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a b s t r a c t

In order to compare the mechanistic properties of the antitumour-active trans platinum

complex trans-[PtCl2{Z-HN = C(OMe)Me}(NH3)] (trans-Z) and of the antitumour-inactive iso-

mer of cisplatin trans-[PtCl2(NH3)2] (trans-DDP), the differential processing of the two

compounds by SKOV-3 ovarian cancer cells has been investigated. trans-Z and trans-DDP

enter cells with the same efficacy, but trans-Z shows a two-fold higher affinity for cellular

DNA. The treatment with trans-DDP IC50 determines an initial and transient cytostatic

effect, paralleled by a moderate increase of apoptosis and by sequential and reversible

arrests in S and G2/M phases of cell-cycle. In contrast, trans-Z IC50 determines an initial

cytotoxic effect, a more persistent and marked increase of apoptosis, and a more marked

and prolonged arrest in S and G2/M phases of the cell-cycle. Treatment-induced gene

expression modifications indicate that phenotypic effects of trans-DDP are driven by an

initial and transient up-regulation of some genes related to cell-cycle checkpoint and arrest

networks, whereas the more dramatic phenotypic effects of trans-Z are driven by a persis-

tent up-regulation of more numerous genes involved in cell-cycle checkpoint and arrest

networks, and in genome stability and DNA repair. Therefore, molecular and cellular events

have been identified which are produced by trans-Z but not by trans-DDP, and which likely

represent the mechanistic basis of antitumour activity of trans-Z in the SKOV-3 system.
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1. Introduction

Cisplatin (cis-diamminedichloroplatinum(II), cis-DDP) is one of

the most largely used DNA-damaging agents in cancer

chemotherapy, but its clinical efficacy is limited by intrinsic

or acquired resistance as well as by significant side effects [1].

Therefore, much attention has focused on designing new

platinum complexes with a broader range of antitumour

activity and/or improved pharmacological properties. Most of

them are characterized by cis geometry because the trans-

isomer of cisplatin (trans-diamminedichloroplatinum(II),
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trans-DDP or transplatin) is inactive. It is generally accepted

that transplatin inactivity depends upon two major factors: (i)

kinetic instability and consequent susceptibility to deactiva-

tion, and (ii) DNA interaction regioselectivity and structural

perturbations different from those of cisplatin [2]. However,

several exceptions to the general rule that two leaving groups

in cis position are necessary for antitumour activity of

platinum complexes, have been reported. Among such

complexes are those with N-donor aromatic etherocycles,

iminoethers, cyclohexylamine, and ramified aliphatic amines

[3]. Substitution of more bulky ligands for ammines in
.
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trans-DDP has produced compounds with higher in vitro

tumour cell growth inhibitory potency, often active towards

cisplatin-resistant tumours, and in some cases also endowed

with significant in vivo activity. From a mechanistic point of

view, the bulky ligands can retard substitution reactions of the

two chloride ions, thus reducing the kinetic instability of

transplatin. On the other hand, DNA adducts formed by

antitumour-active trans platinum complexes are qualitatively

and quantitatively different from those of cisplatin, indicating

that cisplatin-like DNA adducts are not obligatory determi-

nants for antitumour activity of platinum compounds.

