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Summary. A range of anthracyclines and related com-
pounds were evaluated for activity against murine and
human cell lines exhibiting multidrug resistance (MDR).
Cell lines used were the NCI-H69 human small-cell lung
cancer line and the EMT6 murine mammary tumour line,
together with their multidrug-resistant counterparts pro-
duced by in vitro exposure to Adriamycin (ADM). Che-
mosensitivity testing was carried out using the tetrazolium
(MTT) dye assay. Results were expressed as the ratio of the
IDs, for the resistant line to that obtained in the parent, i.e.
the resistance factor (RF). Compounds exhibiting much
lower RF values than ADM in both resistant cell lines
were identified as those anthracyclines with 9-alkyl substi-
tuents and those with certain changes to the amino sugar
residue at position 3’ and 4’, together with the anthracene-
dione mitoxantrone (MIT). In a further attempt to over-
come resistance, we used four of these compounds, Ro
31-1215, 4’-deoxy-4’-iodo-ADM (iodo-ADM), aclacino-
mycin A (ACL) and MIT (all yielding low RF values), in
combination with the resistance modifiers verapamil
(VRP) and cyclosporin A (CYA). Additional enhancement
of chemosensitivity was achieved in the ADM-resistant
sublines, as shown by the further decrease in RF values. At
the concentrations used, the largest effects were generally
seen with CYA, and the combination of this modifier with
ACL and MIT was particularly effective. For the H69/L.X4
resistant line, the latter combinations gave RF values ap-
proaching unity. These findings point to the use of analo-
gues with the 9-alkyl substituent and/or specific changes
to the sugar residue in combination with resistance modi-
fiers as a therapeutic strategy for circumvention of the
MDR phenotype.

Introduction

Acquired resistance to cancer chemotherapy is a complex
process involving multiple mechanisms [6, 30]. The precise
molecular mechanism underlying pleiotropic or multidrug
resistance (MDR) remains unclear, although the presence
of P-glycoprotein appears to be an important correlate in
experimental models [11, 24]. This membrane protein may
play a role in the enhanced drug efflux commonly associ-
ated with the MDR phenotype [8, 11, 26].
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Attempts to overcome the problem of MDR involve
two main approaches. Much attention has been focused on
analogues of cytotoxic agents in current use in an attempt
to discover compounds that retain relatively good activity
in multidrug-resistant cells. Adriamycin (ADM), used ex-
tensively in chemotherapeutic regimens, readily induces
resistance, as shown by numerous in vitro studies using tu-
mour cell lines [17, 40]. Several analogues of ADM and
other anthracyclines are in various stages of preclinical de-
velopment or clinical trial [2, 43]. A range of these analo-
gues and related agents have formed the focus of the pre-
sent study, the first part of which attempts to identify
structural features required for activity against multidrug-
resistant cells.

A second major approach to the circumvention of
MDR has been the use of resistance modifiers (RMs),
agents that have been shown to reduce the degree of drug
resistance in MDR cell lines [22, 32, 35, 36, 42]. We there-
fore evaluated the activity of two candidate RMs: vera-
pamil (VRP), a calcium channel blocker, and cyclosporin
A (CYA), a calmodulin-binding, immunosuppressive
agent [12]. VRP has previously been demonstrated to alter
cellular drug accumulation in MDR cell lines [35], presum-
ably by the inhibition of efflux processes. Conversely,
CYA has been reported to have no effect on cellular phar-
macokinetics in similar cell lines [20]. We therefore de-
cided to compare these agents in the light of their poten-
tially differing mechanisms of resistance modification, in
hopes that a combination of the improved relative cytotox-
ic activity found for certain analogues together with the ef-
fects of a resistance modifier might possibly completely
overcome the MDR phenotype.

The experiments described in this paper were carried
out using the tetrazolium (MTT) dye reduction assay,
which represents an efficient, reproducible means of
screening large numbers of cytotoxic agents in multiple
cell lines [1, 5, 9, 23]. This technique relies on the conver-
sion of MTT [3-(4,5-dimethylthiazol-2-yl)-2-5-diphenyl te-
trazolium bromide] to a coloured formazan product by re-
ductive enzymes present only in metabolically viable cells
[23, 33]. Hence, the quantitation of formazan production
may be used to determine the ability of a test compound to
inhibit cell proliferation.

