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Summary. The aim of this study was to find out
whether only resistant cells of the “multidrug-resis-
tant” phenotype show the described changes of
plasma membrane glycoprotein (170 kDa) or whether
resistant cells that do not express this phenotype re-
veal corresponding results. Doxorubicin-resistant
(L1210,,,) and daunorubicin-resistant 11210 ascites
tumor cells (L1210,,,) (multidrug-resistant tumor
cells) were therefore compared with cytosine-arabino-
side-resistant (L1210,,,c) and cyclophosphamide-re-
sistant L1210 ascites tumor cells (L1210,,,) (not multi-
drug-resistant tumor cells). The resistant cell lines
were generated in vivo in tumor-bearing mice and the
resistance to cytostatic agents was evaluated in vivo
and in vitro. Using the accumulation assay with rhod-
amine-123, the multidrug resistance can be detected.
In order to determine alterations in the plasma mem-
branes we used the monoclonal antibodies 265/F4 and
(219, which were prepared against the membrane gly-
coprotein P170 (170 kDa) in colchicin-resistant Chi-
nese hamster ovary cells. The results demonstrate that
L1210, and 11210, tumor cells show an intense im-
munostaining by the streptavidin/biotinylated-peroxi-
dase-complex method and by the streptavidin/biotin/
phycoerythrin immunofluorescence method. In con-
trast no specific immunostaining was observed in par-
ental (sensitive) and L1210,,,c or L1210, tumor
lines. The results were confirmed by immunoblotting.
To determine whether multidrug-resistant DNA se-
quences were expressed in the multidrug-resistant
tumor cells, Northern blots with RNA od sensitive
and resistant cells were performed using the clone
pcDR1.5. Elevated RNA levels were detected only in
resistant cells with the multidrug-resistant phenotype.
Thus, the results of this study demonstrate that only
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resistant cells with the multidrug-resistant pheno-
type show an increased cxpression of the membrane
170-kDa glycoprotein.
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Introduction

Tumors that are initially responsive to chemotherapy
can develop resistance during treatment. Clinically
this is characterized by short periods of remission and
failure to respond to subsequent therapy. Frequently,
resistant tumor cells can acquire a cross-resistance to
a wide range of compounds that have no obvious
structural or functional similarities, e.g. alkaloids, an-
thracyclines and antibiotics (Biedler et al. 1983; Rior-
dan and Ling 1986). This phenomenon has been desig-
nated as pleiotropic or multidrug resistance (MDR).
Multidrug resistance seems to be associated with a de-
creased net cellular concentration of the drugs in-
volved and has been attributed to alterations in the
plasma membrane (Dang 1973; Juliano and Ling
1976; Skovsgaard 1978; Beck et al. 1979). In addition,
the multidrug-resistant monolayer cells often contain
amplified genes and the level of expression of the genes
is increased in drug-resistant cells (Roninson et al.
1984; Riordan et al. 1985).

The aim of this study was to find out whether only
resistant cells of the MDR phenotype show the
changes of plasma membranes described, or whether
resistant cells not expressing the MDR phenotype re-
veal corresponding resulits. Therefore, we established
resistant L1210 leukemia cells, which express the
MDR phenotype (doxorubicin-resistant and dau-
norubicin-resistant 1.1210 ascites tumor cells), and
L1210 ascites tumor cells, which do not express this
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phenotype (cytosine-arabinoside-resistant and cyclo-
phosphamide-resistant L1210 ascites tumor cells).
The tumor cell lines were generated in vivo in mice —
an approach which might be more analogous to the
clinical development of drug resistance.

Materials and methods

Cytostatics. The following were used: doxorubicin (Adriblastin, Far-
mitalia, Freiburg i.Br., FRG) and daunorubicin (Daunoblastin,
Farmitalia, Freiburg i.Br., FRG); cytosine arabinoside (Alexan,
Mack, Illertissen, FRG); cyclophosphamide (Endoxan) and Asta Z-
7557 (Mafosphamide, Degussa Pharma-Gruppe, Asta Bielefeld,
FRG); actinomycin D (Lyovac Cosmegen, MSD Sharp and Dohme,
New Jersey, USA).

