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Gene-specific repair of Pt/DNA lesions and induction of
apoptosis by the oral platinum drug JM216 in three
human ovarian carcinoma cell lines sensitive and
resistant to cisplatin
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Summary JM216, an oral platinum drug entering into phase Il clinical trial, exhibited comparable cytotoxicity to cisplatin in three human
ovarian carcinoma cell lines: the sensitive (CH1), acquired resistant (CH1cisR) and intrinsically resistant (SKOV-3). Platinum accumulation
and binding to DNA were similar in each of the three cell lines at equimolar doses, indicating that the resistant cell lines could tolerate higher
intracellular platinum levels and platinum bound to DNA at IC,, concentrations of drug. Comparison with cisplatin demonstrated that
intracellular platinum levels were marginally higher with IM216, but that platinum binding to DNA was similar for the two drugs in each of the
cell lines. Each of the cell lines exhibited an ability to repair IM216 induced platinum/DNA lesions in the N-ras gene (gene-specific repair) at
equitoxic concentrations of drug. However, this occurred to a greater extent in the two resistant cell lines such that by 24 h the CH1cisR and
SKOV-3 had removed 72% and 67% respectively compared with approximately 32% for the CH1. Reduced gene-specific repair capacity in
CH1 cells was also seen following incubation with 25 um (or 5 um — 2 x IC, ) cisplatin, whereas the CH1cisR and SKOV-3 cell lines were repair
proficient. JM216 induced apoptosis in the three cell lines following a 2h incubation with 2 x the IC of drug. Fluorescent microscopy of cells
stained with propidium iodide showed that the detached cell population displayed typical apoptotic nuclei. Furthermore, field inversion gel
electrophoresis demonstrated the presence of DNA fragments approximately 23-50 kb in size, indicative of apoptosis, in the detached cells.
JM216 induced an S phase slow down in each of the three cell lines accompanied by a G2 block in the CH1 pair. Incubation with this
concentration of IM216 also resulted in the induction of p53 in the CH1 and CH1cisR. These studies suggest that the relative sensitivity of the
CH1 cell line to cisplatin and JM216 is at least partly attributable to a deficiency in gene-specific repair. The oral platinum drug, JIM216, exerts
its cytotoxic effects through the induction of apoptosis following a slow-down in S phase in both the sensitive and resistant lines. © 1999
Cancer Research Campaign
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JM216 (bis acetato ammine dichlorocyclohexylamine platinumhuman tumour lines, notably where resistance was mediated
IV) is an orally administered platinum (Pt) compound which hashrough reduced Pt uptake (Kelland et al, 199293).
been evaluated in phase Il clinical trials against small-cell lung JM216 undergoes extensive biotransformation in vitro and
cancer, non-small-cell lung cancer, prostate and ovarian cancir vivo and several metabolites, each of which show growth
and is currently undergoing phase Il clinical evaluationinhibitory activity, have been identified (Poon et al, 1995;
(McKeage et al, 1995). It was selected as the lead compound ofRaynaud et al, 1996 199&). The metabolic profile of IM216 in
series of ammine/amine Pt (IV) dicarboxylates, designed to showitro was found to be dependent upon glutathione levels (Raynaud
improved lipophilicity and gastrointestinal (GI) stability in an et al, 1996). For example, in SKOV-3 cells with twice the
effort to overcome the limited Gl absorption observed withglutathione content level of CH1, glutathione adducts accounted
cisplatin and carboplatin (Giandomenico et al, 1991; Harrap et afor 89% of total Pt, compared with 24% in the CH1.
1991). Our previous studies with cisplatin in the CH1 cell line, its
In preclinical studies, JM216 exhibited activity comparableacquired resistant variant, CH1cisR and the intrinsically resistant

to that of cisplatin against a panel of in vitro human ovarianSKOV-3 cell line, showed that there was no difference in platinum
carcinoma cell (HOC) lines (Kelland et al, 1993), lung canceraccumulation, Pt binding to DNA or global removal of Pt adducts
(Twentyman et al, 1992) and human cervical squamous celfsom DNA. However, resistance could be related to reduced
(Mellish et al, 1993), and exhibited non-cross-resistance tdormation of interstrand cross-links (ISCs) (O’Neill et al, 1995). In
cisplatin in a panel of six pairs of acquired resistant and paremecent years the importance of gene-specific repair in platinum

resistance has been well documented (Zhen et al, 1992; Johnson

et al, 1994; Koberle et al, 1996, 1997; Petersen et al, 1996). For
Recgivedzs February 1999 example, it was demonstrated that Pt/DNA lesions induced in the
Revised 7 June 1999 DHFR gene were repaired in the Pt-resistant L1210 cells
Accepted 11 June 1999 . . .

compared with the parental line when no difference was observed
Correspondence to: CF O'Neill in the overall removal of total Pt (Petersen et al, 1996).

1294



Gene-specific repair and apoptosis with IM216 1295

Furthermore, the sensitivity of testis tumour cell lines to cisplatinGrowth inhibition
corresponded with a lack of gene-specific repair of lesions induce_?

