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The cell lines described in the present study were isolated as part of an effort to understand resis-
tance to topoisomerase (topo) |1 inhibitors. To that end, 50 sublines were isolated from four human
breast cancer cdl lines, i.e., MCF-7, T47D, MDA-MB-231, and ZR-75B. As an initial step, a concen-
tration that would be lethal to the majority of cells (IC99) was selected for both VP-16 and
mMAM SA, for each cell line. The identification of an increasing number of putative drug resistance-
related proteins provided the opportunity to examine expression of the corresponding genesin the
selected cell lines. Northern blot analysis revealed different responses to the selecting agents in the
different cell lines. Previous studies examining expression of multidrug resistance (MDR)-1 in resis-
tant cell lines had found undetectable levelsin all cells. In the ZR-75B sublines, increased expres-
sion of MDR-associated protein (MRP) and canalicular multispecific organic anion transporter
(cMOAT) was observed, and when the relative levels of overexpression were compared, a high
correlation was found. In contrast, increased expression of MRP was observed in some of the MDA-
M B-231 sublines, without a concomitant increase in cM OAT expression. Finally, in both T47D and
MCF-7 sublines, increased expression of cMOAT or MRP was observed infrequently, and where it
occurred, was of a much smaller magnitude. In the analysis of expression of MRP, the highest
levels were found in the ZR-75B and MDA-MB-231 sublines, with lower levels in the MCF-7 and
T47D clones. Similarly, differencesin the expression of topo |1 a were observed among the sublines.
Although the differences in expression appear to depend on the parental cell line from which the
resistant sublines were derived, a strong correlation was observed between the expression of MRP
and the levels of topo Ila. Cell lines with low levels of MRP had lower levels of topo Ila, while
those with high levels of MRP maintained higher levels of topo Ila. While a reduced topo Il a level
was common, there did not appear to be a compensating increase in the expression of topo |1 or
topo | or casein kinase (CK) lla in any of the cell lines. While the possibility that such compensa-
tion could occur has been discussed and even reported in some cell lines, such an adaptation was
not observed in the present study, suggesting that it is not common.
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The epipodophyllotoxins (VP-16 and VM-26) and the
aminoacridine (MAMSA) are useful antineoplastic agents
with activity against both hematologic malignancies and
solid tumors.»? The anticancer activity of these agents is
thought to result at least in part from stabilization of the
cleavable complex, an intermediate in which topoi-
somerase (topo) Il is covalently bound to DNA in a step
that precedes DNA religation3>-® This mechanism of
action is shared by other antitumor agents including the
anthracyclines and the ellipticines.””® Previous studies
have demonstrated the presence of two isozyme forms of
topo lla, Mr 170 000 enzyme (topo lla) and Mr 180 000
enzyme (topo 11f3), which are the products of two different
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genes.™ In tumor cell lines, these two isozymes appear
have different sensitivity to several antineoplasmic drugs.
Topo Ila was found to be 3-fold more sensitive to VM-26
than topo 1If3. Therefore, the levels and ratio of topo Ila
and topo |13 may be important factors determining the
senditivity of tumor cells to topo |I-directed drugs.*¥ But,
information regarding the expression and drug sensitivity
of topo | in these models is lacking.

The efficacy of the epipodophyllotoxins and aminoacri-
dine are limited by the occurrence of drug resistance in the
tumor cell population. Cellular insensitivity to drugs that
stabilize the cleavable complex is frequently expressed as
multidrug resistance (MDR).™® In some cell lines, overex-
pression of MDR-1/P-glycoprotein or the MDR-associated
protein (MRP) has been demonstrated and implicated as
the mechanism of resistance.’-2? Typicaly, these cells
have reduced drug accumulation, secondary to increased
drug efflux. Recently, the cDNA of a new member of the
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ATP binding cassette superfamily named canalicular mul-
tispecific organic anion transporter (cMOAT) was iso-
lated.?>?? In other cell lines, an atypical MDR phenotype
has been identified, with the predominant mechanism of
resistance shown to be qualitative and/or quantitative
changes in the levels and activity of topo I1.%23-29

