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Abstract

A 300-fold adriamycin resistant variant (DLKP-A) of the human lung squamous cell carcinoma line
DLKP was established by stepwise selection in increasing concentrations of adriamycin. Different levels
of cross-resistance were observed towards VP-16, VM-26, colchicine, vingristine and, somewhat
unexpectedly, cis-platin. Resistance was stable for at least 3 months in culture in the absence of drug.
P-glycoprotein overexpression was detected by immunoflucrescence and Western Blotting, and a direct
causal role for P-glycoprotein overexpression in the resistant phenotype was established by transfection
with an mdri specific antisense oligonucleotide. A modified cryopreservation procedure was necessary
for the resistant variant line. The resistant population displays clonal heterogeneity with respect to
resistance level. A higher frequency of double minute chromosomes was observed in DLKP-A when
compared with the parental cell line.

Abbreviations: ADR: adriamycin; COLH: colchicine; C-PT: cis-platin; MDR: multidrug resistance;
NSCLC: non-small cell lung carcinoma; VCR: vincristine; VP-16: etoposide; VM-26: tenoposide

Introduction

Chemotherapy has a significant role in control of
metastatic cancers which cannot be cured by
surgery because of their widespread dissemina-
tion within the body. The effective use of chemo-
therapy is limited, however, by both inherent and
acquired resistance of many human tumours to
chemotherapeutic agents. Combination chemo-
therapy was introduced in an attempt to over-
come single agent resistance, but unfortunately
many human mmours become multidmyg resistant
(MDR), that is they become resistant to a spec-

trurn of drugs which are often chemically and
mechanistically unrelated (Clynes er al., 1990).
An understanding of the mechanisms by which
human cancer cells become multidrug resistant is
important for design and selection of new drugs
which either reverse the resistant phenotype or are
directly toxic to MDR cells (Ford et al., 1990;
Citro ef al., 1991) and also for diagnostic pur-
poses to assess in advance the likely response of a
particular tumour to a specified chemotherapeutic
regime (Dalton and Grogan, 1991).

The principal mechanisms of multidrug resis-
tance reported to date have been:
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1. Overexpression of a 170 kD membrane pro-
tein, P-glycoprotein (encoded by the mdri
gene) which acts as an ATP driven efflux
pump for a variety of drugs including anthra-
cyclines, vinca alkaloids and epipodophyllo-
toxins and thus reduces the effective cellular
concentration of drug (Bradley er al., 1988;
Roninson, 1991), This glycoprotein is present
also in many normal tissues (Gottesman et af.,
1991; Van der Valk et al., 1990) and may
function as an ATP-driven chloride selective
channel (Valverde et al., 1992). It has recently
been suggested that P-170 may not act as a
direct “channel” for drug efflux, but may in-
stead enhance transit of substances already
“dissolved” in the cell membrane (Higgins and
Gottesman, 1992),

2. Reduced or aberrant expression of the enzyme
topoisomerase 11 which is involved in resis-
tance to adriamycin and epipodophylitoxins
but not to vinca alkaloids (Beck, 1989).

3. Overexpression of glutathione-S-transferase
(in particular the pi isoenzyme) and related
enzymes (Moscow ef al., 1989).

Non-small cell lung cancer (NSCLC) is general-
ly considered to be an unsuitable target for chemo-
therapy. even if surgery is ineffective. It has been
observed clinically for many years, however, that
chemotherapy causes tumour shrinkage in some
patients with non-small-cell lung carcinoma. Re-
cent work involving in vitro correlation with in
vivo response has confirmed the existence of a
range of different tumour sensitivities within the
population of NSCLC patients (Volm ef al., 1991;
Wilbur er af., 1992). It seems therefore that
further detailed study on mechanisms of inherent
and acquired resistance in human NSCLC is
warranted, since it could lead to improved therapy
for this very serious type of cancer. Cell culture
model systems are particularly important in the
stdy of resistance mechanisms, since they allow
detailed studies on cross-resistance patterns and
direct investigations of resistance mechanisms
(e.g., by antisense transfection and circumvention
studies). The relevance of conclusions from in
vitro studies must of course be validated by
appropriate investigation (e.g., immunohistoche-

mistry} in human tumour biopsies. This paper
describes the selectionr and characterisation of a
new multidrug resistant variant of a poorly dif-
ferentiated squamous cell carcinoma line, DLKP,
recently established in our laboratory (Law er al.,
1992) and compares its properties with those of
some other published multidrug resistant human
cell lines.