Animals. Female NMRI mice (from the Breeding Center, Hannover,
FRG), weighing between 20 g and 25 g, were maintained under stan-
dard conditions: 21 °C room temperature, 65% humidity, 12 h light,
12 h darkness, Macrolon cages, water and Altromin standard diet
(Altrogge, Lage, FRG) ad libitum.

Tumors. The leukemia L1210 cells were grown intraperitoneally (i.p.)
in ascites form and were transplanted at 7-day intervals (1.5 x 107
cells/mouse). The total cell count increased exponentially in the first
few days, reached a maximum at day 11 and showed only minor
changes thereafter.

Development of resistant tumor cell lines. Animals bearing 11210 cells
were treated with cytostatics i.p. weekly. Doxorubicin and daunoru-
bicin were applied at a concentration of 2 mg/kg body weight. Cy-
tosine arabinoside was applied at a concentration of 120 mg/kg body
weight and cyclophosphamide at a concentration of 108 mg/kg body
weight weekly. This pretreatment was carried out for at least 20 pas-
sages. The doxorubicin-resistant tumor lines were designated as
1.1210,,,, the daunorubicin-resistant tumor line as £.12104,,, the cy-
tosine-arabinoside-resistant tumor line as L1210,,,. and the cyclo-
phosphamide-resistant tumor lines as L1210,,.

Detection of resistance fo cytostatics in vivo. For the detection of re-
sistance, L1210 cells grown in ascites form were injected i.p. in ani-
mals. The test was carried out by injecting groups of animals with ei-
ther untreated (sensitive) or drug-pretreated (resistant) tumor cells.
The drugs were injected i.p. on the 4th and 5th days after tumor
transplantation. Half of the total dose was injected on each day. The
effects of the drugs on the tumor cells were measured 2 days after the
last injection. For this reason the tumor-bearing animals were killed
and the ascites cells were removed by puncture and counted using a
coulter counter.

Detection of the resistance by the short-term test. The short-term test
was carried out by the method described carlier (Volm et al. 1985;
1988). Briefly, tumor cells were incubated with the corresponding cy-
tostatic agents at different concentrations for 3 h at 37 °C. The cor-
responding radioactive precursors for nucleic acid were added dur-
ing the last hour of incubation. Aliquots of the cell suspension were
pipetted onto filter-paper discs, the acid-soluble radioactivity was ex-
tracted and the incorporated activity measured by scintillation
counting.

Accumulation of rhodamine-123 in tumor cells. Ascites cell suspension
(10 pl, about 10* cells) was pipetied onto microscopic slides and a fi-
nal concentration of 5 pg/mi rhodamine-123 (R-123) was added in
order to determine the accumulation of R-123. Propidinm iodide
monohydrate was nsed at a concentration of 35 ug/ml to stain nuclei
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of dead cells (dead cells must be excluded because they accumulate
R-123 unspecifically). At intervals of 2 min all R-123-stained or un-
stained cells in a viewfield (about 80—120 cells) were counted. Data
were collected at fluorescence emissions above 510 nm (R-123) and
580 nm (propidium iodide monohydrate).

