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Ah&act-Mitoxantrone (MIT) resistance has been studied in a colony selected from the CHO AA8 
parental line in one step under a low degree of selective pressure (9 nM). The cells of the clonal isolate 
AA8/MIT Cl(O) were sensitive to 9 nM MIT at low cell density but able to grow at high density. Parental 
AA8 cells were not able to grow under the latter condition. Decreased MIT accumulation (-20%) was 
observed at this step (step 0) in the absence of overexpression of mdr RNA coding for the drug efflux 
pump P-glycoprotein. Furthermore, AAS/MIT Cl(O) did not exhibit cross resistance to vincristine, 
Adriamycin and etoposide at low cell density. During subsequent controlled growth for 2 months at 
high cell density in the resence of 9 nM drug, an additional selection occurred leading to a 4-fold MIT- 
resistant subline AA8 P MIT Cl(+). This subline was characterized at this step (step I) and after an 
additional 4 months of culture in the presence of 9 nM MIT (step II). Analysis of mdr gene expression 
and gene copy number showed an increase in mdr RNA and a pattern of mdr gene amplification which 
changed between step I and II. AA8/MIT Cl(+)11 exhibited a classical multidrug resistance phenotype 
with decreased accumulation of [14C]MIT and cross-resistance to vincristine, Adriamycin and etoposide. 
The ability to form the cleavable complex in the resence of etoposide in DNA topoisomerase II- 
containing nuclear extracts was identical in AA8 MIT Cl(+)11 and AA8 cell lines. These results P 
demonstrate a new sequence of events in MIT resistance: low level of drug resistance at high cell density 
followed by mdr gene-amplification. 

Development of cell resistance to anticancer drugs 
limits the activity of cancer chemotherapy against 
malignant tumors. Cell lines that have been selected 
in vitro for their resistance to one drug have 
alterations that may account for their resistance 
[l, 21. Among these modifications, decreased drug 
accumulation via an overexpression of the membrane 
drug efflux pump P-glycoprotein (PGP-F) coded by 
mdr gene (for a review, see Ref. 3) and DNA 
topoisomerase II alterations (for a review, see Ref. 
4) are particularly important because they may 
confer cross-resistance to several unrelated chemo- 
therapeutic agents. 

Studies of the mechanisms of resistance to 
cytotoxic drugs carried out on cells exhibiting a high 
level of resistance have revealed genetic changes [5] 
which may have implications in cancer chemotherapy 
[6]. In the case of the multidrug resistance (MDR) 
phenotype mediated by a membrane PGP, mdr gene 
amplification is generally observed in resistant cell 
lines of different species [7-91. However, it has been 
shown that an increased expression of mdrl 
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t Abbreviations: PGP, P-glycoprotein; MDR, multidrug 
resistant or multidrug resistance; mdr, MDR-associated 
gene symbol in general; pgp, MDR-associated gene symbol 
in hamster species; MIT, mitoxantrone hydrochloride; 
PBS, phosphate-buffered saline; TE, Tris-EDTA (10 mM 
Tris-HCI, pH 7.5; 1 mM EDTA, pH 8). 

sequences can occur prior to gene amplification 
during the development of increasing levels of MDR 
in human cells [lo]. Furthermore, it has been 
reported that selection of MDR human melanoma 
cells for a low level of resistance to Vincu alkaloids 
and colchicine resulted in a stable, increased mdr 
gene expression without DNA amplification [ll] 
indicating that different genetic alterations may be 
responsible for low and high levels of resistance. 
Low level (up to about lo-fold) rather than high 
level (over RIO-fold) resistance is likely to occur in 
refractory human tumors. Therefore, it is of interest 
to investigate mechanisms implicated in weak 
resistance to anticancer drugs. 

Among new drugs designed from known chemical 
structures, mitoxantrone (MIT) is an active 
anthracene derivative used in the treatment of 
leukemias and breast cancer with less toxicity than 
Adriamycin (for a review, see Ref. 12). Like 
anthracyclines, MIT intercalates into DNA and 
induces both protein-associated and non-protein- 
associated DNA strand breaks [13]. In addition, this 
drug is able to stabilize DNA topoisomerase II- 
DNA cleavable complex [14]. Cross-resistance to 
MIT has been found in an epipodophyllotoxin- 
resistant cell line in which cleavage activity is poorly 
stimulated by etoposide, a DNA topoisomerase II 
inhibitor [15]. These results suggest that MIT might 
act via an interaction with DNA topoisomerase II. 
On the other hand, few experimental models of MIT 
resistance have been reported and the cellular 
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mechanisms of resistance are not established. Human 
colon carcinoma [16], leukemia [17] and gastric 
carcinoma [18] resistant cell lines have been selected 
by continuous exposure to increasing concentrations 
of the drug. In these studies no PGP overexpression 
was observed but chromosome alterations, limited 
or pleiotropic cross-resistance, or membrane vesicle 
formation were reported. 

In order to determine whether low MIT 
concentrations may select DNA topoisomerase 
II modifications, PGP overexpression or other 
phenotypic alterations, we isolated nine CHO 
colonies using a low degree of selection pressure. 
Some data suggested that the resistance of eight 
colonies depends on cell density. One of these 
colonies was further characterized and we found that 
the cells are initially resistant to MIT at high density 
only. During subsequent growth at high density in 
the presence of drug, a second selection occurred 
leading to a new MIT-resistant cell line. This report 
shows for the first time that MIT may select cells 
exhibiting a MDR phenotype mediated by PGP 
overexpression. Moreover, this new sequence of 
events may have implication for the clinical onset of 
resistance to MIT. 

