount was slightly increased by the
addition of FK-506 (Fig. 1A). Almost identical results
were obtained by the addition of CsA and verapamil in-
stead of FK-506.

Inhibition of drug binding by FK-506

In order to study the mechanism of reversal by FK-506,
two sets of experiments were carried out using drug-bind-
ing systems. Table 4 shows the inhibitory activity of FK-
506 on the binding of [BH]VCR to K562/ADM plasma
membrane. FK-506 as well as CsA inhibited the VCR
binding to K562/ADM membrane efficiently, and the ICso
values of FK-506 and CsA were 0.8 UM and 0.7 uM, re-
spectively. Verapamil was less effective in this system
(ICso, 6 uM). As the ATP-dependent VCR binding to
K562/ADM plasma membrane closely correlates with the
drug efflux from the resistant cells [7, 8], this result indi-
cates that FK-506 as well as CsA and verapamil inhibits
the VCR transport on resistant cell membranes.

Figure 2 shows the inhibitory activity of FK-506 on the
binding of [3H]azidopine to P-glycoprotein. FK-506 and
verapamil at 10 pM and 100 pM almost completely inhib-
ited the binding of azidopine to P-glycoprotein. CsA and
VCR at 10 uM partially inhibited the azidopine binding,
and at 100 uM the binding was inhibited almost
completely. This result indicates that FK-506 directly in-
teracts with P-glycoprotein like VCR, verapamil and CsA.
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Discussion

FK-506 is a novel immunosuppressive agent with macro-
lide structure [16]. It is more potent than CsA in various
immunosuppressive activities and in suppression of the
rejection of transplants [4—6]. We found that FK-506 was
also effective in overcoming multidrug resistance as well
as CsA. FK-506 enhanced the cytotoxicity of VCR in
AD1o, K562/ADM and P388/VCR cells, and of ADM in
ADig cells in vitro. The resistance to VCR in moderately
resistant P388/VCR cells (40-fold resistance) was
completely reversed by 3 uM FK-506, which was an al-
most nontoxic dose of FK-506 in this cell line. This result
indicates that FK-506 is effective in overcoming a lower
degree of multidrug resistance in vitro. The resistance in
AD1g and K562/ADM cells, however, was not completely
overcome by FK-506 at 10 uM. These cell lines were
highly resistant against VCR (ADjo, 1150-fold;
K562/ADM, 850-fold), and a complete reversal could not
be achieved by either CsA or verapamil. These highly
resistant cell lines might have another mechanism of resis-
tance, which these modifiers could not affect.

FK-506 is also effective in overcoming VCR resistance
in vivo. The chemotherapeutic effect of VCR in
P388/VCR-bearing mice was enhanced to 151% (T/C)
when 20 mg/kg of FK-506 was combined with 200 p/kg of
VCR. At doses of 200 and 150 pg/kg of VCR, the maxi-
mum chemotherapeutic effect combined with FK-506 was
significantly superior to the effect of other combinations
(P <0.001 by Student’s t-test).

FK-506 inhibited the [3H] azidopine binding to P-gly-
coprotein efficiently. The VCR binding to K562/ADM
plasma membrane was inhibited by FK-506 as effectively
as by CsA. Furthermore, the accumulation of VCR in ADqg
cells was increased by FK-506 as effectively as by CsA
and verapamil. These results strongly suggest that the
mechanism of action of FK-506 for overcoming multidrug
resistance is similar to that of CsA and verapamil. It was
reported that verapamil competitively bound to the drug-
binding site on P-glycoprotein and was transported from
resistant cells by a mechanism similar to that of antitumor
agents [8, 26]. CsA is also regarded as a competitive inhib-
itor for the transport of antitumor agents by P-glycoprotein
[8, 13]. Assuming that FK-506 is also recognized by P-gly-
coprotein and transported out from resistant cells, FK-506
could be effective in accumulating VCR in resistant cells
and in overcoming multidrug resistance. In addition to the
common effect of these compounds on P-glycoprotein,
FK-506, CsA and verapamil might have another individual
mechanism of action yet to be elucidated on each multi-
drug-resistant cell, because the relative potency of FK-506,
CsA and verapamil to reverse resistance is different in
ADj10, K562/ADM and P388/VCR cells in vitro.

The dosage of FK-506 for overcoming of resistance in
P388/VCR-bearing mice is rather high as compared to the
dose for suppression of the rejection of transplants [4].
This immuno-suppressive activity might restrict the clini-
cal use of FK-506 for overcoming of drug resistance. It is
not understood whether the overcoming activity of the
drug resistance by FK-506 correlates with its immunosup-
pressive activity. Regarding the direct interaction of FK-



200

506 with P-glycoprotein, however, the reversing activity is
not likely to correlate with the immunosuppressive activi-
ty. Actually, in the case of cyclosporins, non-immunosup-
pressive cyclosporins can modify the drug resistance as
well as CsA [25]. Non-immunosuppressive FK-506 ana-
logues might be more effective than FK-506 in overcom-
ing of multidrug resistance, and the search for such com-
pounds would be of interest.

Acknowledgements. We are grateful to Fujisawa Pharmaceutical Co. Ltd.
and Sandoz Pharmaceutical Co. Ltd. for kindly providing us with FK-
506 and CsA, respectively. We also thank E. Tsurno and S. Yachida for
typing the manuscript.