Phosphorylation by casein kinase (CK) Ila of topo Il
occurs primarily on serine residues in the carboxy-terminal
domain of the protein.>26-29 Studies using both synchro-
nized cells and purified topo |1 have demonstrated a corre-
lation between topo Il activity and phosphorylation by
CKIl, suggesting that this post-translational modification
may regulate catalytic activity.*-% Both increased and
decreased activity have been reported following phosphor-
ylation, consistent with differential effects of phosphoryla-
tion at divergent sites.

Using a single clone selection process, we have isolated
and characterized 50 human carcinoma cell lines isolated
for resistance to VP-16 or mMAMSA. These céll lines have
been characterized by expression levels of topo I, topo Ilq,
topo 113 , CKlla, MRP, MDR-1, and cMOAT with north-
ern analysis.

MATERIALS AND METHODS

Cédll lines and cdll cultures The céll lines described in
the present report were initially isolated as single clones.
Four parental human carcinoma cell lines were used: ZR-
75B, T47D, MCF-7, and MDA-MB-231. The selections
were performed at different drug concentrations for each
cell line (ZR-75B: 300 nM VP-16 or 30 nM mAMSA;
T47D: 300 nM VP-16 or 50 nM mAMSA; MDA-MB-231:
500 nM VP-16 or 50 nM mAMSA; and MCF-7: 500 nM
VP-16 or 50 nM mAMSA). These concentrations were
those that were toxic to most cells (1C99), and resulted in
the survival of only afew cells that grew as isolated colo-
nies. Clones were picked as single colonies and subse-
quently, a population of cells from each of these initial
isolates was maintained in the concentration of drug which
had been used in the initial selection.

Northern blotting Total RNA (20 mg/lane) was sepa-
rated on a 1% formaldehyde gel and transferred to Hybond
N+ with 10x SSC. The membranes were hybridized at
42°C overnight with the radiolabeled probe in Hybrisol |
(Oncor, Gaithersburg, MD).

RESULTS

To characterize the frequency and nature of acquired
mutations in topo lla, sublines were isolated from four
human carcinoma cell lines, MCF-7, T47D, MDA-MB-
231, and ZR-75B, by exposing them to VP-16 and
MAMSA at concentrations that would be lethal to the
majority of cells (1C99). For VP-16, these concentrations
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Table|. Fold Resistance Relative to Parental Cells
Cell lines VP  AM MX AD \Ye!
ZR-75B 1 1 1 1 1
ZR-VP2 (300) 317 70 24 2 2
ZR-VP3 (300) 647 25 7 37 2
ZR-VP13 (300) 172 47 20 9 2
ZR-VP16 (300) 810 11 10 29 3
ZR-VP20 (30) 84 6 10 6 2
ZR-m1 (30) 320 48 8 9 2
ZR-m3 (30) 79 14 10 7 1
ZR-m4 (30) 56 16 16 9 1
ZR-m6 (30) 255 33 10 17 3
ZR-m7 (30) 59 26 12 11 2
ZR-m8 (30) 95 15 14 6 1
ZR-m9 (30) 68 16 17 8 1
MDA-MB-231 1 1 1 1 1
MDA-VP4 (500) 20 10 8 13 4
MDA-VP7 (500) 227 22 96 54 4
MDA-VP11 (500) 18 7 11 6 4
MDA-VP12 (500) 3 11 33 13 4
MDA-VP13 (500) 89 45 16 15 2
MDA-VP7 (1000) 67 26 33 22 1
MDA-m4 (100) 4 22 9 9 1
MDA-m5 (100) 68 35 14 8 1
MDA-m6 (100) 51 32 14 7 1
MDA-m14 (100) 87 38 11 10 1
MDA-m15 (100) 98 48 26 8 2
MCF-7 1 1 1 1 1
MCF-7-VP3 (500) 22 11 12 9 2
MCF-7-VP6 (500) 61 11 14 14 2
MCF-7-VP7 (500) 17 10 15 8 3
MCF-7-VP8 (500) 49 6 12 25 3
MCF-7-VP10 (500) 47 5 9 8 1
MCF-7-VP13 (500) 37 10 11 9 2
MCF-7-VP15 (500) 25 18 19 10 1
MCF-7-VP17 (500) 14 9 9 8 1
MCF-7-m1 (50) 12 27 17 6 2
MCF-7-m2 (50) 20 28 23 11 2
MCF-7-m2 (50) 15 29 18 7 1
MCF-7-mé4 (50) 23 37 31 13 1
MCF-7-m6 (50) 58 24 25 14 2
MCF-7-m10 (50) 47 22 14 16 2
MCF-7-m11 (50) 33 20 18 10 2
T47D 1 1 1 1 1
T47D-VP1 (300) 44 15 5 15 1
T47D-VP4 (300) 120 40 19 28 1
T47D-VP5 (300) 93 36 25 36 2
T47D-VP7 (300) 312 39 23 62 3
T47D-V P10 (300) 85 26 21 19 2
T47D-VP15 (300) 89 27 18 13 1
T47D-m2 (50) 47 48 6 17 1
T47D-m6 (50) 85 92 8 31 2
T47D-m7 (50) 56 71 8 19 1
T47D-m9 (50) 89 69 24 26 2
T47D-m15 (50) 48 26 39 28 1
T47D-m19 (50) 85 135 10 29 1