: : - he effects of JIM216 on cell proliferation were measured using
in the N+as gene compared with repair competent bladder ceIIthe sulphorhodamine B (SRB) assay (Kelland et al, 4992
lines, more resistant to cisplatin (Koberle et al, 1996, 1997). P y '

Cisplatin and two novel Pt compounds, JM149 and JI\/|335E.5r|efly, cellslwere incubated with a range qf drug concentrgtlons
. L . n quadruplicate) for 2 h followed by 96 h in drug-free medium.
were shown to induce apoptosis in these cell lines (Ormerod et . .
t the end of the 96h period, medium was removed, cells were

1996; O'Neill et al, 1996). The protein p53 is known to induce,. . i 0 . . ;
either a G1 arrest or trigger apoptosis following exposure to gengl-xed for 30 min at AC with 10% wiv trichloroacetic acid (TCA),

. . LT o . : and then washed four times with water. The plates were then air-
toxic agents including ionizing radiation and cisplatin (Kastan

. 0 IS . ) o
et al, 1991; Lowe et al, 1993, 1994: Hainaut, 1995). These ce r.'edTah”d - ?'4/" SRBthSO'”t'O“r']” jf’ acte.t'c ac'qtﬁ‘lﬂfd fort.lo 1.3
lines have been shown to differ in their p53 status, the CH1 anré"n' € plates were then washed four imes wi 0 acetic acl

ChiasR beng wit-ype or 53 snd the SKOWS, nul 107 AT U1E0 SO, e 5B wee soubized v B
(Yaginuma and Westphal, 1992; Pestell et al, 1998). u u yqu

The aim of this study was to determine the cellular pharmaysmg a Titertek Multiscan MCC/340 (Flow Laboratories). The

cology of JM216 in the CH1, CH1cisR and SKOV-3 cell lines. IC.SO was determmed_usmg Titersoft (_:omputer software to deter-
mine the concentration of drug, which reduced absorbance by

The variables studied were DNA binding and removal at the Ieveéoo/0 In these experiments the 2y lGbtained for the CHL (3{i)

of a portion of _the Nfls gene, apoptosis, cell cycle effects and theand .SKOV-3 (40.5um) were simil%r to those published in other

effects on the induction of pS3. studies (Mellish et al, 1994; Raynaud et al, 1996), the SKOV-3
being approximately 10.6-fold more resistant to JIM216.

MATERIALS AND METHODS
Platinum accumulation

Drugs and chemicals Intracellular (Pt) levels were measured following a 2h exposure to

Cisplatin and JM216 were synthesized and obtained from Th&0um, 25um, 50 um and 100um concentrations of drug. Cells at
Johnson Matthey Technology Centre (Reading, Berkshire, UK)approximately 2x 10f were washed twice with 10ml volumes of
Both drugs were dissolved in sterile 0.9% sodium chloride (NaClice-cold phosphate-buffered saline (PB&}and the monolayer
and sterile filtered prior to use. Platinum atomic absorptionscraped into 2 ml ice-cold PBS. The cell suspensions were then
standard was purchased from Aldrich Chemical Companysonicated on ice (230 s pulses at an amplitude of 2®) using a
(Gillingham, Dorset, UK). Phenol (Ultrapure), Dulbecco’s modi- Soniprep 150 (Fisons, Loughborough, UK). Pt content was
fied Eagles’ medium (DMEM), trypsin (0.25%) EDTA and cell determined by flameless atomic absorption spectroscopy (FAAS)
culture supplements, were purchased from Gibco-BRL (Uxbridgeysing a Perkin-Elmer 1100B/HGA 700 (Beaconsfield, Bucks,
Middlesex, UK). Novex precast polyacrylamide electrophoresidJK). Aliquots of cell sonicate were automatically injected into the
(PAGE) gels, running and transfer buffers, and nitrocellulosegraphite furnace and the ng Pt-mbf sample measured by
membranes were purchased from R&D systems (Abingdongomparison with Pt standards 40—-200 ng'naissolved in 0.2%
Oxford, UK). Monoclonal antibodies and Pierce BCA protein nitric acid. Under these conditions the limit of detection was
assay reagent kit, were bought from Santa Cruz Biotechnologfetween 5 and 10 ng PttiProtein content was measured by the
(Santa Cruz, CA, USA) and Pierce (Rockford, IL, USA) respec-method of Lowry et al (1951), where 1@Dof cell sonicate was
tively. Forward and reverse primers for QPCR, Buffer IV, NaClhydrolysed overnight in a final volume of 1 minlsodium

and Tag polymerase were purchased from Oswell DNA Servicehydroxide before assay and results were expressed as nmof-Pt mg
(Southampton, UK). Radiochemicals and Rainbow standargrotein.

markers, enhanced chemiluminescence reagents (ECL) and Hyper

film-ECL were obtained from Amersham International plc A

(Aylesbury, Bucks, UK) and all other reagent chemicals andDetermlnatlon of Ptbound to DNA

enzymes were purchased from Sigma Chemical Co. Ltd (Pool&ells (5% 107) were incubated with a range of drug concentrations
Dorset, UK) unless otherwise stated. (10-100um) for 2 h and removed from the monolayer by incuba-
tion with trypsin—EDTA (0.25%) for 5 min and DNA extracted.
Briefly, the trypsin was neutralized with an equal volume of
supplemented DMEM, cells were harvested by centrifugation,
Three human ovarian carcinoma cell lines; the CH1 parentyvashed twice with ice-cold PBS, suspended in 2.5 ml of lysing
CH1cisR (with acquired resistance to cisplatin) and the intrinsisolution (10 nw Tris, 10 nm EDTA, 150 mm sodium chloride
cally resistant SKOV-3, were used in these experiments (FogfNaCl), sodium dodecyl sulphate (SDS) 0.4%, 1mg*ml

