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The prognosis of patients with tumors expressing
-glycoprotein (P-gp), the MDR1 gene product, is gen-
rally poor. It is assumed that this is due to decreased
umor responsiveness that results from decreased
rug accumulation. We observed that treatment of an-

mals bearing MDR1-transfected leukemic cells with
-gp substrates (i.e., drugs that are transported by
-gp) significantly worsened host survival compared

o treatment with vehicle or non-P-gp substrates. This
ffect was seen with cancer chemotherapeutic agents
paclitaxel and vincristine) and with the MDR modu-
ator, trans-flupenthixol. To determine the mecha-
ism(s) underlying this observation, we studied alter-
tions in pharmacokinetics, pharmacodynamics, and
etastasis. We found that the drug-induced accelera-

ion of disease was associated with increased metasta-
es. P-gp(1) cells treated with P-gp substrates demon-
trated several pro-metastatic features, including
embrane ruffling and invasion through a hepatocyte
onolayer. These results suggest that the treatment of
DR tumors with P-gp substrates may produce

hanges in malignant behavior that could adversely
ffect therapeutic outcomes. © 1999 Academic Press

Key Words: multidrug resistance; P-glycoprotein;
-glycoprotein substrates; invasion; metastasis.

Drug resistance remains a formidable obstacle to the
ffective treatment of human cancer. The discovery of
-gp (1–3), the MDR1 gene product that functions as
n energy-dependent drug transporter, revealed a pre-
iously unknown mechanism of resistance to antican-

Abbreviations used: P-gp, P-glycoprotein; MDR, multidrug resistant
r multidrug resistance; VCR, vincristine; TAX, paclitaxel; tFPT, trans-
upenthixol; MEM, mechlorethamine; i.p., intraperitoneal.

1 To whom correspondence may be addressed. Fax: 732-235-8098.
-mail: jyang@rwja.umdnj.edu.
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er drugs. It was established that P-gp is expressed in
uman cancers (4), and imparts a poor prognosis. Al-
hough it was generally assumed that this effect on
rognosis was due to the inability of chemotherapeutic
rugs to reach therapeutic concentrations at intracel-
ular targets, we observed experimental results that
id not easily fit this paradigm. We now describe ex-
eriments demonstrating that treatment of MDR leu-
emia with drugs that are effluxed by P-gp decreases
urvival compared to treatment with vehicle. In addi-
ion, we uncovered a potential mechanism to explain
hese results, which appears unrelated to drug efflux.

ATERIALS AND METHODS

Animal studies. Cells from log-phase cultures of P388/S or P388/
MDRC.04 (5) were washed in PBS by centrifugation at 10003g for
0 min, then resuspended in sterile saline at a concentration of 5 3
06 cells/ml. One million cells in 0.2 ml of PBS were inoculated into
roups of five 20- to 22-g female CD2F1 mice (Charles River Labo-
atories, Wilmington, MA) via the peritoneal cavities on day 0. Ve-
icles or drugs were given i.p. on days 1, 5, and 9 for VCR (0.2–1.0
g/kg), tFPT (40 mg/kg) or MEM (0.5 mg/kg), and on days 1–5 for
AX (10–15 mg/kg). Animals were given food and water ad libitum
nd were checked daily for weight, signs of tumor growth, or illness.
ll animal studies were approved by the Institutional Animal Care
nd Use Committee of the University of Medicine and Dentistry of
ew Jersey.

Pharmacokinetics. P388/S or P388/VMDRC.04 cells were inocu-
ated into mice as described above. On day 10, mice were given an i.p.
njection of TAX (15 mg/kg). [3H]TAX (5 mCi/mouse) was used as a
racer to determine drug content in various organs or tissues. The 3H
ontent of tissues was determined as described by Teicher et al. (6).
t various time points after drug administration, mice were sacri-
ced and known amounts of liver, kidney, spleen, heart, lung, brain,
lood, and ascites were collected and dissolved in SOLVABLE (Pack-
rd Instrument Co., CT), then counted by liquid scintillation.