VP, etoposide; AM, m-amsacring; MX, mitoxantrone; AD, adri-
amycin; VC, vincristine.
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were 300 nM for ZR-75B and T47D and 500 nM for
MDA-MB-231 and MCF-7. For mAMSA, 30 nM was
used with ZR-75B, 50 nM with T47D and MCF-7 and 100
nM with MDA-MB-231. A population of cells was then
exposed to either VP-16 or mAMSA, and after a period of
several weeks, individua colonies appeared. These were
isolated using a sterile ring and trypsin, and transferred to
a 25 cm? flask, where after an initial period of about one
week in drug-free medium, the cells were again placed in
the concentration of drug in which they had survived, and
allowed to expand. Using this approach, 50 sublines were
isolated, i.e., 13 from ZR-75B, 11 from MDA-MB-231,12
from T47D, and 14 from MCF-7. Of these, 26 were iso-
lated with VP-16 and 24 with mAMSA.

Cytotoxicity assays were performed as previously
described.®? Briefly, 300 to 1000 cells/well plated in 96-
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well dishes were incubated overnight, after which time a
drug was added and the cells were incubated for an addi-
tional 5 days. At the end of the incubation period, cells
were fixed with trichloroacetic acid, and stained with 0.4%
sulforhodamine B dissolved in acetic acid. Unbound dye
was removed by washing four times with 1% acetic acid,
and protein-bound dye was extracted with 10 mM unbuf-
fered Tris base. Optica density was determined on a 96-
well microtiter plate reader. Cross resistance to the screen-
ing agents, VP-16 and mMAMSA, is shown aong with data
for mitoxantrone, adriamycin, and vincristine. Cross resis-
tance to the four topo Il poisons was observed with little
Or no cross resistance to the microtubule active agent, vin-
cristine. Although there was variability, on the whole, the
ZR-75B subline showed higher levels of cross resistance,
with preferential resistance to VP-16 independent of the
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Fig. 1. Expression of drug-resistance genes. First panel: northern analysis using cMOAT cDNA (residues 2986 to 3867). Second
panel: northern analysis using MRP cDNA (residues 251 to 965). Third panel: northern analysis using topo Ila cDNA (residues —91 to
+449). Fourth panel: northern analysis using topo | cDNA (residues 211 to 573). Fifth panel: northern analysis using topo 113 cDNA
(residues 3119 to 3806). Sixth panel: northern analysis using CKlla cDNA (residues 275 to 1079). Seventh panel: ethidium bromide

stained RNA prior to transfer.
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Fig. 2. Correlation in the thirteen drug-resistant ZR-75B cell
lines between MRP and cMOAT expression as determined by
northern analysis. m, ZR-VPs, O, ZR-mAMSAs. y=0.956x+
18.805, r=0.847.

selecting agent. Cross resistance to mitoxantrone and adri-
amycin was also observed, with minimal to absent cross
resistance to vincristine (Table I).