et al, 1977; Hills et al, 1989; Kelland et al, 18p2Cells were proteinase K) and placed at°@for 15 min. Residual protein was
cultured as monolayers in DMEM supplemented with 10% heatremoved with addition of an equal volume of phenol reagent
inactivated fetal calf serum (FCS), MEM non-essential aming500 g phenol, 75 ml M-cresol, 55 ml water, 0.5 g hydroxyquino-
acids, 2 nw glutamine and 0.4ig mt* hydrocortisone. Under line) (Kirby and Cook, 1967). Following centrifugation at 2@00
these conditions CH1 cell lines exhibited a doubling time offor 20 min the aqueous phase was removed, sodium acetate adde
around 17 h while that of the SKOV-3 cell line was approximately(0.3m final concentration) and nucleic acids precipitated by the
22 h. Cells in culture were periodically tested and found to beaddition of 2.5 volumes of 100% ethanol. The precipitates were
free of Mycoplasma using the MycoTect kit (Life Science washed twice in 80% ethanol by centrifugation, the resultant
Technologies). pellets were dissolved in 5 ml of 10Tris/0.1 nm EDTA pH 7.7

Cell culture

© 1999 Cancer Research Campaign British Journal of Cancer (1999) 81(8), 1294-1303
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and incubated with heat inactivated RNAasel (Bg mf* final cell lines following exposure to @um 28 pm and & pm JM216
concentration) at 3T for 1 h. The solutions were re-extracted (2 x IC,) respective}, were collected, centrifuged and suspended
with phenol reagent and DNA precipitated as above. Dried DNAn 1 mg mi?! propidium iodide. Morphology was examined by
pellets were dissolved overnight at°@7in 0.2% nitric acid and fluorescent microscopy after a 10 min incubation at room
platinum content measured BAS, DNA content was measured temperature.

using the Burton assay (1956) and results were expressed as

pmoles of Pt per mg of DNA. Field inversion gel electrophoresis

Measurement of Pt/DNA lesions using quantitative PCR Attached and detached cells were collected as above.

Formation and removal of platinum induced lesions was measuré%pproxmately 5x 10 cells were incubated fat h at 37C in

in the N+as gene following the method outlined by Grimaldi et al 100l lysis bufer (20mm Tris, 1Mmm EDTA, 2% SDS)

- s . ¥ .
(1994) and Koberle et al (1996). Cells in mid-log phase were incuSontainingl mg mi* proteinase K and RNAase (heat-inactivated)

bated for5 h with drug in order to optimize detection of lesions (B final concentration. Aliquots of cell lysate were added di'rectly to
Koberle, unpublished observations) and collected as above imm e gel (1.% agarose TTHE buffe_r), af‘d the_wells sealed with l%.
diately after removal of drug or following & 2 incubation in ow_melting-point agarose. Field inversion gel electrophoreS|s
drug-free medium. Approximately 4@ells were lysed in @ ml (FIGE) was performed _W'th &TAE (40 MM Tris, 20 mw s_odlum
Eppendorf in 3@l of lysis solution (40 mm Tris pH 8, ® mw acetatel mm EDTA) using a Bio Rad FIGE MappeHorizontal

EDTA, 150 mv NaCl, 1% wiv SDS) plus Tul 5m sodium gels were run for @h with a forward voltage of

1 1\t 1 H
perchlorate, by mixing at room temperature fon#n and then at _}_02\1 (::lzm ?_nhd reverse o V cr¥rﬁ with linear rarlrpollng ;‘1;1 S to
65°C for a further 2 min. Then, 58 ul of chloroform was added = 12s. The temperature of fjar was controlled to using

to the lysate, the solution mixed on a rotary mixer for at a Bio-Rad 1000 ‘mini chille. Sigma Pulse Marker 1 fragments of

room temperature followed by centrifugation in a microfuge at top 1-2@ kb in size were run with the samples.
speed for @ min. Following centrifugation, the upper layer was
aliquoted into a new Eppendorf and nuclear material precipitatedell cycle analysis

in 2 volumes of absolute ethanol. The precipitate was Washe1qlh, ied ined in O d | (1996 iefl
twice in 70% ethanol, dried in an incubator overnight 4€3and is was carried out as outlined in Ormerod et al ( ). Brie

dissolved in 40 pl wate. Polymerase chain reaction (PCR) was cells were collected by centrifugation and suspendeddmibige-
performed using 2yl of sample in a final volume of 0Qul cold PBS and fixed by the addition o8ml ice-cold 70% ethanol,

containing: 2 units (@.pl) of Tuq polymerase (red hot), 8l of a for at least B min on ice. Fixed cells were celntrifuged and the
dATP, dCTP. dGTP, dTTP mix (1B mm each),3ul (0.75 mu) pellets suspended in 8@l PBS, 1@ pl (1 mg mi) RNAase and