MATERIALSANDMETHODS 

Cell lines and cell culture. The parental cell line 
AA8 used for this study is a secondary clone isolated 
from SC1 Chinese hamster ovary cells [19]. Plating 
efficiency of AA8 cells is 5&80%. After selection 
with MIT, the selected colonies were designated 
AA8/MIT. Cells were grown as monolayer cultures 
in minimum essential medium (Y without ribo- and 
deoxyribo-nucleotides (Gibco, Paisley, U.K., catalog 
No. 072-2000) containing 5% fetal calf serum 
(Gibco , 2 mM glutamine, 125 U/mL penicillin and 
125 pg I mL streptomycin at 37” and 5% CO*. 

Parental Chinese hamster ovary cell line AuxBl 
and the colchicine resistant subline CHRC5 [20] 
kindly provided by Dr R. M. Baker RPM1 (Buffalo, 
NY, U.S.A.) were maintained in the same medium 
as above but containing ribo- and deoxy- 
ribonucleotides. 

Drugs. MIT (Novantronea 2 mg/mL or powder) 
was kindly provided by P. Magnet and D. Lecompte, 
Lederle Laboratories (Oullins, France) and stored 
at room temperature. [14C]MIT hexahydrate, sp. 
act. 66mCi/mmol, was a generous gift of W. E. 
McWilliams, American Cyanamide Co. (Pearl River, 
NY, U.S.A.). Vincristine sulfate (Oncovin@ 1 mg/ 
mL, stored at 4”) was purchased from Lilly 
France S.A. (Saint-Cloud, France). Adriamycin 
(Adriblastine”) was purchased from Laboratoire 
Roger Bellon (Neuilly-sur-Seine, France). Aliquots 
of 1 mg/mL aqueous solution were thawed just 
before use. Etoposide, kindly provided by M. 
Holava, Bristol Myers (Wallingford, CT, U.S.A.) 
was dissolved at a concentration of 10e2M in 
dimethyl sulfoxide and aliquots stored at -20”. 

Dose-dependent survival analysis. Drug cyto- 
toxicity, was determined by a colony formation assay 
in the presence of drug. Exponentially growing cells 
were trypsinized and diluted to seed 1 mL containing 
from 2 x lo2 to 5 x lo4 cells in 60-mm petri dish 

containing 3 mL of complete medium. Then, 1 mL 
of 5 x drug dilutions was added to three replicate 
dishes for each determination. After 6-8 days 
incubation, drug-containing medium was discarded 
and petri dishes were washed with phosphate- 
buffered saline (PBS). Colonies were stained with 
0.2% aqueous crystal violet solution, washed and 
counted under a stereomicroscope. Only colonies 
containing 50 cells or more were scored as survivors. 
Because of the shoulder observed in logarithmic- 
linear plots of survival in the presence of different 
drugs used, a ~~~ corresponding to 10% survival was 
used to determine a resistance index which is defined 
as the ratio of ~~~ subline/D,,, parental line AA8. 

Density dependence. Cell densities were defined 
as “low” from 50 to 2.5 x lo3 cells/cm2 and 
“high” from 5 x 10s to 2 x 1@cells/cm2. In most 
experiments performed at high cell density, cells 
were seeded at 1.7-1.8 x 10“cells/cm2. In order to 
obtain comparable results, the actual diameters of 
the culture dishes (Nuclon@ delta, Nunc, Denmark) 
were measured and areas calculated from these 
diameters: 

Commercial 
size 

(mm) 

“35” 
“60” 
“loo” 
“140” 

Actual 
size 

(mm) 

33 
51 
84 
135 

Area 
(cm’) 

8.6 
20 
55 
143 

Volume of 
medium 

(mL) 

2 
5 

15 
40 

Two types of experiment were carried out to check 
for density dependence. First, various cell densities 
were incubated in the presence of 9nM MIT in 
60-mm petri dishes using the same experimental 
procedure described for dose-dependent survival 
analysis. After staining, colonies were counted or a 
photograph of representative dishes was taken. 

In the second type of experiment, 3 consecutive 
days growth at high density (1.7-1.8 x 10“ cells/cm2) 
in 100- or 140-mm petri dishes was performed in the 
presence of 9nM MIT. Every 3 days, cells were 
trypsinized, counted on a Coulter Counter ZM 
(Coulter Electronics, Luton, U.K.) and replated at 
the initial density with 9 nM MIT. Cells in suspension 
in the incubation medium were also counted before 
trypsinization. Extra petri dishes were saved each 
time for isolation of RNA and DNA. 

RNA and DNA isolation and purification. Cells 
growing in lOO- or 140-mm petri dishes were washed 
with 10 or 20 mL of sterile PBS at room temperature 
before freezing at -80”. RNA and DNA were 
extracted by the guanidine thiocyanate technique 
[21]. Briefly, about 3 x 10’ cells were lysed in petri 
dishes by 5 mL of a guanidinium mixture. Cell lysate 
was layered on top of a 3-mL CsCl cushion (5.7 M 
CsCl in 25 mM sodium acetate, pH 5.5) and then 
centrifuged at 24,000 rpm for 20 hr at 15” in a SW41 
rotor (Beckman Instruments, Gagny, France). 
Floating proteins were first discarded and banded 
DNA was separated from the RNA pellet. 

The RNA pellet was washed by 0.7mL of 70% 
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ethanol/H*0 and dried. After solubilization in 
ZOOpL of 0.2% sodium dodecyl sulfate in Tris- 
EDTA (TE), RNA was further purified by phenol, 
phenol-chloroform and chloroform extraction. The 
RNA was then precipitated with 70% ethanol/O.3 M 
sodium acetate for 45 min at 4”. The RNA pellet 
obtained by centrifugation at 15,000 g for 15 min at 
4“ was dissolved in 50-200 PL HrO. 

