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Abstract Apart from modulation of tumor-cell drug
sensitivity, induction of differentiation might be an
alternative in the treatment of tumors resistant to
cytotoxic drugs. In this report the capacity to induce
differentiation and to modulate the cis-diamminedi-
chloroplatinum(II) (CDDP) sensitivity of all-trans-ret-
inoic acid (RA), docosahexaenoic acid (DCHA), and
hexadecylphosphocholine (HePC) is examined in human
germ-cell tumor cell lines. In the embryonal carcinoma
cell line Tera-2 and its 3.7-fold CDDP-resistant subline
Tera2-CP, we evaluated the effects of 96 h of pretreat-
ment with RA (0.1 uM), DCHA (23 pM), and HePC
(25 uM) on differenctiation induction and on CDDP-
induced cytotoxicity, DNA platination (4-h incubation),
and apoptosis (continuous incubation). Without drug
treatment, Tera2-CP showed less apoptosis than Tera-2.
Pretreatment with RA decreased the cytotoxicity and
apoptosis induced by CDDP without resulting in de-
creased DNA platination and increased differentiation
in both cell lines. DCHA enhanced CDDP-induced cy-
totoxicity and apoptosis and did not affect the em-
bryonal character of either cell line. HePC did not affect
CDDP cytotoxicity or differentiation in either cell lines.
Effects of the modulators on differentiation and on
CDDP-induced cytotoxicity, DNA platination, and ap-
optosis did not differ between Tera-2 and Tera2-CP. RA
can be applied for differentiation induction in CDDP-
resistant germ-cell tumor models. However, in this
model, RA reduced the apoptotic susceptibility. DCHA
potentiated CDDP cytotoxicity in vitro; its in vivo
modulatory capacity in germ-cell tumor cells deserves
further study.

H. Timmer-Bosscha (<)) - E.G.E. de Vries - C. Meijer - N.H. Mulder
Division of Medical Oncology, Department of Internal Medicine,
University Hospital, P.O. Box 30.001, 9700 RB Groningen,

The Netherlands

Tel.: +31-50-361.35.94; Fax: +31-50-361.93.83

J.W. Oosterhuis
Dr. Daniél den Hoed Cancer Center, Rotterdam,
The Netherlands

Key words cis-Diamminedichloroplatinum(II) -
Differentiation - Embryonal carcinoma

Abbreviations RA all-trans-retinoic acid - CDDP cis-
diamminedichloroplatinum(Il) - DCHA docosahexae-
noic acid - EC embryonal carcinoma - HePC hexadecyl
phosphocholine - NTera2/D1 Tera-2 - NTera2/DI-CP
Tera2-CP - PBS phosphate-buffered saline (0.14 M
NaCl, 2.7 mM Kcl, 6.4 mM Na,HPO4 1.5 mM
KH,PO,, pH 7.4)

Introduction

Patients with advanced nonseminomatous testicular
germ-cell tumors treated with cis-diamminedichloro-
platinum(I) (CDDP)-containing chemotherapy regi-
mens have a 70-80% chance to be cured [20]. However,
treatment in the remaining patients fails, usually due to
the development of drug resistance by the tumor. The
development of methods by which such resistance is
circumvented has considerable clinical relevance. Non-
seminomatous testicular germ-cell tumors are often ca-
pable of spontaneous differentiation. Therefore, the
induction of terminal differentiation could be a way to
reduce surviving malignant residues. On the other hand,
the cellular mechanisms underlying resistance might be
modulated by combination with other, often noncyto-
toxic drugs. Resistance to CDDP can be due to a variety
of mechanisms, including reduced drug accumulation
and increased detoxification of CDDP in the cellular
cytoplasm. In the cell nucleus, decreased DNA accessi-
bility and increased DNA repair can play a role [2, 18].
The latter can be the result of increased amounts of re-
pair enzymes [18,31]. The net effect of all these systems is
often reduced platinum-DNA adduct formation and,
thus, decreased cytotoxicity, as platinum-DNA interac-
tions are considered to be the main cytotoxic lesions
induced by CDDP [30]. Apart from resistance mecha-
nisms directly related to CDDP, cells might have a dif-
ferent propensity to undergo programmed cell death,
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so-called apoptosis [9, 12]. This process is probably trig-
gered by the reduction of proliferative potential and an
inhibition of cell-cycle progression, a phenomenon also
observed after CDDP-induced DNA damage [5, 14, 27].
In the present study the human embryonal carcinoma
(EC) cell line NTera2/D1 (Tera-2) [4] and its CDDP-
resistant subline NTera2/D1-CP (Tera2-CP) were cho-
sen as a model [39]. Tera-2 is capable of spontaneous [4]
as well as all-trans-retinoic acid (RA)-induced [1] dif-
ferentiation. We attempted in this setting to modulate
the in vitro-acquired resistance of Tera2-CP with the
agents RA, docosahexaenoic acid (DCHA), and hexa-
decylphosphocholine (HePC). The rationale for modu-
lation was 2-fold, namely, establishment of the capacity
to induce differentiation and of the capacity to potenti-
ate CDDP cytotoxicity. Potentiation of CDDP cyto-
toxicity by RA has been reported in a murine EC cell
line, combined with differentiation induction [15], and in
human ovarian carcinoma [7] and teratocarcinoma cell
lines [19]. DCHA and HePC are agents that affect
membrane composition and cell signal transduction [13,
36, 41], whereas the induction of differentiation of my-
eloid leukemic cell lines by HePC has also been de-
scribed [6]. Previously, the potentiation of CDDP
cytotoxicity in a CDDP-resistant small-cell lung-carci-
noma cell line by DCHA and by transduction modula-
tion had been reported [17, 37]. In the present study the
effects of the above-mentioned modulators on the dif-
ferentiation state, CDDP-induced cytotoxicity, and ap-
optosis in the Tera-2/Tera2-CP model were evaluated.

