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ISOLATION FROM A HUMAN MDR LUNG CELL LINE OF MULTIPLE
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The heterogeneous nature of an adriamycin-selected hu-
man MDR squamous lung cell line, DLKP-A, was investigated
by isolating and characterising 9 of its clonal subpopulations.
The DLKP-A cell line exhibits resistance to the classical MDR
drugs, overexpresses P-glycoprotein and displays reduced
topoisomerase Il amounts. The clonal cell lines exhibit a wide
range of resistance extents, with the most resistant clone
displaying 9 times the extent of adriamycin resistance ob-
served in the least resistant clone. A number of clones exhibit
sensitivity to the concentration of adriamycin in which the
parental cell line was selected, possibly indicating co-
operation between the more and less resistant cells. Detailed
analysis of 4 of the clonal subpopulations revealed broadly
similar drug resistance mechanisms. Alterations in expres-
sion of the MDR-associated genes MDR1 and Topo lla were
observed, with no detectable changes in the expression of
MDR3, MRP, GSTa, Topo 13, Topo | and CYP1Al noted.
However, each clonal cell line displayed a distinct extent of
expression of MDR1 and Topo lla and further characterisa-
tion of the clones indicated that other modes of drug resis-
tance may exist in at least one of the cell lines. In particular, 2
of the clones (DLKPAG6B and DLKPA11B) which have almost
identical drug resistance profiles appear to have quite differ-
ent mechanisms of resistance. The clonal subpopulations
possess individual growth rates, amounts of adriamycin accu-
mulation and susceptibility to toxicity-enhancement by MDR-
modulating agents. It was possible to generate a cell line with
a drug toxicity profile similar to DLKP-A by mixing some of
the clonal subpopulations. Our results provide evidence of
heterogeneity within an MDR human cell population with
respect to resistance and expression of MDR-associated
genes. Int. J. Cancer 71:907-915, 1997.
© 1997 Wiley-Liss, Inc.

The resistance of tumours to cytotoxic drugs is a major cause

number of the above biochemical characteristics, and is seldom due
to a single modification.

The heterogeneous nature of tumours and of their subsequently
established cell lines has long been recognised and characterised
(Heppner and Miller, 1983). Heterogeneity in tumours is mani-
fested by a variety of phenotypic differences, but from the point of
clinical treatment, the variation in the sensitivity of cells to
chemotherapeutic drugs and radiation is of paramount importance.
Tumour heterogeneity suggests the possibility that an inherently
drug resistant population may exist in some tumours. Following
initial chemotherapy, this subpopulation may be selected for, or a
combination of mutation and selection processes may result in the
selection of specific subpopulations. The resulting MDR popula-
tion may, in turn, be either homogeneous or heterogeneous in terms
of resistance extent and mechanisms. Yangal. (1993) have
described then vitro establishment and analysis of a heteroge-
neous MDR population.

In this study, we describe the isolation and characterisation of
clonal subpopulations from an MDR human lung cell line. The
clonal subpopulations were analysed to determine whether their
resistance extent was associated with biochemical and genetic
mechanisms different to those identified in the parental population.
Possible methods by which the subpopulations survived in the
“mixed” parental cell line, in the presence of drug, are suggested.

MATERIAL AND METHODS
Chemicals

Adriamycin and 5-fluorouracil were obtained from Farmitalia
Carlo Erba (Milton Keynes, UK), VP-16 from Bristol Myers
Squibb, (Dublin, Ireland) and vincristine and cisplatin from
Iggderle (Dublin, Ireland). All media used in the maintenance of the

Il lines was obtained from GIBCO BRL (Paisley, UK) and the

chemotherapy failure. In multidrug resistance (MDR), cells display~g (batch 101024) from Sera-Lab (Crawley Down, UK). Cyclo-

resistance to a variety of structurally and functionally unrelat

orin A was purchased from Sandoz (Basle, Switzerland). Re-

chemotherapeutic drugs. The MDR phenotype may be an inhergiil s ysed in RT-PCR analysis was purchased from Promega
property of the cells or acquired following exposure to one or Mo&o thampton, UK). All other chemicals were obtained from
cytotoxic agents. The chemotherapeutic drugs to which the ¢ fyma (Poole, UK).

are resistant generally include the anthracyclines, Vinca alkaloi SThe anti-P-glycoprotein monoclonal antibodies were obtained

podophyllotoxins, peptide antibiotics and taxol, but usually e:I- m BioResearch Ireland (Dublin, Ireland) (BRI MAB MDR-1

clude nucleotide analogues, metabolic inhibitors, alkylating age .
. o lone 6/1C]) and Centocor (Malvern, PA) (C219). The topoisom-
and platinum analogues. The acquisition of an MDR phenotype’| ase Il polyclonal antibody was a gift from Dr. W. Beck

associated with a range of biochemical and biophysical alteratio emphis, TN) and the topoisomerase Bnd topoisomerasegl

The most frequently identified change is reduced drug accumu g . -
tion and the associated overexpression of a 170kDa membra noclonal antibodies (MAbs) were gifts from Dr. G.C. Astaldi

associated energy-dependent drug-efflux pump, termed P-glycopr cotti (Pavia, ltaly).

tein, which is coded for by th®lDR1gene (Roninsort al.,1986). Cell lines

The overexpression of a second 190kDa drug-efflux pump, theThe poorly differentiated human lung squamous cell line, DLKP
multidrug resistance-related protein (MRP) (Celeal., 1992), is (Law et al., 1992) and its adriamycin-selected MDR variant,
also capable of conferring an MDR profile on cells. ReduceDLKP-A (Clyneset al.,1992) were cultured in DMEM/Ham’s F12
concentration and activity of a nuclear enzyme involved in ur{:1) medium, supplemented with 5% FCS and 1% L-glutamine.
winding DNA, topoisomerase Il (Beak al.,1987), and overexpres-

sion of the human major vault protein, the lung resistance-relatettonyact grant sponsor: BioResearch Ireland.

protein (LRP) (Schepeet al., 1993) are also correlated with the

acquisition of MDR phenotypes in various cell lines. Altered levels——

of luathone and detoxtyng glaane S e e oy BBy chy iercy, oo, D 5. T Fon
especially the overexpression of thdsoform, are also associated ' ! ) DK n, ' : :
with increased drug resistance (Moscow and Dixon, 1993). %5317045484’ E-mail: heenanm@ccmail deu.ie

general, the acquisition of resistance by cells to a range of

chemotherapeutic drugs is mediated by the altered expression of Received 3 September 1996; revised 8 January 1997
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The cells grew as monolayers in tissue culture flasks, in tiperforming cell counts of viable cells. The cell doubling time was
presence of 5% Cgand at 37°C. calculated from a graph of cell number against time.
RNA analysis

Gene transcript levels, for a range of genes associated with drug
sistance, were analysed using a semi-quantitative RT-PCR method.