Immunocytochemistry. For immunocytochemistry the biotin/strep-
tavidin method was employed (Hsu et al. 1981; Bak et al. 1987).
Briefly, tumor cells were suspended in Hank’s salt solution contain-
ing 3% bovine serum albumin and centrifuged by Cytospin 2 (Shan-
don), resulting in a monolayer cell smear on the slides. After air dry-
ing, the cells were fixed in acetone. After incubation with normal
sheep serum the primary monoclonal antibodies (265/F4 and C219)
were applied (5-20 pg/ml) for 2 h. The preparation and characteriza-
tion of these monoclonal antibodies have been described earlier
(Kartner et al. 1985; Lathan et al. 1985). The antibodies were kind
gifts from Dr. B. Lathan, Cologne, FRG and Dr. V. Ling, Toronto,
Canada. The antibodies were prepared against the membrane glyco-
protein P170 (170 kDa) in colchicine-resistant Chinese hamster ov-
ary (CHO) cells. After washing, the cells were incubated with bioti-
nylated sheep anti-(mouse Ig) second antibody (dilution 1:50, 30
min, Amersham) and after rewashing in phosphate-buffered saline,
mmunostaining was carried out with the streptavidin/biotinylated-
peroxidase complex (Amersham) (dilution 1:100, 30 min). Peroxi-
dase activity was visualized by 3-amino-9-ethylcarbazole/H,0, (5-
10 min). Counterstaining was performed with Mayer’s haemato-
xylin. Parallel studies, substituting normal mouse serum for the pri-
mary antiserum, were used as controls. In addition, comparably
treated sensitive and resistant CHO cells served as negative and
positive reference controls.

Immunofluorescence. For immunofluorescence detection of glyco-
protein P170 we used the recently developed streptavidin/biotin/phy-
coerythrin method. Primary and second antibody were applied as de-
scribed above. Then the cytospin smears were incubated with bioti-
nylated-streptavidin/phycoerythrin complex (Amerham, dilution
1:50, 40 min). After addition of a stabilizer for 20 min to prevent
rapid fading of phycoerythrin fluorescence, the slides were dried and
mounted. For fluorescence microscopy, excitation at 546 nm was
used. Data were collected at fluorescence emissions above 580 nm.

Immunoblotting. The isolation of plasma membranes from sensitive
and resistant L1210 cells was performed according to a slightly modi-
fied method of Riordan and Ling (1979). Tumor cells of each six ani-
mals were pooled and stored at —80 °C. For each cell line four dif-
ferent pools (24 different tumors) were analyzed. Cells were homo-
genized in the presence of a hypotonic buffer 15 mM Tris/HCl, pH §;
{ mM MgCl,; 1 mM CaCl,; 1 mM phenylmethylsulfony! fluoride).
Homogenates were centrifuged at 800 g to pellet nuclei, at 4000 g to
pellet mitochondria and subsequently at 40000 g to obtain the mi-
crosomal fraction. The microsomal fraction was stored at —80 °C.
One-dimensional sodium dodecyl sulfate/polyacrylamide gel electro-
phoresis (SDS-PAGE) was carried out in a slab gel apparatus ac-
cording to Fairbanks et al. (1971). Protein concentration in the dif-
ferent protein extracts was determined according to the method of
Bradford (1976). Immunoblotting was performed according to Tow-
bin et al. (1979) and Lathan et al. (1985). After transfer, additional
protein-binding sites on nitrocellulose were blocked for 2 h at 37 °C
in NEH buffer (50 maf Hepes, pH 7.4, 5 mM Na,EDTA, 150 mM
NaCl) containing 3% bovine serum albumin, 0.25% gelatine, 0.05%
Triton X-100. The nitrocellulose was then incubated at 37 °Cfor 1 h
with monoclonal antibody (265/F4; concentration: 10 pg/ml) in a di-
lution buffer consisting of NEH buffer (with 1% bovine serum albu-
min, 0.25% gelatine, and 0.05% Triton X-100, pH 7.4). After wash-
ing with wash buffer (NEH buffer containing 0.25% gelatine and
0.05% Triton X-100) the nitrocellulose was incubated for 1h at
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37 °C with the second antibody: biotinylated sheep anti-(mouse im-
munoglobulin) (Amersham, dilution 1:200). After washing, labeling
was carried out with the streptavidin/biotinylated-horseradish-
peroxidase complex (Amersham; dilution 1:400, 30 min). After suc-
cessive washes with wash buffer and substrate buffer (50 mM Hepes,
150 mM NaCl, pH 7.4) the nitrocellulose blots were incubated with
50 ml substrate buffer, 10 ml 4-chloro-1-naphthol (3 mg/m! metha-
nol) and 50 pl H,0, (10-30 min). The reaction was stopped by wash-
ing with water. Efficiency of the electrophoretic transfer was moni-
tored by Ponceau staining of the gels. Sensitive and resistant CHO
were used as additional controls.