) ) ) ) . ; .
magnesium chloride (Mg@l 10 pl Buffer IV, 5ul DMSO, 1 ul 100 “I of Pl (20 K9 mr2 and incubated at 3 for .at least
each of 3and 5 primer sequence, 8yl water andl pCi “32P- 30 min, then _overnlg_ht at C._Flow cytometry was car_rled out on
dCTP. The amplification of the Mas fragment was performed a_CouIter Elite equipped with a Spec?ra-physmgna-lon laser
using the forward primer B3CC TGG TA CTG TGT CCT G-3 with an output of 20mW at 48 nm. Typically data from 2 10*

and the reverse primel-6CC AGC CACATC TAC AGT AC-3. cel(ljs Wgrﬁ analysed with folr(war((jj gnd orthogjonally scattedre((jj Ilgt’:lt/_\
PCR was carried out using a Perkin-Elmer 480 thermal \are and red fluorescence (peak and integrated area) recorded.

initial 2 min denaturation step at @ was followed by 25 cycles histograms were generated usiWgnMDI2.6 Windows Multiple

of 94°C, 55C and 72C for 1 min each, with a final incubation of document Interface Flow Cytometry Application (obtained from

4min at 72C at the end of the cycling. These conditions Werethe Internet), from which cell cycle data was calculated using soft-
pre employing &Vatson algorithm (Ormerod et al, 1987).

chosen to ensure that the PCR reaction was still in the exponentl%{
phase when the reaction was stopped.
Aliquots of 4 pl of reaction mixture were precipitated with Western blot analysis
1ml ice-cold 5% wi/v trichloroacetic acidd2nm tetrasodium . . .
pyrophosphate (TCA). The precipitate was captured on WhatmagH1 and CHIcisR CQHS were incubated 2 with 76 um and
GF/C filters with unincorporatetf>-P-dCTP washed through with 28 im IM216 respectively and harvested as above (see measure-

10 ml of the TCA solution followed by@ml of absolute ethanol. Lnent O[]; Pt bo(;'g_d_ to DNA) at 5, 16 an;lﬁ!followmg “?lfno"a' .Of |
The filters were placed in scintillation fluid and the PCR product rug. ruﬁ] ac |t|0r}s \:\ller_e staggere FSCI)I as to facilitate slmu_ta-
quantified by measuring counts per minute (cpm). DNA contenf'€0Us €O ection of all time points. Following two washes in

was measured using the Burton assay and jagADNA calcu- ice-cold PBS the resultant cell pellets from control and treated
lated with these results used to calculate the lesion index for eal mples were resusper_lded 10 00f lysis buffer (150 mm NaCl,
sample 0 mm Tris—HCI) to which was added 8@l of 20 mm phenyl-

The lesion index was calculated using the formula-In Ad/AmethylsuIphonyl fluoride (PMSF), 0Qul sodium orthovanadate

where A represents cpm from control sample and Ad represen %8 mv Str?Ck)’ lg'm) ”leNTﬁO’ ND.“' 12)0% 5?13,211'1 aprcci)t_inin
cpm from treated samples. Controls containing 25% and 50% 11 mg m* stock) and? ul leupeptin (D mg mi™ stock) and incu-

the control sample were included to ensure that the PCR was qu ated on ice fol h. Lysis was aided by p|pe.tt|ng using a Gilson
titative. P200 pipette. The lysed samples were centrifuged @0QLrpm at

4°C for 15 min and the supernatant collected for analysis. Protein
. content was determined using the Pierce BCA protein detection
Microscopy kit. Samples were diluted with water to ensure that identical
Attached (control) cells harvested by incubation with trypsin andconcentrations of protein were loaded onto the gel and then diluted
detached cells generated from the CH1, CH1cisR andVeKO 1/2 with Laemmli béfer and incubated at 96 for 3 min.

British Journal of Cancer (1999) 81(8), 1294-1303 © 1999 Cancer Research Campaign
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A Table 1 Expected intracellular and Pt bound to DNA levels at IC;
concentrations of JM216 calculated from data generated for Figure 1 A and B
75
Cell line nmoles Pt mg ! protein pmoles Pt mg ~* DNA
6 atiC,, atiC,,
= CH1 0.16 19.7
£ 57 CH1cisR 071 85.7
S SKOV-3 1.77 234.6
T‘m 44
=
L 3
o
g Table 2 Comparison of intracellular Pt levels following 2 h incubation with
24 50 uM JM216 and cisplatin. Error bars = s.d. where n = 3; n = 2 for cisplatin
Pt mg protein
14
Cell line nmoles Pt mg ~* protein pmoles Pt mg ! DNA
O T T T T 1 . . . .
0 25 50 75 100 125 JM216 Cisplatin JM216 Cisplatin
CH1 27+07 1.3 249+ 66  226% 6
CH1cisR 23+07 15 229+ 94 174 +44
SKOV-3 23%0.1 1.4 328+192 197 %65
B
1000 1
RESULTS
750 Cell growth inhibition by JIM216
% The concentration of JM216 required to inhibit growth of
- CHl1cisR cells by 50% (I following a 2 h incubation was
g 500 - 14 um. Thus the resistance factor (Rf) for the CH1cisR was 3.6.
&
g
e 250 Platinum accumulation and platinum bound to DNA
with IM216
Following incubation with JM216, intracellular Pt levels were
0 . similar in all three cell lines and increased with increasing levels
T T T T . .
0 25 50 75 100 125 of drug (Figure 1A)'. For example, at G IM216, .|ntracellular Pt
IM216 levels were approximately: CH1 2.#30.7, CH1cisR 2.3% 0.7,
A I L i
Figure 1 Pt accumulation (A) and Pt bound to DNA (B) the CH1 (m), SKQV_3 2.33£ 0.1 nmol mg prot(_aln. . .
CH1cisR (a) and SKOV-3 (e) following a 2 h incubation with a range of Similarly, there was no cell line-dependent difference in the
JM216 concentrations (10-100 um). Error bars = s.d. where n = at least 3 levels of Pt bound to DNA (Figure 1B), such that apsQIM216