Materials and methods

Drugs. Doxorubicin hydrochloride (Adriamycin)
was obtained from Farmitalia (Carlo Erba Ltd.,
(Bamet, Herts)) and cis-platin, VP-16, VM-26
and vincristine sulphate from Lederle (Labora-
tories Division, Fareham Road 1, Hampshire,
PO13 0AS, UK).

Cells. DLKP is a cell line derived from a bron-
choscopy of a 52-year-old male with a history of
haemoptysis and dyspepsia. At bronchoscopy he
had compression of the left upper lobe of the
bronchus. Mediastinoscopy showed multiple en-
larged nodes. Histology diagnosed poorly dif-
ferentiated squamous cell carcinoma (Law erf al.,
1992). CHrC5 was obtained fram Dr Victor Ling,
{Ontario Cancer Institute, University of Toronto,
Ontario) and CHOK1 (CCL61) was obtained
from the ECACC (European Collection of animal
cell cultares, PHLS, Porton Down, Sailbury,
UK). DLKP was cultured in DMEM/HAM’s F12,
CHOK1 was cultured in Ham’s-F12 medium, and
CHrC5 was maintained in MEM alpha. All cells
were grown at 37°C in medium supplemented
with 5% FCS and 20 mM Hepes (Sigma H-9139).

Adaptation of MDR variants

To generate the resistant variant, adriamycin was
added (at a concentration permitting approximate-
ly 5% survival) until the cells appeared healthy and
attaining high numbers; the drug concentration
was then doubled. This process was continued,
doubling drug concentration whenever the cells
appeared to have adapted. The adapted cell lines
are designated by an “A” after the name of the cell
line, with the level of adriamycin resistance in



parenthesis. In comparison to other adapted cell
lines established in our laboratory (Redmond e
al., 1990), DLKP-A seclected very quickly. Sub-
sequent experiments designed to investigate the
clonal variation of parental cell lines showed that
a resistant population was evident that accounted
for approximately 4% of the total population.
During the adaptation process it was observed
that cells exposed to trypsin-EDTA (0.25% tryp-
sin/0.019% EDTA) for greater than 10 min were
very slow to recover in terms of both the growth
of the cells and the resistance level. This phe-
nomenon was previously observed with MDR
variants of Hep-2 carcinoma cell line (Redmond
et al., 1990). Subculture in 0.05% EDTA or 3 min
exposure in .25% Trypsin/0.01% EDTA were
the methods ultimately found suitable for DLKP-
Al
The time period for selection was as follows:
— 0.05 ug/ml— 0.8 ug/ml ADR November 1989 —~
September 1990;
— (.8 pg/ml — 1.75 pg/ml ADR QOctober 1990 -
December 1990;
— 1.75 pg/ml — 2.1 pg/ml ADR January 1991 —
March 1991.