Selection of MDR clones
~ The clonal subpopulations of DLKP-A were obtained by isolat:
ing individual colonies of cells, that were established from a sing e total RNA extraction protocol, a detailed description of all

cell. Briefly, DLKP-A cells were plated at 50 cells per 35 mm tlssuRrimers used in the study and the RT-PCR reaction procedure is as

culture Petri-dish in 5 ml of culture medium. The cells were grown ,,. Y~ ) -
for 24 hr in 5% CQ at 37°C to allow cell attachment and ?Nereoutllned by O'Driscoll et al. (1993). The genes investigated

: : . . luded those coding for P-glycoproteiMDR1), MRP (MRP),
microscopically examined to ensure that the cells adhered sm%lilg .
larly and in a dispersed manner. The cells were grown, wi utathlc?F?iSA-tr?nsfgrase (GST), cylto<t:hror_ne P450 1|A1 en-
constant monitoring and feeding with cloning medium (a 1:£YM€ € 1, ?p0|somerase Mopo ), topoisomerase IIT(opo
mixture of culture medium to conditioned medium (mediu ), its a and isoforms {Topo llx andTopo 113, respectively) and
exposed to DLKP-A for 24 hr, filtered through a 0.2 pm |OV\}he gene homologous MDR1, MDR3The number of PCR cycles

protein-binding filter and stored at 4°C), supplemented with 10%sed in the detection of the gene transcripts of interest were the

FCS and 1% L-glutamine), until individual cells had formed singlgm‘)(in?jlmt numdbetr of _cyc(ljes V‘(’jhiCh.tSti” gtaye Ia Iinelar_an]l_[;:!ficationzo
: : ' ] product, as determined by densitometrical analysis. This was
colonies of approximately 50 cells. The colonies were separatééi cles forMDR1andGSTr analysis; 25 foMRP, Topo II, Topo k

sub-cultured using cloning rings, which formed individual trypsinaz dTopo I: 27 for MDR3andTopo i and 30 forCYP1A1 -actin

tion chambers around the colonies. The cells from each colo ' L '
were transferred to a single well of a 96-well plate in 100 pl o s used as an internal control and was co-amplified with the gene

medium. The cells were allowed to attach overnight at 37°C in 5% interest, in the same reaction mixture, in all PCR reactions. The
] §sulting PCR products were analysed by agarose gel electrophore-

CO, and then were refed with fresh medium. When the cells i h ; ; )

re(;?:hed approximately 90% confluency, they were sub-cultur 19 and their size determined by comparison with the Phi-X Hae IlI
into a single well of a 48-well plate. This procedure was repeat rager?]tgr?tsmw\iltvﬁ mg:clgﬁngi:;]rgr:ﬁ%%)ér-g?iaggg(;:s.cgg?sge‘% (goiz
into a 24-well plate, 6-well plate, 25 énflask and 75 crhflask. (434,267, 234, 213, 192, 184, 124, 123, 104, 89, 80, 64,57, 51,

Stocks of the randomly selected clones were maintained frozen : .
all clones were routinely maintained in the absence of adriamycif,’ 18, 11 and 8. RT-PCR analysis of the MDR-associated gene

: : transcripts, using the primers as described in O’Drisetllal.

when in culture. The clonal subpopulations were cultured i ; 22 C
DMEM/Ham’s F12 (1:1) medium, supplemented with 5% FCS an g%Sl),E;eSszulltgd ;pathrﬁ:r?sg’éggﬁ'gg%fo%1b57fgp r?]';m?ﬁénggt for
1% L-glutamine. Characterisation of the clones was perform 0b ,fra me?ut ngGST'n' 2327 b’ fra mgnt fg@YPlAl,a 1éo
within a 10 passage span following revival of the cells fro bp fra[g)megt fofTopo | a2'16 bp fra%me%t fofopo Iland 139 and
cryo-preservation. 118 bp fragments forTopo lle and Topo I3, respectively.
. Densitometrical analysis of band intensities in ethidium bromide-
Cytotoxicity assays . stained agarose gels was performed on photographic negatives of

In all assays, cells were pre-treated in a standard mannerts}g? gels, using a GS670 densitometer with Molecular Analyst
ensure that the cells were healthy and in a logarithmic phase Gjtware (Bio-Rad, Hercules, CA). The intensities of the bands of
growth prior to analysis. This involved sub-culturing the cells iNthterest, and their correspondifigactin band, were determined,
75 cn¥ flasks at a density of X 10° cells/flask, 2 days prior to the sing |ocal background subtraction, which accounted for the
assay and feeding the cells the following day. The assay involvggiical density reading of the negative and gel background. The
plating the cells, from a single cell suspension, into 96-well platg¢gr_pCR protocol used resulted in linear amplificationBeéctin
at a density of 1®cells/well in 100 I of medium. Cells were for 27 PCR cycles and so, it was also linearly amplified in the
allowed to attach for 24 hr, at 37°C in 5% GO reactions where differential expression of gene-transcripts were

In the case of standard cytotoxicity assays, 100 pul of the requiradted.
drug dilution were added to each well, with 8 replica wells set u . .
for each drug dilution. The plates were then incubated for a furthérglyCOPmte'“ detection
6 days at 37°C in 5% Cg£ or until control wells reached Membrane-enriched protein fractions were prepared from the
approximately 80% confluency. relevant cell lines, the protein concentration determined and 20 mg

