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The acquired resistunce to various drugs in cuncer is mediated by P-glycoprotein (P-gp) which is encoded by the mdr-1 gene. An insreased levs!
of mdr-1/P-gp was demonstruted ufter chemotherupy administered to treat cancer in humans. To clarify the direst effect of anticancer drugs on
mdr-1/P-gp expression, we investigatcd the change in transport of adrismycin (ADR), and the expression of the mdr-| gene and P-gp in an
ADR-treated, multidrug-resistant leukemic cell line (KS62/ADR o). The addition of ADR indused the over-capression of medr-1/P-gp, which led
to u transient decrcuse in the intracellular aceumuliation of ADR although the differensce was not stutistically significant. A maximal effect wus
observed after 4 b incubation, returning to the baseling level after further incubation for 12--24 h. The phosphorylation of P-gp was inversely
correlated with the levels of P-gp. These observations suggest thut ADR itself modulates both the expression and function of P-gp. Determination
of the optimal schadule for administering adrinmyein is essential (o achieving the opiimal eifect in tremting cancer,

Multislrug resistunce; mdr-1: P-glycoprotein; Adriamycin

. INTRODUCTION

Many cell lines selected f{or resistance in vitro to one
anticancer drug also show cross-resistance to other
agents which are structurally and functionally unrelated
(1,2]. Most of these cell lines over-express the mdr-1
gene and its product, P-giycoprotein (P-gp) [3-6]. P-gp
is thought to function as an ATP-dependent drug efflux
pump [4,5]. The promoter region of the mdr-1 gene was
recently isolated [7,8). The regulatory mechanism of the
expression of this gene has been studied in normal and
malignant cells. Such stimuli as heat shock and differen-
tiating agents have been si:own to modifly its expression
of the mdr-1 gene [9-12].

The development of multidrug resistance is a major
clinical problem in the chemotherapy of cuncer. The
increased expression of mdr-1/P-gp has been demon-
strated following chemotherapy [13,14]. However. the
level of mdr-1 mRNA and P-gp does not always result
from gene amplification [i5,16). To clarify the mecha-
nism involved, we investigated the direct effects of adri-
amycin (ADR) on the expression of mdr-1/P-gp and
intrucellular drug accumulation by using a multidrug
resistant cell line which was treated with ADR for var-
ying periods of time.

Correspordence address; 8. Kato, Third Department of Internal Med-
icine, Facully of Medicine, Kyushu University, 3-1-1 Maideshi, Hi-
gashi-ku, Fukuoka 812, Japan. Fax: (81) (92) 633-3367,

Publishes by Elvevier Science Publishers B.V.

2. EXPERIMENTAL

2.1, Muaicrials

Adriamycin (ADR) wiis Kindly provided by Kyowa Hakko Kogyo
Co. {Tokyo. Jupun). ['*1]Protein A (1.1l GBg/ml) and [*Plostho-
phosphate (370 MBg/inl) were from ICN Biomedical Ine. (Costa
Mesu, CA). [7-"PIATP (370 MBg/ml) und [e-*PHCTP (370 MBg/ml)
were abtained from Amershum (Buckinghamshire, UK). Monoctonal
aitibody ugainst P-glycoprotein (P-gp) was from Centosore (Balti-
mare, MD) [17]. The oligonucieotide probe spexific for mde-1 gene,
CTTCAAACTTCTGCTCCTG  (residues  2734-2752, antiscnse
strand) wus prepired on an Applied Biosysiem 391 nutomated syathe.
sizer. The actin probe was purchased from Cesmo Bio Co. (Tokyo,
Japan). Protein A-Sephurose C4-B was obtained from Fiarmacia
LKB (Uppsaln, Sweden),

2.2, Treatnent of cells with ADR

The multi-drug resistant subline, K562/ADR &, was developed in
vitro in our laboratory from the human myelogenous cell line, K562,
and maintuined with 500 nM of ADR [18). The cells were cultured in
an ADR-free medium for 3 days before these experiments. The cells
were incubuted in RPMI 1640 containing 10% of fetal calf serum
(FCS) with 2uM of ADR for 0,4, 8, 12 and 24 h in 5% CO,-95% air
at 37°C. They were used in the following experiments after washing
with cold phosphate-bufTered saline (PBS). The viability of the cells
wits maintained ubove 90% during each treatrent period.

