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Mechanisms of cisplatin resistance have been studied in
two Independently-selected sublines expressing clini-
cally-relevant levels of resistance (3-fold) and estab-
lished from a primary testicular teratoma obtained
from previously untreated patients. Resistance was not
associated with any significant modification in cellular
uptake of cisplatin, in total glutathione levels or asso-
ciated enzyme activities. However, immunochemical
quantitation of specific platinum-DNA adduct formation
and removal revealed that both resistant sublines were
more proficient in repairing certain adducts than their
generally repair deficient respective parental lines.
SUSA/CP* cells were more efficlent in removing the
intrastrand adducts in the sequence Pt-AG and the bi-
functional Pt—-(GMP), lesions, as well as DNA-DNA inter-
strand cross-links, whilst H12.1/DDP cells were highly
proficlent in removing the major Pt-GG intrastrand ad-
ducts.

Key words: Cisplatin resistance, platinum—DNA adducts,
repair of DNA damage, testicular teratoma cell lines.

Introduction

Initial investigations with a human tumor subline
(SUSA) derived from a primary testicular teratoma
taken from a previously untreated patient’ provided
evidence linking the apparent hypersensitivity to
cisplatin identified in this cell line with an inability
to repair platinated DNA.? Subsequently we repor-
ted that in vitro exposure of these SUSA cells to
fractionated X-irradiation resulted in the expres-
sion of some resistance to cisplatin accompanied
by enhanced repair of the intrastrand adduct PtAG
and interstrand cross-links and increased tolerance
of drug-induced damage.’ The aim of the present
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studies was to establish whether selection for resis-
tance by in vitro exposure to cisplatin using this
SUSA cell line also resulted in a subline expressing
any modified repair capacity or increased DNA da-
mage tolerance. In this way, we planned to examine
further our original hypothesis*® that different re-
sistance mechanisms may operate or predominate
depending on whether the selection agent used was
X-irradiation or specific antitumor drugs. In addi-
tion, we carried out a parallel series of investiga-
tions as part of a collaborative study, using another
human tumor cell line (H12.1) also derived from a
primary testicular teratoma taken from a previously
untreated patient.6 Preliminary results’ indicated
that this parental cell line also was sensitive to cis-
platin and deficient in removing platinum-DNA
intrastrand cross-links.

To identify the mechanisms of cisplatin resistance
operating in these cisplatin-selected resistant sub-
lines, the following parameters were examined:
cisplatin uptake; glutathione levels and associated
enzyme activities; formation and removal of the four
major platinum-DNA adducts and of interstrand
cross-links.

Materials and methods

Derivation, maintenance and characterization
of cell lines

The SUSA parental (P) cell line was established from
a human testicular teratoma obtained from a pre-
viously untreated patient.! This line was maintained
as a monolayer in RMPI 1640 medium supplemen-
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ted with 10% FCS at 37°C in a humidified atmo-
sphere of 5% CO, in air. Media and sera were pur-
chased from Gibco-Biocult (Renfrewshire, UK). The
cisplatin resistant subline was established at
the ICRF Laboratories from the parental line by
mutagenesis with ethylmethane sulfonate (EMS)
(35 pg/ml for 24 h) followed by exposure to
150 ng/ml cisplatin for 20 days before repeating
the EMS mutagenesis (100 pg/ml for 24 h) and then
adding cisplatin (300 ng/ml) for 5 days, prior to
removing the drug and adding fresh medium. One
of the few surviving colonies was isolated and ex-
panded and the resultant culture was exposed to
250 ng/ml cisplatin for 2 weeks, followed by 1
week’s growth in drug-free medium. The drug re-
sponses of this established subline to cisplatin were
then established by colony forming assay. This sub-
line designated SUSA/CP*, was serially maintained
by continuous exposure to cisplatin (250 ng/ml) for
2 weeks followed by 1 week’s growth in the ab-
sence of drug. For experimentation, cells were used
after this period of growth in drug-free medium.
Routine culture conditions of this subline once es-
tablished were identical to those used for the par-
ental line, which was also maintained in culture
concurrently during the period of development of
the subline. Cell line H12.1 was established from an
orchiectomy specimen of a 19 year old previously
untreated patient. The primary histology showed
seminoma, embryonal carcinoma, mature teratoma
and chorioncarcinoma. This cell line was main-
tained as a confluent monolayer in RPMI 1640 med-
ium supplemented with 10% FCS. The production of
B-human-choriogonadotropin in vitro has been de-
monstrated.® The cisplatin resistant subline H12.1/
DDP was selected at the University of Hannover