Histopathology. Tumor-bearing mice treated as described above
ere sacrificed on day 12 and the livers, kidneys, brains, spleens,
earts, and lungs were removed, fixed in Buffered Formalde-Fresh
Fisher Scientific, NJ) and embedded in paraffin. The tissue sections
ere stained with hematoxylin and eosin for general histopatholog-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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cal analysis. The stained slides were examined with a NIKON
icroscope with a PC Image-Pro Plus system (Media Cybernetics,
ilver Spring, MD).

FIG. 1. Effects of VCR (a, b), TAX (c, d), tFPT (e, f ), and MEM (g
388/VMDRC.04 leukemia. Mice were inoculated with 1 3 106 cells i
CR (1 mg/kg), MEM (0.5 mg/kg), or tFPT (40 mg/kg) or on days 1–5
hown are the results of a representative of three separate experim
ndicated on the abscissa divided by the initial number of animals t
168
Invasion assay. The invasive capacity of sensitive and MDR P388
ells were assessed using a modification of the methods of Janiak
t al. (7) and Habets et al. (8). Briefly, normal mouse embryonic liver

on survival of mice bearing sensitive P388/S or multidrug resistant
the peritoneal cavities on day 0 and treated on days 1, 5, and 9 with
h TAX (15 mg/kg), as described under Materials and Methods. Data
ts with five mice per group. Points, animals surviving at the time
ted.
, h)
nto
wit
en
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ells BNL CL.2 (American Type Culture Collection, Rockville, MD)
ere seeded on the upper surface of an 8.0 mm polyethylene terephtha-

ate membrane filter in a cell culture insert within a blind-well chamber
Becton Dickinson, Franklin Lakes, NJ). Forty-eight hours later, 2 3
05 P388/S or P388/VMDRC.04 cells in log-phase of growth were lay-
red on the hepatocyte monolayer in the upper chamber of the assay
essel and incubated at 37°C in 95% O2/5% CO2, in the presence or
bsence of drugs. Drug concentrations were chosen that produced
10% cell killing and had no effect on the hepatocyte monolayer during

he 24 h-incubation. Cells traversing the hepatocyte layer through the
orous membrane were collected in the lower chamber and counted.

Measurement of intracellular pH. P388/S or P388/VMDRC.04
ells (2 3 105 cells/tube) in log-phase of growth were treated with
rugs or vehicle for 24 h at 37°C in 95% O2/5% CO2. Drug concen-
rations were chosen which produce ,10% cell killing. Intracellular
H was measured using flow cytometry (EPICS ELITE flow cytom-
ter, Beckman Coulter, Inc., FL) with carboxy-SNARF-1, as previ-
usly described by Wieder et al. (9).

AUC of TAX in the Livers, Kidneys, Lu
of Mice Bearing P388/S o

A

Liver Kidney Lung

388/S 174.4 6 20.1 135.1 6 15.8 63.4 6 5.6 2
388/VMDRC.04 170.9 6 32.1 79.1 6 9.8 38.2 6 2.9 1

a Mean 6 SD of 4 mice from 2 separate experiments.

FIG. 2. Photomicrographs of livers from sensitive P388/S (a–e) an
ith vehicle (a, f ), TAX (b, c), VCR (c, h), tFPT (d, i), or MEM (e, j). Mi
nd treated on days 1, 5, and 9 with VCR (1 mg/kg), MEM (0.5 mg/kg), o
aterials and Methods. Mice were sacrificed on day 12 and the livers re

amples were stained with hematoxylin and eosin and examined with a
169
Membrane ruffling assay. Membrane ruffling was deter-
ined using fluorescently labeled phalloidin as previously de-

cribed (10). Briefly, sensitive MCF-7 or MDR MCF-7/BC-19
ells were plated on glass coverslips in 35-mm cell culture
ishes and grown for 24 h, then treated with drugs or vehicle
vernight. The glass coverslips were then rinsed twice with
re-warmed PBS, and the cells were fixed in 3.7% formaldehyde
n PBS for 15 min. Cells were permeabilized with 0.2% Triton-

100 in PBS for 5 min, then treated with 50 mM ammo-
ium chloride in PBS for 10 min. Membrane ruffling was visual-

zed by staining with 5 mM phalloidin-tetramethyl-rhodamine
sothiocyanate (TRITC) (Sigma Chemical Co.) for 1 h at room
emperature. The slides were viewed using a fluorescence micro-
cope with the PC Image-Pro Plus system (Media Cybernetics,
ilver Spring, MD).