Toxicity assays

A standard pretreatment procedure was adopted
prior to the performance of any toxicity assay to
ensure that the cells were in the exponential phase
of growth, to improve the reproducibility of ex-
periments. Pretreatment involved trypsinization
and inoculation of 105 cells per 75 cm? flask 2
days prior to the performance of the assay. The
cells were fed the following day and the cells
plated and the assay started on day three. DLKP-
A (2.1 pg/ml Adriamycin) was analyzed for
cross-Tesistance profiles to a number of chemo-
therapentic agents using the acid phosphatase
procedure (Martin and Clynes, 1991). The drugs
included in the study were adriamycin, VP-16,
VM-26, vincristine, cis-platin and colchicine. Re-
sults are given for a typical experiment as mean =
SD (n = 4 — 8 wells). Each experiment was
repeated at least three times and the IC50 varied
by not more than +20% for any results presented.
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Stability of the adriamycin resistance. Stability
was ascertained by the removal of drug-containing
medium from the cells and subculre for up to 3
months, followed by the performance of an adria-
mycin toxicity assays to establish the stability of
the MDR phenotype.

Sensitivity of the MDR varianis o different cryo-
preservation procedures

An initial observation that the MDR cells were
slow to recover from standard freezing procedures
and that their drug resistance level appeared re-
duced, led to the study of variations in cryopre-
servation procedures. Cells were frozen at vary-
ing density (109, 2.5 x 109, 5 x 10%, 1 x 107),
varying serum (10%, 20%, 50% and 100%) con-
centration and varying conecentration of cryopro-
tective agents DMSQO (10%, 20%) (Sigma) or
glycerol (10%, 20%). After freezing, the celis
were stored in liquid nitrogen for 6 weeks. On
thawing, a viability count was performed utilising
trypan bluc (0.4%; 1:5 dilution of dve in cell
suspension). The cells were then grown in drug
free medium for 7 days and a toxicity assay
performed.

Cloning efficiency assay. Cells in exponential
phase of growth were plated at 100 cells/S00 pl
per well in a 24 well plate (Costar 3524). Adria-
mycin at varying concentrations was added 24 h
later. The plates were incubated for 10 days at 5%
COy at 37°C, then stained for exactly 10 min with
0.25% crystal violet and dried thoroughly. Colo-
nies =25 um in diameter were counted.

Immunofluorescence. A monoeleonal antibody to
an internal epitope of the C-terminus of the P-170
glycoprotein (C219) was used in this study
(Georges ef al., 1990). Cells were trypsinized and
diluted to 105 cells/ml. Fifty microlitres of this
suspension was added to each well of a Dynatech
multiwell slide and incubated at 37°C, 5% CQO»,
for 24 h. Cells were washed three times in PBS,
fixed and permeabilised in acetone (Pre-cooled at
—20°C) for 20 min. Then 20 yl of primary anti-
body, (C219, 5 llg/ml) was added and the slides
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incubated for 24 h at 4°C. Following three 30 ml
PBS washes, 20 ul of FITC Ilabelled second
antibody (1:32 dilution) (Sigma F3008) was added
to each well and incubated at 37°C, 3% CQ, for 1
h, Slides were rinsed three times in PBSA, and
then mounted in glycerol/DABCQO (1 mg/ml)
(Aldrich D2, 780, —2) (Johnson, 1982) sealed and
viewed with a Nikon fluorescent microscope.

Sonication procedure for DLKP and DLKP-A

A Braun Labsonic 2000 sonicator was used for
the preparation of the purified membrane frac-
tions. The instrument was set on low power
setting to administer a 70 watt power output at a
repeating cycle of a pulse every 0.4 5. Lysis of the
cellular membranes was assessed by microscopic
examination.

Membrane protein purification and Western blot-
ting.