We describe the use of the MTT assay to determine the
effectiveness of selected ADM analogues and related com-
pounds used together with resistance modifiers in two cul-
tured cell lines and their respective ADM-resistant sub-



lines. The EMT6 murine mammary tumour cell line and its
ADM-resistant subline (EMT6/AR1.0) were used together
with the NCI-H69 human small-cell lung cancer (SCLC)
line and its resistant subline H69/LX4. The drug-resistant
sublines were derived in our laboratory by continuous ex-
posure to ADM [40, 41] and have clearly demonstrable
P-glycoprotein hyperexpression ([38]; JG Reeve and PR
Twentyman, personal communication) as well as a spec-
trum of cross-resistance consistent with their classification
as typical MDR lines.

Materials and methods

Cell lines and culture conditions. The NCI-H69 human
small-cell lung cancer line (hereafter referred to as H69/P)
and its in vitro-derived ADM-resistant variant (H69/1.X4)
were grown as floating aggregates in RPMI 1640 medium
(Gibco Biocult, Paisley, UK) with 10% foetal calf serum
(Seralab, Crawley Down, UK), penicillin and strepto-
mycin (at concentrations of 100 TU/ml and 100 pg/ml, re-
spectively). Stock cultures were maintained in 15 ml me-
dium in 75-cm? tissue-culture flasks at 37° C in an atmo-
sphere of 92% air and 8% CO,. The H69/LX4 variant [40]
was maintained in 0.4 ug/ml ADM, but the drug was re-
moved at least 2 days before use in experiments. Cells were
harvested from cultures in the exponential growth phase.

The murine mammary-tumour parent cell line
EMT6/Ca/VIAC (hereafter referred to as EMT6/P) and
its ADM-resistant variant EMT6/AR1.0 [41] were main-
tained as monolayers in Eagles’ minimal essential medium
with 20% newborn calf serum (Gibco Biocult) in 75-cm®
flasks with the same antibiotics and gas and temperature
conditions as given above for the H69 cell lines. The resis-
tant variant EMT6/AR1.0 was routinely maintained in
1.0 ug/ml ADM until 2 days before experimental use.
Again, harvested cells were in the exponential phase of
growth.

Anthracycline Compounds
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H69 cell-line cultures for use in experiments were re-
duced by pipetting to a suspension containing small
groups of cells. Cell counts were carried out by taking an
aliquot of the suspension and incubating it with trypsin
(0.4%) and versene (0.02%) in phosphate-buffered saline
(PBS) for 15 min at 37° C. The single-cell suspension was
counted manually using a haemocytometer counting
chamber and diluted as appropriate.

The EMT6 cultured cell-line monolayers were sub-
jected to two rinses with 0.1% trypsin in PBS followed by a
15-min incubation at 37° C. A single-cell suspension was
obtained by resuspension of cells in full Eagles’ medium
with mechanical disaggregation and counted and diluted
as for the H69 cell lines.

Drugs and chemicals. We are grateful for the gifts of the
following compounds: cytorhodin HLB 817 (CTR) from
Behring Ltd. (Marburg, FRG); anthrapyrazole C1941
(APZ) from Warner Lambert Ltd. (Ann Arbor, Mich,
USA); morpholinyl ADM (MRA) from Dr E. Acton,
M. D. Anderson Hospital and Tumor Institute (Houston,
Tex, USA); 4-epi-Adriamycin (4’-epi-ADM), 4°-deoxy-
4’-jodo-Adriamycin (iodo-ADM), 4’-deoxy-Adriamycin
(4-deoxy ADM) and 4-demethoxy daunorubicin (4-de-
methoxy-DNR) from Farmitalia (Milan, Italy); Ro
31-1215 from Roche Products Ltd. (Welwyn Garden City,
UK); mitoxantrone (MIT) from Lederle Ltd. (London,
UK); aclacinomycin A (ACL) from Lundbeck Ltd. (Luton,
UK); cyclosporin A (CYA) from Sandoz Ltd. (Basel, Swit-
zerland). ADM was obtained from Sigma (Poole, UK) and
verapamil (VRP) was supplied by Abbot laboratories
(Queenborough, UK). Structures of the anthracyclines
and related compounds are shown in Fig. 1.