Drug toxicity was determined by intracellular acid phosphatagd Protein was applied per lane of a 7.5% SDS-PAGE gel.
analysis (Martin and Clynes, 1993). In brief, the medium wa¥lembrane preparation, gel electrophoresis and protein transfer to
removed, the cells washed twice with PBS and 100 pl of assg{frocellulose membrane was performed as described by Cines
substrate (10 mMp-nitrophenyl phosphate in 0.1 M sodium@' (1992). Following transfer of the protein, non-specific binding
acetate, pH 5.5; 0.1% Triton-X-100) were added to each well. TH&S blocked by incubating the nitrocellulose for 2 hr at room
plate was incubated for 2 hr at 37°C in darkness and the reacti§iperature in TBS (500 mM NaCl, 20 mM Tris; pH 7.5)
then stopped by the addition of 50 pl of 1M NaOH. The opticé?on,ta'”'“g 5% non-fat dried milk. The blot was then exposed to the
density of each well was read at a wavelength of 405 nm, in a di@]ti-P-glycoprotein monoclonal antibody, BRI MAB MDR-1 [Clone
beam plate reader, against a reference wavelength of 620 nm. _?_ég/]o 503//ern|/ght Tat 4 C.Zc')l'he db'Pt Wg‘st ‘(’j"asht%dtﬁ times ‘(’j"'th

In the MDR modulating assays, 50 ul of &4oncentration of 5/0.5% (vv) Tween and incubated with the seconcary
the required drug and/or circumventing agents (verapamil a tibody (horseradish peroxidase labelled rabbit anti-mouse 19G)
cyclosporin A) were added to the appropriate wells, with 8 repli ?]% rg'r?tiSéé?,o(?qefgg”ﬂgﬁr?&‘;f'b;heenﬁfﬁ (\:'ézs c%%%nill\jvrgisnhees%:nncde
wells per assay plate. The volume in each well was adjusted to : e .
ul with medium and the plates were incubated and analysed L) according to the manufacturer’s instructions (Amersham,

outlined above. esbury, UK).
o Topoisomerase |l detection
Cell growth rate determination Nuclear protein was extracted by the method of Daeksl.

The growth rate of the cells was determined by monitoring thefi 988). Equal amounts of nuclear protein (35 mg) were loaded per
extent of growth over consecutive 24 hr time periods. The cellane of a 7.5% SDS-PAGE gel and protein separation and transfer
were plated in 25 chAflasks at a cell density of 2@ells per flask, were carried out as for detection of P-glycoprotein. Following
in 10 ml of growth medium. At successive 24 hr time periods, thieansfer of the protein to the nitrocellulose, the nitrocellulose was
number of cells present in duplicate flasks was determined, biocked at 4°C overnight in blocking solution. In the case of
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topoisomerase |l analysis, the blocking solution consisted of 10 RESULTS

mM Tris-HCI, pH 7.4, 140 mM NaCl, 5% non-fat dried milk, 3% Establishment of clonal subpopulations

BSA and 0.2% Tween-20. The nitrocellulose was then incubatedy;ine cjonal subpopulations of the MDR human lung cell line
with the primary antibodies (polyclonal rabbit serum that recogniseyj «p_a "were isolated in order to study the heterogenous nature
topmf_omerast,e I“i: .USF:“% tlhelggrle"?“mgzeh ratbétlaitcss_rhurr}_ltas Bf the DLKP-A cell line and to determine if different subpopula-
nega It\F\e con roh(dr'c.tﬁ fo " 'I)')' or % 7r4a 140, MeNI élrs ions within the cell line were responsible for specific characteris-
Wer% fznowas e dW' b tmd 'tﬂst,hp hd mt'b é" (I ics of the overall population. The clones of DLKP-A were
washes/20 min) and incubated with the secondary antibody (alkgsintained as individual cell lines without selective pressure

line phosphatase labelled goat anti-rabbit IgG) at room temperatulfe, randomly designated DLKPA2B, DLKPA6B, DLKPA9B
for 2 hr. The filters were then re-washed and the bound antibogly  pbA11B DLKPA3C. DLKPA10C. DLKPA2D. DLKPASD and
was detected by the addition of nitroblue tetrazolium and 5-bromgy «pasE. DNA fingerbrint analysié (Cellmark' Abingdon, UK;
4-chloro-3-indolylphosphate substrate, according to the manufags. 1\, shown) confirmed the genetic identity of the clones with

turer’s instructions (Boehringer Mannheim, Germany). In relatiog| yp_A The adriamycin toxicity profiles of DLKP, DLKP-A and
to the detection of topoisomerase land topoisomerasef] the 5"y pasE (as a representative of a clonal subpopulation of

blocking solution consisted of PBS/3% BSA, the primary antibo i
ies were the MAbS 6G2 and 8F8, which recognise topoisomer%LKP A) were stable when the cells were cultured for at least 3

lla and topoisomerasef| respectively (Negret al., 1992), the ¢ g) netrr:sstlgctkr;e(;ftzer?&esﬁgwag)rlamyC|n and following recovery of
secondary antibody was an alkaline phosphatase labelled rabbit . . ’ .
anti-mouse IgG and bound antibody detection was as outlinBgsistance profiles of DLKP-A clonal subpopulations

above. The sensitivities of the clonal populations to a variety of
Adriamycin accumulation studies chemotherapeutic compounds (Table 1) were established to deter-

) . . mine if the subpopulations present in the DLKP-A cell line were
The cellular accumulation of adriamycin was measured by bob b

modification of the method of Ganapathi and Grabowski (1983). g:g?;ggg(teglgltf?grtegtr (\;vrﬁztsher specific clones were responsible for
brief, the cells were plated at a cell density ok5LCP cells/well in DLKP-A iousl h terised by Clvnesal. (1992
5 ml of growth medium, in a 6-well plate. The cells were incubated -A, as previously characterised by Clynesal. (1992),

at 37°C in 5% CQfor 48 hr, after which the medium was replace*NiPits an MDR profile and is resistant not only to its selective
by 4 ml of fresh medium containing 10 UM adriamycin. Controfdent: adriamycin, but is highly cross resistant to vincristine and
gsistant to a lesser extent to VP-16. It showed neither significant