Table 1. Cell line characteristics

Medical School by repeated pulsed exposures to
cisplatin. Cells were allowed to grow to confluency
and then exposed to cisplatin for 1h prior to tryp-
sinisation, washing and re-seeding into new flasks.
The initial concentration of cisplatin was 0.1 pg/ml
and this was increased gradually to 10 pg/ml over a
period of 49 weeks. The resulting resistance has
proved stable without further drug exposure for at
least 3 months. Table 1 lists the population doubling
times, colony-forming efficiencies and cell volumes
of the two parental and cisplatin resistant sublines.
There were no significant differences in any of these
parameters between the two pairs of cell lines, nor
any evidence that any of these properties changed
significantly during a period of 3 months in contin-
uous culture.

Cytotoxicity assays

Cytotoxicity assays on the SUSA lines were carried
out using the soft agar clonogenic assay method of
Courtenay et al.,® whilst the H12.1 lines were cloned
directly into 0.16% agarose.” Cisplatin was pur-
chased from Sigma Chemicals (Poole, UK).

Total glutathione (GSH) levels, and total
glutathione S-transferase (GST), glutathione
reductase (GR) and glutathione peroxidase
(GP) activities

Logarithmically-growing cells were harvested 3
days after initial plating. The assays used were as
follows: GSH content was measured by the GR
method of Griffith;'® GST according to the proce-

Cell line Subline derivation Cisplatin® PDT® Cell volume CFE®
(origin) ICs0(pg/ml) (h) (um?) (%)
SUSA/P (primary teratoma) 0.40 + 0.05 27+ 2 2374 + 166 5-15
SUSA/CP* mutagenesis by EMS 1.20 £ 0.15 26 + 1 2402 + 120 5-15
and then selection in
continuous cisplatin
H12.1/P (primary teratoma 0.26 + 0.03 38 +3 2491 + 26 14
—embryonal ca)
H12.1/DDP puised 1 h exposures 0.81 +£0.10 35+6 2543 + 16 2-5

to increasing cisplatin
concentrations

“Cells were exposed to drug for 1 h and results derived from full dose-response curves and expressed as ICs, values—the concentration

required to reduce cell survival by 50% (+ SEM).

®Population doubling times were established from logarithmically-growing cultures.
Colony forming efficiencies determined by cloning the SUSA cell lines in soft agar or the H12.1 cell lines directly onto plastic.
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dure of Habig and Jackoby,'! using 1-chloro-2,4-
dinitrobenzene (CDNB) as substrate; GR by the
method of Horn'? for the SUSA cells or that of Smith
et al.'® for the H12.1 cells; and GP using cumene
hydroperoxide according to the modified method of
Paglia and Valentine!* for the SUSA cells or the
method of Gunzler et al.'® for the H12.1 cells in-
volving t-butyl-hydroperoxide. Enzyme values were
normalized for cellular protein using the method
described by Lowry et al'® The slightly different
methodologies reflect the fact that experiments
with the SUSA cell lines were carried out at the
ICRF in London, whilst those on the H12.1 cell lines
were conducted at the University of Hannover Med-
ical School.

Drug uptake studies

For analyses of cisplatin uptake, cells (2 x 10%)
were exposed to 0, 10, 25 or 50 pg/ml cisplatin for
1 h. Then, according to the procedure described
earlier,'” cells were harvested and washed twice
in ice-cold PBS. Total cell number per sample was
calculated by hemocytometer counting. Cell pellets
were dried at 65°C for 2 h prior to solubilization in
concentrated nitric acid. Drug uptake was quanti-
tated by atomic absorption spectophotometry (AAS)
(Perkin Elmer model 4000) and results were expres-
sed as pmol Pt/ 10° cells +SE and then corrected for
differences in cellular volume. Each experiment was
repeated at least twice, using duplicate samples.