All cytotoxic drugs except ACL were dissolved in dis-
tilled water at 500 ug/ml, filtered via a Millipore mem-
brane (pore size, 0.2 um) and stored in aliquots at —20° C.
ACL was dissolved in 0.1% propylene glycol. Drugs were
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thawed and diluted in distilled water immediately before
use. VRP was obtained as a 250 ug/ml aqueous solution in
sealed ampoules and diluted in PBS. CYA was initially
dissolved in absolute ethanol and diluted in PBS just prior
to use. The final concentration of ethanol (0.1% v/v) does
not affect cell growth or drug sensitivity.

MTT assay. The MTT assay was based on that described
by Mosmann [23], with a number of modifications [1, 5,
39]. Cell suspensions were prepared as previously de-
scribed and dispensed in 200-ul aliquots into 96-well
tissue-culture plates at a concentration giving 1 x 10° and
2 x 10* cells/well for EMT6/P and ARI1.0 and 6 x 10°
and 1 x 10* cells/well for H69/P and H69/LX4, respec-
tively. The cells were allowed to settle for 2—3 h. Drugs
were then added to the wells in a 20-ul volume to give the
required final concentration. The range of drug concentra-
tion was selected in preliminary experiments with the drug
diluted over 4-5 orders of magnitude. The selected range
encompasses drug doses that produce a decrease in optical
density (due to formazan) to 10% of the control value (i.e.
cell suspension in the absence of the cytotoxic agent).

The cells were continuously exposed to the drugs at
37° Cin an atmosphere of 8% CO, and 92% air for a period
equivalent to their achieving a 10- to 20-fold increase in
cell number for untreated controls. These exposure times
were 3 and 6 days for the EMT6 and H69 cell lines, respec-
tively. Following this incubation, MTT solution (5 mg/ml
in PBS) was added to each well at a volume of 20 ul. The
plates were incubated for a further 5h at 37°C. The
enzyme reaction was terminated by the removal of super-
natant from each well by gentle aspiration in the case of
the EMT6 cell lines (which grow attached to the plastic
surface) or by centrifugation of the plates (200 g for 5 min
at 4°C) followed by careful aspiration for the floating
population of H69 cells. The crystalline deposit of MTT
formazan was then dissolved in 200 ul dimethyl sulphox-
ide (DMSO; BDH Chemicals, UK) and allowed to agitate
gently for 10 min on a plate shaker.

Absorbances were read on a Titertek Multiskan MCC
ELISA plate reader (Flow Laboratories; Helsinki, Fin-
land) at a wavelength of 540 nm. The absorbance values
obtained were expressed as a fraction of those obtained for
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Fig. 2. Response of H69/P (solid lines) and H69/LX4 (broken
lines) cell lines to Adriamycin or aclacinomycin A obtained using
the MTT assay with continuous exposure. The ID,, values are
read from the intersection of the horizontal broken line with the
lines through the data points as indicated. These data are from a
single typical experiment and the data points represent the mean
values obtained from 3-6 replicate wells. The coefficient of vari-
ation was typically 11%

the control wells. In all experiments, 3—6 replicate wells
were used for each concentration. Each assay was carried
out independently at least twice, ADM being included in
each experiment as a standardisation control.

Resistance modifiers. RMs were added to cells at a volume
of 10 pl to give a final concentration of 3.3 ug/ml (6.6 u M)
for VRP and 5 pug/ml (4.2 uM) for CYA. The RMs were
added to all wells, including those designated as controls
(i.e. without cytotoxic drug). The plates were left at 37° C
for a further 2-3 h before the addition of the cytotoxic
agents, as described above.

