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Doxorubicin- (OAW-dox, SK-OV-dox), taxol- (OAW-tax, SK-
OV-tax) and cisplatin- (SK-OV-cis) resistant celis derived
from the parental OAW-42 and SK-OV-3 cell lines were
established. OAW-42 sublines showed high resistance, the
SK-OV-3 sublines only low resistance. OAW-42 sublines
showed a cross-resistance profile typical of multidrug
resistance (MDR). The sublines of SK-OV-3 showed a
cross-resistance profile different from the OAW-42 sub-
lines. The mRNA expression of several resistance proteins
and related factors was analyzed. An overexpression of P-
glycoprotein 170 (P-170), glutathione-S-transferase-r (GST-
x), thymidylate synthase (TS), glutathione peroxidase (GP)
and c-fun was found In OAW-dox and OAW-tax cellis.
Additionally, OAW-tax cells expressed a higher mRNA level
of protein kinase Cf2. DNA analysis revealed a 2-fold gene
amplification of P-170, whereas the genes for GST-7, TS
and GP were not amplified. SK-OV-dox and SK-OV-tax cells
showed a decreased level of histone 3 (H3) and TS mRNA.
This shows that the sublines of OAW-42 developed resis-
tance by co-expression of several resistance-related pro-
teins and proto-oncogenes whereas the sublines of SK-OV-
3 expressed resistance by decreased expression of the
proliferation-dependent proteins H3 and TS.
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Introduction

Patients with ovarian carcinomas often respond
initially to chemotherapy but the majority of these
patients relapse and develop resistance to a wide
range of drugs.l The factors leading to the develop-
ment of resistance in ovarian carcinomas are still not
clearly understood.

Some studies have shown that the phenotype of
multidrug resistance (MDR) is caused by an over-
expression of an 170 kDa plasma membrane glyco-
protein (P-170) which functions as an ATP-
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dependent efflux pump for structurally different
drugs.2 The MDR-related protein (MRP), a distant
member of the MDR family, has also been detected
in multidrug resistant cell lines derived from several
different tumor types.3 Glutathione S-transferase-i
(GST-7) and glutathione peroxidase (GP) may play
an important role in protecting tissues from endo-
genous organic hydroperoxides produced during
oxidative and chemical stress.** Overexpression of
these proteins also results in drug resistance.® In
addition, alterations in topoisomerase II have been
identified in cell lines selected for resistance to
etoposide, doxorubicin and tcniposide.7 It is also
reported that thymidylate synthase (TS), a key
enzyme for DNA synthesis, is involved in drug
resistance.® Some of these proteins mentioned above
are regulated by AP-1 binding domains responding
to a heterodimer of fos and jun oncoproteins.
Several studies suggest additional roles for the
protein product of c-fun and c-fos in the signal
pathways associated with the acquisition of
MDR.'*!! Bushan et al.'? demonstrated an elevation
of the steady-state mRNA level of c-fos in multidrug
resistant mouse sarcoma S180 and human KB cells.
Funato et al.'> were able to reverse cisplatin-
resistance in human carcinomas by an anti-fos
ribozyme. Increased c-jun levels were found in
etoposide-resistant human leukemia cells.'” The
oncogenes c-fos and c-jun are regulated by a
cascade involving protein kinase C (PKC)‘M Trans-
fections with PKC genes and studies in which PKC
modulators were used have suggested that the over-
expression of PKC results in an increased level of
resistance.'*® Additionally, the activation of the
epidermal growth factor receptor (EGFR) stimulates
protein kinases'’ and modulates the sensitivity of
ovarian carcinoma cells to cisplatin.18 The antimicro-
tubule agent taxol, which prevents the depolymer-
ization of microtubules, has shown clinical
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antitumor activity against refractory cisplatin-resis-
tant ovarian carcinomas.'® Nevertheless, mechan-
isms of resistance to taxol have been described such
as alteration in tubulin structure and changes in
levels of tubulin.?*?!

Often these complex regulatory mechanisms lead
to multifactorial resistance which lower the positive
outcome in human cancer. Up to now the regulatory
mechanisms for ovarian cancer are not clear. There-
fore, we established in the present study a panel of
ovarian carcinoma sublines resistant to chemother-
apeutic drugs generally used in the therapy against
ovarian carcinomas and determined the cross-resis-
tance phenotypes. In order to clarify the mechan-
isms of these phenotypes we investigated the mRNA
expression of several proteins known to be involved
in drug resistance.