Materials and methods

Chemicals

CDDP was obtained from Bristol-Myers Squibb (Weesp, The
Netherlands). HePC was a gift from Asta Medica (Frankfurt,
Germany). RA and DCHA were purchased from Sigma Chemical
Co. (St. Louis, Mo.). RPMI 1640 medium and fetal calf serum were
obtained from Life Technologies (Paisley, United Kingdom). An-
tibodies directed against neurofilaments and vimentin were ob-
tained from Eurodiagnostics (Apeldoorn, The Netherlands); the
antibodies AE1/AE3 against a broad spectrum of cytokeratins
(CKs), from Boehringer Mannheim (Mannheim, Germany); and
the antibodies against desmin and glial fibrilar acidic protein
(GFAP), from Dako (Glostrup, Denmark). The antibodies against
CK 5 and 8 (M102) and against CK 8§, 18, and 19 (M5D3) were
kindly provided by F. Raemakers (University of Maastricht, The
Netherlands). Hoechst 33258 was obtained from Calbiochem (La
Jolla, Calif.); fluorescein isothiocyanate (FITC)-conjugated swine
anti-rabbit antibody, from Dako (Glostrup, Denmark); and
Immunofluor mounting medium, from ICN Biomedicals (Costa
Mesa, Calif.). Bovine serum albumin (BSA) was provided by CLB
(Amsterdam, the Netherlands) and human AB Serum, by the blood
bank of Groningen (Groningen, The Netherlands).

Cell lines

The EC cell line Tera-2 and its 3.7-fold CDDP-resistant subline
Tera2-CP were used as amodel. Tera-2 is an embryonal cell clone of a
teratocarcinoma cell line that has the capacity to differentiate in vitro
as well as in vivo [4]. Both cell lines grow as monolayers in RPMI
1640 medium supplemented with 10% fetal calf serum in a humidi-

fied atmosphere containing 5% CO, at 37 °C and consist of nearly
homogeneous EC cell populations when kept at high cell density (a
minimum of 1.5 x 10° cells in a 25-cm? flask). The doubling time is 14
h for both cell lines. Tera2-CP has an increased glutathione level, 1.5-
fold increased glutathione S-transferase activity, and 1.4-fold in-
creased glutathione S-transferase-m expression as compared with
Tera-2. DNA topoisomerase I and II activities and c-myc RNA and
protein expression are the same in both lines [39]. Platinum accu-
mulation is equal in both lines, whereas platinum-DNA binding is
lower in Tera2-CP as compared with Tera-2 [39].