Cell membranes were prepared by the procedure
of Ronchi er al., (1989). Resultant membrane-
enriched fractions were freeze dried and stored at
~20°C. Protein concentration was estimated by
the Pierce Bincinchoninic assay, (Smith et al.,
1985}. Using a discontinuous system, 0.6 pg/pl of
membrane proteins was then separated ona 7.5%
SDS polyacrylamide gels (Laemmli, 1970).
Membrane proteins were transferred to Hybond-C
{Amersham PPLC) using a Biorad Transblot ap-
paratus. The Western blots were placed in block-
ing buffer (3% (w/v) BSA, 15 mM NalN;j in
PBSA) overnight at 4°C. C219 antibody was
diluted with 2% (w/v)} BSA and 1% (v/v) Tween
in PBSA and incubated at 2 h at 37°C. After
washing, the second antibody, (alkaline phos-
phatase conjugated anti-mouse IgG) was added.
The blots were washed in PBS and colour was
developed using 0.1% (v/v) Nitroblue tetrazolium
(Sigma N-5514) in 0.5 M Tris-HCI, pH 8.9 (Soln.
A), 10 mH 5-bromo-4-chloro-3-phosphate
(BCIP) in N,N'-dimethylformamide (Sigma D-
8654) (Soln. B), 1.0 M magnesium chloride in
distiiled H,O (Soln. C) and 0.5 M Tris-HCI, pH
8.9 (Soln. D). The components for the substrate
where mixed in the following proportions 88.6 ml

Soin. D, 0.4 ml Soln. C, 4 ml Seln. B and 10 ml
Soln. A. The addition of substrate gave rise lo the
development of blue/purple colour for positive
antibody recognition.

Transfection of antisense oligonucleotides

The sequences of the oligomers used in this study

were:

— d3(GTC CCC TTC AAG ATC CAT )3' Anti-
sense Oligomer;

— d5'(ATG GAT CTT GAA GGG GAC )3 Sense

Oligomer.

These sequences represent the first 18 bases of
the human mdr! coding sequences. Cells were set
up in 25 cm? flasks at a density of 4 x 106 cells per
flask. Al culture and assay medium was prepared
with 10% heat inactivated FCS, (heat treated at
65°C for 15 min), to eliminate serum nucleases.
Qligomers were added at a dose of 80 g per flask
on the first day and 40 pg per flask on the second
and third days. Growth medium volume per flask
was 3.0 ml. After pretreatment with oligonucleo-
tide the cells were plated at a density of 2 x 103
celis/100 pl in each well of a 96 well plate.
Adriamycin at varying concentrations was added
24 h after plating the cells. A 4 day incubation
period was used to test for adriamycin sensitivity.
Five assays were set up for each cell line; a
control adriamycin toxicity profile, antisense and
sense without oligomer present in the toxicity
assay, and antisense and sense with oligomer
present in the toxicity assay. Oligomers were
prepared at a concentration of 40 Llg/3 ml and 2l
of this solution added per 100 ul on each of the 4
days of the toxicity assay.

Cytogenetic analysis. Cytogenetic analysis was
carried out on DLKP parental cell line and the
resistant variant DLKP-A (2.1 pg/ml ADR),
(DLKP-A was analyzed after 2 days culture in the
absence of adriamycin). Cells were inoculated at
6 x 106 per 75 cm? flask. The modal chromosome
number was 56 for DLKP (Law e af., 1992) and
59 for DLKP-A. For DLKP, colcemid at a final
concentration of 0.02 pg/ml was added 2 h prior
to harvesting and 18 h after seeding the cells,



while with DLKP-A colcemid was added 10 h
before harvesting and 20 h after seeding. This
difference in timing was due to the altered growth
pattern of the drug resistant cells; in practise it
was found to be much more difficult to obtain a
good metaphase vield from the latter. Cultures
were not trypsinized as a good mitotic yield was
achieved by vigorous shaking of the flasks. The
resultant cell-rich supernatant was decanted, cen-
trifuged and resuspended in 0.075 M KCl, 37°C,
DLKP for 25 min and DLKP-A for 45 min. The
varying time in hypotonic solution was related 1o
the ease with which the metaphases spread. The
cell suspension was centrifuged at 3000 r.p.m.
and the cell button gently resuspended in cold
methanol-acetic acid fixative (3:1 (v/v)) for a
minimum of 1 h, A protocol involving several
washes in fixative was found to improve chromo-
some spread. Air dried preparations were pre-
pared by applying one or two drops of concen-
trated suspension to a clean glass slide. Staining
was with either Giemsa or Giemsa trypsin (Sea-
bright, 1971). One hundred metaphases of both
DLKP and DLKP-A were analysed for Double
minute chromosomes. Additionally due to the
large number of abnormal metaphase spreads
encountered, 100 metaphases were reanalysed to
quantify the presence of these abnormal meta-
phases. Abnormal metaphases were characterised
by severe chromosome aberrations, fragmenta-
tion and chromosome condensation.