Northern blotting. RNA was isolated from tumor cells by the gua-
nidinium isothiocyanate method. For Northern blot analysis, RNA
was separated by electrophoresis on formaldehyde gels and transfer-
red to nitrocellulose membranes, which were subsequently hybrid-
ized with the 3?P-labeled pcDR1.5 probe (the probe was provided by
Dr. Croop, Cambridge, Mass, USA). The isolation of the probe has
been described earlier (Gros et al. 1986). Hybridization was carried
out at 42°C in a solution of 50% formamide, 6 x SSPE (10 mAf
sodium phosphate, pH 7.0; 0.18 M NaCl; 1mM Na,EDTA),
5% Denhardt’s solution, 1% SDS and 125 pg/ml denatured salmon
sperm DNA. The membranes were washed several times with
standard saline citrate, 1% SDS at 55°C, dried and exposed with
Kodak XAR-5 films at —70°C.
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Results
Detection of resistance in vivo

The L1210 ascites tumor cells preconditioned with
doxorubicin (L1210,,,), daunorubicin (L1210,,,), cy-
tosine arabinoside (L1210,,,) and cyclophosphamide
(L1210,,,) are more resistant to the correspond drugs
in vivo than the parental (sensitive) cells (Fig. 1).

Detection of resistance and cross-resistance
in vitro

An in vitro short-term test was also used to detect the
resistance of the pretreated tumor lines and to define
the degree of resistance. The basic feature of this test
is the measurement of inhibition of incorporation of
radioactive nucleic acid precursors into tumor cells
after addition of cytostatic agents. The resistance of
the pretreated cell lines could be confirmed in vitro
(Fig.2). The maximum degree of resistance was 45-
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Fig. 1. Detection of resistance of preconditioned 1.1210 ascites tumor cells to different corresponding cytostatic agents in vivo. dbscissa, dif-
ferent dose levels of drugs (total doses are given). Ordinate, number of cells (each point represents mean value with confidence interval, ¢ =0.05,
from ten animals). Treatment was on the 4th and 5th days, determination of cell counts on the 7th day after tumor transplantation. a-a, Sen-

sitive parental tumor line; A4, drug-pretreated tumor line
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Fig. 2. Detection of resistance of pretreated 1.1210 tumor cells to different corresponding cytostatic agents in vitro. Dose-response curves with
untreated (sensitive) and drug-pretreated (resistant) tumor lines of the leukemia L1210 in the short-term test. Abscissa, different dose levels

of cytostatic agents. Ordinate, incorporation of [*H]uridine (doxorubicin, daunorubicin) or [*H]thymidine (cytosine arabinoside, mafosphamide)
into the cells (percentage of control values). Each point represents the average from two measurements. A-A, Sensitive parental tumor line,

fold for L1210y, cells, for 1.1210,,, cells 30-fold, for

1.1210,,,c cells 2500-fold, and 3-fold for L1210,
(Table 1). We found a multidrug resistance only in the

1.1210,,, and L1210, tumor lines, which means that
there exists a cross-resistance between doxorubicin,
daunorubicin and actinomycin D, but no resistance to

Table 1. Degree of resistance and cross-resistance of tumor lines to
different cytostatic drugs determined by the short-term test. Mean

values of four measurements

Drug L1210g,, L1210, L1210, L1210,
Doxorubicin 45 51 0.4 0.5
Daunorubicin 24 30 0.8 0.8
Actinomycin D 12 20 0.2 0.8
Cytosine arabinoside 0.9 0.3 2500 2
Mafophosphamide? 0.3 0.5 3
(Asta-Z-7557)
2 A derivative of cyclophosphamide, which is active in vitro
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Fig. 3. Detection of multidrug resistance in the different tumor lines
by the accumulation assay using rhodamine-123 (5 pg/ml). Abscissa,