The RM concentrations used have previously been
shown to have a similar effect on ADM sensitivity in the
H69/LX4 cell line, giving rise to 7- to 10-fold reductions
in IDs, values [38]. In addition, both drug concentrations
represent 2—3 times the clinically achievable peak plasma
levels [16, 25].

Results
Cross-resistance properties

Figure 2 shows typical dose-response curves seen for
ADM and ACL with the H69 cultured cell lines. From
such data IDs, values were estimated (indicated by the
broken line), being the drug concentration required to re-
duce the final optical density to 50% of the control values.
From IDs, values for parent and respective resistant cell
lines, resistance factors (RF) were given by

RF — IDs, for the resistant line
IDs, for the parent line

Table 1 lists the IDsy and RF values for the various anthra-
cyclines and related compounds obtained in the parent
EMT6/P murine mammary tumour and EMT6/ARI1.0
ADM-resistant lines, and Table 2 gives the corresponding
data for the parent H69/P small-cell lung cancer line and
its H69/LX4 ADM-resistant derivative. It may be seen
that the RF for ADM was considerably higher in the H69
lines than in the EMT6 lines. Whereas the IDs, values
of the two resistant lines were similar, the H69/P parent
line was around 7-fold more sensitive to ADM than the
EMT6/P parent line.

Table 1. IDs, and RF values for ADM, various analogues and re-
lated compounds in the EMT6/P (parent) and EMT6/ARI1.0
(ADM-resistant) murine mammary tumour cell lines

Compound Mean IDs, EMT6/ Experi- RF
EMT6/P ARILO ments (mean
(ug/ml) (n) + SEM)
ADM 0.083 2.38 15 33.9+4.1
Ro 31-1215 0.200 0.37 8 81£1.5
ACL 0.028 0.09 7 47+1.1
4'-Epi-ADM 0.058 0.54 3 10.1£1.7
4'-Deoxy-ADM 0.006 0.264 5 47.0£7.6
Iodo-ADM 0.028 0.11 6 44+0.6
4-Demethoxy DNR 0.007 0.073 5 14.2+3.8
APZ 0.25 1.56 5 9.2+29
MIT 0.064 0.38 4 7.5+19
CTR 0.006 0.047 6 8.2£0.6
MRA 0.033 0.072 3 2.7+£0.8

RF, resistance factor



Table 2. ID;, and RF values for ADM, various analogues and re-
lated compounds in the H69/P (parent) and H69/LX4
(ADM-resistant) human small-cell lung carcinoma cell lines

Compound Mean IDs, H69/ Experi- RF
H69/P LX4 ments  (mean
(ug/ml) (n) + SEM)

ADM 0.012 1.57 12 973+ 52
Ro 31-1215 0.024 0.075 6 124% 1.6
ACL 0.034 0.14 6 58+ 14
4'-Epi-ADM 0.002 1.18 4 528 +79.0
4-Deoxy-ADM 0.0055 0.37 3 63.5+ 8.8
Iodo-ADM 0.0009 0.015 5 189+ 1.7
4-Demethoxy DNR 0.00009 0.023 2 287 +£95.0
APZ 0.021 5.6 4 142 £52.0
MIT 0.054 0.41 5 154+ 6.6
CTR 0.037 0.18 3 54+ 1.8
MRA 0.028 0.07 2 24+ 02

RF, resistance factor

Although differing markedly in their sugar residues as
well as at the 10-position of the A-ring (CTR), the three
analogues Ro 31-1215, ACL and CTR share two common
features: (1) all lack the 4-methoxy substituent in the
D-ring, and (2) all possess a 9-alkyl substituent in the
A-ring (Fig. 1). These three compounds gave low RF val-
ues compared with those for ADM in both the H69 and
EMTS6 lines. The RF values for Ro 31-1215 were 4-fold
and 8-fold lower than for ADM in the EMT6 and H69
lines, respectively; those for CTR were 4-fold and 18-fold
lower, and those for ACL, 7-fold and 17-fold lower. These
dramatic effects cannot be attributed to the absence of the
4-methoxy residue, as 4-demethoxy DNR did not show a
consistent change in RF compared with ADM. In the case
of the EMT®6 lines, a small reduction of 50% was seen,
compared with a 3-fold increase for the H69 lines. Howev-
er, it was clear from the IDs, values that 4-demethoxy
DNR was a more potent drug than ADM, particularly in
the two H69 cell lines.