The DNA fraction was diluted with the same 
volume of TE and extracted twice with chloroform. 
The precipitated DNA was then dried and solubilized 
in 0.25-0.5 mL TE. 

Northern blots. A human mdr cDNA probe 
(1.2 Kb insert - encompassing nucleotide 3051 to 
poly A - in pUC 13 at EcoRI site, obtained from 
Dr T. Tsuruo, Tokyo, Japan) was used. This 
probe was labeled with [32P]@-dCTP (Amersham 
International, Amersham, U.K.) at a specific activity 
of about 5 x 108cpm/pg by random primed DNA 
synthesis. Northern blots were performed as 
described previously [22]. As a control of the amount 
of RNA loaded in each well, the amounts of actin 
mRNA and ribosomal RNA were checked in the 
same experiments. Actin gene expression was probed 
using transcripts of pBACT 5 which contains a 
600 bp Taq I-Pst I fragment of mouse actin gene, as 
described previously by Dautry et al. [22] I In addition, 
before hybridization, the transfer membranes were 
photographed under UV light to assess the amount 
of ribosomal RNA by ethidium bromide fluorescence. 
A good correlation was observed between the two 
methods. Hence, ethidium bromide staining of 
ribosomal RNA was used to judge the amount of 
total RNA loading. 

Southern blots. Each DNA sample in TE was first 
digested by EcoRI (Boehringer Mannheim GmbH, 
Germany) and purified by phenol-chloroform 
extraction. After determination of the concentration, 
10 @g of each DNA sample were digested by EcoRI 
and electrophoresed on a 0.8% agarose gelcontaining 
1 pg/mL ethidium bromide. Transfer onto an 
uncharged nylon membrane (Amersham Hybond N) 
was performed according to Maniatis et al. 1231 and 
DNA was cross-linked by 254nm UV light. The 
DNA amounts on the transfer membranes were 
assessed by ethidium bromide fluorescence. Pre- 
hyb~dization was performed at 42” for 6-7 hr in a 
buffer containing 50% deionized formamide, 750 mM 
NaCl, 75 mM Na citrate, 50 mM sodium phosphate 
buffer, pH6.8, 0.1% sodium dodecyl sulfate, 
2.5 X Denhardt’s solution and 100 pg/mL denatured 
salmon sperm DNA. Hyb~d~ation was performed 
at 42” for 20 hr in the same buffer except that 
0.5 x Denhardt’s solution was used. The same mdr 
cDNA insert used in northern blots was used as 
probe. 

Nuclear extracts. Preparation of 0.35 M NaC1 
nuclear extracts was performed according to Glisson 
et al. [24] with minor modifications described 
elsewhere [25]. Briefly, about 5 X 10’ exponentially 
growing cells were trypsinized, washed with PBS, 
and nuclei were isolated at 4” by Dounce 
homogenization in a swelling buffer containing 0.3% 
Triton X-100. Nuclei were purified by centrifugation 
through a sucrose cushion, washed, and NaCl 
~ncentration was raised to 0.35 M. Protein 

BP 43110-E 

concentration in the supernat~t (0.35 M NaCl 
nuclear extract) was determined to equalize nuclear 
extracts from resistant colonies and parental AA8 
cells. Aliquots in 50% glycerol were stored at -20” 
and used within one week. 

DNA to~o~o~r~e ~~-~di~ed DNA cleavage. 
Drug-stimulated DNA cleavage activity in nuclear 
extracts was assayed quantitatively by the generation 
of linear DNA from supercoiled pBR 322 DNA as 
described previously in detail [25]. Samples were 
analysed by agarose gel electrophoresis in the 
presence of ethidium bromide. Gels were photo- 
graphed under UV illumination and negative films 
were scanned using Lecphor software on a Biocom 
200 (Biocom, Les Ulis, France). 

Uptake of MIT. Preliminary experiments were 
carried out to set the different parameters for uptake 
experiments. Time-course showed that MIT uptake 
reached a plateau after about 2 hr of incubation. 
Uptake of MIT was linear up to about 2 x 10s cells/ 
35mm diameter petri dish. Uptake at different 
external MIT concentrations (0.125-l yM) showed 
a near linear relationship up to 0.4 ,uM between MIT 
accumulation and external MIT ~ncentration. 
Above this concentration, accumulation continued 
to increase with a slower slope up to 1 PM. Therefore, 
the number of cells plated was adjusted to have 
about 1 x 105cells/35 mm at the time of drug 
exposure; this corres onds to a high cell density 
(about 1.2 x 1O“cells P cm’). Then, MIT uptake was 
carried out by a technique described in detail 
elsewhere [26] after 4 hr contact with 1 FM [14C]MIT 
(1 mL in a 35-mm petri dish) as external drug 
concentration in order to get the best precision. 
Experiments performed at low cell density (about 
2.5 x 10r cells/cm*) under the same conditions gave 
data which show considerable scatter. Increasing the 
number of cells by increasing the culture area in 
order to get better precision was not possible, as 
found previously [26]; this method led to more than 
1 mL of cell suspension being placed on the 2-pm 
polycarbonate top filter and to much time was 
required to separate the cells from the surrounding 
solution). The same limitation was encountered with 
the cold buffer wash method [273 and the silicone 
oil technique [28] which are classically used with 
cells grown in suspension. 