wells were set up containing adriamycin-free medium. The cell ; L ; ' :
were re-incubated at 37°C in 5% G@\{ specific time intervals (0 Cross resistance nor sensitivity to cisplatin or 5-fluorouracil, when
2 and 4 hr time points) the adriamycin-containing medium wmpared with the parental cell line. o .
removed from duplicate wells and the cells washed twice with All clonal subpopulations of DLKP-A also exhibited a classical
ice-cold PBS. Ice cold water (2 ml) was then added to each wMDR profile, in that they were highly resistant to adriamycin,
until cell lysis was observed (approximately 5 min), 2 ml of afincristine and VP-16 and all the clones exhibited the same rank
ice-cold 0.6 M HCI solution in methanol was then added and tt¥der of resistance as DLKP-#e., significantly more resistant to
plates incubated for a further 3 min. The solution was theYincristine than to adriamycin and least resistant to VP-16. Very
centrifuged at 4000 g for 10 min and the fluorescence of th@w extent of either resistance or sensitivity to cisplatin and
supernatant was spectrofluorometrically measured, against &hBuorouracil was present in some clones. Within the clonal
adriamycin-free control, at an excitation wavelength of 470 nm ars#ibpopulations there was a 9-fold span in resistance to adriamycin,
an emission of 585 nm. The concentration of adriamycin in tr 8-fold variation in resistance extent to vincristine and a 5-fold
solution was determined from a standard curve, prepared from mﬁgiation in their resistance to VP-16. The clone most resistant to

fluorescence of known concentrations of adriamycin. one specific MDR-associated drug was not most resistant to all
o . MDR drugs, but DLKPA2B was the least resistant clone with
Statistical analysis respect to resistance to all the typical MDR drugs tested. The clonal
Differences between cell lines was assessed using a 2-taifegpulations differ significantly, not only from DLKP-A, but also
Student’s-test. from each other.

TABLE | — THE RELATIVE RESISTANCE OF DLKP-AAND ITS CLONAL SUBPOPULATIONS TO ANUMBER OF
CHEMOTHERAPEUTIC DRUGS, WITH RESPECT TO THE DRUG SENSITIVITY OF DLKP CELLS

Adriamycin Cisplatin Vincristine VP-16 5-Fluorouracil

DLKP 1 1 1 1 1

DLKP-A 254.,14810 1.46 1504.2679° 60.677:10 1.75
DLKPA2B 36.80-12 0.57 228.3213 18.1713 1.28
DLKPA11B 83.8812 0.62 328.6114 25.19 0.54
DLKPA10C 88.8812 0.95 974.18 23.094 0.98
DLKPAG6B 94,5912 0.71 367.1214 29.77 0.77
DLKPA2D 165.503 1.62 1780.9869 42.49 1.46
DLKPA5D 213.2% 1.95 750.34 96.186:9.12 1.01
DLKPA9B 245.16:811 0.91 1794.8469 61.19.7.10 1.11
DLKPA3C 327.68%6° 1.09 1985.086:9 35.35 0.90
DLKPASF 330.5969 1.39 1275.04811 50.6G 0.98

The fold-resistance was determined by dividing the average 50% inhibitory concentratignvéiDe
for the cell line of interest by the corresponding averagg V@lue for DLKP. The I1G, values are the mean
of a minimum of 3 repeat experiments, with 8 intra-assay repeats in each experiment. In all cases the
intra-assay variation was less than 10%. The, Malues of the drugs to DLKP cells are 24.83 nM for
adriamycin, 873.00 nM for cisplatin, 1.21 nM for vincristine, 146.45 nM for VP-16 and 9551.11 nM for
5-fluorouracil. Data are significantly different from DLKP-Ap(< 0.001,2p < 0.01 and®p < 0.05). Data
are significantly different from DLKPA2B4p < 0.001,5p < 0.01). Data are significantly different from
DLKPAGB (5p < 0.001, /p < 0.01 and®p < 0.05). Data are significantly different from DLKPA11B
(°p < 0.001,%% < 0.01 and!p < 0.05). Data are significantly different from DLKPA5F§ < 0.001,
13 < 0.01 and“p < 0.05).
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The relative extent of resistance to the chemotherapeutic druy¢erations in MDR-associated mRNA and protein levels

varied in the clonal subpopulations (Table Il). When the resistancep detailed analysis of the mechanisms supporting the MDR
of the DLKP-A cell line to adriamycin was taken as 1 and the cellgrofiles in 4 of the clones of DLKP-A was performed. The most,
resistance to vincristine and VP-16 compared to this, DLKP-B| KPASF, and least, DLKPA2B, resistant subpopulations with
possessed a fold-resistance profile of 1:5.92:0.24 in relation dgspect to adriamycin sensitivity and 2 clones of intermediate
adriamycin, vincristine and VP-16, respectively. Although alfesistance and similar cross resistance profiles and growth rates,
clones possess fold-resistance ratios similar to DLKP-A, they werg KPA11B and DLKPA6B, were analysed and compared with
not identical. DLKP-A and DLKPA3C possessed similar foldhoth the drug-sensitive DLKP cells and the MDR parental popula-
resistance ratios in terms of adriamycin to vincristine resistance Qjgn, DLKP-A.

for adriamycin for VP-16 the ratios were different. The cell clones : : :
> - - Genes associated with drug resistance were analysed by a
DLKPA10C and DLKPA2D exhibited similar fold-resistance ra-, mi-quantitative RT-PCR method. The concentrations of gene

- - - e
tios, but DLKPA2D cells were twice as resistant to the drugs as tﬁ% ;

' - o nscripts ofMDR1, MDR3, MRP, GSd, Topo |, Topo Il, Topo
DLKPAI0C cells (Table I). Although both cell lines exhibited &, , "o |13 'and CYP1ALin the drug resistant and sensitive cell
ratio of adriamycin to VP-16 resistance similar to DLKP-A Ce”SIines were studied. RT-PCR analysis suggests MRR1 overex-

the relative ratio of adriamycin to vincristine resistance was tvvicig\r : : ; ; ) .
X ession may be a major mechanism of resistance associated with
that noted for DLKP-A. The cell lines DLKPAGB and DLKPA11B 5 "« p_a andits clonal subpopulations (Figa)l MDR1expression

possessed identical fold-resistance ratios and both cell lines .6\%83 detected in the sensitive cell line DLKP, at a low extent, and in
exhibited similar extent of drug resistance. Although their relativga e ) “the rank order in the amount\DR1mRNA detected in
fold-resistance ratio of adriamycin resistance to vincristine res

tance was similar to that noted for DLKPASF, the fold-resistanc‘:fe resistant cell lines corresponded to their resistance to MDR-

ratio of adriamycin to VP-16 in DLKPASF was half that observe ssociated chemotherapeutic drugs. However, although DLKPAGB