Statistical analysis. For analysis of between-group differences, P
alues were determined using Student’s t-test. A P value of 0.05 was
onsidered significant.

s, Hearts, Spleens, Brains, and Blood
388/VMDRC.04 Tumors

(mg.h/g or mg.h/ml)a

art Spleen Brain Blood Tumor cells

6 4.2 108.0 6 11.3 3.39 6 1.2 10.0 6 5.8 592.5 6 35.2
6 3.2 75.1 6 12.5 2.31 6 1.5 4.18 6 4.7 452.3 6 30.1

ultidrug resistant P388/VMDRC.04 (f–j) tumor-bearing mice treated
ere inoculated with 1 3 106 cells into the peritoneal cavities on day 0
PT (40 mg/kg) or on days 1–5 with TAX (15 mg/kg), as described under
ved, fixed in Buffered Formalde-Fresh, and embedded in paraffin. The
ON microscope (203 objective lens) with a PC Image Pro Plus system.
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ESULTS AND DISCUSSION

Using a MDR1-transfected mouse leukemic cell line
388/VMDRC.04 (5), we compared the survival of
DF1 mice bearing these tumor cells treated with the
-gp substrates, VCR or TAX, to those treated with
ehicle. This MDR1-transfected cell line displayed a
ull MDR phenotype, and was about 20-fold resistant to
CR and TAX (5). Figure 1 demonstrates that P388/S

Fig. 1a, c, e and g) and P388/VMDRC.04 (Fig. 1b, d, f
nd h) tumor cells were lethal to mice in 12.1 6 0.3
S.E.) and 16.3 6 0.2 (S.E.) days, respectively. VCR (1
g/kg; Fig. 1a) and TAX (15 mg/kg; Fig. 1c) signifi-

antly increased the survival of mice bearing sensitive
388/S cells (P , 0.01; increased life span $100%).
n contrast, the same doses of VCR and TAX signifi-
antly decreased the survival of mice bearing P388/
MDRC.04 cells as compared with vehicle treatment

Fig. 1b and 1d; P , 0.01; decreased life span 5 20 ;
5%). Treatment of the P-gp(1) tumor-bearing mice
ith tFPT (40 mg/kg), a prototype modulator of MDR

11), also decreased survival compared to vehicle treat-
ent (Fig. 1f; P , 0.01; decreased life span 5 31%).

FPT did not affect the survival of mice inoculated with
388/S cells (Fig. 1e). In contrast, MEM (0.5 mg/kg),
hich is not a P-gp substrate, increased the survival of
ice bearing either sensitive (Fig. 1g; P , 0.01; in-

reased life span 5 83%) or MDR (Fig. 1h; P , 0.01;
ncreased life span 5 56%) P388 cells.

A possible explanation for the decreased survival of
reated animals was a change in pharmacokinetics or
harmacodynamics of drug in animals harboring a
ass of P-gp(1) cells capable of drug efflux rather than

rug binding. Therefore, we compared the pharmaco-
inetics and pharmacodynamics of TAX and VCR in
ensitive and MDR tumor-bearing animals. After in-
ection of TAX (15 mg/kg), the levels of the drug in
lood and various organs were not increased in ani-
als bearing the P-gp(1) cell line as compared to an-

mals bearing the P-gp(2) cell line (Table 1). As ex-
ected, the content of TAX in MDR cells was lower
han that of sensitive cells (Table 1). Furthermore, we
ound no differences in neutrophil, platelet or red blood
ell counts between treated mice harboring the sensi-
ive or MDR cell line. In addition, there was no histo-
ogical organ damage in mice regardless of the cell line
hey carried (data not shown).