Circumvention assays
Pretreated cells were plated in 96 well plates at

Table 1. Cross resistance patterns of DLKP-A
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2 % 103 cells/100 ul per well and then adriamycin
and circumvention agents (C.A.) added 24 h later.
Initial toxicity assays were performed with each
of the test agents {Verapamil, quinidine, quinine
and nifedipine) to ascertain nontoxic dose levels
to use in the circumvention assay with adriamy-
cin. This concentration of agent was then incorpo-
rated into an adriamycin toxicity assay to look at
the fold reversal in IC50 due to the presence of
circumvention agent in conjunction with adria-
mycin. The assay was incubated for 6 days, cell
growth was quantified by the acid phosphatase
procedure (Martin and Clynes, 1991) and the
resistance modulating ratio (RMR) of each test
agent calculated.

IC50 adriamycin alone

RMR =
IC50 adriamycin + C.A.

Results

Cross resistance patterns of DLKP-A ar 2.1 \\g/ml
adriamycin resistance

DLKP-A was found to be cross resistant to all the
agents tested, with highest cross resistance noted
to the podophyllotoxins and vincristine {Tables 1
and 2). A surprising finding is the resistance to
cis-platin, which is not normally associated with
the classical MDR phenotype. DLKP-A was found
to be stable with respect to adriamycin resistance
after 3 months in the absence of drug, signifying a
genetically stable population.

IC50 nM2 DLKP DLKP-A
Drug 2.1 pg/ml
ADR 16.6 &£ 3.7 5349+ 72.7
VP16 425+ 638 1539 £ 134
VM26 848172 1128 &+ 139
VCR 0.83 = 0.01 66 £ 8.0
C-PT 1433 £ 200 4783 + 216
COLH 17+03 69178

aToxicity is cxpressed as the 50% inhibitory concentration (nanemolar).
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Table 2. Fold resistances?

Drug DLKP-A
(2.1 pg/mi)

ADR 3222
VP16 36.2
VYM26 13.3

VCR 795
C-PT 3.37
COLH 4.05

2IC50 Variant/TIC50 DLKP for each drug.

Sensitivity of DLKP-A to cryopreservation pro-
cedures

DLKP-A was found to be sensitive to standard
freezing conditions of 109 cells per ml/10% FCS.
This observation was also noted with other MDR
variants (Redmond ez al., 1990), with low viability
noted in addition to some loss of dimg resistance.
The optimum set of conditions proved to be 107
cells per ml /50% FCS/10% DMSO proved to be
the optimum set of conditions which favoured
high cell viability after revival in addition to
maintenance of the drug-resistant phenotype. Al-
teration of cryoprotectant concentration (DMSO
or glycerol) did not alter viability and resistance
profile on thawing.

Clonalvariation. Cloning assays indicated marked
heterogeneity in terms of drug resistance in DLKP-
A. Figure 1 indicates the presence of several popu-
lations with different adriamycin sensitivity, and
also marked survival above the final selective
concentration of adriamycin, indicating the pre-
sence of a very resistant subpopulation.
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Fig. 1. Clonal vartation of DLKP and DLKP-A.

Immunohistochemical detection of P-170. C219
monoclonal antibody recognizes an internal epi-
tope of the C-terminal region of the P-glycopro-
tein pelypeptide. The positive control cell line
used was CHrCS5 and the negative control cell
line CHOK1. A pattern with numerous positively
stained cells with fluorescence that appeared to be
very evenly distributed, was seen in CHrC35 (Fig.
2) and DLKP-A (Fig. 3). This indicated the
presence of a very homogenous population in
terms of P-glycoprotein expression in these cell
lines. In addition, a basal level of fluorescence
was noted on the parental cell line DLKP (Fig. 4).