Material and methods

The establishment of resistant human
ovarian carcinoma cell lines

The human ovarian carcinoma cell lines OAW-42 and
SK-OV-3 were derived from the Tumorbank of the
German Cancer Research Center (Heidelberg). The
parental OAW-42 and the established resistant cells
were grown as monolayer cultures in a humidified
CO, incubator at 37°C in a-MEM medium (Bio-
chrom, Berlin, Germany) supplemented with 10%
fetal calf serum (Immundiagnostik, Bensheim, Ger-
many), 1% penicillin/streptomycin and 1% ampho-
tericin (Biochrom). The parental SK-OV-3 and the
corresponding resistant cells were grown in RPMI
1640 medium (Biochrom) with the same supple-
ments as reported for OAW-42. Resistant cell lines
were established by stepwise exposure to increasing
concentrations of doxorubicin, cisplatin (both sub-
stances from Farmitalia Carlo Erba, Freiburg, Ger-
many) and taxol (Bristol-Myers-Squibb, Munich,
Germany) over 14 months. The development of
resistance started with the concentrations of 0.1 ug/
m! doxorubicin (dox) and increased stepwise to
19 ug/ml for OAW-dox and 7 ug/ml for SK-OV-dox.
The taxol (tax)-treatment began with 0.03 ug/ml and
ended with 30 ug/ml for OAW-tax and 6 ug/ml for
SK-OV-tax. The initial concentrations for cisplatin
(cis) were 2 ug/ml. The final concentrations were
8 ug/ml (OAW-cis) and 17 ug/mi (SK-OV-cis). The
concentrations varied between the cell lines because
of different primary sensitivity to the drugs. The
experiments were carried out after pretreatment of
the cells of at least 14 months.
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Analysis of mMRNA

The culture medium was removed and the cells
were rinsed twice with Hanks' solution (HBS) to
remove floating dead cells, then the cells were
harvested and washed twice in HBS. Total RNA was
extracted from cells using 1 ml RNA-Clean (AGS,
Heidelberg, Germany) and finally resolved in diethyl-
pyrocarbonate water. Ten micrograms of RNA were
size-fractionated by 1% agarose formaldehyde gel
electrophoresis, transferred onto Qiabrane (Qiagen,
Hilden, Germany) according to the manufacturer’s
instructions and fixed to the filters by UV irradiation.
The membranes were prehybridized at 42°C for 2 h in
prehybridization solution (5 X SSPE, 5 X Denhardt’s,
0.5% SDS, 10% dextran sulfate, 20 ug/ml denatured
salmon sperm DNA, 50% formamide) and hybridized
overnight at 42°C in 5ml of the same solution
containing the 32P-random-primed labeled probe.
After two washes with 2 X SSPE, 0.1% SDS at room
temperature for 5 min, 1 X SSPE, 0.1% SDS at 60°C
for 15 min, radioactivity bound to the filters was
detected by autoradiography. The probes of a-
tubulin, B-tubulin, multidrug resistance-related pro-
tein (MRP), EGFR, glutathione S-transferase-r (GST-
), P-glycoprotein 170 (P-170), topoisomerase Ila
(topo Ila) and p-actin were obtained by PCR
amplification of specific DNA fragments with gene-
specific primers of human cDNA (a-tubulin: 431-
823, pBtubulin: 461-750,”> MRP: 988-1440,
EGFR: 397-810,” GST: 356-637,%° P-170: 1832-
2217,7 topo Ha: 742-1040,2® Bactin: 309-760%).
A plasmid containing glutathione peroxidase (GP)
cDNA was a gift from G Mullenbach (Chiron
Research Laboratories, Emeryville, CA). The cDNA
probe for thymidylate synthase (TS) was kindly
provided by T. Seno and S. Kaneda (National
Institute for Genetics, Mishima, Japan) and the
histone 3 (H3) probe was a generous gift from NE
Fusenig (German Cancer Research Center, Heidel-
berg, Germany). The probe of c-jun was offered by
Dianova (Hamburg, Germany). A Hirschmann El
script 400 densitometer was used for scanning the
autoradiographs. The intensity of the hybridization
signals of the investigated mRNA were normalized
against B-actin.