time after addition of rhodamine-123. Ordinate, percentage of

fluorescent cells. @-®, Parental tumor line L1210; a--a, L12104,,;m-

-m. L1210, ; 070, L12104,,0; A4, L1210,,,. Each point represents

the median of ascites tumor cells from three animals (three measure-
ments per animal)
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Fig. 4. Detection of multidrug resistance in the different tumor lines (1-5) using several morphological methods (a-d): (a) accumulation of rthod-
amine-123 (5 ug/ml) after incubation for 5 min (x 500); (b) immunofluorescence with the streptavidin/biotin/phycoerythrin method using
monoclonal antibody (mAb) 265/F4 ( x 500); (c) immunoperoxidase staining with mAb 265/F4 ( x 1200); (d) Immunoperoxidase staining with
mAb C219 (x 1200). Line 1, sensitive parental L1210 cells; line 2, L1210,,, cells; line 3, L1210q,, cells; line 4, L1210,,,¢ cells; line 5, L1210
cells

cix
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cytosine arabinoside and mafophosphamide. This
MDR phenotype does not exist in the L1210,,,- and
11210,,, tumor lines.

Detection of multidrug resistance
by the rhodamine-123 accumulation assay

Cross-resistance of rhodamine-123 (R-123) to the an-
thracyclines has been described (Tapiero et al. 1984).
Therefore, we determined the R-123 accumulation in
the sensitive and resistant tumor lines. We found that
L1210,,, and 112104, cells need more time to accu-
mulate R-123 than their sensitive parental cells
(Fig.3). In contrast to these data, the L1210, and
the 1.1210,,, need less time. In Fig. 4 sensitive L1210
cells (al) and the non-multidrug-resistant cell lines
11210,,,c (a4) and 1.1210,,, (a5) show a significant
rhodamine fluorescence, whereas the L1210, cells
(a2) and L1210, cells (a3) do not. Thus, with this ac-
cumulation assay we can detect the multidrug resis-
tance.

Expression of P170 glycoprotein

In order to find out whether only resistant tumor cells
of the MDR phenotype show alterations in the plasma
membranes we compared resistant cells that express
the MDR phenotype with those that do not express
this resistance type, using the monoclonal antibodies
265/F4 and C219. These antibodies were prepared
against the membrane glycoprotein P170 in colchicine-
resistant CHO cells. Figure 4 demonstrates that
L12104,, (b2) and 112104, (b3) tumor cells show an
intense immunofluorescence reaction using the mono-
clonal antibody 265/F4. In contrast, no specific immu-
nostaining was observed in parental (sensitive) (b1)
and 1.1210,,,c (b4) or L1210, (b5) tumor celis. Simi-
lar results were obtained by light microscopy using the
streptavidin/biotin/horseradish-peroxidase  method
and the monoclonal antibodies 265/F4 (column ¢) and
C219 (column d). The sensitive (c1,d1) or L1210, ,¢

1 2 3 4 5

— 170 kd

Fig.5. Western blot analyses. Plasma membranes were prepared,
SDS-PAGE was performed and gels were blotted onto nitrocellulose
paper and probed with antibody 265/F4. 10 pg protein was loaded
per lane. 1, Parental (sensitive) L1210; 2, L1210,,,; 3, L1210,.; 4,
L1210,4,.0; 5, L1210,
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(c4,d4) and L1210, cells (c5,d5) reveal in general no
or only a weak staining in a few cells, whereas
L1210, (c2,d2) and L120y,, cells (¢3,d3) show an in-
tense membrane-bound staining. These results could
be confirmed by immunoblotting (Fig.5). L1210,
and L1204, tumor cells displayed elevated levels of
the 170-kDa membrane glycoprotein. No or less ex-
pression of this protein could be observed in sensitive
or non-multidrug-resistant tumor lines. Thus, in this
study we found an increased expression of the protein
of 170 kDa in L1210,,, and L1210,, tumor lines,
while the expression of this protein was weak in sensi-
tive and in L1210y, or L1210, tumor lines.
Expression of multidrug-resistant DN A sequences
in resistant cells

To determine whether multidrug-resistant DNA-se-
quences were expressed in the resistant cells which ex-
press the MDR phenotype, Northern blots were per-
formed with RNA of sensitive and resistant cells
(Fig. 6). Using the clone pcDR1.5, elevated RNA
levels were detected in L1210,,, and L12104,, tumor
cells. Less expression could be observed in sensitive
and non-multidrug-resistant tumor lines. The lack of
difference in «-actin gene expression in the sensitive
and resistant cell lines suggests that comparable levels
of RNA were loaded on the gels (data not shown).