Analysis for P-170 glycoprotein by Western blot-
ting. The cellular membrane preparations were
made by sonication followed by differential cen-
trifugation. The MDR variants required more
sonication before cell lysis was obtained (as jud-
ged by microscopic examination). DLKP required
10 min sonication to obtain cell lysis while
DLKP-A required 27 min. The increase in sonica-
tion time required for lysis of the resistant cells
could be indicative of altered lipid compaosition of
the resistant cells rather than a P-170 related
property. Immunoreactive P-170 was evident in
CHrC5 and DLKP-A (Fig. 5) but not in the
sensitive cell lines. The presence of a second band
was evident at 70 KD M.W, in CHrC35, The
significance of this band is unknown.

Trausfection of antisense and sense oligonucleso-
tides. The direct role of P-170 overexpression in
adriamycin resistance was studied by the trans-
fection of antisense and sense oligonucleotides, as
described in materials and methods. No change in
adriamycin resistance was seen after culture with
sense oligomers for DLKP-A or the control resis-
tant ¢ell line CHrC5 (Fig. 6a and 9a respectively).
In the two resistant cel] lines tested, CHrCS5 and
DLKP-A. Increased adriamycin sensitivity with
antisense oligomers was noted, but to markedly
varying degrees. The greatest altered resistance
was noted for CHrC35 (the resistant control cell
line) with a 12 fold reduction in I1C50 (Fig. 7b};
the reduction in IC50 noted for DLKP-A was
smaller (Fig. 9b). No alteration in the adriamycin



Fig. 2. Immunofluorescence of CHrC3 cell line (magnification x250).

Fig. 3. Immunofluorescence of DLKP-A (2.1 pg/m! ADR magnification x250).
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Fig. 4. Immunofluorescence of DLKP parental cell line (magnification x250).

NEGATIVE

2N

T

~DLKP-A

P-170

Fig. 5. Westem blot of CHrC5, CHOK1, DLKP and DLKP-A (2,1 pg/ml).

~CHOK1
~CHOCS

5
o
% 2
‘l-"ﬁ' M.W,
-200
-116
-~ 95
- 66
- 45



toxicity profiles was noted for the two parental
sensitive cell lines on the addition of either sense
or antisense oligonucleotides (Fig. 6a, 6b, 82 and
8b). The highly sensitizing effect noted with
CHrC5 in the presence of antisense oligomers
indicates that P-170 is a major mechanism of
MDR in these cells, as indicated in the literature.
The lower magnitude of resistance reversal in
DLKP-A suggests that P-170 expression may not
be the only mechanism of resistance in DLEKP-A,;
alternatively it could be due to lack of optimisa-
tion of time of treatment, or concentration of
antisense oligonucleotide used. The half life of
the P-170 has been found to be variable depend-
ing on the cell lines analysed, e.g. 24 h (Richert ez
al., 1988) and 72 h (Rivoltini et al., 1990).
Further investigations to estimate the half life of
P-170 in DLKP-A would be required to permit
use of antisense technology to its full potential.
An important observation noted in the antisense
transfections of CHrC5 and DLKP-A is the en-
hanced reversal of resistance observed, when in
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addition to pretreatment, the oligonucleotide is
included in the assay medium during the adriamy-
cin toxicity assay.

Cytogenelic analysis

The presence of Double minute chromosomes
(DMs) and homogeneously staining regions are
both indicative of gene amplification and are a
common cytogenetic manifestation of MDR.
DLKP and DLKP-A were both analysed for the
presence of DMs (Table 3; Figs. 10, 11, 12).
Additionally, on analysis of the slides a number

Table 3. Cytogenetic analysis of MDR

of very abnormal spreads were encountered with
vast cytogenetic damage evident. The number of
abnormal spreads noted per 100 metaphases is
reported. DLKP-A had a much higher proportion
of cells with DMs and with a high degree of
chromosome breakage (Table 3). (Note: No ab-
normal spreads were counted in the DM analy-
sis).