Table 3. RF und SR values obtained with VRP used in combi-
nation with ADM and selected compounds in the EMT6/P and
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There was no overall trend within the data for the analo-
gues substituted in the 4’ position of the daunosamine
sugar to show either increased or decreased RF values. The
RF for 4-epi-ADM was 3 times lower than that for ADM
in the EMT6 cell lines but 5-fold higher in the H69 lines.
In the EMT®6 lines, 4’-deoxy-ADM gave RF values greater
than those obtained for ADM. However, in H69/LX4 this
analogue was capable of partially overcoming drug resis-
tance, as shown by the 1.5-fold decrease in RF. The
4’-deoxy-4’-iodo analogue, iodo-ADM, showed a substan-
tial decrease in RF in both the EMT6 and the H69 cell
lines compared with ADM (8-fold and 5-fold, respec-
tively), with lower IDs, values for all of the individual cell
lines. )

MRA possesses a morpholinyl ring that incorporates
the 3’-amino nitrogen of the daunosamine sugar unit. This
compound exhibited a substantial reduction in RF for
both cell lines, with decreases of 13- and 40-fold for EMT6
and H69, respectively. The novel anthrapyrazole APZ
gave a marked reduction of 75% in RF for the EMT6 cell
lines and a 45% increase for the H69 cell lines. The an-
thracenedione MIT exhibited reductions in RF values of
4- and 6-fold for EMT6 and H69, respectively.

Resistance modifiers

On the basis of their low RF values and their distinct struc-
tural features, four compounds were chosen for evaluation
alongside ADM in combination with RMs: Ro 31-1215,
iodo-ADM, ACL and MIT. VRP- and CYA-mediated ef-
fects were evaluated in the parent and resistant cell lines
for both H69 and EMT6. The results for individual experi-
ments are summarised in Tables 3—6, in the form of RF
values in the presence and absence of the modifiers and as
the derived sensitisation ratios (SR) given by

_ IDsin the absence of RM

SR = IDs, in the presence of RM

Table 4. RF und SR values obtained with VRP in combination
with ADM and selected compounds in the H69/P (parent) and
H69/1LX4 (ADM-resistant) cell lines

EMT6/AR1.0 cell lines Compound SR RF
Compound SR RF H69/P H69/1.X4 —VRP +VRP
EMT6/P EMT6/AR 1.0 —VRP +VRP ADM 1.3 8.3 100.0 15.0
0.8 4.5 88.8 15.9
ADM 14.2 23 22.9 143.0 1.1 6.1 209.0 36.6
29 1.4 38.0 74.2 1.6 6.3 100.0 26.7
7.5 5.3 352 60.0
' Ro 31-1215 1.6 3.2 12.0 6.1
>25.0 6.4 35.6 140.0 3 1o o0 75
Ro 31-1215 2.6 3.6 6.8 5.0 Todo-ADM 1.9 6.0 21.5 71
1.5 4.7 7.9 2.4
14 95 13.0 21 1.3 25 15.6 8.0
. ' ' : 1.1 8.0 18.6 2.6
Iodo-ADM ;'2 >;§ ;1'(6) - ;'(1’ ACL 0.9 2.1 3.8 1.7
’ ’ ’ : 1.3 1.7 7.6 5.5
ACL 0.8 1.6 6.6 31 0.9 10.2 11.9 1.0
1.2 3.6 9.9 3.0 1.0 2.4 4.0 1.7
MIT 0.8 1.6 13.3 6.0 MIT 1.8 29 3.1 1.9
3.6 7.2 7.2 3.6 1.5 1.2 7.6 4.0

SR, sensitisation ratio; RF, resistance factor in the absence (-) or
presence (+) of VRP

SR, sensitisation ratio; RF, resistance factor in the absence (-) or
presence (+) of VRP
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Table 5. RF and SR values obtained with CYA in combination
with ADM and selected cytotoxic compounds in the EMT6/P
(parent) and EMT6/AR1.0 (ADM-resistant) cell lines