Reverse-transcription (RT)-polymerase
chain reaction (PCR) assay

Because c-fos, PKCa and PKCf2 were not detect-
able by Northern hybridization we used PCR for the
determination of the mRNA expression. A 50 ng



quantity of random hexamers was added to 3 ug
RNA. The RNA was reverse transcribed following the
instructions of the Super Script Preamplification
System (Life Technologies, Karisruhe, Germany).
PCR was carried out with 100 ng cDNA, 100 uM of
each dNTP, 0.3 uM of each primer, 1.25U Taq
polymerase (Boehringer, Mannheim, Germany),
10 mM Tris—HClI (pH 8.3), 1.5 mM MgCl;, 50 mM
KCl and filled up to 50 ul with H;O. A 2 min
denaturation step at 94°C was followed by 30 cycles
of primer annealing (55°C, 40 s), primer extension
(72°C, 60s) and denaturation (94°C, 40s). The
sequences of the primers were for c-fos, 5'-ACG
CAG ACT ACG AGG CGT CA-3' and 5'-CTT CAC
AAC GCC AGC CCT GGA-3';*® for PKCa, 5'-CTA
AAG GCT GAG GTT GCT GAT-3’ and 5'-GTC TTC
AGA GGG ACT GAT GAG3';!' for PKCf2, 5'-ACG
TGA TAT CAA AGA GCA TGC3' and 5'-TAA CAT
CCA ATT ATC CAC AGA-3';? and for glycerinalde-
hyde-3-phosphate dehydrogenase (GAPDH, as inter-
nal standard), 5’-GTC TTC ACC ACC ATG GAG AA-3’
and 5'-ATC CAC AGT CIT CTG GGT GG3'»
Numerous negative controls were included in each
set of PCR reactions to detect any possible contam-
ination. The controls were constructed by using the
cDNA synthesis mixture as described above without
addition of reverse transcriptase. PCR products were
separated in 1% agarose gels and transferred onto
Qiabrane. For hybridization 5’-end labeled cDNA
probes, constructed by PCR with the same primers
as described above, were used. After densitometry
the values of cDNA expression were normalized
against the corresponding internal standard values.

Growth inhibition assay

Aliquots of 10* cells were seeded in 24-well plates
(Becton Dickinson, Heidelberg, Germany) and after
2 days different concentrations of doxorubicin,
cisplatin or taxol were added. For circumvention of
resistance, cells were treated with doxorubicin or
taxol plus verapamil (Stadapharm, Bad Vilbel, Ger-
many). Seven days after application of the drug the
cells were harvested and quantified using an electro-
nic cell counter (Coulter, Krefeld, Germany). Cell
samples from three independent wells per concen-
tration were each counted three times.

DNA isolation and analysis

Total DNA was extracted from cells using standard
protocols. The cells were resuspended in 1 volume
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digestion buffer (100 mM NaCl, 10 mM Tris—HCI, pH
8, 25 mM EDTA, pH 8, 0.5% SDS, 0.1 mg/ml protei-
nase K). For 3 X 107 cells 0.3 ml digestion buffer
were used. The samples were incubated with shak-
ing at 50°C overnight. DNA was extracted with an
equal volume of phenol:chloroform:isoamyl alcohol
(25:24:1). After 10 min centrifugation at 1700 g the
DNA was precipitated with 7.5 M ammonium acetate
and 2 volumes of 100% ethanol. The DNA was
sedimented at 1700 g for 2 min. The pellet was
rinsed with 70% ethanol, vacuum dried, resuspended
in TE buffer and frozen at —20°C until use. Ten
microgram of DNA was restricted by endonucleases
(HindIll or EcoRl; Amersham, Braunschweig, Ger-
many) before size-fractionation by 1% agarose elec-
trophoresis. Southern blotting and hybridization was
carried out according to the manufacturer’s instruc-
tions (Amersham). The prehybridization solution and
the P-170 probe were the same as described for
mRNA analysis. Radioactivity bound to the filter was
detected by autoradiography.

The analysis of mRNA and growth inhibition were
repeated and were reproducible.