2.3, Duracellular transport of ADR

The intracellular accumulation of ADR in cells incubated with this
agent for specified intervals was determined by resuspending the cells
(5 % 10%ml) in fresh medium with 2 4M of ADR at 37*C for 60 min,
The cells were washed twice with cold PBS containing 1% bovine
serun albumin (BSA). and then extracted with 0.3 N HCI-50% ctha-
nol. The concentration of iniracellular ADR wus detected by spec-
trofluorometry (Shimadzu RF 5000) at an excitation wavelength of
470 nim and emission wavelength of 585 nm.
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24, Wesiern blat anetlvix of P-gp

The membrene fruction of cells treated with ADR for specified
intervals was prepured by the methad of Bells et al, {19), The mem-
brane fraction (100 ye) was sanrrted an 8% SDS-PAGE and truns-
ferred onta 4 nitrocellulose tier (Sehivicher & Schiucl, Dusasl, Gier-
many). The filter was pre-incubated overnight at 4°C with blocking
bulTer (3% BSA in Tris-bullered suline) and then incubited wilth |
A¥mt monoclonul antibody, C219, in blocking buffer far 33, st room
temperuture, The filter was washed with 0.2% NP-40 in Tris-bulTered
saline, and incubated with ["*l]protein A ut 37 KBq/m! in blosking
bufTer for | h. After extensive washing, the filter wus uutorudiogrii~
phed with an intensifying sereen ut =70°C,

2.5, Northern blor analysis of the mdr-1 gene

Totul RNA was extracted by Iysig in guunidine thiocyunute and
centrifugation in a cesium chloride grudient. Total RNA (10 ug) was
clectrophoresed on 1% agurose geis slter glyoxaldtion, trunslerred
onto nylon membranes (Biodyne B, Pall, East Hills, NY) and hybrid-
ized with an mdr-1 oligonucleotide probe §° end lubeled with [y-
BPIATP and polynusicatide kinase. The nylon membrane wus re-
hybridized with un (2-¥PIdCTP-lubeled aetin probe. Autorudiography
was curried out with an intensilying sereen at —=70°C,

2.6. Phaspharylation of P-glycopratein

Alter incubation with ADR for specified intervals, KS62/ADR i
cells (1 x 10) were suspended in phosphate-free Hank's balanced sule
solution (M BSS) containing 10% of diulyzed FCS, and metabolically
labeled with [**Plorthophosphale (92,5 MBa/mi) for 4 h at 37°C. The
cells were washed three times with 0.15 M NaCl, 10 mM Tris-HCI, pH
7.4, and solubilized in cold lysis buffer (0.15 M NuCl, 50 mM Tris-
MCI. 1% Triton X-100, 1% deoxycholate, 0.1% SDS. | mM EGTA.
2mM MnCly, | mM phenylmethylsulfonyl Auoride) on ice for 30 min.
The cell lysates were clarified by centrifugation at 10,000 x g for 5 min
and incubated with normal mouse serum for 30 min and then with
protein A-Sepharose for 30 min, and the beads were removed, Im-
munoprecipitation was carried out with €219 antibody (1 g/ml) for
2 h at 4*C and immune complexes were collected on protein A-
Sephasose C4-B by | hincubation at 4°C. The beads were centrifuged
und wushed three times with lysis buffer, once with 0.5 M NaCl, |0
mM Tris-HCI, pH 2.4,0.16 Triton X-100 and once with 0.15 M NuCl,
10 mM TrissHCL, pH 7.4. Finally, the protein bound to beuds was
solubilized in 2% SDS, 2% 2-mercaptoethanal, 10% glycers! and 62.5
mM Tris-FHCI, pH 6.8, boiled for 3 min and separated on 8% SDS-
PAGE, followed by nutoradiography.

3. RESULTS

Fig. | A shows the change in the intraceliular accumu-
lation of ADR after incubation with 2 uM of ADR, a
concentration which is about twice the IC,, for ADR in
K562/ADR o [18], for specified intervals. The average
intracellutar accumulation of ADR in three experiments
decreased transiently in the cells treated with ADR over
4-8 h, and recovered to the initial level in the cells
treated for 24 h. A maximal inhibition of 60% of the
initial level was observed at 8 h incubation. However,
the difference was not significant because of the wide
variation in basa! values between experiments.

To clarify the mechanism for the change in ADR
uptake, we studied the level of P-gp in the cells treated
with ADR by Western blotting using C219 monoclonal
antibody. The amount of P-gp increased by about 20%
after incubation for 4 h, and reverted to the initial level
after incubation for 8 h. Furthermore, it was down-
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Fig. 1. Intrucellular accumulation of ADR after incubation with 2 uM

of ARR for specified times and resuspended with fresh medium cone

taining 2 uM of ADR, und incubated faor 60 min, The duta were an
average (£8.D.) of three experiments.

regulated after incubation for 12-24 h (Fig. 2). We then
examined mdr-1 gene expression by Northern blotting
using the mdr-1 specific probe. The expression of the
mdr-1 gene was also induced transiently in the cells
treated with ADR for 4 h, and was then suppressed to
the initial level (Fig. 3). These observations confirmed
that the suppression of intracellular accumulation of
ADR after exposure to ADR wis duc to the over-ex-
pression of mdr-1/P-gp.