Quantitation of platinum—DNA adducts

Cells were treated for 1 h with 5 pg/ml (16.7 uM)
cisplatin solubilized in 0.9% saline immediately
prior to use and then washed with PBSA and har-
vested immediately or after an 18 h incubation in
drug-free medium to permit ‘repair’ or adduct re-
moval to occur. Cells were lysed in the presence of
100 mM ammonium bicarbonate to inactivate
monofunctionally-bound drug and DNA was isola-
ted using a phenol/chloroform procedure,'® and
enzymatically digested to nucleotides and platina-
ted nucleotides. Separation of platinated products
was carried out using an anion exchange chroma-
tography column.'® Details of the competitive en-
zyme-linked immunosorbent assay  (ELISA)
procedure using antiserum W101 to quantitate
Pt-GG and P«(GMP), have been described in
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earlier publications.??® Antisera 3/65 and 3/43
were used to detect Pt—-AG and Pt-GMP adducts,
respectively.®®

Measurement of DNA-DNA interstrand
cross-links

Interstrand cross-links were measured in the SUSA
cell lines at 0, 14 and 24 h after a 1 h exposure to
cisplatin using the alkaline elution technique of
Kohn et al,*' with minor modifications detailed
earlier.??

Results
Cisplatin cytotoxicity assays

Dose-response curves for the two parental testicu-
lar teratoma cell lines and their respective cisplatin
resistant sublines are shown in Figure 1. ICs, values
were interpolated and a comparison (see Table 1)
shows that both the SUSA/CP" and the H12.1/DDP
sublines proved 3-fold more resistant to cisplatin
than their respective parental lines. This level of
resistance has remained stable over a 3 month
period of continuous culture. Exposure of SUSA
cells to EMS treatment only did not significantly
modify their responses to cisplatin.

SUSA Cell Lines H12.1 Cell Lines

1004 0 H121
...
'.~\ & H12.400P
®
2
2
@ 10}
€
[
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a
‘o 1 —2 ‘o 1 2
cisplatin (pg/ml)

Figure 1. Survival curves for SUSA/P, SUSA/CP*, H12.1
and H12.1/DDP cells exposed to a range of cisplatin con-
centrations for 1 h, as judged by colony forming assays.
Points, mean of two to three experiments in which dupli-
cate cultures were tested. Bars, SE
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Table 2. Total glutathione levels® and associated enzyme activities®

Cell line GSH GST GR GP
(nmol/mg) (units/mg)° (units/mg)*? (units/mg)*
SUSA/P 18.8 £ 3.0 160.0 £ 4.0 233107 45+0.7
SUSA/CP* 20.6 +2.0 176.6 + 9.4 18.5+ 2.0 65+1.2
H12.1/P 128+ 1.6 750.3 + 121.2 20.7 + 4.8 32.8 + 8.6
H12.1/DDP 136+ 1.0 525.0 + 24.3° 27.2 £ 3.2 18.5 + 5.8

AMean values + SE of duplicate assays of at least two experiments expressed per mg protein.
®Mean values + SE of duplicate assays of two to four separate experiments.
°One unit is the amount of enzyme required to conjugate 1 nmol/min of CDNB at 25°C for SUSA or at 37°C for H12.1. Values are the

mean + SE of duplicate assays of two to four separate experiments.

9One unit is the amount of enzyme required to oxidize 1 nmole/min NADPH at 25°C for SUSA or at 37°C for H12.1. Values are the
mean + SE of duplicate assays of two to four separate experiments.

°p = 0.04.
'p > 0.05.

Cellular content of GSH, GST, GR and
GP

Levels of total GSH and associated enzyme activ-
ities, normalized for cellular protein content, are
listed in Table 2. In the SUSA/CP* subline none
of these parameters were significantly altered from
parental cell values. Similarly, GSH levels and ac-
tivities of GR and GP were comparable amongst the
two H12.1 cell lines, although GST activity proved
significantly lower in the H12.1/DDP subline
(p=0.04). The considerably higher levels of activity
of both GST and of GP recorded in the H12.1 lines
versus the SUSA lines probably reflect the different
assay methods used and the higher temperature
employed in each assay (37 versus 25°C) by the
two laboratories.