LG R R

Fig. 6. Northern blot analyses. Hybridization with the labeled cDNA
probe pcDR1.5 (10 pg RNA). 1, Parental (sensitive) L1210 cells; 2,
L1210y, cells; 3, L1210y, cells; 4, L1210,,,c cells; 5, L1210, cells
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Discussion

Many laboratories have attempted to develop test sys-
tems to characterize the sensitivity or resistance of tu-
mors to drugs (for review see Mattern and Volm
1982). Although some procedures have achieved clini-
cal importance in a few centers, no one test system has
acquired widespread clinical acceptance and use. It is,
therefore, not surprising that a general disillusionment
has developed in this area of research.

In the last few years the concept of pleiotropic or
multidrug resistance has been developed (Ling 1982).
This cross-resistance is often associated with specific
alterations in tumor cell membranes. High-molecular-
mass compounds of natural product origin have been
especially associated with the presence of a specific
membrane glycoprotein marker (Juliano and Ling
1976; Beck et al. 1979; Giavazzi et al. 1984; Kartner et
al. 1985; Shen et al. 1986; Volm et al. 1987). The aim
of this investigation, therefore, was to find out
whether only resistant cells of the MDR phenotype
can be recognized by the monoclonal antibodies or
whether resistant cells that do not reveal the MDR
phenotype can also be differentiated using the mono-
clonal antibodies 265/F4 and C219. We compared re-
sistant cell lines that express the MDR phenotype
(L12104,, and L12104,,) with those that do not
(L12104,,c and L1210,), by immunofluorescence,
immunocytochemistry and immunoblotting. The re-
sults of this study demonstrate that only resistant cells
with the MDR phenotype show an increased ex-
pression of the 170-kDa membrane glycoprotein and
this was confirmed by estimation of the expression
of DNA sequences associated with multidrug resis-
tance. These results could be one of the reasons why
in many resistant human tumors no changes in the
membrane glycoprotein P170 could be detected (Bell
et al. 1985; Gerlach et al. 1987). Bell and coworkers
(1985) could detect the plasma membrane protein
P170 only in two out of five patients with resistant
ovarian carcinoma, using Western blot analysis. Ger-
lach et al. (1987) demonstrated that only 4 out of 46
tumor specimens of patients representing 12 tumor
types displayed elevated levels of P-glycoprotein and
that this mode of resistance may have some clinical
significance only in sarcoma patients.

It remains to be clarified that this protein is really
linked with the transport modifications and does not
represent the consequence of another still unknown
event. In this study, therefore, we determined the R-
123 accumulation in the sensitive and resistant tumor
lines. We found that the L1210y, and L1210,,, cells
need more time to accumulate R-123 than the cells of
their sensitive parental tumor line. In addition the
11210,4,,c and L1210, cells need less time than the
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L12104,, and L1210y, cells. Thus, in this accumula-
tion assay we could detect the multidrug resistance.
These results seem to indicate that these changes in the
plasma membranes are really linked with transport
modifications.

Although overexpression of P-glycoprotein may
not be the only mechanism for multidrug resistance,
according to these data the plasma membrane glyco-
protein P170 could eventually become both a prog-
nostic tool to indicate resistant human tumor cells
with the MDR phenotype and a target molecule for
chemotherapy to climinate resistant cells of this resis-
tance type. But this will be true only for a small group
of resistant tumors. In addition, before such ap-
proaches are possible, a greater knowledge of the dis-
tribution and function of this membrane protein in
different tumors is required. Therefore, investigations
on human tumors are continuing in our laboratory.
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