levels of Pt bound to DNA were approximately: CH1 2466,
Typically, 50ug of protein (254 sample) and Bl of standard  CH1cisR 229+ 94, SKOV-3 328+ 192 pmol mg! DNA. These
rainbow marker were loaded onto 8-16% Novex precast PAGkesults indicate that per mg, the amount Pt bound to DNA was
gels and run at 30 mA per gel for 1 h, then transferred to nitroroughly 10% that of protein bound Pt. Furthermore, by calculating
cellulose membrane at 300 mA for 2 h. The membranes werthe expected levels of Pt at equitoxic levels of drug, it could be
washed twice with PBS containing 0.1% Tween-20 (PBST)demonstrated that the resistant cell lines possessed higher intracel
excess liquid was drained off, then the membranes placed ialar Pt levels and could tolerate higher levels of Pt bound to DNA
blocking buffer (154 m NaCl, 10 u Tris, 0.5% caesin and (Table 1).
0.02% thimerosal, at pH 7.6) and agitated for 1 h. The membranes Platinum uptake and Pt/DNA levels were compared in the three
were subsequently washed in PBST for 5 min and probed for theell lines following 50um cisplatin and JM216 (Table 2).
protein of interest. Following incubation with primary antibody Intracellular Pt levels were on average 1.8-fold higher with
the membranes were washeck3L0 min with PBST and incu- JM216. However, levels of Pt bound to DNA were similar for both
bated with secondary antibody linked with horseradish peroxidasérugs.
for at least 1 h and then detected with ECL reagents by autoradiog-
raphy. The primary antibody used for p53 was the DO-1 mouse -~ ) . .
IgG-2a mouse monoclonal detected with anti-mouse IgG linked t&€ne-specific repair of PUDNA lesions using QPCR

horseradish peroxidase (Amersham). Initially, the levels of Pt/DNA lesions in the Nis gene were

measured in CH1, CH1cisR and SKOV-3 cells immediately
Statistical analysis following a 5 h incubation with 2Bm cisplatin and then at 24 h
Where appropriate, statistical significance was tested using a twéllowing the removal of drug, using the technique described by
tailed Student’s-test. Grimaldi et al (1994) and Koberle et al (1996).

© 1999 Cancer Research Campaign British Journal of Cancer (1999) 81(8), 1294-1303
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Figure 2 Measurement of induction and repair of lesions induced in the
N-ras gene following a 5 h incubation at 25 pwm cisplatin. Error bars = s.d.
where n = at least 3

A
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Figure 3 Measurement of induction and repair of lesions induced in the
N-ras gene, (A) following a 5 h incubation at 2 x the IC, | concentration of
JM216 (CH1 7.6 um, CH1cisR 28 pm, SKOV-3 81 uwm) for each cell line.
(B) Following a 5 h incubation with 5 pwm cisplatin in the CH1.

Error bars = s.d. where n = at least 3

The mean levels of P/DNA adducts in therdd-gene were

CH1

1507

Cell no (%)

GH1cisR

Cell no (%)

Cell no (%)

Time (h)

Il Attached x 2 [ Attached x 5 g™ Detached x 2 PZZZ] Detached x 5

Figure 4 Measurement of attached and detached cells remaining following
exposure to 2 x and 5 x the IC,; of JIM216 in CH1, CH1cisR, and SKOV-3.
Attached cells were expressed as a percentage of cell number at time 0 and
detached cells were expressed as a percentage of total cell number
(attached + detached) at each time point. Error bars = s.d. where
n=atleast 3

Subsequent experiments were carried out witkhk EC_ of
JM216, which for each cell line equated to iv§ 28um and
81 um in the CH1, CH1cisR and SKOV-3 respectively. All the cell
lines displayed an ability to repair the lesions induced by JM216
(Figure 3A). Interestingly, while both the CH1cisR and SKOV-3
cell lines contained comparable levels of lesions at 5 h, these

similar in the two resistant cell lines but approximately 50% lowerevels were approximately 60% lower than in the sensitive CH1
in the CH1-sensitive cell line, though the difference was not quiteell line (P < 0.05 vs the SKOV-3). By 24 h, the CH1, CH1cisR

statistically significant (Figure 2). However, by 24 h following and SKOV-3 had removed 32%, 72% and 67% respectively, of the
removal of drug, both the resistant cell lines exhibited significantlyinitial lesions formed, but the difference between sensitive and
reduced levels of lesion® & 0.05) in this gene compared with the resistant cell lines was not quite significant. Furthermore, in the
CH1 cell line. In contrast, the number of lesions increased witlfCH1-sensitive cell line, there was a difference of almost 4.8-fold

time following removal of cisplatin in the CH1 cell line.