Cellular uptake of cisplatin

For each of the cell lines dose-dependent uptake of
cisplatin was established (data not shown), with
results of linear regression analyses indicating that
the correlation coefficients ranged from 0.96 to 1.00.
Drug uptake proved marginally lower in the SUSA/
CP* cells versus SUSA/P cells (2.23+0.38 versus
3.05+0.38 pmol Pt/10° cells/ug Pt/unit cell vol-
ume). This 1.4-fold difference, however, was not
statistically significant (p>0.05). Similarly, no sig-
nificant differences were noted between the H12.1
and H12.1/DDP cell lines with values of 2.79 * 0.55
and 3.55%0.91 pmol Pt/10° cells/pg Pt/unit cell
volume (p> 0.05).

Induction and repair of platinum—DNA
adducts

Levels of total DNA-platination immediately after a
1 h exposure to 5 pg/ml cisplatin (zero time) and
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Table 3. Total platination of DNA, determined as the total
of the four platinum—nucleotides measured by competitive
ELISA immediately and 18 h following exposure to
5 pg/ml cisplatin for 1 h

Cell line Total platination level® Percent
(fmol Pt/ug DNA) removal
(%)
0Oh 18 h
SUSA/P 16.4 +£2.3 15.7+1.0 4
SUSA/CP* 11.4+£ 0.6 10.6 £ 0.9 7
H12.1/P 287 +1.1 33.0+22 0
H12.1/DDP 116+ 1.0 9.1+0.7 22

2Total platination was calculated by adding together the amount
of each of the four individual adducts. Values are the mean + range
of two different ELISAs utilizing two samples independently-
derived, each performed on four dilutions in dublicate wells.

following an 18 h post-treatment incubation are
listed in Table 3. These data confirm our original
observation? that the SUSA/P cells appear deficient
in removal of adducts during the 18 h post-teatment
incubation period and extend this observation to
include another teratoma cell line H12.1, also es-
tablished from a previously untreated patient. How-
ever, the total platination levels are about 2-fold
higher in the H12.1/P versus the SUSA/P cells, con-
sistent with their inherent 1.5-fold higher sensitivity
to the cytotoxic effects of cisplatin (see Table 1).
The major adduct formed in all lines is Pt—-GG, but
whereas this comprises 60-67% of the total platina-
tion immediately following drug treatment in both
parental lines and in the H12.1/DDP cells, consis-
tent with the pattern reported previously in other
malignant teratoma®??, bladder® and ovarian'”"'8-%4
cell lines, in the SUSA/CP" cells this figure is only
40%. This reduction is accounted for by a rise in the
proportion of Pt—-AG adducts formed from 11% in
the SUSA/P cells to approximately 30% of the total
platination after treatment of these resistant cells.
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Figure 2. Induction and removal of Pt—-GMP, Pt-AG, Pt-
GG and Pt—(GMP), in the human testicular teratoma cell
lines SUSA/P and SUSA/CP*. The number of adducts was
determined immediately after a 1 h exposure to 5§ pg/ml
cisplatin (open boxes) and following an 18 h post-treat-
ment incubation period (hatched boxes). Columns
(+ range) represent the mean (normalized for DNA con-
tent) of two different competitive ELISAs, each performed
in four dilutions on duplicate cells.

Total platination immediately following drug treat-
ment is marginally, but not significantly, reduced
(1.4-fold) in the SUSA/CP* cells compared to
SUSA/P cells and following an 18 h post-treatment
period there is no significant reduction in total over-
all platination levels in either cell type. However,
examination of specific adduct formation and re-
moval (see Figure 2) shows that whilst SUSA/P and
SUSA/CP"* cells are both deficient in the removal of
the major Pt—-GG adducts, SUSA/CP* cells, unlike
the parental cells, show definite proficiency in re-
moving Pt-AG adducts and the bifunctional
Pt(GMP), lesions. The H12.1/DDP cells have a
2.5-fold lower level of total platination immediately
following drug treatment than their parental cells
(Table 3) reflecting, at least in part, their 3-fold
level of resistance. These H12.1/DDP cells also
showed some ability to remove PtDNA adducts
during the 18 h post-treatment incubation period.
Examination of specific adduct formation and re-
moval in these H12.1 cell lines (see Figure 3) shows
that it is the major Pt—GG lesion only which is re-
paired under these conditions by the resistant cells.
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Figure 3. Induction and removal of Pt-GMP, Pt-AG,
Pt-GG and Pt—(GMP), in the human testicular teratoma
cell lines H12.1 and H12.1/DDP. The number of adducts
was determined immediately after a 1 h exposure to
5 ug/ml cisplatin (open boxes) and following an 18 h
post-treatment incubation period (hatched boxes). Coi-
umns (+ range) represent the mean (normalized for DNA
content) of two different competitive ELISAs, each per-
formed in four dilutions on duplicate cells.