Cells were harvested on a 2-pm polycarbonate 
filter which was dried and transferred to a scintillation 
vial with 4.5 mL of Ultima Gold (Packard Instrument 
Co.). The radioactivity was measured in an MR 300 
liquid sc~tillation counter (Kontron Inst~men~, 
France). Cell diameter was determined after 
trypsinization by microscopic measurements with a 
micrometer. Cell volume was calculated assuming a 
near spherical shape of trypsinized cells. Significance 
between mean values was analysed by Student’s t- 
test for independent random samples. 

RESULTS 

Selection of colonies with MIT 

We determined the cytotoxicity of MIT by cloning 
assay under continuous exposure to increasing 
concentrations of the drug. Exponential cell kill was 
observed above about 3 nM MIT (data not shown), 
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Continuous exposure of 1.5 x lo5 AA8 cells 

to 9 nM MIT for 20 days 

Selection of 9 colonies 

Growth of AA8iMIT Cl without drug for 3 weeks 

Step 0 : AAUMIT Cl(O) 

Growth of AA8/MIT Cl (0) at high density 

with 9 nM MIT for 2 months (Figure 4) 

Step I : AA8/MIT Cl ( + )I 

AAUMIT Cl ( + )I maintained in culture 

with 9 nM MIT for 4 months 

Step II : AAIlMlT Cl I+ III 

Fig. 1. Diagram showing the different steps at which 
characterization of the MIT-selected AAS/MIT Cl cells 
has been carried out. A new MIT-resistant cell line AA8/ 
MIT Cl(+)1 has been selected at step I during growth of 

AAS/MIT Cl(O) at high cell density. 

suggesting that before reaching this concentration 
cells were able to accumulate sub-lethal damages 
and/or to repair toxic lesions [29]. The ~~~ value 
(reduction of relative plating efficiency to 10%) 
corresponded to 4 nM. In order to carry out a one- 
step selection of AA8 cells for low level of resistance 
to MIT, we chose a concentration of 9 nM MIT that 
corresponds to a frequency of 10-4-10-3 surviving 
cells. 

The selection was performed by seeding 15 lOO- 
mm petri dishes with 10“ AA8 cells and growing 
cells in the presence of 9 nM MIT for 20 days (Fig. 
1). A total of 64 colonies (three to eight per petri 
dish) arose from this culture, corresponding to a 
survival frequency of 9 X 10m4 (In this experiment, 
plating efficiency of AA8 control cells was 50%.) 
Nine colonies (one per petri dish) were isolated and 
designed AA8/MIT followed by a letter and a digit 
for identification. They were transferred into 24-well 
plates and then into 25cm* flasks without MIT for 
about 3 weeks. Aliquots were then preserved (Fig. 
1, step 0) as frozen stocks. Each of the nine clonal 
isolates obtained was then tested for MIT sensitivity. 

Table 1. Resistance index of AAI/MIT Cl (0) cells to 
MIT and three MDR-related drugs 

Drug tested 
DiO* for AA8 

(PM) 
Resistance index of 
AA8/MIT Cl(O)? 

MIT 0.0040 + 0.ooo3$ 0.8 
Vincristine 0.023 2 0.004 0.5 
Adriamvcin 0.059 rt 0.003 1.2 
Etoposihe 0.63 k 0.07 1.2 

* Drug concentration corresponding to 10% survival in 
a cloning assay under continuous exposure to drug as 
described in Materials and Methods. _ 

t Ratio of D,~ for the AA8/MIT Cl(O) cells to that for 
the parental line AA8. 

$ Mean 2 SD (4-7 experiments). 

Eight of the nine colonies showed no resistance to 
MIT at this step. Attempts to culture separately 
these eight MIT-sensitive colonies in the presence 
of 9nM MIT suggested that a high density was 
required for growth to occur. Therefore, we 
investigated further the cell density dependence of 
one colony AA8/MIT Cl (0) and the emergence of 
the mutant line AAS/MIT Cl (+) in two steps (Fig. 
1, steps I and II). 

Characterization of the MIT-selected AAS/MIT Cl 
(0) cells 

The sensitivity of AA8/MIT Cl(O) to MIT (Fig. 
1, step 0) was first determined, usin 
at low cell density (up to 5 X 1 di 

a cloning assay 
cells/cm ). As 

shown in Table 1, AA8/MIT Cl (0) are sensitive to 
MIT as compared to parental AA8 cells. No cross- 
resistance to Adriamycin and etoposide, and a 2- 
fold increased sensitivity to vincristine were also 
observed. 

The ability of AA8/MIT Cl(O) to accumulate 
[14C]MIT as compared with the parental cell line 
was investigated. As shown in Table 2, AA8/MIT 
Cl (0) accumulated about 20% less drug than AA8 
cells under the condition of high cell density 
(1.2 x 104 cells/cm*) when the uptake is normalized 
to the same cell volume (because of the small 
standard deviations this difference is statistically 
significant). On the other hand, the poor precision 
obtained under the condition of low cell density (see 
Materials and Methods) precluded drawing any 
serious conclusion from these results. 

The expression of mdr RNA and gene copy 
number were analysed by northern and Southern 
blot analysis, respectively. Comparable levels of mdr 
RNA (Fig. 5B, lane DO and Fig. 6A) and gene copy 
number (Fig. 6B) were found in AA8/MIT Cl (0) 
as compared with the parental AA8 cells. 