Circumvention of multidrug resistance. The em-
phasis of this study was on compounds and con-
centrations that could be used in vivo. Initially
toxicity assays were performed with each of the
agents to ascertain nontoxic dose levels to use in
circumvention assays. In cach case, a dose was
chosen atwhich no toxicity or growth inhibition
was ohserved. This concentration of agent was
then incorporated into an adriamycin toxicity
assay to assess possible reversal in IC50 of adria-
mycin due to the presence of circumvention
agent. The details of the concentration of the
circumvention agents used and the results of the
circumvention experiments are shown in Tables
4,5 and 6. None of the chemicals tested had any
significant modulating affect on resistance in the
parental cell line. Verapamil increased adriamy-
cin sensitivity significantly in DLKP-A but not in
the parental cell line. The reversal effect noted in
DLKP-A with verapamil supports a contributory
role for P-170) in the mechanism of resistance in
DLKP-A. Quinine, quinidine {(and to a lesser
extent nifedipine) also increased sensitivity in
both resistant cell lines.

Discussion

The results presented here show that the DLKP-A
squamous cell carcinoma line can be adapted to

Cell line % of cells with DMs % of cells with high degree
of chromosome damage
0 t 2 3 >4
DLKP 97 3 0 0 0 2
DLKP-A 66 8 6 7 3 18




Fig. 10. G-banded DLKP metaphase spread.

Table 4. Concentration of agents used in circumvention assays

Circumvention Concentration
agent

Verapamil 1 pg/ml
Quinidine 2.0 pgfml
Quinine 50 pg/ml
Nifedipine 4.5 pg/ml

grow in high levels of adriamycin, demonstrating
approximately 300 fold resistance to the selective
agent (adriamycin). Significant levels of cross
resistance to VP-16 (36-fold), VM-26 (13-fold),
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vincristine (80-fold) and colchicine (fourfold)
could be consistent with a P-glycaoprotein mecha-
nism, The very high relative level of resistance to
adriamycin, however, and the unexpected cross
resistance 1o cis-platin (threefold) indicate that
one or more other mechanisms may be involved,
or alternatively that a mutant form of P-glyco-
protein is being expressed. Immunoflaorescence
and Western blotting clearly indicate overexpres-
sion of P-glycoprotein in the resistant variant, and
reversal of adriamycin toxicity by transfection
with an antisense oligonucleotide specific for the
mdri gene establishes that P-glycoprotein has a
direct causal role in resistance. The fact that



86

%C
| ' 4 e ¥
DM % . y
pair
y -
> -’ - —"""
=, L. T RING
. S CHROMOSOME
P v cnll W G0
. & -4 l&.'
q - e o
e 5 - tr";n .f“‘:'(
= g o WY 7
- . “i_ “. "‘f;'-gt
X ha & 0 3

Fig. 11. DLKP-A metaphase showing the presence of DMs and a ring chromosome.

reversal by the antisense oligonucleotide {and mechanisms involved in resistance or alternatively
also by verapamil) was only partial may indicate it may relate to technical limnitations of the experi-
that P-glycoprotein is only one of a number of mental procedure and short half life of the free

Table 5. Effect of circumvention agents on 1C50 (nM) of adriamycin for DLKP and DLKP-A

Cell line = C.A. DLKP DLKP-A

- + - +
Verapamil 533+02 643 0.8 5749 & 657 1648 + 145
Quinidine 6.9 £ 0.78 4.59 £ 0.6 5748 + 762 1548 &+ 185
Quinine 4.04 £ 0.05 4.49 = 0.3 5546 1 435 1703 + 187

Nifedipine 57076 7.78 £ 0.7 5751 £ 557 1924 & 256
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Fig. 12. DLKP-A abnormal metaphase, showing numerous DMs, abnormal breakages and chromosome condensation.