The technique of alkaline elution was used to
quantitate interstrand cross-links in the SUSA cell
lines. The results listed in Table 4 show some dose
dependency for interstrand cross-links formation in
both lines and the levels at 14 h appear comparable.
However, whilst as reported earlier® the number of
interstrand cross-links in the SUSA/P cells continued
to increase over the 24 h period, in contrast in the
SUSA/CP” cells there was a major reduction in the
number of cross-links measured between 14 and
24 h, indicative of substantial repair of interstrand
cross-links by this resistant subline. The higher
ISC levels in the SUSA/P cells at 24 h may explain,
at least in part, their 3-fold higher sensitivity to
cisplatin.

Discussion

Relatively few in vitro studies have specifically ad-
dressed the problem of cisplatin resistance using
testicular tumor cell lines,?**?>2% although this is
clearly a research area of definite clinical interest.
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Table 4. DNA-DNA interstrand cross-linking in SUSA-P
and SUSA-CP* cells, after a 1 h exposure to cisplatin

Cell line Cisplatin  Interstrand cross-links  Percent
(ng/ml) removal®
14 h 24 h
SUSA/P 5 744+39 109145 0
10 18.7+49 208+ 13.0 0
SUSA/CP* 5 121 +94 16+27 87

10 194 +£42 911127 53

2Values expressed in rad-equivalents + SE of at least two experi-
ments in which duplicate or triplicate filters were evaluated.
bPercentage decrease in ISC at 24 h compared with values at
14 h.

This publication describes two cisplatin-resistant
sublines which have been derived from testicular
tumor cell lines established form samples from pre-
viously untreated patients. These parental cell lines
were cisplatin sensitive and had been shown to be
deficient in the removal of the major DNA intra-
strand cross-links.?” One of the aims of this study,
therefore, was to determine whether this repair
capacity was modified in drug-selected resistant
sublines. We have previously reported that expo-
sure of one of these parental lines (SUSA) to frac-
tionated X-irradiation in vitro, generated a subline
expressing 3-fold resistance to cisplatin and proving
more proficient in repairing the specific intrastrand
adduct Pt—-AG and DNA-DNA interstrand cross-
links than the parental cells. In addition, therefore,
we aimed to investigate whether different resistance
mechanisms might be ‘switched-on’ in sublines se-
lected for resistance to cisplatin by exposure either
to the drug itself or to fractionated X-irradiation.

Both these newly derived testicular tumor sub-
lines, established independently in two different
laboratories, expressed a 3-fold order of resistance
to cisplatin which has proved stable over 3 months
in culture with the one line (SUSA/CP™) being main-
tained in the intermittent presence of cisplatin,
whilst the other line (H12.1/DDP) has not been
further exposed to drug. Recently, we have shown
that over a 6 month period growth of SUSA/CP”* cells
in the total absence of drug generated a line desig-
nated SUSA/CP~ which had a comparable sensitiv-
ity to cisplatin as the original SUSA/CP" cell line.
Walker et al.?® reported a similar stability in a 4-fold
cisplatin resistant SUSA subline established by con-
tinuous exposure to the drug over 11 months. These
findings that cisplatin resistance once established
appears stable are in general agreement with litera-
ture reports both from our laboratory and from other