The phosphorylation of P-gp was enhanced after
ADR treatment for 12-24 h (Fig. 4). while the amount
of P-gp was decreased during these incubation periods,
as shown in Fig. 2.

4, DISCUSSION

We observed that an anticancer drug, ADR, itself
induced an over-expression of mdr-1/P-gp. with a de-
crease in the intracellular accurnulation of this drug in
multidrug-resistant cell lines. The expression of the
mdr-1 gene appears to be correlated with the copy num-
ber of the gene in most multidrug resistant cell lines [6],
but reveriants of these cell lines were usually character-
ized by u decreased expression of this gene without a
loss of amplified DNA [15]. In cancer patients, the mdr-
1 gene is frequently expressed after chemotherapy and
is not always amplified [20]. Our resulls support the
previous findings that the expression of mdr-1 gene may
be transcriptionally regulated by anticancer drugs [9].
This phenomenon may be one of the mechanisms for
protecting the cell against an anticancer drug by pre-
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Fig. 2. Western blotting analysis of P-glycoprotein. 100 4g of mem-
brane protein was applied to each lane, separated on 8% SDS-PAGE,
und probed with monoclonu! untibody C219.

serving u low level of intracellular drug concentration.
However, the precise mechanism by which ADR modu-
lates mdr-1 gene expression is unknown. Some form of
stress, including differentiating agents or heat shock,
are known to induce mdr-1 gene expression (10-12]. The
promoter sequence of the mdr-1 gene has been identi~
fied [7]. Kohno et al. [9] reported that the mdr-1 pro-
moter was activated by anticancer drugs, including vin-
cristine. duaunomycin, and colchigine, by using a tran-
sient CAT expression assay. Raymond and Gros [8]
demonstrated the cell-specific activity of eis-acting regu-
latory elements in the promoter of the mdr-1 gene.
These findings support the idea that (rans-acting regula-
tory factors are constitutively or inducibly expressed in
both normal cells and malignant cells.

We observed that the effect of ADR on the expression
of mdr-1/P-gp appeared relatively carly, within 4-8 h,
and diminished after prolonged incubation with ADR,
The expression of mdr-1 mMRNA was also inducible by
another anticancer drug, actinomycin D, in revertant
cell lines after re-exposure to the drug [21]. These au-
thors fourid that mdr-1 iInRNA expression was en-
hanced following prolonged incubation (72 h) with the
drug. Their use of revertant cells may explain the differ-
ence in time-course as compared with our findings. Pre-
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Fig. 3. Northern blot analysis of mdr-1 gene expression. Egual

amounts of total RNA (10 #g) were applied to cach lane and probed

with the mdr-1 probe (upper) or S-actin probe (lower). The first lane

showi u sumple of ADR-sensitive K562 cells used us a negative con-
teol,

vious studies have shown that the level of mdr-1/P-gp
expression that was induced by differentiating agents.
and sustained throughout exposure, decreased rapidly
with a half life of several hours after removal of the
agents, returning to baseline in about 12 h [11]. In this
study, the over-expression of the mdr-1 gene was tran-
sient, but continuous ADR treatment returned it to the
initial level. Differentiation inducers and anticancer
drugs may regulate the expression differently. It is also
possible that newly expressed P-gp decreases the intra-
cellular ADR level as a function of drug efflux pump,
and thus, the effect is transient.

We showed that the level of P-gp phosphorylation

R ! » -Rgp
0 4 12 24 48hrs

Fig. 4. Phosphorylation of P-glycoproiein after treaiment with ADR.,

Cells were labeled with [PPlorthophosphate. The phosphorylated pro-

tein was immunoprecipilated using G219 monoslonal antibody. Sam-
ples were anulyzed on 8% SD3-PAGE.
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induced by ADR was inversely corvelated with the level
of P-gp. Recent studies have demonstrated thut phos-
phorylation plays an impertant role in the biological
activity of P-gp [22-24). The activation of protein kinase
C by phorbol esters induces drug resistance [25], while
an inhibitor of this kinase, staurosporine, inhibits P-gp
phosphorylation and leas 10 a concomitant increase in
drug accumulation as a 1.sult of the inhibition of efflux.
Calcium channel blockers and calmodulin inhibitors
[23,26.27). inhibitors of active drug efflux, lead to an
increase in P-gp phosphorylation. These results are con-
troversial in relation to phosphorylation and function
of P-gp, although phorbol 2sters and calcium channel

lockers are thought to induce phosphorylation at dif-
ferent sites of the protein [26]). Although the mecha-
nisms by which ADR induces phosphorylation of P-gp
during prolonged incubation is not known, it is likely
that the phosphorylation by ADR also modifies the
function of this protein.