Cell density dependence of AA8/MIT Cl(O) cells 

In order to determine whether cell cooperation 
might influence individual cell sensitivity, we 
investigated the effect of cell density on the cloning 
efficiency of AA8 and AA8/MIT Cl(O) under 
continuous exposure to 9 nM MIT added at the time 
of plating. At low cell density (from 50 to 
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Tabie 2. Uptake of [%Z]MIT by parental AA8 ceils, AA8/MIT Cl(O) and the MIT-resistant subline AA@‘MIT Cl(+) 
at steps I and II 

Uptake* (not corrected) 
(pmol/RP cells) 

Cell diameter? 
(pm) 

Calculated cell 
volume $ (pm3) 

Uptake (corrected) 
( pmol/flL cell) 

AA8 211* 16 12.5 + 1.4 1023 206215 
AAS/MIT Cl(O) 454 f 27 17.7 t 3.19 2903 156 4 95 
AAS/MIT Cl(+)1 211 * 10 14.6 + 3.311 1630 129 ;f 68 
AA8/MIT Cl(+)11 61 ” 11 15.4 * 3.11 1912 32 ir 61 

Cells were incubated for 4 hr with 10e6 M [‘“CIMIT, washed at 4” before harvesting and then processed for scintillation 
counting as described in Materials and Methods. To take account of the differences in cell size, uptake of MIT is 
corrected by the cell volume. 

* Values are means + SD obtained from two or three independent experiments in which determinations were made 
in triplicate. 

t Determined on 60-90 cells in two or three independent series of measurements. 
$ Assuming a near spherical shape of trypsinized cells. 
I Significantly different compared with AA8, P < 0.001. 
]] Significantly different compared with AA8, P < 0.05. 
1 Not significant compared with AAI/MIT Cl(+)I. 

AA8 

AA8/MITCl(O) 

Cell density 
kells/cfn21 

Fig. 2. Effect of cell density on the cloning efficiency or growth of AA8 and AA8/MIT Cl(O) cells in 
the presence of 9 nM MIT. AA8 and AA8/MIT Cl(O) cells were incubated with drug at the time of 

seeding for 7 and 5 days, respectively. Cells were stained before photographs were taken. 

2.5 x lo3 cells/cm2) an expected linear relationship and AAS/MIT Cl(O) at two cell densities, 5.8 x lo3 
was observed between the number of colonies that and 1.7 X l~cells/cm*, the latter being used in the 
appeared and the number of cells seeded for both following experiments. As shown in Fig. 3, both 
cell lines (data not shown). Figure 2 shows that at 
high cell density (from 5 X lo3 to 1.5 X 104cells/ 

AA8 and AA8/MIT Cl(O) cells were in exponential 
growth phase during the first 3 days with population 

cm2) AA8 cells were still killed (the number of doubling times of 17.6 & 1.2 (mean ZL SD) and 
colonies is expected from the frequency of cell 20.8 + 0.7 hr, respectively. The saturation densities 
survival) in the presence of 9nM MIT. On the reached were 3.9 and 2.2 x 10s cells/cm2 with AA8 
contrary, AA8/MIT Cl(O) cells were growing as a and AA8/MIT Cl(O), respectively. The larger cell 
monolayer. These results indicate that MIT-selected volume of AA8/MIT Cl(O) as compared with AA8 
cells were able to grow in the presence of drug at cells may account, at least in part, for the difference 
high density only. observed between the saturation densities. 

In the previous experiment, microscopic exam- 
ination showed that even at the highest cell density 
tested, cells were far from confluence at the time of 
plating. We determined the growth kinetics of AA8 

In order to confirm the results of Fig. 2 
quantitatively, we reseeded every 3 days AA8 and 
AAB/MIT Cl(O) cells at 1.7 x 104cells/cm2 in the 
presence of 9nM MIT. Figure 4 shows that during 
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0 1 2 3 5 6 
Time (days1 

Fig. 3. Growth kinetics of AA8 and AAI/MIT Cl(O) cells at two cell densities. The cells were seeded 
at 5.8 x 10’ (open symbol) and 1.7 x lo4 (closed symbols) cells/cm* in 35.mm petri dishes and medium 
was changed daily. AA8 (0,O); AA8/MIT Cl (0) (0, n ). Each point corresponds to the mean of two 

experiments in which each determination was carried out in duplicate (SD < 10%). 

each period of 3 days (each point corresponds to the 
number of viable cells after 3 days growth), AA8 
and AA8/MIT Cl(O) control cells grew to about 3 
and 2 x 10’ cells (2.1 and 1.4 x lo5 cells/cm2), 
respectively. These values correspond to the end of 
the exponential phase as observed in growth kinetics 
(Fig. 3). On the other hand, adding 9nM MIT to 
these two types of cells resulted in two completely 
different effects. AA8 cells doubled in the first 
period of 3 days only and were then killed by the 
drug during the following periods, since the number 
of attached cells was, after each period of 3 days, 
less than the number of seeded cells. As expected 
from the frequency of surviving AA8 cells at 9nM 
MIT (which is between 10m4 and 10m3) the cells 
selected during the first 6-9 days resumed their 
growth at day 15 (Fig. 4). On the contrary, in the 
presence of 9 nM MIT, AA8/MIT Cl(O) grew during 
each period of 3 days, at about half density as 
compared to control AAS/MIT Cl(O). Taken 
together, these results indicate that AA8/MIT Cl(O) 
cells have a capacity to grow at high density in the 
presence of drug whereas AA8 parental cells do not. 