Unexpectedly, histopathological examination (Fig. 2
nd Table 2) revealed that animals bearing P-gp(1)
umors treated with P-gp substrates (TAX, VCR or
FPT) had greater hepatic metastases (Fig. 2g, h and i)
han animals treated with vehicle (Fig. 2f ) or the non-
-gp substrate, MEM (Fig. 2j). The increased hepatic
etastasis is consistent with the liver being the pre-

erred site of metastasis of P388 tumor cells (12). In
ontrast, animals bearing P388/S cells treated with
AX, VCR or MEM had fewer metastases (Fig. 2b, c
170
nd e) than animals treated with vehicle (Fig. 2a). The
DR modulator, tFPT, had no effect on the dissemi-

ation of P388/S cells to the liver (Fig. 2d). Untreated
388/VMDRC.04 cells (Fig. 2f ) were less metastatic
han parental cells (Fig. 2a), as demonstrated with
ther P-gp(1) cancer cells (13–17).
We next measured the capacity of sensitive and
DR P388 cells to invade a monolayer of hepatic cells

rown on polyethylene terephthalate membranes. Fig-
re 3 demonstrates that P388/VMDRC.04 cells were
ore invasive after treatment with P-gp substrates

FIG. 3. Effects of drugs on invasiveness of P388/VMDRC.04 and
388/S cells. Two hundred thousand cells suspended in medium
upplemented with 10% serum were plated on a murine hepatocyte
ayer in a cell culture insert contained within a blind-well chamber.
fter 24 h of incubation at 37°C in the absence or presence of drugs,

he invasive cells were recovered from the lower compartment and
ounted. Drug concentrations were chosen that produce ,10% cell
illing and had no effect on the hepatocyte monolayer during the
4-h incubation. P388/VMDRC.04: TAX (20 nM), VCR (20 nM), tFPT
5 mM), or MEM (0.5 mM); P388/S: TAX (1 nM), VCR (1 nM), tFPT
1 mM), or MEM (0.5 mM). Each bar represents the mean 6 SD of
uadruplicate determinations from a representative of three sepa-
ate experiments. *P , 0.01 vs vehicle or MEM.
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han when treated with vehicle or MEM. In contrast,
he invasiveness of P388/S cells was not affected by
rug treatment (Fig. 3). These results suggest that the
lteration of cellular motility and invasiveness of
-gp(1) cells by P-gp substrates may contribute to the
nhanced metastases of MDR cells and earlier death
een in P-gp(1) tumor bearing-mice treated with P-gp
ubstrates. A physiological role for P-gp in cell migra-
ion has been suggested by Randolph et al. who found
hat antibodies to P-gp blocked migration of mononu-
lear phagocytes and dendritic cells (18). In addition,
einstein et al. reported a possible association of the

xpression of P-gp with tumor invasion in human colon
arcinomas (19). Recently, Emanuel et al. also reported
hat antimitotic drugs caused increased tumorigenicity
f multidrug resistant cancer cells (20).

Effects of P-gp Substrates and Non-P
of Sensitive and MDR P3

Vehicle TAX

2 1 11 111 2 1 11 111

388/S 3/5 2/5 5/5
388/VMDRC.04 1/5 4/5 1/5 4/5

Note. Three slides from each block of paraffin-embedded livers w
etastasis was categorized into: 2, no metastasis by reviewing all
etastatic tumor focus per microscope field; 11, 1–2 metastatic tum

ocus per microscope field. Each group consisted of 5 mice.