Results

Resistant human ovarian cell lines were established
within 14 months by repeated treatment of the
parental cell lines OAW-42 and SKOV-3 with taxol,
doxorubicin and cisplatin. The detection of resis-
tance and cross-resistance was determined by dose-
response curves against these drugs. Figure 1 shows
typical dose—response curves of OAW-42 cells pre-
treated by taxol (OAW-tax). In similar experiments
the concentration producing 50% inhibition of
growth (represented as ICso values) was determined
for each drug. Three experiments were repeated and
ceach counted three times. The ratio between the
ICso of the parental cells and the ICs of the resistant
cells is the resistance factor. Table 1 summarizes the
ICso values and the resistance factors of OAW-42 and
the resistant sublines. OAW-42 cell line developed
high resistance against doxorubicin (OAW-dox) and
taxol (OAW-tax) with an 93- and 83-fold resistance,
respectively. Even after 14 months OAW-42 cells
failed to develop resistance to cisplatin (data not
shown). The investigation of the cross-resistance
phenotype for OAW-dox reveals a 616-fold cross-
resistance to taxol, 12-fold to cisplatin, 34-fold to
colchicine and 118-fold to vincristine. OAW-tax cells
were 93-fold cross-resistant to doxorubicin, 9-fold to
colchicine, 75-fold to vincristine but showed no
resistance to cisplatin. In contrast to the strong
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Figure 1. Detection of resistance and cross-resistance of OAW-tax (resistant) in comparison to the parental cells
OAW-42 by growth inhibition assay. Dose—response curves were obtained by application of drugs. Abscissa, dose
(ug/ml); ordinate, percent of the control; A, sensitive OAW-42 cells; @, resistant OAW-tax. Values are the average of

three independent measurements.

resistant sublines of OAW-42, the SK-OV-3 cell line
developed only minor resistance to the drugs (Table
2). The doxorubicin-treated cells (SK-OV-dox)
showed a resistance factor of 17. SK-OV-3 developed
12-fold resistance to taxol (SK-OV-tax) and a 6-fold
resistance to cisplatin (SK-OV-cis). The cross-resis-
tance phenotype is determined as follows. The cell
line SK-OV-dox showed collateral sensitivity to taxol
but 5-fold cross-resistance to cisplatin and showed
no resistance to colchicine and vincristine. The cell
line SK-OV-tax expressed a G-fold resistance to
cisplatin. However, they developed no resistance to
doxorubicin, cholchicine and vincristine. The sub-
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line SK-OV-cis showed only a cross-resistance to
doxorubicin (10fold) and no resistance to cholchi-
cine. It is worthy of note that this cell line was
extremely sensitive to taxol and to vincristine. A
comparison between the ICso of OAW-42 (Table 1)
and SKOV-3 (Table 2) shows that the sensitivity to
each drug varied in both cell lines. A comparison of
the sensitivity (IC5o) to doxorubicin and cisplatin of
SK-OV-3 and OAW-42 cells revealed that they devel-
oped resistance to the drug to which they had
primary lower sensitivity. The sensitivity to taxol in
these cell lines showed reverse results. Thus, it is
not possible to predict the development of the
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Table 1. Inhibition (ICsp) of sensitive (OAW-42) and doxorubicin- (OAW-dox)

and taxol- (OAW-tax) resistant cell lines by different drugs

Drugs OAW-42 OAW-dox OAW-tax
ICso® ICg0? rfo ICs0? rf°
Doxorubicin 0.04 3.7 93 3.7 93
Taxol 1.8 X 10~ 0.11 616 0.02 83
Cisplatin 0.11 1.38 12 0.11 0
Colchicine 3.42 x 1073 0.11 34 0.03 9.3
Vincristine 3.65 x 102 0.43 118 0.28 75

8|Csp (inhibition concentration 50) in xg/ml.

bResistance factor (ratio between ICso of the sensitive cell lines and the resistant cell lines).

Table 2. Inhibition (ICsp) of sensitive (SK-OV-3) and doxorubicin- (SK-OV-dox), taxol- (SK-OV-tax) and cisplatin- (SK-

OV-cis) resistant cell lines by different drugs

Drugs SK-OV-3 SK-OV-dox SK-OV-tax SK-OV-cis
I1Cs® ICs0® rfo ICg0? rfo ICs0? rfo
Doxorubicin 55x 10~% 9.55 x 103 17 5x 104 0 5.5 x 103 10
Taxol 219 x 102 1.1 x 1074 -20 0.027 12 1.65 x 10~ -132
Cisplatin 2.05 104 5 12.6 6 12.62 6
Colchicine 2.7 x 107° 5% 1073 1.7 43 x 103 1.6 2.7 x 103 0
Vincristine 1.2x10% 1.2x 103 0 5 x 104 -24 3x10°5 —40

2|Cso (inhibition concentration 50) in wg/mi.

bResistance factor (ratio between ICs, of the sensitive cell lines and the resistant cell lines).

pattern of crossresistance by comparing the drug-
sensitivity of the parental cells.