British Journal of Cancer (1999) 81(8), 1294-1303

in the lesion index for 7.am JM216 (1.1), compared with 284

© 1999 Cancer Research Campaign



Gene-specific repair and apoptosis with IM216 1299

Figure 5 Fluorescent microscopy showing normal nuclear morphology of CH1 control untreated attached cells (A), and apoptotic nuclei of detached cells from

CH1 (B) 24 h, CH1cisR (C) 24 h and SKOV-3 (D) 48 h, following exposure to 2 x the IC of IM216

cisplatin (0.23). The moderate repair of JIM216 induced lesions i
the CH1-sensitive cell line, albeit following a comparatively low
concentration, raised the possibility that minor levels of repair o
cisplatin-induced lesions by this cell line may have been maske
by the 25um concentration used. Thus the experiment was
repeated with §im cisplatin which was 2 IC, for the CH1
(Figure 3B). Initial levels of lesions were low, but detectable,
following the 5 h incubation, however, as with the higher concen
tration of drug, the number of lesions increased over the 24
drug-free period.

Cell death induced by JM216

The detachment of cells from the monolayer was measured aftel
2 h incubation with 2x and 5x the 2 h IC, of JM216. The

numbers of attached cells remaining after removal of drug wer
calculated as a percentage of the starting cell number, where

detached cells were expressed as a percentage of the total numher

™= 145 kb
= 97 kb

= 48.5 kb

= 23.1 kb

.. . . _ S Figure 6  FIGE of attached and detached cells collected 24 h (CH1 cell
of cells remaining at each time point (Figure 4A—C) (O’Neill et al,lines) and 48 h (SKOV-3) following a 2 h platinum drug exposure. Lanes 1

1996). There was an initial increase in cell number up to 16 and 10 are molecular weight markers; lanes 2 and 6 are attached and

with 2 x IC, of drug in the three cell lines. Thereafter, cells

detached CH1 following exposure to 2 x IC_ cisplatin. Lanes 3, 4 and 5 are
attached CH1, CH1cisR and SKOV-3 respectively and lanes 7, 8 and 9 their

detached in a dose- and time-dependent manner with 50detached counterparts following exposure to 2 x IC,, JM216

© 1999 Cancer Research Campaign
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Figure 7 Cell cycle distribution of CH1, CH1cisR and SKOV-3 with time
following exposure to 2 x the IC, of JIM216 for 2 h. Error bars = s.d. where
n=atleast3

detachment occurring at 48 h for both CH1 cell lines and 72 h fo,

the SKOV-3 at  the IC,

Morphology

Detached CH1/CH1cisR and SKOV-3 cells were collected 24
and 48 h respectively, following incubation withx2he IG; of

JM216. These cells exhibited apoptotic morphology with
compacted and fragmented nuclei when compared with attaché

CH1 CHl1cisR

Cont 5h 16h 24h Cont 5h 16h 24h

T W R - endibeer|

B I CH1
15 P22 CH1cisR

% 10 4
©
2
g2

& 5

O -

0 5 16 24
Time (h)

Figure 8 Analysis of p53 protein levels in the CH1 and CH1cisR following
a 2 h incubation with IM216 (7.6 pm CH1, 28 um CH1cisR).

(A) Representative Western blot. (B) Densitometry analysis of p53 Western
blots. Error bar =s.d.,, n=3

to 2x IC,, JIM216. Samples collected from CH1 cells 48 h after
incubation with 2x IC, cisplatin, were run as a positive control
(Figure 6). Discrete DNA fragments of approximately 23-50 kb,
indicative of apoptosis, were detected in the detached cell
population from all three cell lines following JM216 and
following cisplatin in the CH1. This was absent from the attached
cells. However, there was evidence of fragmentation in the
attached cell population of both CH1 cell lines running between
90 and 150 kb, which was absent from the SKOV-3 cell line.
Earlier studies demonstrated that the DNA from attached control
untreated cells does not migrate much beyond the loading point
(Ormerod et al, 1994a, 1996)

Cell cycle analysis

Flow cytometric analysis was carried out from attached cells
collected at various time points after incubation withx 2C_,
JM216 (Figure 7). The main cell cycle effect of IM216 was a slow
down of traverse through S phase, which culminated in a G2 block
ccurring from 48 h to 72 h in the CH1 and CH1cisR cell lines
ollowing removal of drug. For example, by 48 h there were
approximately 37.7% and 47% of cells in S phase and G2 phase
Sspectively in the CH1, compared with 84.8% in S phase and

control cells where the chromatin was diffuse (Figure 5). Previoug'S% in G2 phase for the SKOV-3 € 0.05). The S phase effect

studies have shown that the morphology of attached treated cells

nlrgthe SKOV-3 still persisted by 72 h with no evidence of a build

similar to that of attached control untreated cells (Ormerod et aHp of cells in G2.

1994, 1996; O'Neill et al, 1996).