Compound SR RF
EMT6/P EMT6/AR1.0 —CYA  +CYA
ADM >11.2 >15.8 28.2 -
9.1 229 229 9.1
2.3 >15.9 35.2 < 50
Ro 31-1215 3.6 > 0.1 9.7 < 338
32 17.3 8.6 1.7
2.1 > 22 11.2 <104
Todo-ADM 1.0 1.6 4.6 2.8
1.4 1.8 7.0 5.7
ACL 1.3 4.0 6.4 2.0
2.0 1.0 9.3 4.6
MIT 1.8 5.6 13.3 4.1
3.1 1.8 7.2 1.3

SR, sensitisation ratio; RF, resistance factor in the absence (-) or
presence (+) of CYA

Table 6. RF und SR values obtained with CYA in combination
with selected compounds in the H69/P (parent) and H69/LX4
(ADM-resistant) cell lines

Compound SR RF
H69/P  H69/LX4 —-CYA +CYA
ADM 2.5 24.7 143.0 14.5
4.0 27.3 88.8 13.0
1.0 >79 209.0 <25.0
Ro 31-1215 0.9 6.3 13.2 1.8
1.6 3.6 12.0 53
1.3 2.1 10.0 6.3
Iodo-ADM 1.3 7.3 24.2 4.4
1.1 5.3 18.6 3.9
ACL 0.6 24 3.8 1.0
0.7 53 7.6 1.0
0.6 9.0 1.9 1.3
1.0 2.6 4.0 1.5
MIT 0.9 3.1 3.1 0.9
0.1 5.5 7.6 1.0

SR, sensitisation ratio; RF, resistance factor in the absence (-) or
presence (+) of CYA

An unusual effect of VRP was seen in the experiments
with ADM in the EMT6 parent and resistant cell lines
(Table 3). Although a clear enhancement of ADM sensitiv-
ity was observed in the EMT6/ARI1.0 resistant line, an
even greater effect was seen with the EMT6/P parent line.
In contrast, for all other agents the SR values for the resis-
tant counterpart exceeded those obtained in the parent line
(Table 3). In addition, the preferential sensitising effect
shown by VRP on the ADM sensitivity of the EMT6/P
line was not seen for CYA; for all compounds the SR val-
ues were generally higher in the resistant line (Table 5). In
corresponding experiments using the H69 cell lines (Tables
4 and 6), a different pattern of effects was seen. VRP had
negligible effect on the ADM response in the H69/P line,
as indicated by SR values of around 1.0, but increased the
sensitivity in the H69/LX4 line, with SR values varying

from 4.5 to 8.3. Clear, preferential enhancement of sensi-
tivity was also seen in the resistant line with CYA; SR val-
ues varied from 0.95 to 4.0 in the H69/P line compared
with values of around 25 for the H69/1.X4 resistant line.

When VRP was used in the EMT6 parent and resistant
cell lines (Table 3), a moderate decrease in RF was seen for
Ro 31-1215, for example from a control value of 7.9 down
to 2.4. Similarly, iodo-ADM, ACL and MIT all showed
decreases in RF values in the presence of VRP, typically in
the region of 50%. In similar experiments with the H69
lines (Table 4), RF values were consistently reduced, ap-
proaching 1.0 for MIT and ACL, indicating an almost
complete circumvention of MDR. For CYA in the EMT6
cell lines, the largest decreases in RF were seen with Ro
31-1215 and MIT, with smaller but significant decreases
occurring for ACL and iodo-ADM (Table 5).

In general, the effects of CYA on RF values were
even more marked in the H69 cell lines, with the exception
of Ro 31-1215, where moderate decreases were seen
(Table 6). CYA produced around a 5-fold reduction in
RF values for iodo-ADM in the H69 cell lines as opposed
to the 40% and 20% reductions seen with the EMT6 cell
lines. The most striking results were seen with ACL and
MIT, where RF values were consistently reduced to values
approaching unity (Table 6).