. nd DLKPA11B exhibited similar extent of resistance to all the
for DLKPA?B ?’:d DdLKPAll.B' D'aKF.’AS'.: t(_:ellstrv]vereDall_IsK%iggnes DR drugs, DLKPAGB had substantially lower amountswibR1
more resistant 1o adriamycin and vincristine than aNhRNA than DLKPA11B. Detectable amounts of gene transcripts of

DLKPAL1B cells. MRP, GS*, Topo |, Topo Il, Topo k andTopo IIB were presentin
Growth rates of cell lines all cell lines (Fig. k-h, respectively), but no alterations in the

Cell doubling times were determined for all variants of DLKP
(Table 111). Although DLKP-A did not possess a significantly faster
growth rate than that observed for the drug-sensitive DLKP cell
significant variation existed within the growth rate of the clones ¢
DLKP-A both in comparison with each other and with DLKP-A
(e.g., DLKPASD vs DLKPA2D, p < 0.001). However, growth
rates did not correlate directly with drug resistance in the cell line

A

DLKPAZE
DLKPAZB
DLKPASF
DLKPASF
DLKPAGB
DLKPAGB
DLKP
DLKPATEB
DLKPATIEB

DLKP-A
DLKP

Mw
DLKP

TABLE Il — THE RATIO OF FOLD-RESISTANCE OF ADRIAMYCIN
TO VINCRISTINE AND VP-16, FOR EACH MDR CELL LINE

Adriamycin Vincristine VP-16
DLKP-A 1 5.92 0.24
DLKPA2B 1 6.20 0.49
DLKPA11B 1 3.92 0.30
DLKPA10C 1 10.96 0.26
DLKPAGB 1 3.88 0.31
DLKPA2D 1 10.61 0.26
DLKPASD 1 3.52 0.45
DLKPA9B 1 7.32 0.25
DLKPA3C 1 6.06 0.11
DLKPASF 1 3.86 0.15

1The fold-resistance to adriamycin in each cell line (as shown
Table 1), was taken as 1 and the fold-resistance to vincristine and VP-
was normalised to this value.

TABLE lll — DOUBLING TIMES OF VARIANTS OF THE DLKP CELL LINE, d e et i

DETERMINED DURING THE EXPONENTIAL PHASE OF CELL GROWTH i . i
C T T e

Doubling time (hr)

DLKP 20.3* 3.6

DLKP-A 185+ 1.1

DLKPA2B 237+ 1.9 .

DLKPA11B 24.9+ 1.9L.2 Ficure 1— RT-PCR analysis ofd) MDR1, (b) MDR3, (c) MRP,
DLKPA10C 20.3+ 0.8 (d) GSTm, () Topo |, (f) Topo II, (@) Topo lle and f) Topo II in
DLKPA6B 222+ 0.6° DLKP-A, DLKPA2B, DLKPASF, DLKPA6B, DLKP and DLKPA11B
DLKPA2D 16.0*+ 0.6 cells. The left-hand column contained the molecular weight marker
DLKPASD 26.2+ 2. 412 Phi-X, Hae Il digested (Promega) and RT-PCR analysis of each gene
DLKPA9B 19.8+ 4.0¢ transcript was performed in duplicate for each cell line. The upper band
DLKPA3C 16.9+ 2.3 (383bp) relates t@-actin, which acted as an internal control and was

DLKPASE 16.4+ 0.3 used to correlate the intensities of the bands related to the MDR-
associated genes (lower bands). No mRNA band was detectable for
The doubling time of the cell lines was determined from 3 repedDR3 (b) or CYP1Al(not shown). RT-PCR analysis of the MDR-
experiments and the data above represent the mean growth tae associated gene transcripts resulted in the amplification of a 157bp
standard deviation on the mean. Statistical analysis revealed that @&MA fragment for MDR1, a 321bp fragment foMDR3 a 203bp
growth rates were significantly different frolDLKP-A (p < 0.001), fragment forMRP, a 270bp fragment for GS1, a 180bp fragment for
°DLKPA2D (p < 0.001), 3DLKPA2D (p < 0.05) and“DLKPA5D Topo | a 216bp fragment fofopo II, 139 and 118bp fragments for

(p < 0.05). Topo lle andTopo 1B, respectively and a 327bp fragment @YP1A1
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TABLE IV —INTRACELLULAR ADRIAMYCIN ACCUMULATION BY VARIANTS
OF THE DLKP CELL LINE

pmoles adriamycin accumulatedftells

2hr 4 hr
DLKP 501.0* 21.0 618.0* 39.0
DLKP-A 95.0+ 8.1 138.0+ 12.1
DLKPA2B 383.1*+ 16.0 424.5+ 31.0
DLKPAG6B 177.9+ 13.0+ 232.2+ 33.0+
DLKPA11B 126.0+ 3.4 204.0+ 12.0 a
DLKPASF 99.9+ 4.% 160.5+ 12.0¢

The datgresented are the mean aflependent repeat experimerits
standard deviation. All cell lines have significantly different accumula-
tion extent than DLKPO and DLKPA2Bp(< 0.001), at both the 2 and
4 hr time points. In addition, some cell lines also exhibit significantly
different adriamycin accumulation amounts thBhKP-A ( p < 0.01),
and DLKPAG6B €p < 0.001,3p < 0.01 and'p < 0.05).

extent of expression of these genes was noted between drug- 180=—
sensitive and resistant cells. MDR3 (Fig. 1b) andCYP1Al(not
shown) gene transcripts were detectable in the cell lines.

The expression of the MDR-associated proteins, P-glycoprotein
and topoisomerase Il (and its and g isoform) were studied by
Western blot analysis (Fig. 2). Detectable amounts of P-glycoprotein,
as determined by Western blot analysis with the anti-P-glycopro-
tein MAb, BRI MAB MDR-1 (Clone 6/1C), were noted in
membrane extracts from all cell lines (Fig)2P-glycoprotein was
noted in the drug-sensitive DLKP cell line, but the protein levels
were elevated in the drug-resistant DLKP-A cells. Concentration of
P-glycoprotein in the clonal subpopulations increased with increas-
ing drug resistance, with the exception of DLKPA6B, which
revealed low P-glycoprotein expression, comparable to that noted

in the drug-sensitive DLKP cells. Immunocytochemical analysis b

of P-glycoprotein, undertaken using the C219 MAb, confirmed
the presence of P-glycoprotein in the cell lines. Therefore,
P-glycoprotein expression in the cells was reflective of their
drug-resistance profile alndDR1 mRNA concentrations, with the
exception of DLKPAGB cells, which expressed lower amounts of
immunodetectable P-glycoprotein than anticipated from its drug
resistance extent.