In conclusion, exposure to ADR modified the expres-
sion of mdr-1/P-gp in a time-dependent manner. Clarifi-
cation of the precise mechanism will help to aveid drug
resistance and aid the efficient administration of chemo-
therapy to cuncer patients.

REFERENCES

{t] Juliano, R.L. and Ling, V. (1976) Biochim. Biophys. Actu 455,
152-162.

{21 Skovsgaard, T. (1978) Cuncer Res. 38, 47224727,

[3] Kartner, M., Riordan, J.R, und Ling. V. (1983) Science 221,
1285-1288.

[@} Chen, C.J.. Chin, J.E.. Uedy, K.. Clark, D.P., Pastun, .. Gottes-
mun, M.M. and Roninson, [.B. (1986} Cell 47, 381-389,

(8] Gerluch, J.H., Endicott, J.A., Jurunka, P.F., Henderson, G.. Sur-
angi, F., Deuchars. K.L. und Ling, V. (1986) Nature 324, 485~
489.

(6] Roninson, I.B., Chin, J.E., Choi, K., Gros, P., Housman, D.E..
Fojo. A., Shen, D.-W., Gottesman, M.M. und Pastun, [. (1986)
Proc. Natl, Acud.Sci, USA 83, 4538-4542,

178

FEBS LETTERS

August 1992

{7] Ueda, K., Pastun, I, and Gottesmun, M.M. (1987) J. Biol. Chem.
262, 17432-17436.

i8] Raymond, M. and Gros, P, (1920) Mol, Cell Biol, 10, 6036-6040.

9] Kohno, K., Sute. S., Takano, H., Matsuo, K. and Kuwano, M.
(1989) Biochem. Biophys. Res. Commun, 165, 1415-1421,

[10} Chin, K.-V., Tanuka, S., Darlington, G., Pastan, 1. and Gotles-
man, M.M. (1990) J. Biel. Chem. 26§, 221226,

(11} Mickley, L.A., Bates, 8.E.. Richert. N.D.. Currier, S.. Tanuku,
S., Foss, F., Ross, F., Rosen. N, and Fojo, A.T. (1989) J. Biol,
Chem. 264, 18031-18040.

[12) Bates, §8.E., Mickley. L.A., Chen, Y.-N., Richert, N.. Rudick, J..
Biedler. J.L. und Fojo. A.T. (1989) Mal. Cell Biol, 9, 4337-4344,

{13} Mud. D.D.F.,, Scuer, R.D.. Davey, R.A., Muckertich, S.M., Har-
man, D.H.. Dowden, G., Isbister, J.P. and Bell, D.R. (1987)
Lancet i, 135-137.

(14] Musto, P., Melillo, L., Lombardi, G., Mutera, R., Di Giorgio, G.
and Curotenuto, M. (1991) Br, J. Hacmutol. $0-53.

{15) Shen. D~W., Fojo, A., Chin, l.E., Roninnson, 1.B., Richert, N..
Pastun, [, and Gottesmun, M.M, (1986) Science 232, 643-645.

{16} Bourhis, J.. Bernard, J.,, Hattrman, O.. Boteon-Gibod, L. and
Rious, G. (1989) J. Natl. Cuncer Inst. 81, 14011405,

[!7) Kartner, N., Evernden-Porelle. D., Bradley, G. and Ling, V.
€1985) Nature 316, ¥20-823,

(18] Kate. S., Ideguchi, H., Muta, K,, Nishimura. J. and Nawata, H.
(1990) Leukemin Res. 14, 567573

[19] Bell, D.R., Gerlach, S.H.. Kartner, N., Buick, R.N. and Ling, V.
(1985) J. Clin, Qneol. 3. 311-31§,

[20] Sxgimoto, Y., Reninson, B.I and Tsuruo, T. (1987) Mol. Cell
Bial, 7, 4549-4559.

(21) Gekeler, V., Frese, G., Diddens, H. und Probsy, H. (1938) Bio-
chem. Biophys. Res. Commun. |55, 754=760.

[22) Gurman, D., Albert, L. und Cexter, M. £i0283) Biachem, Pharma.-
col, 32, 36:3-36137,

{23] Hamada, K., Hagiwara, K., Nakajima, T. and Tsuruo. T. (1987)
Cancer Res. 47, 2860-2865.

[24) Mellado, V. und Horwitz, $.B. (1987) Biochemistry 26, 6900-
6904,

[25] Fine, R.L.. Patel. J. und Chabner, B.A. (1988) Pros, Natl, Acad.
Sci. USA 85, 582586,

(26] Sute. W.. Yuss, K., Naite, M. and Tsuruo, T. (1990) Biochem,
Biophys. Rex. Commun, 173, 1252-12587,

[27 Ma. L. Marquirdt, D., Takemoto. L. und Ceater, M.S. (1991)
J. Biol, Chiern, 299, 55931-5599.