7,22,25,27-29
groups.
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The comparable levels of glutathione and related
enzyme activities in these pairs of cell lines suggest
that there is no differential inactivation of cisplatin
via these pathways in the resistant sublines. The one
exception, namely a reduction in GST activity in the
H12.1/DDP cells is also consistent with this conclu-
sion. Kelland et al.?* also reported unchanged GSH
levels in a 3.8-fold cisplatin resistant stable variant
of the original GCT27 cell line. However, elevated
GSH levels and significant elevations in the activ-
ities of certain GSH-associated enzymes, including
GST, have been associated with cisplatin resistance
in certain cell lines,???”"%? but this has not been an
invariable finding.>"%°

Resistance to cisplatin in drug-selected sublines
of human origin has been associated with signifi-
cantly decreased cisplatin accumulation,'”"?*~3 but
this is by no means a universal finding ?%%73334
Uptake of drug was reduced marginally in the
SUSA/CP” cells (1.4-fold) and increased slightly
(1.3-fold) in the H12.1/DDP cells relative to their
respective parental cells. Neither of these differen-
ces though were statistically significant. This tends
to contrast with the significant reduction which was
observed in the SUSA-DXR;, subline® and the 1.6-
fold reduction described in the GCT27cisR sub-
line.?®> This marginal reduction in uptake in the
SUSA/CP" cells was reflected in a reduced level
(1.4-fold) of total adduct formation measured im-
munochemically. However, a more marked reduc-
tion (2.5-fold) in total adduct formation was
apparent in the H12.1/DDP cells, which actually
exhibited a slight increase in cisplatin uptake. In-
deed, published reports indicate that reduced drug
uptake may not be reflected in reduced total pla-
tination levels* %4353 and there are even reports of
higher total platination levels of the DNA being
quantitated in resistant cells despite their reduced
cisplatin uptake.®'” This latter observation has been
interpreted as indicative of increased tolerance to
DNA damage.

Quantitation of the specific adducts formed and
removed during a 18 h post-treatment incubation
period showed that both cisplatin resistant testicu-
lar tumor sublines proved more proficient in repair-
ing certain adducts than their respective parental
cells. Thus SUSA/CP" cells were more efficient in
removing the bifunctional Pt—-(GMP), and Pt-AG
adducts formed, as well as interstrand cross-links
and in these latter two respects were very similar to
the irradiated cisplatin resistant SUSA-DXR;, sub-
line reported earlier.’> However, with the H12.1/
DDP cells proficient removal of the major PtGG
adducts was identified. The marked increase in re-



pair of the major Pt—-GG adducts was also reported
recently in a cisplatin resistant subline established
from a human ovarian tumor cell line (SK-OV-3),
which was inherently repair deficient, by exposure
to fractionated X-irradiation.!” These results there-
fore suggest that irrespective of whether cisplatin
resistance is selected for by exposure to the drug
itself or to X-irradiation, removal of cisplatin-in-
duced DNA damage can be modified in cells inher-
ently repair deficient either by enhancing removal
of the two major intrastrand cross-links Pt-GG or
Pt-AG and/or of interstrand cross-links. However, it
remains to be established whether these relatively
modest reductions in platination of specific adducts
are responsible for the differential cytotoxicity of
cisplatin in these sublines. Although, it is interest-
ing in this respect that it has been shown that repair
synthesis by human cell extracts in cisplatin-da-
maged DNA is preferentially determined by minor
adducts.?” It is also very apparent that all these cells,
both parental lines and resistant sublines, still retain
and so appear to tolerate a very high level of total
platination, even after an 18 h ‘repair’ period. Sev-
eral studies have highlighted the fact that a substan-
tial fraction of cisplatin adducts are never removed
from DNA.?>383% 15 addition, since the methods
used here only measure DNA damage and its repair
in the overall genome, heterogeneity of drug-in-
duced DNA and its repair in specific genes, as re-
ported in relation to cisplatin®"*® cannot be ruled
out. Future studies will investigate gene specific
repair in these sublines and aim to monitor repair
of specific platinum-DNA adducts introduced into
a circular DNA duplex using cellular extracts
prepared according to the procedures described
earlier by Wood and his colleagues.*!+%?

In summary, we have described the derivation of
two new cisplatin resistant sublines from human
testicular tumors by cisplatin selection, which ap-
pear to express modified abilities to repair specific
platinum-DNA lesions. These sublines should
prove valuable in studies aimed at identifying the
lesions responsible for repair synthesis induced by
cisplatin damage.
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