References

—

. Britton S, Palacios R (1982) Cyclosporin A — usefulness, risks and
mechanism of action. Immunol Rev 65: 5-22
2. Bunjes D, Hardt C, Réllinghoff M, Wagner H (1981) Cyclosporin A
mediates immunosuppression of primary cytotoxic T cell responses
by impairing the release of interleukin 1 and interleukin 2. Eur J
Immunol 11: 657661
3. Endicott JA, Ling V (1989) The biochemistry of P-glycoprotein-me-
diated multidrug resistance. Annu Rev Biochem 58: 137-171
4. Inamura N, Nakahara K, Kino T, Goto T, Aoki H, Yamaguchi I,
Kohsaka M, Ochiai T (1988) Prolongation of skin allograft survival
in rats by a novel immunosuppressive agent, FK-506. Transplanta-
tion 45: 206209
5. Kino T, Hatanaka H, Hashimoto M, Nishiyama M, Goto T, Oku-
hara M, Kohsaka M, Aoki H, Imanaka H (1987) FK-506, a novel
immunosuppressant isolated from a Streptomyces: 1. Fermentation,
isolation, and physico-chemical and biological characteristics.
J Antibjot (Tokyo) 40: 12491255
6, Kino T, Hatanaka H, Miyata S, Inamura N, Nishiyama M, Yajima T,
Goto T, Okuhara M, Kohsaka H, Aoki H, Ochiai T (1987) FK-506, a
novel immunosuppressant isolated from a Streptomyces: 11. Immu-
nosuppressive effect of FK-506 in vitro. J Antibiot (Tokyo) 40:
1256-1265
7. Naito M, Hamada H, Tsuruo T (1988) ATP/Mg?*-dependent binding
of vincristine to the plasma membrane of multidrug-resistant K562
cells. J Biol Chem 263: 11 887-11891
. Naito M, Tsuruo T (1989) Competitive inhibition by verapamil of
ATP-dependent high affinity vincristine binding to the plasma mem-
brane of multidrug-resistant K562 cells without calcinm ion involve-
ment. Cancer Res 49: 14521455
9. Park JG, Kramer BS, Steinberg SM, Carmichael J, Collins JM,
Minna JD, Gazdar AG (1987) Chemosensitivity testing of human
colorectal carcinoma cell lines using a tetrazolium-based colorimet-
ric assay. Cancer Res 47: 58755879

x

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Pastan I, Gottesmann MM (1987) Multiple-drug resistance in human
cancer. N Engl T Med 316: 1388- 1393

Reem GH, Cook LA, Vilcek J (1983) Gamma interferon synthesis by
human thymocytes and T lymphocytes inhibited by cyclosporin A.
Science 221: 6365

Rogan AM, Hamilton TC, Young RC, Klecker RW Jr, Ozols RF
(1984) Reversal of Adriamycin resistance by verapamil in human
ovarian cancer. Science 224: 994 - 996

Sonneveld P, Nooter K (1990) Reversal of drug-resistance by cyclos-
porin A in a patient with acute myelocytic leukemia. Br J Haematol
75:208-211

Slater LM, Sweet P, Stupecky M, Gupta S. (1986} Cyclosporin A
reverses vincristine and daunornbicin resistance in acute lymphatic
leukemia in vitro. J Clin Invest 77: 1405-1408

. Standaert RF, Galat A, Verdine GL, Schreiber SL (1990) Molecular

clonging and overexpression of the human FK-506 binding protein
FKBP. Nature 346: 671 -674

Tanaka H, Kuroda A, Marusawa H, Hatanaka H, Kino T, Goto T,
Hashimoto M, Taga T (1987) Structure of FK-506: a novel immuno-
suppressant isolated from Streptomyces. I Am Chem Soc 109:
5031-5033

Tropschug M, Wachter E, Mayer S, Schonbrunner ER, Schmid FX
(1990) Isolation and sequence of an FK506-binding protein from N.
crassa which catalyses protein folding. Nature 346: 674 -677
Tsuruo T, Tida H, Tsukagoshi S, and Sakurai Y (1981) Overcoming
of vincristine resistance in P388 leukemia in vivo and in vitro
through enhanced cytotoxicity of vincristine and vinblastine by vera-
pamil. Cancer Res 41: 19671972

Tsuruo T, Tida H, Tsukagoshi S, Sakurai Y (1982) Increased accu-
mulation of vincristine and adriamycin in drug-resistant tumor cells
following incubation with calcium antagonists and calmodulin inhib-
itors. Cancer Res 42: 47304733

Tsuruo T, lida H, Nojiri M, Tsukagoshi S, Sakurai Y (1983) Circum-
vention of vincristine and Adriamycin resistance in vitro and in vivo
by calcium influx blockers. Cancer Res 43: 2905-2910

Tsuruo T, Oh-hara T, Saito H (1986) Characteristics of vincristine
resistance in vincristine resistant human myelogenous leukemia
K562. Anticancer Res 6: 637641

Tsuruo T, Saito HI, Kawabata H, Oh-hara T, Hamada H, Utakoji T
(1986) Characteristics of resistance to Adriamycin in human myelo-
genous leukemia K562 resistant to Adriamycin and in isolated
clones. Jpn J Cancer Res 77: 682692

Tsurao T (1988) Mechanism of multidrug resistance and implica-
tions for therapy. Jpn § Cancer Res 79: 285-296

Tsuruo T (1989) Circumvention of drug resistance with calcium
channel blockers and monoclonal antibodies. In: Ozols RF (ed.)
Drug resistance in cancer therapy. Kluwer, Boston, pp 73-95
Twentyman PR (1988) Modification of cytotoxic drug resistance by
non-immuno-suppressive cyclosporins. BrJ Cancer 57: 254 -258
Yusa K, Tsuruo T (1989) Reversal mechanism of multidrug resis-
tance by verapamil: direct binding of verapamil to P-glycoprotein on
specific sites and transport of verapamil outward across the plasma
membrane of K562/ADM cells. Cancer Res 49: 50025006