The platinum complex with two iminoether ligands trans-

[PtCl2{E-HN = C(OMe)Me}2] has been the first example of trans

platinum species showing in vivo antitumour activity [4,5], and

the main pharmacological properties of this class of complexes

as well as of other antitumour-active trans platinum complexes

have been recently reviewed [6]. Briefly, the platinum–

iminoether complexes, whose tumour cell growth inhibitory

effect depends upon DNA adduct formation, are characterized

by having: (a) in vitro tumour cell growth inhibitory potency

higher than that of trans-DDP, along with the ability of

overcoming cisplatin resistance associated to decreased accu-

mulation and glutathione detoxification, (b) significant in vivo

antitumour activity towards leukemic and solid murine

tumours [7–9], and (c) peculiar DNA binding mode, character-

ized by the formation of stable monofunctional adducts on

purine residues [10–13]. It has also been demonstrated that the

presence of only one iminoether is sufficient for obtaining the

antitumour activation of the trans geometry, for instance the

trans-[PtCl2(NH3){Z-HN = C(OMe)Me}] (trans-Z) complex shows

an in vivo antitumour activity similar to that of cisplatin in

murine p388 leukemia as well as in SKOV-3 human cancer

xenografts [14]. Importantly, trans-Z has a spectrum of activity

different from that of cisplatin, and is active towards cisplatin-

resistant tumour cells [15]. In order to contribute to an

understanding of the nature of DNA adducts potentially

responsible of its pharmacological activity, DNA interaction

properties of trans-Z have been carefully investigated in

comparison to those of trans-DDP [14,15]. In the reaction with

DNA fragments and/or selectively modified oligonucleotides,

both trans-Z and trans-DDP form monofunctional adducts on

guanine residues that slowly evolve into interstrand cross-links

with the complementary cytosines.However, the rate of closure

of trans-Z monofunctional adducts is about two times slower

than that of corresponding trans-DDP monofunctional adducts.

Inaddition, the trans-Z interstrand cross-link behaves as a hinge

joint, increasing the flexibility of the double helix, whereas the

trans-DDP interstrand cross-link behaves as a directed bend and

introduces less flexibility into the helix [16].

With the aim of further investigating the mechanism of

pharmacological action of trans-Z, cellular accumulation and

DNA platination of SKOV-3 ovarian cancer cells have been

investigated in this study. SKOV-3 cellular response to equitoxic

concentrations of trans-Zor trans-DDP has also been analyzed in

parallel as far asgrowth inhibition, cell-cycle modifications,and

gene expression modifications are concerned. The results

highlight previously unknown cellular and molecular determi-

nants of the trans-Z pharmacological action, thus providing

valuable clues for further development of antitumour platinum

compounds with trans geometry.
2. Materials and methods

2.1. Tumour cells and platinum complexes

The SKOV-3 ovarian cancer cell line was obtained from the

National Cancer Institute, Biological testing Branch (Frederick,

MD, USA), and maintained in the logarithmic phase at 37 8C in

5% CO2 humidified air in RPMI 1640 medium supplemented

with 10% fetal calf serum, 2 mM glutamine, penicillin (100 U/

ml), and streptomycin (0.1 mg/ml). Trans-[PtCl2(NH3){Z-

HN = C(OMe)Me}] (trans-Z) was synthesized as already

reported [14], while trans-[PtCl2(NH3)2] (trans-DDP) was pur-

chased from Sigma–Aldrich Chemie GmbH (Schnelldorf,

Germany).

2.2. Cellular and DNA platination

The platinum complexes were added at different equimolar

concentrations and for 3 h to approximately 3 � 106 tumour

cells growing exponentially. Immediately after exposure,

cell monolayers were washed three times with ice-

cold phosphate-buffered saline (PBS), scraped, and har-

vested in 0.5 ml phosphate buffered saline (PBS). Samples,

held on ice, were sonicated (Soniprep 150, Fisons, Lough-

borough, England). Total intracellular platinum content was

determined by flameless atomic absorption spectroscopy

(FAAS, Varian model SpectrAA 880 Zeeman). Cellular

platinum levels were expressed as nmol platinum/mg

protein, protein being determined from 50-ml aliquots using

the Bio-rad protein determination kit (Bio-rad Laboratories,

Italy).

For DNA platination measurements, different equimolar

concentrations of platinum complexes were added for 3 h to

approximately 8 � 107 SKOV-3 cells grown to near conflu-

ence in 175-cm2 tissue culture flasks. After exposure, cell

monolayers were washed three times with ice-cold PBS, and

DNA was isolated from cell pellets according to standard

procedures [17]. Briefly, the pellets were lysed using the

extraction buffer (10 mM Tris, 100 mM EDTA, 20 mg/ml

RNase, 0.5% sodium dodecyl sulphate, pH 8.0), treated with

proteinase K (1 mg/ml) at 37 8C for 30 min and then at 50 8C

for 2 h. DNA was isolated by phenol extraction and ethanol

precipitation, and then hydrolysed in 0.2% nitric acid. The

DNA content of the hydrolysate was determined by the

Burton assay [18], with the nucleic acid base content

determined by measuring the absorbance at 600 nm.

The platinum content of the hydrolysate was measured

by FAAS.