At high cell density, it is conceivable that most of 
the drug available in a given volume of culture 
medium could be taken up by the large number of 
cells. This could result in a new steady-state in which 

the external concentration of MIT would be much 
less than 9 nM. In our case, this might be true with 
AAS/MIT Cl(O) but not with AA8. The data 
presented in Table 2 (1 PM MIT as external 
concentration) allow calculation of the percentage 
of MIT accumulated by these two cell lines. For 
example, 3 x 10s AA8 and AA8/MIT Cl(O) cells 
(1.5 x 104 cells/cm2) seeded in 5 mL MIT-containing 
medium (60-mm petri dish as in Fig. 2) do not take 
up more than 1.5 and 3% MIT, respectively (using 
the uptake not corrected by the cell volume, Table 
2). As preliminary experiments showed that MIT 
accumulation is related to the external drug 
concentration for both AA8 and AA8/MIT Cl (0) 
(see Materials and Methods) these percentages 
would not exceed 6 and 12%, respectively, at 9 nM. 
This suggests that in AA8/MIT Cl (0) the 9nM 
MIT concentration is still delivered at high cell 
density. 

Selection of a MIT-resistant subline 
Since AA8/MIT Cl(O) cells were resistant to MIT 

via a density-dependent mechanism, we investigated 
further this ability over a longer period of time. 
AA8/MIT Cl(O) cells were reseeded every 3 days 
in the presence of fresh MIT while dead cells 
suspended in the medium were counted. Using NO- 
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,061 , , , , ,I 
0 3 6 9 12 15 

Days 

Fig. 4. Growth of AA8 and AA8/MIT Cl(O) cells at high 
density in the presence of 9 nM MIT. Cells were reseeded 
every 3 days at 1.7 x 104 cells/cm* (dashed line) in 140-mm 
petri dishes with fresh medium with or without 9 nM MIT. 
AA8 control (0); AA8 with 9nM MIT (0); AAB/MIT 
Cl(O) control (Cl); AAI/MIT Cl(O) with 9 nM MIT (M). 

Bars, + 1 SD. 

or 140-mm petri dishes, this type of experiment was 
repeated three times giving comparable results to 
those reported here. Figure 5A shows that over two 
months, the growth of AAS/MIT Cl is divided into 
three periods. The first eriod (day O-24) corresponds 
to net growth of AA8 P MIT Cl(O) cells during which 
the number of dead cells was almost stable. As 
compared to the basal level found in AAS/MIT 
Cl(O) (Fig. 5B, lane DO), no significant changes 
were observed in mdr RNA levels of cells growing 
in the presence of 9 nM MIT over this period (Fig. 
5B, lane D6 and D21), nor in gene copy number 
(data not shown). Almost no net growth occurred 
during the second period which is rather short (day 
24-30) while the number of dead cells increased. No 
aliquots were saved between day 30 and 36 because 
not enough cells were available. The third period 
(day 38-65) corresponds to the growth of selected 
cells which overexpress mdr RNA (Fig. 5B, lane 
D41 and D65). The number of dead cells 
decreased dramatically during this period. mdr 
gene amplification occurred each time that an 
overexpression of RNA was observed (one example 
given on Fig. 6B, lane Cl(+)I) indicating that a new 
cell genotype arose in the initial population of AA81 

MIT Cl(O) cells; this new MIT-resistant cell line was 
named AA8/MIT Cl( +). 

Characterization of the MIT-resistant subline AA8/ 
MIT Cl(+) 

Cells were first characterized after about 2 months 
of controlled growth in the presence of 9nM MIT 
(Fig. 5, 60-70 days; step I in Fig 1). AAB/MIT 
Cl(+)1 cells were able to grow at low cell density 
in the presence of 9 nM MIT (plating efficiency was 
> 90% at this concentration). This cell line was 
maintained with drug for an additional 4 months and 
was then characterized further (step II in Fig. 1). 

Analysis of mdr gene expression showed that mdr 
RNA levels were slightly increased in AA8/MIT 
Cl(+) at step II as compared with step I (Fig. 6A). 
As shown on Fig. 6B an overall mdr gene 
amplification paralleled this increase in mdr RNA 
levels. However, the amplification of the 6.0-Kb 
DNA sequence at step I almost disappeared at step 
II. 

About 2- and 6-fold decreased accumulation of 
[14C]MIT was found in AA8/MIT Cl(+) at step I 
and II, respectively, as compared with AA8 cells 
(Table 2). Verapamil, a calcium channel blocker 
which inhibits drug efllux by PGP by competition 
with drug binding, has been shown to increase drug 
accumulation in MDR cells [3]. Incubation of AA8/ 
MIT Cl(+)11 with 4 x 10m5M verapamil at the time 
of [14C]MIT addition resulted in about a 6-fold 
increase in MIT accumulation. These results suggest 
that the PGP encoded by overexpressed mdr RNA 
in AAS/MIT Cl(+) cells is an active drug-efflux 

pump. 
Cross-resistanceofAAS/MITCl(+) tovincristine, 

Adriamycin and etoposide, which are known to be 
involved in the MDR phenotype, was observed at 
step II (Table 3). It is interesting to note that, at 
step II, AA8/MIT Cl(+)11 cells were 20-30-fold 
resistant to the three drugs but still only 4.4-fold 
resistant to MIT. 

Etoposide and to a lesser extent, Adriamycin and 
MIT, are able to induce in uitro DNA topoisomerase 
II-mediated cleavage of DNA (cleavable complex) 
[14,30]. Hence, a reduced ability to form the 
cleavable complex in the presence of drug could 
participate in the resistance of AA8/MIT Cl(+)11 
to Adriamycin and etoposide in addition to 
recognition of these drugs by PGP. Drug-stimulated 
DNA cleavage of closed pBR 322 DNA by nuclear 
extracts from AA8/MIT Cl(+)11 cells was assayed 
in the presence of increasing concentrations of 
etoposide to which these cells are cross-resistant. 
AA8 and AAS/MIT Cl(+)11 nuclear extracts 
induced the same amount of linear pBR 322 DNA 
at the different etoposide concentrations used (l- 
128 PM, data not shown). This indicates that 
quantitative or qualitative DNA topoisomerase II 
modification is unlikely to participate in the resistance 
of AA8/MIT Cl(+)11 to etoposide, Adriamycin and 
MIT. 