Field inversion gel electrophoresis

P53 induction
The level of p53 was studied in the CH1 and CH1cisR cell lines

FIGE was carried out on samples prepared from cells collected aefore and following a 2 h incubation withxzhe 1G, of IM216
24 h (CH1 cell lines) and 48 h (SKOV-3) following a 2 h exposurefor each cell line. Constitutive levels of p53 were similar in both
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cell lines, but had increased significanthy € 0.05) in each cell  concentration of §im cisplatin or 2x IC, in this cell line, which
line by 16 h after removal of drug, with levels beginning to plateawas roughly equitoxic with 7.am JM216. The CH1 cell line was
by 24 h (Figure 8). still unable to repair the lesions induced by cisplatin at this
concentration and, as with the higher dose, the number of lesions
continued to increase over the 24-h drug-free period. This differ-
DISCUSSION ence in the ability to repair the Pt/DNA lesions induced by JM216
This study has addressed the cellular pharmacology of JM216 in the N+as gene, but not by cisplatin, may indicate that the type
one ovarian cell line possessing acquired resistance to cisplatof lesion formed by JM216 and/or the recognition of these lesions
(CH1cisR), another cell line possessing intrinsic resistance tes different in this cell line. These results are consistent with
cisplatin (SKOV-3) and a parental-sensitive cell line (CH1).studies which have demonstrated that gene-specific repair is an
JM216 exhibited a comparable level of cytotoxicity to that ofimportant mechanism of resistance in cisplatin resistant cell lines
cisplatin in the CH1, CH1cisR and SKOV-3 human ovarian cancefZhen et al, 1992; Johnson et al, 1994; Petersen et al, 1996).
cell lines. For example, in a previous study, the 2 fsi@r JM 216 induced apoptosis in the CH1, CH1cisR and SKOV-3
cisplatin were 2.5im, 7.5um and 33um respectively, for the CH1, cell lines at 2x the IG,, concentration of drug for each cell line.
CH1cisR and SKOV-3, the resistant cell lines being three- andhis compliments earlier studies where cisplatin and two nayvel
13.5-fold more resistant to cisplatin (O’'Neill et al, 1995). Thusandsrans Pt compounds, JIM149 and JM335 were shown to induce
acquired and intrinsic resistance to cisplatin also manifested iapoptosis in these cell lines (Ormerod et al, 1996; O'Neill et al,
resistance to JM216 in these cell lines. 1996). Cells detached in a dose- and time-dependent manner aftel
It has been demonstrated that higher levels of GSH in theemoval of drug, with 50% detachment occurring at 48 h for both
SKOV-3 (Mistry et al, 1991; Kelland et al, 1992nfluence the =~ CH1 cell lines and 72 h for the SKOV-3, ax the IG,,. The differ-
biotransformation of IM216 and results in differences in the metaence in the rate of cell death may have been due to the difference
bolic profile of this drug in vitro when compared with the more in doubling times for the CH1 pair (17 h) and the SKOV-3 (22 h).
sensitive CH1 (Raynaud et al, 1896Despite these factors, there Apoptotic nuclei were detected by fluorescence microscopy
was no difference in either uptake or the levels of Pt bound tfollowing incubation with Pl and the characteristic 23-50 kb DNA
DNA between the three cell lines, across a range of JM21l6agment associated with apoptosis was detected by FIGE
concentrations (10-1Q@v). However, when examined in the (Oberhammer et al, 1993; Ormerod et al, 1Q996; O'Neill
context of IG, concentration, these results indicated that, atet al, 1996).
equitoxic concentrations of JM216, intracellular Pt levels were Flow cytometric analysis revealed that a slow down in S phase
higher in the CH1cisR and SKOV-3 cell lines, which displayed artransit was a prominent cell cycle effect of IM216 in the three cell
ability to tolerate higher levels of Pt bound to DNA. Interestingly, lines. This was accompanied by a marked accumulation of cells in
when compared at equimolar concentrations, intracellular levels @2 in the CH1 and CH1cisR cell lines by 72 h. However, with the
Pt for IM216 were marginally higher than for cisplatin in eachSKOV-3 cell line, the majority of cells were still in S phase with
of the three cell lines. This may have been due to the greateo evidence of a build up of cells in G2 at this time point. Similar
lipophilicity of JM216 enhancing its intracellular accumulation. cell cycle perturbations were observed with cisplatin in each cell
However, this did not result in higher levels of Pt bound to DNAIline (Ormerod et al, 1996) and in the CH1 cell line with JIM149
for this drug compared with cisplatin. and JM335 (O’'Neill et al, 1996), and are consistent with the
Gene-specific repair of Pt lesions induced by JM216 in theobservations of other authors (Vaisman et al, 1997; Zaffaroni et al,
N-ras gene occurred in the three cell lines, but to a greater exterd998). Taken together these and other studies indicate that
in the CH1cisR and SKOV-3. Initial levels of lesions in the resis-accumulation of cells in S phase, is a general cell cycle effect of
tant cell lines were approximately twofold less than in the CH1platinum drugs, which depending on the cell type, is associated
and indeed, were similar to the levels remaining in thesNgene  with G2 arrest (Ormerod et al, 19941996; O’'Neill et al, 1996;
of the CH1 24 h after removal of drug. This suggested that th¥aisman et al, 1997; Zaffaroni et al, 1998). In the CH1 cell lines,
CH1 was less capable in repairing these lesions than the twaxcumulation of cells in G2 coincided with the point at which
resistant cell lines. A lack of repair capability in the CHL1 significant apoptosis was occurring. It has been suggested that G2
compared with the CH1cisR and SKOV-3 was demonstrated atarest facilitates repair of DNA damage prior to mitosis and
comparatively higher concentration of 2& cisplatin. At this  depending on the success of repair or extent of DNA damage, cells
concentration, only the resistant cell lines demonstrated repair @merging from G2 either begin to cycle normally or engage
lesions in the N-as gene. Moreover, in the CH1, Pt adduct forma- apoptosis (Sorenson and Eastman, 1988; Ormerod et al)1994
tion continued to rise over the 24-h drug-free period. The reaso@ur data suggests that the latter may be occurring in the CH1 cell
for this is unclear, previous studies have shown that the formatidimes, despite the repair of Pt lesions induced by JM216.
of inter-strand cross-links (ISC) increase for up to 5 h following Recent evidence has shown that the induction of transfected
an initial 2 h incubation with 2Bm cisplatin, which is more wild-type p53 at permissive temperatures following irradiation,
pronounced in the CH1 cell line (O’Neill et al, 1995). It is conceiv-produced a G2 block in H1229 NSCLC cells (Winters et al, 1998).
able that following a 5 h incubation at this concentration oflt is possible then, that the generation of a G2 block by JM216 in
cisplatin, the formation of these ISC is prolonged or that lesionshe CH1 cell lines could be associated with the induction of p53 by
are being converted to strand breaks, both of which might hampéhis drug as both the CH1 and CH1cisR are wild-type for p53 (M
amplification of gene segments liyg polymerase under these Walton, personal communication; Pestell et al, 1998), levels of
experimental conditions. which, increased following exposure to JM216. The work of
Being mindful of the possibility that low levels of repair in the Pestell et al, demonstrated that across a panel of human ovariar
CH1 cell line might have been masked by the higher concentraarcinoma cell lines, the expression of wild-type p53 corre-
tions of cisplatin used, the experiment was repeated at a lowsponded with sensitivity to ionizing radiation and cisplatin. This is
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in agreement with the work of others who have shown that fund<elland LR, Mistry P, Abel G, Loh SY, O'Neill CF, Murrer BA and Harrap KR
tional status of p53 is thought to be an important determinant of ~ (1992) Mechanism-related circumvention of acquired cis- _
susceptibility to apoptosis (Mcllwrath et al, 1994; Perego et al, g;::::)'nme: fg:?{:gsla;?imznff;ﬁn; 'e;I;E:?Sn:\g\c;)p;g;%gz;:;ir;i\;ar|an
1996). Our data showing the induction of p53 at concentrations g, 52: 3857-3864