Concentrations of the nuclear enzyme topoisomerase Il and its 170—

isoform were decreased in the resistant cell line DLKP-A, in
comparison with the drug-sensitive DLKP cells (Fifp,@. In the
clonal subpopulations, the concentrations of both proteins were
also lower than noted in DLKP. Low levels of both topoisomerase
Il and its o isoform were present in the least resistant clonal cell
line, DLKPA2B and concentrations of topoisomerasewlere also
drastically reduced in DLKPA11B cells, as compared to DLKP
cells (Fig. Z). Concentrations of both topoisomerase Il and
topoisomerase dl were only slightly reduced in DLKPAGB cells,

in comparison with DLKP, implying that altered topoisomerase Il
is not a significant mechanism of resistance in DLKPAGB cells. In
comparison with DLKP cells, immunodetectable topoisomerase Il
levels in DLKPASF cells appeared to be substantially decreased,
when analysed using the polyclonal antibody, but levels ofothe
isoform were only slightly reduced, as determined by Western blot
analysis with the MAb directed against topoisomeraae linmu-
nodetectable amounts of topoisomeragenkre similar for all cell

lines (not shown). C

Cellular accumulation of adriamycin

One of the most frequently MDR-associated cellular changes is
the reduced intracellular accumulation of drug. The extent of

170=

FIGURE 2 — Western blot detection o&) P-glycoprotein, i) Topoi-
somerase |l anctf Topoisomerase d in DLKP, DLKP-A, DLKPAZ2B,
DLKPAG6B, DLKPA11B and DLKPASF cell lines.
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TABLEV —TOXICITY OF CYCLOSPORIN AAND VERAPAMIL, AT VARYING CONCENTRATIONS,
ON THE DLKP VARIANTS

% cell survivat

Cyclosporin A (ug/ml) Verapamil (ug/ml)
0.2 1.0 2.0 0.2 1.0 3.0
DLKP 95.23 93.38 92.61 101.34 101.23 102.69
(4.42) (8.05) (8.01) (3.66) (5.71) (3.23)
DLKP-A 103.18 98.45 70.15 92.58 73.37 50.34
(7.27) (8.95) (13.81) (13.31) (16.35) (19.11)
DLKPA2B 93.93 83.88 66.41 89.22 79.36 63.90
(3.34) (7.95) (8.02) (10.16) (12.96) (16.09)
DLKPAGB 93.63 81.82 61.40 99.20 91.89 86.30
(3.73) (5.04) (9.23) (11.38) (11.13) (11.24)
DLKPA11B 88.23 76.37 77.83 99.94 97.87 88.56
(6.50) (8.45) (12.60) (5.99) (8.46) (3.45)
DLKPASF 97.14 85.75 68.60 97.98 81.41 65.98
(5.85) (13.12) (5.02) (15.36) (20.15) (19.44)

1Cell growth in the absence of either cyclosporin A or verapamil is taken as 100% survival and growth in
the presence of varying concentrations of the circumvention agents is presented as percentage growth
relative to that observed in the 100% controls. The values in parenthesis are the standard deviations of the
percentage survival values.

TABLE VI — THE ENHANCEMENT OF ADRIAMYCIN, VINCRISTINE AND VP-16 TOXICITY TO VARIANTS OF DLKP, BY
THE PRESENCE OF CYCLOSPORIN AAND VERAPAMIL

% cell survivat

Cyclosporin A (pug/ml) Verapamil (pg/ml)
0.2 1.0 2.0 0.2 1.0 3.0
Adriamycin
DLKP 61.07 32.25 28.92 89.09 84.66 59.40
DLKPA 101.85 89.86 50.19 74.61 48.78 29.62
DLKPA2B 77.42 29.09 19.66 85.46 60.73 36.22
DLKPAGB 68.02 27.70 16.45 95.85 62.56 42.26
DLKPA11B 95.85 57.74 48.70 94.92 81.44 59.45
DLKPASF 80.94 40.53 16.52 86.90 56.74 23.07
Vincristine
DLKP 87.89 21.86 3.69 100.71 86.62 54.38
DLKPA 89.14 75.86 33.94 89.20 66.45 27.17
DLKPA2B 73.19 25.43 15.19 85.61 44.33 23.26
DLKPAG6B 71.86 19.24 4.45 87.45 43.75 19.44
DLKPA11B 88.86 76.26 41.20 100.76 82.17 50.06
DLKPASF 83.26 44.26 16.86 76.00 41.81 7.35
VP-16
DLKP 93.90 71.27 54.58 100.20 97.62 91.90
DLKPA 98.19 66.16 19.49 102.01 93.27 39.40
DLKPA2B 38.70 12.67 7.02 118.70 98.90 63.12
DLKPAGB 102.12 71.56 67.89 108.40 125.21 114.34
DLKPA11B 94.78 79.09 60.33 102.61 106.36 76.77
DLKPASF 104.52 70.59 52.94 104.14 105.53 85.53

1The chemotherapeutic drug was used at a concentration that resulted in 50-70% cell survival. The
respective concentrations of adriamycin, vincristine and VP-16 used in this assay (all in pg/ml) were:
DLKP: 0.02, 0.01, 0.075; DLKP-A: 1.0, 0.5, 2.0; DLKPA2B: 1.0, 0.5, 1.0; DLKPAG6B: 1.0, 0.5, 2.0;
DLKPA11B: 1.0, 0.5, 2.0; DLKPAS5F: 1.0, 0.5, 4.0. In relation to the data presented here, the survival in the
presence of the chemotherapeutic drug alone was taken as 100% survival and the survival in the combined
presence of chemotherapeutic drug and circumvention agent is given as a percentage of this 100% value
(the toxicity of the circumventing agent alone is given in Table V). The standard deviation on all data was
less than 10%.