In order to determine whether the known me-
chanisms of resistance to these drugs were operative
in manifestation of the cross-resistance phenotype
we used the sublines OAW-tax and OAW-dox for
further investigations. We evaluated in the parental
and the resistant cell lines the mRNA expression of
the resistance-related proteins P-170, MRP, GST-r«,
topo Ila, TS, GP, a-tubulin, S-tubulin, the oncogene-
protein c-jun and the proliferation marker H3 by
Northern blotting. For the mRNA detection of the
oncogene c-fos and the regulator proteins PKCa and
PKCpB2 we used the more sensitive PCR method. As
shown in Figure 2(a) the resistant OAW-tax and
OAW-dox expressed a very high level of P-170 mRNA
compared to the parental OAW-42. No obvious
increase of MRP, which is also involved in MDR, was
seen in resistant cell lines compared to parental cells
(Figure 2f). The mRNA expression of MRP varied in
the resistant and non-resistant cell lines. An elevation
of the mRNA content was observed for GSTx
(Figure 2b), GP (Figure 2¢) and TS (Figure 2d) in
OAW-tax and OAW-dox cells. Topo Ila was de-

creased in OAW-dox cells but showed the same level
in OAW-tax cells compared to the parental cells
(Figure 2¢). The mRNA expression of a-tubulin
(Figure 2g) and pf-tubulin (Figure 2h) was not
strongly altered, except for the decreased level of a-
tubulin in OAW-dox cells. Additionally, we found
that the mRNA expression of H3 seems to be lower
in the resistant cells than in sensitive OAW-42 cells
(Figure 2i) but this is not significant. Equal loading
of mRNA was confirmed by S-actin hybridization
(Figure 2k). The analysis of the mRNA expression of
the proto-oncogenes c-jun (Figure 2j) and c-fos
(Figure 3) showed that OAW-tax and OAW-dox cells
have only an increased level of c-jun. This difference
was only marginal. PKCa and PKCS2 were not
detectable in OAW-dox cells (Figure 3). OAW-tax
cells showed an increased level of PKCS2 (Figure 3),
whereas no difference was visible for PKCa. These
data suggests that both resistant cell lines developed
severel protection mechanisms.

For further investigation of whether the elevated
P-170 mRNA and the cross-resistance phenotype of
OAW-tax cells and OAW-dox cells is involved in MDR
we evaluated the influence of the P-170 blocker
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Figure 2. Northern blot analysis of OAW-42 (sensitive),
OAW-dox and OAW-tax (both resistant). The mem-
branes were hybridized with probes for P-170 (a), GST-
(b), GP (c), TS (d), topo lla (e), MRP (f), a-tubulin (g), 8-
tubulin (h), H3 (i), c-jun (j) and B-actin as control (k).
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verapamil. As shown in Figure 4, we were able to
modulate the resistance of OAW-tax and OAW-dox
cells to a higher sensitivity. This suggests that the
multidrug resistant phenotype was indeed realized.
Additionally, we analyzed OAW-tax and OAW-dox
cells for amplification of the P-170, GST-w, GP and
TS genes by Southern blot analysis and found a 2-
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Figure 3. PCR-amplification of ¢- fos, PKCa, PKCA2 and
glycerin aldehyde phosphate dehydrogenase (GAPDH)
as control in OAW-42, OAW-dox and OAW-tax cell lines.

fold amplification of the P-170 gene (Figure 5),
whereas the genes of GP (Figure 6), GST-7 and TS
(data not shown) were not amplified.

The analysis of the resistant sublines derived from
SK-OV-3 cells showed only a decreased level of H3
and TS mRNA (data not shown). The mRNA expres-
sion of the other resistant-related proteins showed
no significant differences (data not shown). In order
to confirm a possible involvement of the MDR
phenotype in SK-OV-dox cells and SK-OV-tax cells
we tried to circumvent resistance by verapamil and
found no significant influence.