Incubation with modulators

Incubation of both cell lines with RA, DCHA, and HePC, res-
pectively, was carried out for 96 h, with a renewal of culture me-
dium and modulator being done after 48 h. RA, DCHA, and HePC
were not present in the culture medium during or after CDDP
treatment for cytotoxicity, apoptosis, or DNA-platination deter-
minations. For establishment of the optimal concentration of the
three modulators, Tera-2 and Tera2-CP cells were pretreated with
various concentrations of each modulator for 96 h as described
above. Cells were then harvested and plated in a 96-well micro-
culture plate without CDDP. The highest concentration of a
modulator inducing less than 10% reduction of survival in the
microculture tetrazolium (MTT) assay at day 4 was chosen for
combination experiments.

The differentiation state of Tera-2 and Tera2-CP after incuba-
tion with RA, DCHA, or HePC was determined by cellular antigen
expression using immunocytochemistry. For these determinations
the following antibodies were used: anti-SSEA-1 [34], anti-SSEA-3
[32], TRA-1-60 and TRA-1-81 [3], anti-vimentin, anti-desmin, anti-
neurofilaments, and anti-GFAP as well as antibodies against CKs.
Antigen expression was quantified as the percentage of positive
cells = SD. Experiments were repeated at least three times.

For cytotoxicity measurements the MTT assay was used with a
4-h CDDP incubation, as this had previously turned out to be the
most optimal scheme for modulation as compared with 1-h or
continuous CDDP incubation [37]. For Tera-2 and Tera2-CP cul-
tured with or without RA, DCHA, or HePC, 10* cells/well were
incubated for 4 h with a range of CDDP concentrations in fresh
medium without modulator and were washed three times with
culture medium. After a 4-day culture period, 3-(4,5-dimethyl-
thiazol-2yl)-2,5-diphenyltetrazolium was added and formazan
production was measured as described previously [37]. Effects of
the modulators on CDDP cytotoxicity were expressed relative to
the CDDP concentration inhibiting the survival of Tera-2 or Tera2-
CP by 50% (ICsg). Mean ICs, values were determined in three
independent experiments performed in quadruplicate.

Apoptosis

For apoptosis measurement, 10® Tera-2 or Tera2-CP cells precul-
tured with or without RA or DCHA were plated in tissue-culture
petri dishes (6-cm diameter). CDDP treatment was performed by
continuous incubation to avoid loss of detached cells during
washing procedures. Cells were incubated with equitoxic concen-
trations of CDDP inducing 70% reduction in cell survival in the
MTT assay, namely, 1 pM CDDP for Tera-2 and 5 pM CDDP for
Tera2-CP. Acridine orange staining of unfixed cells was used to
distinguish apoptotic from vital cells [11]. Stainings were performed
at 22, 44, and 70 h after the start of the CDDP incubation. Results
are expressed as the percentage of apoptotic cells in a culture.
Apart from preincubation with 0.1 pM RA, causing <10% sur-
vival reduction, preincubation with 1 uM RA was also included.

Immunocytochemical detection of Pt-DNA adducts
Tera-2 and Tera2-CP pretreated with 0.1 uM RA for 96 h or

control cells were incubated for 4 h with 16.5 uM CDDP. Subse-
quently, cells were washed and resuspended in fresh medium.



Cytospin slides were prepared from one part immediately (=0)
and from the other part after another 22 h at 37 °C (+ = 22). Slides
were air-dried, fixed in cold (-20 °C) methanol for 10 min followed
by cold (=20 °C) acetone for 2 min, air-dried again, and stored at
—20 °C until immunostaining. For immunocytochemical detection
of Pt-DNA adducts, Gpt, a polyclonal antibody against platinated
DNA capable of detecting the main Pt-containing intrastrand
cross-links, the Pt-GG adducts, and the interstrand cross-links was
used [24]. Upon staining the slides were dried, washed with PBS,
and treated for 30 min with 1% human AB serum and 1% BSA to
block nonspecific antibody binding, which was followed by an
overnight treatment with Gpt (1:6) at room temperature. After the
washing with PBS the presence of platinated DNA was visualized
by incubation with an FITC label and the slides were counter-
stained for DNA detection with Hoechst 33258. An antifade
mounting medium was applied and slides were stored at 4 °C in
darkness until image analysis. Double-fluorescence microscopy
image analysis was used to quantify DNA platination, with Hoe-
chst 33258 fluorescence serving to locate the nuclei and FITC flu-
orescence serving to measure the immunosignal. At least 100
nuclei/slide were processed. The immunosignal was expressed as
the median FITC surface fluorescence of the nuclei.

Statistical analysis

For statistical analysis the paired or unpaired Student’s r-test or,
for survival curves, the Mann-Whitney U-test for multiple unpaired
samples was used. Differences were considered significant when
P values were <0.05.