adriamycin accumulation was determined, to establish if thMDR variant DLKP-A and the 4 representative subpopulations,
property was also observed in the clonal subpopulations DLKPA2B, DLKPA6B, DLKPA11B and DLKPASF, was investi-
DLKP-A. All 4 clonal sublines have reduced intracellular concergated. The MDR cell lines were more sensitive to both cyclosporin
trations of adriamycin when compared with the drug sensitiveand verapamil toxicity than the drug-sensitive DLKP cells (Table
DLKP cell line (Table IV). The concentration of intracellularV). Cyclosporin A and verapamil were effective chemosensitisers
adriamycin detected at 2 and 4 hr reflected ddiDR1ImMRNAand of both MDR and drug-sensitive cells to MDR-associated drugs
protein expression in the cells and their drug resistance extent, wiltable VI). Cyclosporin A was a more potent enhancer of drug
the exception of resistance in DLKPAGB cells. toxicity to DLKP cells than verapamil. This is especially notable in
its ability to sensitise the cells to adriamycin and vincristine and
) ) ] less so to VP-16, where the presence of verapamil exhibited no
Circumvention of drug resistance major enhancing effect. Both cyclosporin A and verapamil were
The ability of the MDR resistance-modulators, verapamil angotent enhancers of drug toxicity in the MDR cell line, DLKP-A,
cyclosporin A to chemosensitise the parental cell line, DLKP, iand its clonal subpopulations. However, in general, enhancement
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Ficure 3—The toxicity of @) adriamycin, b) vincristine and
(c) VP-16 to DLKP-A cells [J) and the cell line generated by mixing
D.LKPASF, DLKPA2B, DLKPAGB and DLKPA11B in the ratio 2:1:1:1
().

enhanced as that of adriamycin and vincristine, particularly when
verapamil was used as the modulating agent.

Although DLKPA6B and DLKPA11B possess similar MDR
resistance extent and profiles, the cell lines respond quite differ-
ently to the MDR modulating agents. Both cyclosporin A and
verapamil were much more effective at enhancing adriamycin and
vincristine toxicity to DLKPA6B than to DLKPA11B, while both
circumventing agents were of comparable potency in enhancing
VP-16 toxicity to the DLKPA11B and DLKPAGB cell lines.

Generation of DLKP-A-like population

No clonal subpopulation of DLKP-A had an identical toxicity
profile to that observed in the parental cell population, therefore the
4 most characterised clones (DLKPA2B, DLKPA6B, DLKPA11B
and DLKPASF) were mixed at varying ratios, to determine if a
DLKP-A-like population could be generated, as determined by its
toxicity to adriamycin. A mixture of DLKPASF, DLKPAZ2B,
DLKPA6B and DLKPA11B in a ratio of 2:1:1:1, respectively,
generated a cell line with a toxicity profile most like that of
DLKP-A (Fig. 3a). The highest amount of deviation between
DLKP-A and the mixed populations occurred at low drug concen-
trations. Therefore, one or more clonal sub-populations, present in
the DLKP-A cell line and which contributed to its adriamycin-
resistance profile, were assumed to be absent from the mixed
clones. The cell mixture with an adriamycin toxicity profile most
like DLKP-A also possessed resistance profiles to vincristine and
VP-16 which were similar to those observed for DLKP-A (Fig.
3Db,0.

DISCUSSION

of toxicity in the more resistant MDR cell lines was only partially
accomplished when using non-toxic concentrations of the circum-DLKP-A is an adriamycin-selected MDR cell line (Clynessal.,
venting agents and sensitivity to VP-16 was not as effectively992) derived from a poorly differentiated squamous lung cell line,
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which was established from a lymph node metastasis biopsy oNavertheless, RT-PCR analysis of a range of drug-resistance
human lung tumour (Lavet al., 1992). Primary tumours are well associated genes failed to indicate a definitive alternative resistance
documented as heterogeneous in nature, in relation to a rangerefchanism.
biophysical and biochemical properties, including morphology, rq \yide band of drug resistance extent displayed by the clones
chromosomal number and chemotherapeutic drug sensitivity (Hepéé)- - . the fact that the DLKP-A cell i lected
ner and Miller, 1983). Therefore, it is not surprising that cell line surprising, given the fact that the cell ine was se'ecte
derived from tumours maintain a degree of heterogeneity. Wher?3d maintained at an adriamycin concentration of 3.5 uM and
cell line is selected for the MDR phenotype by exposure efably sustalr_leql its resistance profile in the _ab_sence of adriamycin.
stepwise increasing concentrations of chemotherapeutic drugs oVBgrefore, within the DLKP-A population, distinct clonal popula-
a prolonged time period, it undergoes both mutagenic and selectti@s are surviving during prolonged exposure to concentrations of
processes. Both from its origin as a heterogenous cell line (seveadfiamycin which is toxic to the same cells when they are analysed
clonal subpopulations have been isolated from DLKP, (data niotisolation. DLKPA2B, which has a stable d¢value of less than 1
shown), and because of its selection by a mutagenic drug, &, in terms of adriamycin sensitivity, was isolated from a
heterogenous nature of DLKP-A is not entirely unexpected andggpulation maintained in a concentration of adriamycin which was
demonstrated by the presence of at least 9 clonal subpopulatigagrly 4 times the dose that would kill 50% of its population, when
with varying drug resistance extent and profiles, and with indgssessed in a standard 96-well plate assay. DLKPA6B and
vidual cell growth rates. _ o DLKPA11B are also isolated from a population maintained at a
The 4 clonal subpopulations analysed in detail exhibited reducgghcentration of drug which would result in 50% cell kill of each of
drug accumulation and levels of adriamycin accumulation iRhe individual cell lines. Although it is plausible to find cells of a
versely reflected their extent of drug resistance. Overexpressionyginer resistance, g.,DLKPASF, surviving in a population of cells

the drug-efflux pump, P-glycoprotein, and alterations in topoisomaintained at a drug concentration less than theig W@lue, it is
Other genetd alterations, aré widely Corfelated with the acquistiG/e*Pected o find cells with a lower resistance extent present. This
of an MDR profile by cell lines (Beck and Danks, 1991). Thgalses_ the questions as to why a}nd how thg cells are malr_ltalneql In
DLKP-A population exhibited increased P-glycoprotein expressi He m|_xed population, in a situation where, in terms of adrl_amycm
and reduced levels of topoisomerase II, reflected by a decrease§ifctive pressure alone, they should be lost. The selection of an
topoisomerase dl. It should be kept in mind that while we MDR population from a sensitive human colon cell line by
examined mRNA and protein levels for topoisomerase Il, ngentinuous drug exposure and the emergence of a heterogeneous
functional assessment has been undertaken. The 4 clonal cell i8R population has previously been reported by Yaigal.