To summarise this large series of results with VRP and
CYA, the overall effect was to reduce the RF values, with
the exception of VRP with ADM in the EMT6 cell lines.
CYA appeared to be the more effective modifier at the
concentrations used, and its combination with ACL or
MIT emerges as a particularly successful means of circum-
venting MDR, especially in the H69/1.X4 resistant line.

Discussion

We describe the use of the MTT chemosensitivity assay to
select rapidly from a large series of compounds those to
which ADM-resistant cell lines show minimal cross-resis-
tance. This has enabled us to characterize certain key
structural features and to study the effects of VRP and
CYA as RMs.

Previous studies by ourselves [41] and Scott et al. [27]
have identified the 9-alkyl substitution as a distinct molec-
ular feature in anthracyclines, the incorporation of which
leads to a marked decrease in RFs in rodent and human
MDR lines. We confirm that ACL and Ro 31-1215
retained activity in ADM-resistant H69/LX4 and
EMT6/ARI1.0 cells compared with ADM, and similar re-
sults were also obtained for the 9-alkyl analogue CTR, as
noted elsewhere [18]. Although these three compounds
lack the 4-methoxy substituent present in ADM, such ac-
tivity was not seen with 4-demethoxy DNR, suggesting
that this is unlikely to be an important molecular feature
for activity against MDR cells. The EMT6/ARI1.0 cell
line showed a degree of cross-resistance with 4-demethoxy
DNR, whereas the H69/LX4 line was fully cross-resistant
to it. Although both ACL and CTR contain markedly dif-
ferent and more complex sugar residues than ADM, Ro
31-1215 contains a daunosamine sugar identical to that of
ADM, consistent with the view that the 9-aikyl substitution
can predominate over certain modifications to the sugar
for activity against MDR cells [27, 411.

On the other hand, our studies have additionally
shown that two compounds also yielding low RF values,



namely, iodo-ADM and MRA, have alterations in the sug-
ar residue but lack the 9-alkyl substitution. Thus, changes
at the adjacent 3’ or 4’ positions of the sugar can also con-
fer activity against MDR cell lines. For both EMTé and
H69 cell lines, MRA exhibited the lowest RF values of any
of the compounds investigated, in agreement with the pre-
vious observation [34] for morpholinyl anthracyclines in
ADM-resistant P388 cells in vitro.

With iodo-ADM we consistently obtained lower RF
values than with ADM in both the EMT6 and H69 cell
lines. Potency was greater by 100-fold in the H69/LX4 and
20-fold in the EMT6/AR1.0 lines, compared with the par-
ent anthracycline. Previous reports have shown this com-
pound to be 1.5- to 2-fold more cytotoxic than ADM in
P388 ADM-resistant cells in vitro [3]. Two human non-
small-cell lung cancer lines with varying degrees of inher-
ent resistance to ADM in vitro similarly showed a relative
lack of cross-resistance to iodo-ADM as well as to Ro
31-1215 [21).

The importance of the 4’ position on the sugar residue
was further illustrated by our observation that 4-epi-ADM
was more effective against the EMT6/ARL1.0 line than was
ADM in terms of the RF values obtained. However, the
complexity of the situation is evident from our finding that
this agent exhibited much higher RF values than ADM in
the H69 cell lines. In addition, a P388 ADM-resistant line
has been reported to be fully cross-resistant to 4’-epi-ADM
in vivo [27]. Furthermore, 4’-deoxy-ADM was shown to be
moderately effective against the H69 cell line, with a
1.5-fold decrease in RF, whereas the EMT6 cell line was
fully cross-resistant. Hill et al. [13] have reported a lack of
cross-resistance to 4’-deoxy-ADM in the murine lym-
phoma L5178Y ADM-resistant subline in vitro. It should
be noted, however, that this latter line exhibited a low de-
gree (2.5-fold) of resistance compared with the lines used
in the present study. Scott et al. [27] have reported that the
4’-deoxy anthracycline analogue Ro 31-2118 exhibited a re-
duced RF value compared with ADM for both the CCRF
human lymphoblastoid leukaemia and P388 leukaemia
ADM-resistant lines in vitro.