Results

The concentrations of modulators resulting in less than
10% survival reduction in the MTT assay at day 4 were
0.1 uM for RA, 23 uM for DCHA, and 25 uM for
HePC. These concentrations were used for differentia-
tion-induction, cytotoxicity, apoptosis, and DNA-plati-
nation measurements. Cellular antigen expression of
Tera-2 and Tera2-CP cultured for 4 days in medium
without modulators was clearly indicative of an em-
bryonal phenotype; cultures predominantly consisted of
cells that were positive for SSEA-3, a globoseries gly-
colipid antigen specific for human EC cells, and negative
for SSEA-1, a fucosylated lactosamine antigen and early
marker of differentiation [4]. The embryonal markers
TRA1-60 and TRAI1-81 were positive in all the cells,
whereas desmin and GFAP, markers of muscle cells and
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astrocytes, respectively, were not detected. Cytokeratins
(CKYS) are epithelial markers, whereby CK 8 and 18 are
mainly found in the least differentiated epithelial cells.
AE1-3 positivity was found in only 9% of the cells, but
the more specific antibodies recognizing CK 5 and 8 and
CK 8, 18 and 19 were slightly positive in all the cells.
Incubation of Tera-2 or Tera2-CP with 0.1 uM RA for 4
days resulted in alterations indicative of neural-epithelial
differentiation in both cell lines (Table 1), namely, a
decrease in the embryonal antigens SSEA-3, TRA-1-60,
and TRA-1-81 and a change in CK expression combined
with an increase in SSEA-1 and neurofilament expres-
sion. Incubation for 4 days with DCHA or HePC did
not induce any differentiation.

The effect of preincubation with RA, DCHA, and
HePC on the ICs, values recorded for CDDP in Tera-2
and Tera2-CP after a 4-h CDDP incubation is shown in
Table 2. ICsq values achieved without modulator were
1.8 £ 0.2 uM CDDP for Tera-2 and 7.0 £ 2.4 uM
CDDP for Tera2-CP. For determination of the effects of
RA and DCHA, survival curves generated for Tera-2
and Tera2-CP cells incubated with CDDP in the pres-
ence or absence of pretreatment with one of the agents
are shown in Fig. 1. Tera-2 and Tera2-CP could be
sensitized 1.4-and 1.3-fold to CDDP by DCHA pre-
treatment, whereas the cell lines became 2.4- and
1.7-fold less sensitive to CDDP after RA preincubation
of cells. Preincubation with HePC did not affect the
CDDP sensitivity of either cell line. Therefore, HePC
was not tested further in the apoptosis measurements.

The percentages of apoptotic cells detected in Tera-2
and Tera2-CP in the presence or absence of DCHA or
RA pretreatment plus or minus continuous incubation
with CDDP are shown in Fig 2. Without CDDP treat-
ment, Tera2-CP showed less apoptosis than did Tera-2
in untreated controls (at t = 44 h, P < 0.005, and at
t = 70 h, P < 0.0005), in DCHA-pretreated cells (at
t=44 h, P<0.0005, and at t=70 h, P<0.05), and in
0.1 uM RA-pretreated cells (at ¢t = 22 h, P < 0.025).
Without CDDP treatment, DCHA and RA increased
the precentage of apoptotic cells in a culture as com-
pared with untreated cultures of Tera-2 (at t = 22 h:
DCHA, P < 0.025; 0.1 uM RA, P < 0.025; 1 pM RA,

Table 1 Differentiation state of

RA-untreated cells® (%) RA-treated cells* (%)

Tera-2 and Tera2-CP based on Antibody Indicating

the expression of antigens. SSEA-1 Embryonic antigen
SSEA-3 Embryonic antigen
TRA 1-60 Embryonic antigen
TRA 1-81 Embryonic antigen
MDesm Desmin
MVim Vimentin
MNF Neurofilaments
GFAP Glial fibrilar acidic
M102 CK 5, 8
MS5D3 CK 8, 18, 19
AEl1-3 CK 1-8, 10, 14-16,

242 12 £ 3°
100 4 + 2°
100 57 + 16°
100 23 + 9°
0 0
50 £ 6 43 + 15
3+ 3 g + 2P
protein 0 0
100 49 £ 17°
100 91 + 15
19 9 £ 7 15 + 4