DISCUSSION 

Low levels of resistance are likely to occur in 
refractory human tumors. During chemotherapy 
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Fig. 5. Selection of mdr RNA overexpression during growth at high cell density. Panel A: growth of 
AA8/MIT Cl(O) cells at high cell density in the presence of 9nM MIT. Cells were trypsinized and 
reseeded every 3 days at 1.8 x l~cells/cm* (dashed line) in lOO-mm petri dishes with fresh medium 
containing 9nM MIT. Cells in suspension in the supernatant before trypsinization (dead cells) (0); 
cells detached by trypsin (living cells) (0); time at which analysis of mdr RNA expression is shown 

(@). Panel B: northern blot analysis of mdr RNA expression at the indicated times (D = day). 

regimens, repetitive drug treatments at the same 
dose are separated by intervals with no treatment. 
In order to investigate the possible mechanism(s) of 
resistance to MIT under these conditions, we have 
isolated nine colonies by a low selective pressure. 
After 3 weeks of culture without drug, the colony 
AA8/MIT Cl(O) studied in this work exhibited cell 
density-dependent resistance. These MIT-selected 
cells were subsequently regrown at high cell density 
for 2 months in the presence of 9 nM MIT. A 4-fold 
MIT-resistant subline AA8/MIT Cl( +), exhibiting 
an MDR phenotype, arose after about 4 weeks of 
culture under these conditions. Although less fully 
characterized, the same sequence of events has been 
found with another colony AA8/MIT Dl (0) 
suggesting that the results presented here are of 
some significance. 

During the isolation of the colony AA8/MIT 
Cl(O), it is likely that MIT was active for at least 6- 
7 doubling times [31]. Transient overexpression of 
the mdr RNA might have appeared in these cells 
during continuous exposure to the drug. It has been 
shown that mdrl promoter can be activated directly 
on the addition of MDR-related drugs [32]. 
Moreover, mdr RNA levels increase in rodent cells 
following exposure to drugs that are known to be 
recognized by PGP [33]. If such was the case in the 
AA8/MIT Cl(O) colony, overexpression of mdr 
RNA was lost during the 3 weeks of culture without 
drug after the selection. 

The mechanism by which AA8/MIT Cl(O) cells 
are resistant to MIT involves cell density dependence. 
Several reports have shown that stationary cells are 
usually less sensitive than exponentially growing 

cells [34-361. In such cases, cell density as well as 
proliferation rates may be involved. In our case, 
both parental AA8 and AA8/MIT Cl(O) cells are 
proliferating at high density in the absence of MIT 
(Fig. 3) whereas only AA8/MIT Cl(O) cells are 
growing in the presence of 9 nM MIT, AA8 cells 
being killed under this condition (Fig. 4). This 
indicates that AAB/MIT Cl(O) are resistant to MIT 
by a mechanism involving cell density only. 

Resistance at high cell density might be the 
consequence of overall decreased external drug 
concentration. It seems that, under our conditions, 
resistance at high cell density and sensitivity at low 
cell density are not due to differences in drug :cell 
ratios. The difference between the low calculated 
percentages of MIT taken up by AA8 (6%) and 
AA8/MIT Cl (0) (12%) cells from the surrounding 
medium is unlikely to account for the density 
dependence observed with the MIT-selected cells as 
compared with parental AA8 at 9 nM MIT. 
Moreover, MIT-induced cell kill kinetics carried out 
on cells in suspension showed that MIT sensitivity 
begins to decrease substantially when cell density 
reaches 10’ cells/ml [37]. Although, strictly, we 
cannot compare this situation to that of our attached 
cells, it appears that our conditions (6-7 x 105 cells/ 
mL) are beyond this value. 

A slightly decreased accumulation of MIT (about 
20%) without PGP overexpression was observed at 
high cell density in AA8/MIT Cl (0). A decrease in 
exposed surface area in proportion to an increase in 
cell density [38] may not be involved in our case 
because at the time of seeding cells are far 
from confluence (Fig. 3). Such decreased drug 
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Fig. 6. Analysis of mdr RNA expression and gene copy number in AA8/MIT Cl cells at steps 0, I and 
II as compared with parental AA8 cells. Blot techniques were performed as described in Material and 
Methods using a 1.2-Kb human MDRl cDNA probe labeled by random prime with [32P]a-dCTP. The 
amounts of nucleic acids were identical judging by ethidium bromide fluorescence on the transfer 
membrane (excepted for AAB/MIT Cl(O) DNA which was about 50% underloaded). CHO AuxBl 
and CHRC5 cells were used as negative and positive control, respectively. Panel A: autoradiography 
of northern blot analysis; the positions of 18s and 28s ribosomal RNA are indicated. Panel B: 
autoradiography of Southern blot analysis; lengths of EcoRI-digested DNA fragments are indicated in 
kilobases (Kb). Three fragments (15.0, 2.0 and 1.3 Kb) represent pgpl; three fragments (8.0, 4.2 and 

3.3 Kb) represent pgp2; two fragments (6.0 and 2.5 Kb) represent pgp3 (according to Ref. 46). 
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Table 3. Resistance index of AAI/MIT Cl(+) cells to 
MIT and cross-resistance at steps I and II 

Resistance index’ 
Drug tested AA8/MIT Cl(+)1 AA8/MIT Cl(+)11 

MIT 
Vincristine 
Adriamycin 
Etoposide 

* See footnotes* and t in legend to Table 1. 
t At the concentration corresponding with this resistance 

index, relative plating efficiency was still about 70% as 
compared with about 0.0001% for AA8 cells. 