The identification of an increasing number of putative
drug-resistance proteins provided the opportunity to exam-
ine expression of their genes in the selected cell lines. To
that end, total RNA was isolated from parental cells and
the resistant sublines. Based on the expected strength of
the signal, hybridization was performed first with a
cMOAT probe, then with a probe for MRP, and this was
followed by probes for topo Ila and topo I3, as well as
topo | (not shown) and CKlla (also not shown). Previous
studies examining expression of MDR-1 in the resistant
cell lines had found undetectable levelsin al cells.®

Examination of the northern blot analyses revealed dif-
ferent responses to the selecting agents in the different cell
lines (Fig. 1). In the ZR-75B sublines, increased expres-
sion of MRP and cMOAT was observed, and when the rel-
ative levels of overexpression were compared, a high
correlation was found, as shown in Fig. 2. In contrast,
increased expression of MRP was observed in some of the
MDA-MB-231 sublines without a concomitant increase in
CMOAT expression. Finaly, in both T47D and MCF-7
sublines, increased expression of cMOAT or MRP was
observed infrequently, and where it occurred, was of a
much smaller magnitude. For this analysis, the levels of
MRP expression are expressed relative to that in the line
which had the highest levels (ZR-VP20). As can be seen,
higher levels are found in the ZR-75B and MDA-MB-231
sublines, with lower levels in the MCF-7 and T47D
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Fig. 3. Quantitative analysis of topo Ila and MRP expression.
Group 1: low expression of MRP [less than 30% of MRP expres-
sion of ZR-VP20]. Group 2: high expression of MRP [more than
30% of MRP expression of ZR-VP20]. ¢, ZR-75B; <, MDA-
MB-231; m, T47D; A, MCF-7.

clones. Similarly, differences in the expression of topo Ila
were observed among the sublines. Although the differ-
ences in expression appear to depend on the parental cell
line from which the resistant sublines were derived, a
strong correlation was observed between the expression of
MRP and the levels of topo lla. Thus, as shown in Fig. 3,
cell lines with low levels of MRP had lower levels of topo
Ila, while those with high levels of MRP maintained
higher levels of topo Ila.

DISCUSSION

The present study describes the characterization of mul-
tidrug-resistant sublines derived from four parental carci-
noma cell lines by exposure to VP-16 and mAMSA.
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Characterization of 50 clones is described. The results
demonstrate the divergent profiles that can arise with drug
selection, and the greatest differences appear to be cell
line-specific, as do the adaptations which appear to occur
during the course of drug selections. Severa observations
can be made from these selections which we think provide
some insight into the diversity of drug-resistance profiles.

First, it appears that properties inherent to the parental
cell line from which the resistant isolates were derived are
important in the acquired phenotype, and may be as
important as the drug used in the selection process. This
preliminary observation is based on the profiles seen in the
northern blot analyses, which showed that expression of
MRP (and cMOAT) occurred preferentially in the ZR-75B
sublines, and to be a lesser extent in the MDA-MB-231
clones, but infrequently in the T47D and MCF-7 isolates.
These observations were not isolated instances, but
appeared to represent a recurring pattern.

Second, the co-expression of cMOAT and MRP in the
ZR-75B sublines showed a high correlation coefficient,
suggesting that expression of these two genes may be
similarly regulated in the ZR-75B cell line. While it is
possible that both genes can confer resistance to the drugs
used in the isolation procedure, and that overexpression
occurred concordantly, the high correlation suggests that
in ZR-75B, similar regulatory mechanisms may have been
responsible for the coordinate expression. This possibility
implies that overexpression of one gene, possibly MRP for
VP-16 may have occurred as an adaptation to drug expo-
sure, and that this was mediated through an increase
in transcription, which similarly affected expression of
cMOAT. Expression of several ABC transporters which
mediate drug resistance can be coordinately regulated by
transcription factors identified as “gain of function” genes
in selections for drug resistance.