* Antigen expression in Tera-2 and Tera2-CP did not differ; therefore, data for both cell lines are

summarized in one column

b Significantly different from untreated cells
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Table 2 Effect of pretreatment

with RA. DCHA. or HePC on Modulating agent Tera-2 Tera2-CP

e ot o8, b cDDP CODP 1C (u¥) MF__ CDDPICu () MF'

Tera2-CP No modulator 1.8 0.2 - 7.0 £ 24 -
RA (0.1 pM) 44 £+ 2.5° 2.4 12 +£2.2° 1.7
DCHA (23 pM) 12 £ 0.5° 0.7 55 + 0.4¢ 0.8
HePC (25 pM) 1° 1 7.3 1

#Modulation factor: the CDDP ICs, of modulator-treated cells relative to the CDDP ICs, of mod-

ulator-untreated cells

® P < 0.025 versus Tera-2
¢P < 0.025 versus Tera2-CP
d4p < 0.05 versus Tera2-CP

°n = 2, range for Tera-2 (1.7-2.0), for Tera2-CP (6.9-7.6)

P < 0.005). Also without CDDP treatment, in Tera2-
CP the percentage of apoptotic cells was higher in RA-
treated than in untreated cultures (at ¢ = 44 h: 0.1 pM
RA, P < 0.025; 1 uM RA, P < 0.05; at ¢t = 70 h:
1 uM RA, P < 0.005). Incubation with equitoxic con-
centrations of CDDP revealed no difference in apoptosis
induction between Tera-2 and Tera2-CP, independent of
the pretreatment of cells. CDDP-induced apoptosis was
higher in cells pretreated with DCHA than in cells
treated with CDDP alone, for Tera-2 (at t+ = 22 h,
P < 0.0005; at t+ = 44 h, P < 0.0005; at + = 70 h,
P < 0.050) as well as for Tera2-CP (at ¢ = 22 h,
P < 0.05;at¢r = 44 h, P < 0.025). On the other hand,
CDDP-induced apoptosis was decreased in cells pre-
treated with RA as compared with cells treated with
CDDP alone, for Tera-2 (at t = 44 h, P < 0.0025) and
Tera2-CP (at t = 70 h, P < 0.025). As the possible
growth inhibition induced by RA was not considered a
disturbing factor, pretreatment with 1 uM RA was in-
cluded in this assay. At this higher RA concentration,
CDDP-induced apoptosis was further reduced as com-
pared with only-CDDP-treated cells in Tera-2 (at
t =44 h, P < 0.0005; at + = 70 h, P < 0.0005) and
Tera2-CP (at ¢+ = 22 h, P < 0.0025; at t = 44 h,
P < 0.01;att = 70 h, P < 0.0005).

Fig. 1 Survival after a 4-h
CDDP incubation of (A) Tera-2 A
and (B) Tera2-CP control 100
(O-0), 96 h RA-pretreated
(M-M), and 96 h DCHA-pre-
treated (@-@) cells as deter-
mined in the MTT assay after a
4-h CDDP incubation (n = 3).
Bars SD. Curves of cells pre-
treated with DCMA were lower

survival (%)

The protective effect of RA could be due to altera-
tions at the level of DNA platination, as that is con-
sidered the main cytotoxic lesion of CDDP. Therefore,
DNA platination with and without 0.1 pM RA pre-
treatment was studied in Tera-2 and Tera2-CP imme-
diately after and at 22 h after CDDP incubation. Results
are shown in Fig 3. All data are expressed relative to
Tera-2 at ¢+ = 0; absolute measurements in Tera-2 at
that time point were 9.8 £ 6.6 (median + SD) median
immunosignal (n = 8). At both time points, RA pre-
treatment led to an equal or higher level of DNA
platination in Tera-2 and Tera2-CP (Tera2-CP versus
Tera2-CP/RA, P < 0.025). Between Tera-2 and Tera2-
CP, on difference was detected, and no decrease in Pt-
DNA adducts was seen between ¢t = 0 and ¢ = 22 h.