that induced apoptosis, adds further weight to the evidence thaglland LR, Abel G, Mckeage MJ, Jones M, Goddard PM, Valenti M, Murrer BA
this process may be p53-dependent in the CHZ1 cell lines. and Harrap KR (1993) Preclinigal antitgmour evaluation of bis:—acetatlo—

In conclusion, JM216, in common with other Pt drugs, induced 3:32'gj;g'gcrh;gyos';ygggffgﬁgn;'ne platinum (IV): an orally active platinum
apoptosis in the CH1, CHIcisR and SKOV-3 cell lines. ApODwSi?Kirby KS ;’amd Cook EA .(1967) Isolation of deoxyribonucleic acid from mammalian
was accompanied by a slow down of passage of cells through S tissueBiochem J 104: 254-257
phase in each cell line, and in the CH1 pair by a G2 blockKoberle B, Payne J, Grimaldi KA, Hartley JA and Masters JRW (1996) DNA repair
Increased p53 protein levels were measured at concentrations of in cisplatjn s?ensitive and resista.nt humgn (?ell lines measured in specific genes
JM216 that induced apoptosis. JM216 exhibited cross-resistance l;’;;;f;;gi“ve polymerase chain reactibBiochem Pharmacol S2:
with cisplatin in the CH1cisR. Intracellular Pt accumulation andgoperie B, Grimaldi KA, Sunters A, Hartley JA, Kelland LR and Masters JRW
binding to DNA were similar in all three cell lines at equimolar (1997) DNA repair capacity and cisplatin sensitivity of human testis tumour
drug concentrations. However, at equitoxic levels of JIM216, both  lines.int J Cancer 70: 551-555

resistant cell lines exhibited reduced Pt lesion formation in the Nt SW: Ruley HE, Jacks T and Housman DE (1993) P53 dependent apoptosis
modulates the cytotoxicity of anti cancer age6ts 74: 957-967

ras gene and e_nhanced r_epalr of these lesions Comp"_’lred W|t_h thEwe SW, Bodis S, McClatchey A, Remington L, Ruley HE, Ficher DE, Housman
CHL1. Both resistant cell lines, but not the CH1, repaired lesions DE and Jacks T (1994) P53 status and the efficacy of cancer therapy in vivo.
induced by cisplatin. Thus resistance to JM216 in these lines may Science (Washington DCP66: 807-810

be mediated through increased tolerance to PtYDNA adduct&owry OH, Rosenbrough MT, Farr AL and Randall RJ (1951) Protein measurements

g . . . . with the folin phenol reagent.Biol Chem 193: 265-269
enhanced gene-specific repair in both resistant cell lines and g, ..oc ), Mistpry P, Warng, Boxall FE, Loh S, O'Neill C, Ellis P, Kelland LR,
part by the elevated GSH levels in the SKOV-3 cell line. Notably  \organ SE, Murrer BA, Santabarbara P, Harrap KR and Judson IR (1995)
in a CH1 subline possessing acquired resistance to JM216, as in Phase 1 and pharmacological study of an oral platinum complex (JM216):
CH1cisR, resistance was attributed to increased DNA repair dose-dependent pharmacokinetics with single dose administi@tiorer

f Chemother Pharmacol 36: 451-458
Mellish and Kelland, 19
( ! 94) McLlwrath AJ, Vasye PA, Ross GM and Brown B (1994) Cell cycle arrests and

radiosensitivity of human tumour cell lines. Dependence on wild-type p53 for

radiosensitivityCancer Res 54: 3718-3722
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