In our studies the anthrapyrazole APZ gave rise to con-
siderably lower RF values than ADM in EMT6 but not in
H69 cell lines. Merry et al. [21] have reported a degree of
cross-resistance to ADM in the two human non-small-cell
lung cancer lines mentioned above. In addition, a lack of
cross-resistance with ADM has been demonstrated for
APZ and related compounds in a series of in vivo murine
tumour systems [19]. We also showed that the anthracene-
dione MIT gave lower RF values than ADM in both the
EMT6/AR1.0 and H69/1L.X4 lines. Scott et al. [27] have
reported a similar lack of cross-resistance in the ADM-re-
sistant U266BL lymphoblastoid leukaemia line in vitro,
whereas cross-resistance has been observed in the ADM-
resistant P388 tumour in vivo [7].

For the four selected compounds exhibiting low RF
values (ACL, Ro031-1215, iodo-ADM and MIT), a direct
relationship can be seen between the degree of cross-resis-
tance and the extent of sensitisation by VRP in both
EMT6/ARI1.0 and H69/1.X4. Thus, lower sensitisation ra-
tios were obtained for the agents to which cross-resistance
with ADM is reduced. With CYA the same relationship
holds true for EMT6/AR1.0 but not H69/LX4. Overall,
these results are in good agreement with those previously
reported by Tsuruo et al. [37].
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It is important to emphasise that although the degree
of sensitisation by VRP and CYA was lower than that by
ADM for the compounds to which the MDR cell lines
showed minimal cross-resistance, the overall effect of
combining these agents with the RMs appears promising.
With MIT and ACL, for example, resistance in the
H69/LX4 subline was fully circumvented. In contrast,
Gibby et al. [10] have reported no significant enhancement
by VRP in the in vitro cytotoxicity of MIT for a L5178Y
murine lymphoma with 4-fold in vitro resistance to ADM.

The precise molecular mechanisms by which MDR
may be overcome through the use of structurally modified
anthracyclines or resistance-modifying agents remain
unclear and may be multifactorial. We have demonstrated
markedly reduced ADM accumulation in both the
EMT6/AR1.0 (unpublished data) and H69/1.X4 lines [40],
in agreement with other studies [4, 14, 15, 31]. In clear con-
trast, similar experiments using Ro 31-1215, ACL and
iodo-ADM have shown a much smaller differential in cel-
lular uptake between parent and resistant lines (unpub-
lished data), suggesting a difference in cellular pharmaco-
kinetics for these compounds. Moreover, we have recently
found that both VRP and CYA can increase the accumula-
tion of ACL, Ro 31-1215 and iodo-ADM in the resistant
lines to levels similar to those in the parent counterparts
(unpublished data). These observations are in good agree-
ment with most other studies on the effects of various RMs
on MDR cells [32, 35, 36], but they conflict with a report
by Slater et al. [32] using CYA.

Since both the EMT6/AR1.0 and H69/LX4 ADM-re-
sistant lines exhibit gene amplification and hyperexpres-
sion of P-glycoprotein mRNA together with increased ex-
pression of the protein itself, the results are consistent with
a model in which an up-regulation of P-glycoprotein is
causally involved in the reduced cellular accumulation
and enhanced efflux of MDR-type drugs. The potential for
P-glycoprotein to act as an “efflux pump” is supported by
its structural homology to the bacterial haemolysin trans-
port protein [8, 11, 24]. Alterations in membrane proper-
ties, in particular, increased membrane endocytotic pro-
cessing or “trafficking”, has been reported in drug-resis-
tant cell lines [28], which could facilitate drug trapping and
extrusion to the extracellular medium [28], and it is con-
ceivable that P-glycoprotein and/or other membrane or
cytosolic proteins may be involved in this mechanism.
VRP has been shown to inhibit membrane traffic in MDR
cell [29] and to bind to P-glycoprotein [26]. Our current
studies are designed to elucidate the relationship between
the expression of P-glycoprotein, on the one hand, and
membrane traffic and subcellular drug handling, on the
other.
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