Discussion

In the present study, CDDP-sensitive and resistant EC
cells were pretreated in vitro with DCHA, RA, and
HePC. Subsequently, the differentiation state, CDDP-
induced cytotoxicity, and, after RA and DCHA pre-
treatment cell susceptibility to apoptosis were evaluated,
whereas after RA treatment, DNA platination was also

100

survival (%)
=

(P<0.001 and P<0.002) and 104
with RA were higher (P <0.002 E
and P<0.01) than control .
curves of Tera 2 and Tera 2-CP, ]
respectively 1
1 — r T - 1 T T T T 1
0 25 5 75 10 0 5 10 15 20 25

CDDP (uM)

CODP (uM)



Fig. 2 Percentage of apoptotic
cells found in Tera-2 and Tera2-
CP controls and in cells pre-
treated for 96 h with RA or
DCHA as indicated, as de-
termined at r = 22 h, t = 44
h, and 1 = 70 h after the start
of continuous CDDP incuba-
tion (Tera-2, 1 pM; Tera2-CP,
5 uM) by acridine orange
staining of cells (n = 3-5). Bars
SD. a Tera2-CP sample that is
different from Tera-2 undergo-
ing the same treatment at the
same time point; P < 0.005 (1),
P < 0.05 (2). b Sample treated
with DCHA or RA that is
different from Tera-2 or the
Tera2-CP control; P < 0.0005
(1), P < 0.05 (2). ¢ Sample
treated with RA or DCHA plus
CDDP that is different from
Tera-2 or Tera2-CP treated
with CDDP only; P < 0.0005
(1), P < 0.005(2), P < 0.05
(&)

apoptotic cells (%)

S

801

apoptotic cells (%)

Tera Tera-CP

control

oo

Tera Tera-CP

RA 0.1 pM

Bl t-22h

measured. The capacity of Tera-2 to differentiate in vitro
upon RA treatment [4] made Tera-2/Tera2-CP a rele-
vant model for the study of drug-induced modulation of
CDDP sensitivity and induction of differentiation in
human EC cells.

Incubation with 0.1 uM RA induced differentiation
in Tera2-CP. This showed that Tera2-CP had not lost its
capacity to differentiate in vitro upon RA treatment
during the process of resistance induction. Previously it
had been shown that its capacity for spontancous dif-
ferentiation in vivo was retained [39]. These findings
together indicate that differentiation induction can be a
potentially useful tool in the treatment of CDDP-resis-
tant germ-cell tumors. In the present study, neither
HePC nor DCHA induced differentiation in Tera-2 or
Tera2-CP, although HePC has been shown to be capable
of differentiation induction in leukemic cell lines [6].

Pretreatment of Tera-2 and Tera2-CP with 0.1 pM
RA decreased CDDP cytotoxicity, whereas 0.1 pM RA
alone induced up to 10% cytotoxicity in the MTT assay.
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Oosterhuis et al. [26] had found that murine F9 and
Tera-2 cells induced to differentiate in vitro by RA were
as sensitive to CDDP as the EC cells from which they
were derived. However, interpretation of these data is
seriously hampered by the growth inhibition caused by
the high RA concentrations used, a side effect that was
avoided in the present study. In the murine EC cell line
PCC4 [15], RA-induced differentiation was accompanied
by potentiation of CDDP cytotoxicity. Moreover, al-
though murine EC is considered to be a good model of
human germ-cell tumors, effects of RA on murine and
human EC cells, apart from morphological differentia-
tion induction, are different (for a review, See Para et al.
[28]). From the results of the present study it is also
conceivable that RA has different effects on CDDP
sensitivity in murine and human EC cell lines.

Changes in membrane phospholipid and/or fatty acid
composition in CDDP-resistant cells as compared with
their sensitive mother lines have been reported in
CDDP-resistant cell lines with [22] and without [37]
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Fig. 3 DNA platination as measured with immunocytochemical
detection and indicated as the median immunosignal relative to
Tera-2 at t = 0 (h). Cells pretreated with RA (Tera-2/RA, Tera2-
CP/RA) or not pretreated (Tera-2, Tera2-CP) were incubated with
16.5 uM CDDP for 4 h. DNA platination was measured
immediately after incubation (t = 0 h) or after another 22 h at
37°C (t = 22 h; n = 3-8). Bars SEM. Significant differences:
Tera2-CP at t = 0 versus Tera2-CP/RA att = 0; P < 0.025

CDDP accumulation defects. Potentiation of the cyto-
toxicity of CDDP by incorporation of the polyunsatu-
rated fatty acid DCHA has been observed in a CDDP-
resistant small-cell lung carcinoma [37]. In the present
study, DCHA potentiated CDDP cytotoxicity in both
cell lines but did not reduce the resistance factor. It is
therefore unlikely that in Tera2-CP a specific resistance-
related mechanism would be affected by DCHA.