Discussion

In the present study we established taxol-, doxorubi-
cin- and cisplatin-resistant human ovarian carcinoma
sublines derived from the parental OAW-42 and SK-
OV-3 cell lines. The sublines of OAW-42 cells devel-
oped high resistance, the SK-OV-3 sublines devel-
oped only low resistance. For the strong resistant
OAW-dox cells and OAW-tax cells a typical cross-
resistance profile was demonstrated which is ex-
plained by MDR (cross-resistance between doxorubi-
cin, taxol, vincristine, colchicine). In contrast, the
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Figure 5. Southern blot analysis of mdr-1 gene (coding
for P-170) of OAW-42 and OAW-dox cells. DNA was
restricted with Hindlll and EcoRI. The arrows show the
restriction fragments.

lower resistant cells derived from SK-OV-3 showed a
cross-resistance profile different to the strong resis-
tant OAW-dox and OAW-tax sublines. The low
resistant SK-OV-dox cells developed a cross-resis-
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Figure 6. Southern blot analysis of GP of OAW-42 and
OAW-dox cells. DNA was restricted with Hindlll and
EcoRl. The arrows show the restriction fragments.

0,505 kb~ . »

tance to cisplatin and a collateral sensitivity to taxol.
SK-OV-tax cells showed a resistance to cisplatin as
well, but neither of the resistant sublines revealed a
resistance to drugs involved in the MDR phenotype.
In order to discover the mechanisms responsible

Anti-Cancer Drugs - Vol 8- 1997 195



U Masanek et al.

for the drug resistance, the mRNA expression of
several resistance proteins and resistance-related
proteins was investigated. In the strong resistant
OAW-dox and OAW-tax sublines an overexpression
of P-170, GST-7, TS, GP and c-jun were found at the
mRNA level. Additionally, OAW-tax cells expressed a
higher level of PKCA. This is in agreement with
earlier studies in which we demonstrated significant
correlations between doxorubicin resistance in vitro
and the overexpression of P-170, GST-r and TS in
human lung tumors.”**  The typical multidrug
resistance phenotype is mediated by an overexpres-
sion of the ATP-dependent efflux pump P-170.
Several studies showed an overexpression of P-170
in cell lines resistant to doxorubicin®***** or taxol®’
which showed a comparable cross-resistance pheno-
type. In order to prove the significance of P-170 for
the resistance in these cell lines we treated the cells
with the calcium canal blocker verapamil. In fact,
the resistance was modulated nearly to the level of
the sensitive cells. In contrast MRP, which has been
reported to be involved in MDR,” was not important
for this resistance.

In OAW-tax and OAW-dox sublines the MDR
phenotype was associated with an overexpression of
several other resistance-related proteins. In addition
to the elevated expression of P-170, we found a co-
expression of GST-r and GP. A corrcsgonding co-
expression was obtained by Chao et al*® who found
in human colon carcinoma cells resistant to doxor-
ubicin an overexpression of P-170 mRNA and an
increased GST-rr activity. Other groups confirmed the
involvement of elevated GP and GST-r activity in the
development of doxorubicin resistance.’®*"  This
may be due to quinone-containing drugs like doxor-
ubicin, which are easily reduced and, therefore,
develop hydrogen or lipid peroxides. GST and GP
are able to protect cells by their glutathione-depen-
dent peroxidase activity against oxygen radical
toxicity.4 Elevated GST-7r and GP expression is
additionally involved in cisplatin resistance.’’ This
may be the reason why cross-resistance to cisplatin
in OAW-dox cells was found. In contrast to OAW-
dox cells, the taxol-resistant cell line (OAW-tax)
showed no cisplatin resistance although they ex-
pressed an enhanced level of GST-r and GP mRNA.

Our study demonstrated an elevated mRNA level
of TS both in OAW-dox and OAW-tax cells. Normally
TS catalyzes the synthesis of dTMP and is therefore
involved in DNA replication. Chu et al.*? showed
that exposure of human breast and colon cancer
cells to doxorubicin led to an increased expression
of TS. It might be possible that DNA destruction
induced by the intercalation of doxorubicin with the

196

Anti-Cancer Drugs - Vol 8 - 1997

DNA results in an enhanced level of TS. Further
investigations are necessary to explain the higher
expression of TS in OAW-tax cells.