FIG. 4. Measurements of intracellular pH of P388/S and P388
housand cells in log-phase of growth were treated with drugs or vehi
hat produce ,10% cell killing. Intracellular pH was measured by flo
ethods.
171
Changes in intracellular pH of tumor cells are known
o alter invasiveness (21, 22). To determine whether
xpression of P-gp in P388/VMDRC.04 cells and drug
reatments changed intracellular pH, we analyzed
oth sensitive and MDR P388 cells treated with P-gp
ubstrates or non-P-gp substrate. Figure 4 demon-
trates that the intracellular pH of P388/S and P388/
MDRC.04 cells were identical and that treatment of

he cells either with P-gp substrates or non-P-gp sub-
trate did not affect intracellular pH. These results are
onsistent with those of Litman et al. who demon-
trated that in Ehrlich ascites tumor cells expressing
-gp, intracellular pH was unaffected by P-gp modula-
ors and found no correlation between the amount
f P-gp and changes in cellular pH (23). These re-
ults exclude the possibility that the increased motility

Substrate on the Liver Metastases
Leukemic Cells in Mice

VCR tFPT MEM

1 11 111 2 1 11 111 2 1 11 111

4/5 5/5 4/5 1/5
5/5 5/5 3/5 2/5

analyzed for tumor metastases. Histopathological grading of liver
three slides (under microscope with 203 objective lens); 1, 0 to 1
focus per microscope field; and 111, more than 2 metastatic tumor

DRC.04 cells in the presence or absence of drugs. Two hundred
for 24 h at 37°C in 95% O2/5% CO2. Drug concentrations were chosen
ytometry with carboxy-SNARF-1 as described under Materials and
-gp
88

2

1/5

ere
of
or
/VM
cle
w c
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nd invasiveness of P388/VMDRC.04 cells treated
ith P-gp substrates result from changes in intracel-

ular pH.
The ability of cancer cells to invade and metastasize

s characteristic of malignancy and is responsible for
he majority of cancer deaths. Since P388/VMDRC.04
ells do not express other well-characterized drug re-
istance mechanisms (5), and since the effects on me-
astasis were seen only with P-gp substrates, these
ata suggest a causal interaction between the drugs
nd the transporter. Therefore, we postulated that the
nteraction of P-gp substrates with P-gp could lead to

embrane changes favoring metastases. To explore
his possibility, we examined the effect of drugs on
embrane ruffling, an early indicator of enhanced cel-

ular motility and metastatic potential of cancer cells
24). Measurement of membrane ruffling in small lym-
hoid cells grown in suspension culture is not techni-
ally feasible. Therefore, we tested this hypothesis us-
ng models of MDR that grow as monolayers. In MCF-
/BC-19, a MDR1-transfected human breast carcinoma
ell line, we observed an increased membrane ruffling
hen cells were treated with P-gp substrates (Fig. 5g,
and i). This effect was not seen with MEM (Fig. 5j) or

n sensitive cell line, MCF-7 (Fig. 5b, c and d), which
oes not express P-gp. Identical results were found in
-gp(1) and P-gp(2) human epidermoid carcinoma cell

ines, KB3-1 and KBV-1 (data not shown).

FIG. 5. Membrane ruffling of sensitive MCF-7 (a–e) and MDR MC
c and h), tFPT (d and i), or MEM (e and j). Cells grown on glass cove
xed in 3.7% formaldehyde in PBS, and permeabilized with 0.2% Tr
mM phalloidin-tetramethyl-rhodamine isothiocyanate (TRITC) as
172
In summary, our studies reveal that P-gp substrates
ccelerate the progression of a transplantable leuke-
ia that overexpresses P-gp, and that this effect is

ssociated with increased invasiveness and metastasis
f P-gp(1) cancer cells. The clinical significance of this
isquieting result remains to be determined.

CKNOWLEDGMENT

This work was supported by grants from the U.S. Public Health
ervice, NCI P20CA57140-03 and CA 66077.

EFERENCES

1. Juliano, R. L., and Ling, V. (1976) Biochim. Biophys. Acta 455,
152–162.

2. Ueda, K., Cornwell, M. M., Gottesman, M. M., Pastan, I., Ron-
inson, B., Ling, B., and Riordan, J. R. (1986) Biochem. Biophys.
Res. Commun. 141, 956–962.