Enhancement of CDDP cytotoxicity with agents that
inhibit protein kinase C have been reported, but effects
were unpredictable and varied among different cell line
models (for a review, See Timmer-Bosscha et al. [38]).
HePC has inhibited protein kinase C activity in vitro [4,
13]. Modulation of CDDP cytotoxicity with HePC was
not found in the Tera-2/Tera2-CP model. It is unlikely
that this was caused by suboptimal HePC concentra-
tions, as in other studies cytotoxicity of HePC was ob-
served in the same concentration range [16]. As HePC
neither induced differentiation nor increased CDDP
cytotoxicity, it was not studied further.

It has been found that a high apoptosis susceptibility
is the possible mechanism underlying the extreme sen-
sitivity of EC cells to cytotoxic drugs [8, 9] and that this
is reduced in tumor cells derived from more differenti-
ated tissues. It can be hypothesized that triggering might
also be reduced upon differentiation of the EC cells. In
addition, cell death due to chemotherapeutic drugs is not
always directly correlated with drug-induced damage
[12, 25]. In the present study the induction of apoptosis
in Tera-2 and Tera2-CP was studied after treatment of
cells with RA and DCHA and, subsequently, continuous
CDDP incubation. If untreated, Tera2-CP cells showed
less apoptosis than did Tera-2 cells. The modulators
DCHA and 0.1 uM RA induced less apoptosis in

Tera2-CP than in Tera-2. The frequency of CDDP-
induced apoptosis was the same in both lines after
equitoxic CDDP treatment and after incubation with
CDDP preceded by treatment with RA or DCHA. In
both cell lines, RA treatment alone increased apoptosis
as compared with untreated cells, whereas pretreatment
with RA decreased apoptosis induced by CDDP. Other
investigators have reported that RA and CDDP applied
as single agents induce apoptosis in neuroblastoma cells
by different pathways [29]. RA-induced apoptosis was
compatible with apoptosis as the mode of death of dif-
ferentiated leukemic cells [23, 33]. CDDP-induced ap-
optosis is likely to be due to the disturbance of cell-cycle
progression [12] and has been found to be independent
of the capacity of myeloid leukemic cells to differentiate
[21]. The results of the present study suggested different,
even antagonistic, pathways for apoptosis induction by
RA and CDDP. DNA platination after RA incubation
and subsequent CDDP treatment was measured as it
was considered to represent the outcome of all param-
eters possibly affecting CDDP sensitivity before the final
apoptosis induction. DNA platination was not
decreased after pretreatment of the cell lines with RA.
This, however, is not a common phenomenon. An
unaltered level of CDDP-induced DNA damage was
seen in a murine EC cell line in which RA pretreatment
led to increased CDDP cytotoxicity [15], and in human
ovarian carcinoma cell lines, treatment with RA in-
creased CDDP sensitivity and DNA platination [7]. It
seems that RA pretreatment of Tera-2 and Tera2-CP
cells led to an alteration in the triggering of apoptosis by
CDDP.

Apoptosis was increased by DCHA and by DCHA
followed by CDDP in Tera-2 and Tera2-CP. The latter
was most probably due to increased DNA damage
caused by CDDP after pretreatment of the cell lines with
DCHA, as has previously been found in a human small-
cell lung-carcinoma cell line [37]. However, induction of
apoptosis has also been found after incubation of stim-
ulated, freshly isolated human lymphocytes with very-
long-chain polyunsaturated fatty acids, such as DCHA
[35], indicating that pretreatment with DCHA could also
affect apoptosis-related processes. Potentiation of
CDDP by DCHA in germ-cell tumors in vitro is thus
achievable. The applicability of DCHA in vivo deserves
further attention.

In conclusion, in the Tera-2/Tera2-CP model the re-
duced percentage of apoptotic cells detected in untreated
Tera2-CP samples indicates that apoptosis susceptibility
is altered in Tera-2 upon CDDP resistance induction.
The finding that RA induced differentiation in both the
CDDP-resistant and sensitive EC cell lines at a clinically
achievable concentration [10, 40] justifies further study
of the applicability of RA or RA analogues for the in-
duction of differentiation in CDDP-resistant human
germ-cell tumors. The observation that RA prohibited
CDDP-induced apoptosis stresses the importance of
adequate drug scheduling if these two agents are com-
bined.
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