Third, while more than one mechanism can contribute
to the drug-resistance phenotype, it can be argued that one
mechanism predominates, although divergent machanisms
can interact constructively to confer sufficient drug toler-
ance.® Thus, for example, while the most common obser-
vation in these selections was the nearly universal
decrease in the levels of topo lla, the magnitude of this
decrease depended to a certain extent on the level of MRP
expression. Thus, cell lines with increased levels of MRP,
which would be expected to have reduced intracellular
drug concentrations, did not need to have as large afal in
topo lla to alow for faster growth. Indeed, it might be
argued that the ideal phenotype would consist of MRP
overexpression with reduced drug exposure and a stable
topo Il level. The fact that this was not observed in the
majority of cases, and indeed was principally observed
only in the ZR-75B and MDA-MB-231 sublines, suggests
that the resultant phenotype might be dictated in large part
by the parental (or sensitive) cell.
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Fourth, while a reduced topo Ila level was common,
there did not appear to be a compensating increase in the
expression of topo 1B in any of the cell lines.®® While the
possibility that such compensation could occur has been
discussed and even reported in some cell lines, such an
adaptation was not observed in the present study, suggest-
ing it is not common. It is well known that the two topo
enzymes have differential sensitivity to drugs, and for the
drugs used in the selections described herein, the sensitiv-
ity of topo 1B is considerably less than that of topo I1a.%)
Consequently, one might predict that substitution of the [3-
isoform might be advantageous. However, this was not
observed. The reason why this did not occur is not clear at
present. However, it is possible that these two topoi-
somerases share some transcription factors, which
decrease as a part of the adaptation to drug exposure and
the decrease in the topo I1a, and this prevents a substantial
increase in expression of the (3 isoform.

The results described in the present study support and
extend previous observations. The most frequent change
observed was a decrease in the expression of topo lla.
Previous studies have documented reduced expression of
topo Ila with drug selection and this has been proposed as
a mechanism of drug resistance. A reduction of topo levels
effectively diminishes the main intracellular target of VP-
16 and mAMSA, and can confer broad cross resistance to
these agents.

Previous reports describing characterization of MRP-
overexpressing cell lines have reported modest relative
resistance ratios of 3.5 to 28.4 for VP-16 and 6 to 22.5 for
adriamycin in the majority of cell lines, with higher and
more variable ratios in a cell line which previous studies
had identified as having altered topo Il levels.®® The high
levels of cross resistance achieved in the resistant sublines,
as shown for the ZR-75B and MDA-MB-231 sublines,
exceeds the majority of reported relative resistance values.
High levels of resistance may have been achieved because
more than one mechanism contributed to the resistant phe-
notype. This demonstrates how two mechanisms can syn-
ergize and confer very high levels of drug tolerance.

In the cell lines without significant changes in the
expression of MRP (or cMOAT), it was somewhat surpris-
ing to find that reductions in topo Il levels could confer
such a high degree of cross resistance. The results suggest
that reduced topo lla levels can confer a high degree of
resistance and cross resistance.

In summary, the present study demonstrates how cellu-
lar adaptation to drug exposure occurs, and how more than
one mechanism can contribute to the resistant phenotype.
Reduced expression of topo lla was the most frequent
change observed in the selection process. Additional
changes included increased expression of MRP and in
some cell lines, aso of cMOAT. The divergent phenotypes
observed were principally dependent on the parental cell



lines, suggesting that the cell of origin may contribute sig-
nificantly to the drug-resistant phenotype, even when the
cell lines being compared arise from the same tissue. Pre-
liminary results suggest that expression of MRP and
cMOAT may be coordinary regulated in some cells, and
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