3. Gottesman, M. M., Pastan, I., and Ambudkar, S. V. (1996) Curr.
Opin. Genet. Dev. 6, 610–617.

4. Pastan, I., and Gottesman, M. M. (1987) N. Engl. J. Med. 316,
1388–1393.

5. Yang, J. M., Goldenberg, S., Gottesman, M. M., and Hait, W. N.
(1994) Cancer Res. 54, 730–737.

6. Teicher, B. A., Herman, T. S., Holden, S. A., Wang, Y., Pfeffer, M. R.,
Crawford, J. W., and Frei, E., III (1990) Science 247, 1457–1461.

7. Janiak, M., Hashmi, H. R., and Janowska-Wieczorek, A. (1994)
Exp. Hematol. 22, 559–565.

8. Habets, G. G. M., et al. (1994) Cell 77, 537–549.

7/BC-19 (f–j) cells treated with vehicle (a and f ), TAX (b and g), VCR
ips in 35-mm cell culture dishes were treated with drugs or vehicle,
-X 100 in PBS. Membrane ruffling was visualized by staining with

cribed under Materials and Methods.
F-
rsl

iton
des



9. Wieder, E. D., Hang, H., and Fox, M. H. (1993) Cytometry 14,

1

1

1

1

1
1

1

1

Caputo, A., Giovanni, C. D., Lollini, P.-L., Nanni, P., Picci, P.,

1

1
2

2

2

2

2

Vol. 266, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
916–921.
0. Johnston, C. L., Cox, H. C., Gomm, J. J., and Coombes, R. C.

(1995) Biochem. J. 306, 609–616.
1. Ford, J. M., Prozialeck, W. C., and Hait, W. N. (1989) Mol.

Pharmacol. 35, 105–115.
2. Sava, G., Giraldi, T., Perissin, L., Zorzet, S., Mallardi, F., and

Grill, V. (1984) Tumori 70, 477–483.
3. Ganapathi, R., Grabowski, D., Schmidt, H., Bell, D., and Melia,

M. (1987) Cancer Res. 47, 3464–3468.
4. Scotlandi, K., et al. (1996) Cancer Res. 56, 2434–2439.
5. Benard, J., Da Silva, J., Teyssier, J.-R., and Riou, G. (1989) Int.

J. Cancer 43, 471–477.
6. Bashir, I., Sikora, K., Abel, P., and Foster, C. S. (1994) Int. J.

Cancer 57, 719–726.
7. Scotlandi, K., Manara, M. C., Serra, M., Benini, S., Maurici, D.,
173
Campanacci, M., and Baldini, N. (1999) Oncogene 18, 739–746.
8. Randolph, G. J., Beaulieu, S., Pope, M., Sugawara, I., Hoffman,

L., Steinman, R. M., and Muller, W. (1998) Proc. Natl. Acad. Sci.
USA 95, 6924–6929.

9. Weinstein, R. S., et al. (1991) Cancer Res. 51, 2720–2726.
0. Emanuel, S. L., Chamberlin, H. A., and Cohen, D. (1999) Int. J.

Oncol. 14, 487–494.
1. Martinez-Zaguilan, R., Seftor, E. A., Seftor, R. E., Chu, Y. W.,

Gillies, R. J., and Hendrix, M. J. (1996) Clin. Exp. Metastasis 14,
176–186.

2. Kraus, M., Severin, T., and Wolf, B. (1994) Anticancer Res. 14,
1573–1583.

3. Litman, T., Pedersen, S. F., Kramhoft, B., Skovsgaard, T., and
Hoffmann, E. K. (1998) Cell Physiol. Biochem. 8, 138–150.

4. Jiang, W. G. (1995) European J. Surg. Oncol. 21, 307–309.


	MATERIALS AND METHODS
	FIG. 1
	TABLE 1
	FIG. 2

	RESULTS AND DISCUSSION
	FIG. 3
	TABLE 2
	FIG. 4
	FIG. 5

	ACKNOWLEDGMENT
	REFERENCES