$ At the concentration corresponding with this resistance 
index, relative plating efficiency was still 100% as compared 
with about 0.01% for AA8 cells. 

5 At the concentration corresponding with this resistance 
index, relative plating efficiency was still 100% as compared 
with about 0.1% for AA8 cells. 

accumulation has been described with Adriamycin 
[39] and more recently with anthracyclines in 
confluence-dependent resistance [40]. The decreased 
uptake that we observed might contribute to the 
resistance of AA8/MIT Cl(O) at high cell density. 
However, imprecision in both drug accumulation 
and cell size measurements and the impossibility of 
determining precisely drug uptake per unit volume 
at low cell density preclude a definitive conclusion 
about this. Microspectrofluorimetry which allows 
the recording of individual cells [40] could be an 
alternative technique but ‘cannot be used here 
because MIT is not fluorescent. 

The mechanism of resistance of AA8/MIT Cl(O) 
at high cell density remains unknown. It might be 
related to morphological alterations as these cells 
display an increased size and are flatter as compared 
with AA8 cells. A previous description of membrane 
vesicle formation in a MIT-resistant carcinoma cell 
line [18] led us to check for this alteration but no 
difference was observed between AA8/MIT Cl(O) 
and AA8 cells whatever the cell density. Experiments 
to determine whether resistance of AA8/MIT Cl(O) 
is related to other morphological alterations are in 
progress. On the other hand, the absence of cell-to- 
cell contact under our condition of high cell density 
at the time of plating suggests that soluble 
components are involved. Because a slightly longer 
population doubling time was observed with AA81 
MIT Cl(O) as compared with parental cells (Fig. 3), 
it is unlikely that the MIT-selected cells produce an 
autocrine factor which modulates their growth rate. 
Beside, it has recently been shown that alteration of 
the drug-DNA topoisomerase II interaction could 
be related to the resistance of stationary cells to 
DNA topoisomerase II inhibitors [41-43]. Although 
our conditions are different, target modification 
might occur in AA8/MIT Cl(O) at high cell 
density. Because they are inhibited by MIT, DNA 
topoisomerase II [14], protein kinase C [44] and 
microtubule assembly [45] are potential candidates. 

In addition to the cell density-dependent resistance, 
we report here the isolation of a new MIT-resistant 

cell line AA8/MIT Cl (+). Using a low degree of 
selective pressure and high cell density, we obtained 
a 4-fold resistance to MIT. These cells exhibit a 
MDR phenotype assessed by mdr gene amplification 
and RNA overexpression, decreased uptake (Table 
2) reversed by verapamil, and cross-resistance to 
three MDR related drugs (Table 3). This is the 
first characterization of a MIT-resistant cell line 
overexpressing PGP. Recently, Ng et al. [46] 
identified three members in the hamster PGP gene 
family. Between steps I and II, a 6.0-Kb amplified 
DNA sequence, including a part of pgp3 gene, 
disappeared (Fig. 6B). Experimental evidence and 
homology between hamster, mouse and human mdr 
gene family members suggest that pgp3 gene 
overexpression cannot confer MDR phenotype while 
pgpl and pgp2 can [3,47,48]. The different 
overexpressed mdr RNA species rather than the 
quantity of total mdr RNA (Fig. 6A) may account 
for the significantly decreased uptake observed at 
step II as compared with step I. At step II, a good 
agreement was observed between the uptake and 
the level of resistance to MIT. In addition, the ability 
to form the cleavable complex in the presence of 
etoposide was not reduced in AA8/MIT Cl(+) II 
cells indicating that DNA topoisomerase II is not 
modified in this subline. On the other hand, MIT 
has not been described as a DNA topoisomerase I 
inhibitor [4] and has little propensity for activation 
to free radicals [12]. Therefore, it is unlikely that a 
DNA topoisomerase I modification or alteration in 
the glutathione pathway occurs in AA8/MIT Cl(+) 
II. Hence, the PGP-mediated MDR phenotype is 
probably the only mechanism of resistance to MIT 
in this subline. AA8/MIT Cl(+) II cells display a 
high cross-resistance (57-fold the resistance to MIT, 
Table 3) to drugs which are usually recognized by 
PGP. While the highest degree of resistance is 
generally observed with the drug used for the 
selection [49], some reports describe resistant cell 
lines which are more resistant to other agents [%I- 
531. In these cases, higher cross-resistance is generally 
limited to one class of drugs which is most often 
Vinca alkaloids. Our data, showing cross-resistance 
to three MDR related drugs belonging to different 
series, suggest that MIT is not well recognized by 
PGP in our model. 

In conclusion, this study shows that under a low 
degree of selective pressure, MIT may select a subset 
of cells which, after 3 weeks of growth without drug, 
are able to grow in the presence of drug at high cell 
density. Within a few weeks of growth under this 
last condition, a new cell genotype with mdr gene 
amplification arises. Sequential emergence of distinct 
resistance phenotypes has been described previously 
during selection of Adriamycin-resistant cells with 
stepwise increasing drug concentrations [54,55]. 
Alternatively, we report that using sequential 
exposures to an identical low concentration of MIT, 
two different mechanisms of resistance are selected 
consecutively. Our experimental conditions are 
reminiscent of what may happen during successive 
treatments in cancer chemotherapy. Thus, the first 
mechanism might be relevant in some clinical 
situations in which early steps of selection of resistant 
cells must be studied to better circumvent drug 
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resistance. Further investigations of the different 
steps at the molecular level should give new 
information and permit a better understanding of 
acquired drug resistance in tumors. 
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