also exhibited altered concentrations of these MDR-associatd®93). Although the 2 characterised clonal populations exhibited
proteins. The MDR profile of DLKPASF, the most resistant clongifferent drug resistance profiles and mechanisms, the extent of
appears to be maintained primarily by P-glycoprotein overexpragsistance in both was greater than the maximum concentration of
sion, although alterations in topoisomerase Il content were alge selective drug. In order for the less resistant subpopulations of
noted. In the least resistant cell line, DLKPA2B, the resistangg kp-A to survive, the sensitive cells may have developed

profile is associated with a substantial decrease in topoisomergse-nanisms for escaping the toxic effects of adriamvcin. or
content and a slight increase in P-glycoprotein. DLKPA6B exhiqi- ping yein,

; . . o-operation between the more and less resistant cells may have
ited low amounts of immunodetectable P-glycoprotein and unal- d Iting i Il protecti froct
tered amounts of topoisomerase I, in comparison with the drdt curré_ ' rgsu inginace pr(? _ec Ive efiect. .
sensitive DLKP cells, while DLKPA11B, a cell line of comparable ~Modification of the sensitivity of cells to toxins by both
resistance extent and profile as DLKPAGB, exhibited a significagentact-dependent and independent mechanisms have been ob-
increase in P-glycoprotein and a decrease in topoisomerase Berved bothin vitro andin vivo (Heppner and Miller, 1983). Cell
The amounts of P-glycoprotein present in the cell lines is not fullyontact-dependent modification of toxicity would involve either, or
reflected by the concentration MDR1 mRNA, implying that a combination of, the transfer of toxin from sensitive to resistant
control of expression at the translational level may be important §ls or the transfer of protective agents from the resistant cells
%chr?é'\’)galtgg t’r\wﬂglzvgrrgﬂi)erezfsighne o?‘elll g?yi%p’rac:se\il;nouts)uftﬁg{eggﬁk to the sensitive. Modification of the cells’ environment may

X 3 v DY inish the apparent toxicity of the chemotherapeutic drug. A
MRNA, in MDR cells (Zhacet al., 1994) and the generation of 4o eaqe in extracellular pH has been shown to protect cells from
P-glycoproteins with various half-lives, depending on the cell “ngytotoxicity (Jahdeet al., 1990). Confluency-dependent resistance

or the presence of extrinsic modulating factors (Mickigtyal., h .
1989). The presence of truncated or partially degraded mRNAQ, @ range of chemotherapeutic drugs has been observed and is

which may be detected by the PCR primers but which are ngenerally reflected by a decrease in drug accumulation (Peltier
translatable or code for a non-immunodetectable protein, could afle 1990). Both the cytotoxicity of the drug and its intracellular
play a role in the lack of correlation between RNA and proteifoncentration progressively decreased with increasing confluency.
concentrations. Intracellular localisation of drug is also density-dependent (Pel-

The resistance profile of DLKPA6B cannot be fully explained bjetier et al., 1990). The DLKP-A cell line has been observed to
the cellular amounts of P-glycoprotein and topoisomerase Il, 8shibit density-dependent adriamycin resistance (data not shown)
these would suggest it to be more sensitive than DLKPA11B, rathend so the more adriamycin-sensitive subpopulations may be
than exhibiting comparable resistance. The effect of the MizRulat- surviving in the parental population by a masking of toxicity, due to
ing agents in enhancing drug sensitivity also indicates differingdensity-dependent phenomenon.

mechanisms of resistance in the 2 cell lines, as both verapamil andro p| kp-A cell line has been observed to possess functional
cyclosporin A are more potent enhancers of adriamycin and, ' nctions when the cells are grown to areas of confluency (data
vincristine toxicity to DLKPAGB than to DLKPA11B. The amount%féhown)_ Gap junctions aIIowgfor the transfer of small h)B//d(ro-

of P-glycoprotein expression is not necessarily reflective of it5 .. - :
function (Bailly et al., 1995) as phosphorylation may enhance it® ilic molecules and ions between cells (Loewenstein, 1981). Gap

activity (Hamadzet al., 1987). However, P-glycoprotein concentralunctional transfer of H has also been widely documented and
tion in DLKPA6B is lower and intracellular adriamycin accumula2lterations in intracellular pH has also been associated with
tion higher than that observed in DLKPA11B. Additional mechamodified cell kill by drugs (Barryet al., 1993). Some MDR cells
nisms of resistance, or factors which enhance P-glycoprotegihibit an increase in intracellular pH (Boscoboirikal., 1990)
activity and response to modulators, may be present in DLKPA6Bnd circumventing agents have been shown to decrease the
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cytosolic pH (Hamiltonet al., 1993) resulting in increased druging overexpression of P-glycoprotein and altered amounts of
accumulation (Simoret al., 1994). Resistance modifying mol- topoisomerase Il. Characterisation of the clonal populations indi-
ecules may be transferred intercellularly in the DLKP-A populeaczate that other modes of resistance may also exist in at least one of
tion, resulting in a cell population with an apparent uniform anghe cell lines. When a number of the clonal cell lines were mixed at
intermediate extent of drug resistance, while also allowing drugspecific ratio, it was possible to generate a population similar, but
sensitive cells to escape cell kill. Frankfiet al. (1991) have not identical to the parental cell line, in terms of drug resistance.
observed a decrease in drug-induced DNA damage in sensitiffge sensitive subpopulations of DLKP-A may have survived in the
cells when grown both in direct contact with resistant cells and jftesence of toxic concentrations of adriamycin by a modification of
the absence of gap junction inhibitors. toxicity, as a result of cell density and/or intercellular metabolic
In conclusion, the MDR squamous lung carcinoma cell lingy-gperation.
DLKP-A, is a heterogeneous population consisting of a number of
MDR subpopulations, of which 9 have been isolated and character-
ised. The resistance levels of the subpopulations vary substantially
and a number of the clonal cell lines are less resistant than the
population from which they were isolated. The MDR profiles of the Financial support from BioResearch Ireland is gratefully acknowl-
subpopulations are supported by a number of mechanisms, incledged.
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