Furthermore, we analyzed topo Ila and found a
significant decreased mRNA level of topo lla in
OAW-dox cells and an elevated level of P-170
mRNA. This is in correlation with data of renal cell
carcinomas in which we found inter-relationships
between increased expression of P-170 and GST-r,
and down-regulation of topo 1.¥* Because topo Il is
a proliferation-dependent enzyme,“ we suggest that
the decreased topo Ila level was associated with
the lower proliferation activity in OAW-dox cells.
Non-proliferating cells have been shown to be more
resistant to cytotoxic agents than proliferating cells.
This is supported by earlier experiments indicating
that tumors with a low rate of proliferation often
show no response to chemotherapy.‘“'“’ In con-
trast, the topo lla level was unaltered in OAW-tax
cells.

A second mechanism of taxol-resistance which
differs from the typical multidrug resistance pheno-
type has been described. This kind of resistance is
often associated with mutations or altered expres-
sion of a-tubulin or ﬂ-tubulin.‘ﬂ‘“ We therefore
investigated the mRNA expression of a-tubulin and
B-tubulin but could not find differences between
sensitive and resistant cells (OAW-dox, OAW-tax).
We observed a reduced level of the proliferation
marker H3 in OAW-dox and OAW-tax cells. This was
in agreement with the low proliferation rate found
in these resistant cell lines.

According to the co-expression of several resis-
tance mechanisms in OAW-dox and OAW-tax we
investigated regulation mechanisms responsible for
this co-expression. It is supposed that the expression
of P-170, GST-n, TS and topo II is regulated at the
transcriptional level by an AP-1 binding domain
responding to homo- or heterodimeres of c-Fos and
cJun oncoproteins.9 The regulation of c-Fos and c-
Jun involves phosphorylation by members of pkc.
Several investigators have confirmed an involvement
of these regulatory proteins in drug resistance.
Bhushan et al.'? selected human and murine cells by
increasing concentrations to doxorubicin and
showed an elevation in the mRNA level of c-fos. Yu
et al'® demonstrated in mdr-1 transfected MCF-7
breast carcinomas an increased resistance to doxor-
ubicin and vinblastine when these cells were addi-
tionally transfected with PKCa. We therefore
investigated the expression of c-jun, c-fos, PKCa
and PKCf2. We found an increased mRNA level of c-
Jun in OAW-dox and OAW-tax cells but not an
increased level of c-fos. Interestingly, OAW-dox cells



showed no expression of PKCa and PKCS32, whereas
in OAW-tax cells the expression of PKCA2 was
significantly elevated. The results show that there
might be an influence of c-jun on the co-regulation
of the described resistance proteins in OAW-dox and
OAW-tax cells. These results are in concordance
with data from other authors. Slapak et al®
reported that selection of cells with doxorubicin
results in an overexpression of c-jun and mdr-1.
Ibrado et al>® demonstrated that co-treatment with
PKC stimulator phorbol 12,13-dibutyrate signifi-
cantly reduced taxolinduced DNA fragmentation
and apoptosis. It might be possible that higher
mRNA expression of PKCA2 in OAW-tax cells leads
to resistance by reducing the cell damage.

To test if gene amplification is responsible for
elevated mRNA expression of P-170, GST-r, TS and
GP, we analyzed OAW-tax and OAW-dox cells, and
found a 2-fold amplification of the P-170 gene in
OAW-dox cells, whereas the other genes were not
amplified in either of the cell lines. Chao et al’' also
found gene amplification of P-170 in doxorubicin-
resistant human colon carcinoma cell lines.

In contrast to the strong resistant OAW-dox and
OAW-tax cells we found only decreased mRNA levels
of TS and H3 and a minor proliferation rate in the
low resistant SK-OV-tax and SK-OV-dox in compari-
son to the sensitive SK-OV-3 cells (data not shown).

Conclusion

We demonstrated that the strong resistant sublines
of OAW-42 developed resistance by co-expression of
several resistance-related proteins (P-170, GST-wr, GP
and TS) and by overexpression of c-jun. In contrast,
the sublines of SK-OV-3 developed resistance by
decreased expression of the proliferation-dependent
proteins H3 and TS. Therefore, we suggest that the
resistant sublines developed different mechanisms to
protect them against exposure to different drugs.
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