oligonucleotide within the cell; the fact that ex-
tended exposure to the oligonucleotide increased
the magnitude of resistance reversal lends some
support to the latter explanation. It is interesting
to note that the cross-resistance pattern varies at
different stages of the selection (A, Redmond and

Table 6. Resistance modulating ratios for DLKP and DLKP-A

M. Clynes, unpublished), indicating involvement
of different genes andfor different cellular sub-
populations.

The molecular mechanisms of multidrug resis-
tance in huwman lung carcinomas are not fully
understood. Low levels of mdr] mRNA are found

Cell line & C.A. DLKP RMR# DLXP-A RMR2
Verapamil 0.828 348
Quinidine 1.5 3.71
Quinine 0.899 3.25
Nifedipine 0.73 298

RMR = (IC50 adriamycin alone)/(TCS0 adriamycin + C.A.).
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in a proportion of both normal and malignant lung
biopsies (Lai ez al., 1989) but recent work using
immunochistochemistry (and therefore allowing
evaluation of expression in a sub-population of
cells) established a correlation between expres-
sion of P-glycoprotein and glutathione-S-trans-
ferase m, smoking history, and adriamycin sensi-
tivity in a rapid fn vitre test. The correlation with
smoking history did not apply to adenocarcinoma.
No relationship between sensitivity and topoiso-
merase II activity was found (Volm er al., 1991).
There is, nevertheless, interest in a possible role
for reduced or altered Topoisomerase 1l expres-
sion in NSCLC; reduced expression appears to
correlate with increased resistance in a number of
small cell lung carcinoma lines in vifro (de Jong
er al., 1990; Long et al., 1991; Kasahara et al.,
1992). It is worth noting that topoisomerase II-
related mechanisms do not generally affect vinca
alkaloid resistance, and in some cases reduced
activity caunses hypersensitivity to cis-platinum
(Long et al., 1991). Cole et al. (1990) have
described a multidrug resistant small cell lung
carcinoma line cross resistant to adriamycin, epi-
rubicin, daunomycin, mitoxantrone and vinca-
alkaloids but not to bleomycin, cis-platin and
5-fluorouracil; this line does not overexpress P-
glycoprotein, but has significantly increased levels
of glutathione-S-transferase (probably class )
and related enzymes. Coley et af. (1991) have
reported on a variant of an adriamycin resistant
human large cell lung carcinoma variant which is
cross-resistant to daunorubicin, vincristine, col-
chicine and etoposide, but which does not express
P-glycoprotein and in which resistance is not
affected by verapamil; a non-P-glycoprotein ATP-
driven drug efflux pump may be involved in this
cell line. Versantvoort er al. (1992) also report
analogous mechanisms of drug resistance in hu-
man non-small cell lung carcinoma cell lines. In
the cell line DLKP-A described in this present
paper, adriamycin resistance is partially reversed
by verapamil treatment. Multidrug resistant va-
riants of human lung carcinomas overexpressing
P-glycoprotein have also been reported (Baas ef
al., 1990).

The MDR variant DLKP-A described in this
paper was significantly more resistant to sonica-
tion than was the parental cell line, DLKP; the
cells were also more sensitive to cryopreserva-
tion, and high serum levels and densities were
needed to ensure recovery of the variants at a high
level of resistance. Cloning experiments in dif-
ferent concentrations of adriamycin indicate the
existence, in the DLKP-A population, of different
cellular population heterogenous with respect to
adriamycin resistance. A possible explanation is
that the less resistant cells survive by metabolic
co-aperation with those cells which are actively
extruding drug. This process would also reduce
the effective resistance level of the more highly
resistant population. This phenomenon warrants
further investigation.

The DLKP-A line is being characterised in
more detail, and should be a useful addition to the
panel of cell lines available as in vitro models for
multidrug resistance in human lung cancer.
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