2.3. Octanol/saline partition ratios

Partition ratios of platinum complexes were determined in an

n-octanol/saline system, as previously described [8]. Briefly,

platinum complexes were dissolved and diluted to 50 mM in

saline. A 1.5-ml aliquot of the solution was added to an equal

volume of octanol in a glass tube and shaken mechanically for

15 min. Tubes were centrifuged (1500 rpm, 5 min) and aliquots

carefully removed from the top octanol and the bottom

aqueous layers for platinum determination by FAAS and

octanol/saline partition ratios calculation.
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Fig. 1 – Intracellular platinum accumulation (a) and DNA

platination (b) of SKOV-3 cells after a 3-h exposure to

trans-DDP (~) or trans-Z (!) (points: means; bars: W S.D.; n:

two triplicate experiments). Lines were linear by

regression analysis of the data points of the two

complexes for both cellular accumulation and DNA

platination (r2 = 0.99).
2.4. Cell growth and death kinetics, and cell cycle
progression modifications

Exponentially growing SKOV-3 cells were seeded in 10-cm2

culture plates (80,000 cells/ml); after 24 h, cells were exposed

to IC50 concentrations of trans-Z or trans-DDP (120 and 170 mM,

respectively) over a 96 h continuous treatment [15]. At

different time points (0, 12, 24, 48, 72, and 96 h), cell growth,

cell cycle, and gene expression were evaluated in parallel.

Viable cell count was performed on both adherent and non-

adherent cells by the trypan blue exclusion test. For cell cycle

analysis, adherent cells were washed, incubated with 0.2%

trypsin for 5 min, and collected by centrifugation (1200 rpm,

10 min). Cell pellets were washed in PBS, and fixed in 1 ml ice-

cold 70% ethanol. Fixed samples, containing 1 � 106 cells, were

centrifuged, rinsed once in PBS, treated with 50 mg/ml RNase

for 30 min at 37 8C, and then stained with 50 mg/ml propidium

iodide (Sigma–Aldrich Chemie GmbH). A minimum of 20,000

cells were run on a Coulter Epics Profile II Flow cytometer

(Beckman Coulter, IL SpA, Italy). Cell cycle distribution was

performed by using the Multicycle software provided by

Phoenix Flow Systems (San Diego, USA). For apoptosis

determination, fragmented DNA was removed from non-

adherent cells [19], therefore apoptotic cells were made visible

as a peak below the G1 DNA content, and quantitated using the

‘‘overlapped peak’’ multicycle fitting option.

2.5. RNA extraction, and gene expression assay

Total RNA was isolated from SKOV-3 cells at each time point

(about 10 mg/sample) using TRIzol1 reagent (Invitrogen, Italy)

according to the manufacturer’s instructions. RNA was

quantified by UV spectroscopy, and its quality was determined

by ethidium bromide staining after agarose/formaldehyde

electrophoresis.

The expression profile of 188 genes known to be associated

with maintaining genome stability and regulating cell-cycle

progression was analyzed by using GEArrayTM Q series cDNA

expression array membranes (SuperArray Inc., Bethesda, MD,

USA). Total RNA (3.5 mg/assay) was used as template for

[a32P]cDNA probe synthesis ([a32P]dCTP, Amersham; gene-

specific primer mixture, SuperArray) by the MMLV-RT (Pro-

mega Italia, Milano) according to the manufacturer’s instruc-

tions. cDNA probes were denatured and then hybridized

overnight with the expression array membranes. The mem-

branes contain gene fragments (about 500 bp) belonging to two

major functionally-characterized groups: (i) genome stability/

DNA repair and checkpoint genes, and (ii) cell-cycle genes

(listed at http://www.superarray.com, GEArray Q Series,

Human Genome Stability/DNA Repair Gene Array, and Human

Cell-cycle Gene Array, SuperArray Inc., Bethesda, MD, USA),

and specifically selected to minimize potential cross-reactivity

with related genes. In the membrane format each gene is

reproduced in quadruplicate, and controls (plasmid DNA,

blanks, and house-keeping genes) are printed across the base

of the membrane. After hybridization, the membranes were

washed twice with 2� saline sodium citrate buffer (SSC)/1%

sodium dodecyl sulphate (SDS), twice with 0.1� SSC/0.5% SDS,

and then data were acquired with a phosphor screen scanner

(Cyclone, and OptiQuant software, Packard Instruments). Data
were exported to Microsoft Excel spreadsheets, and analysed

(pUC 18 plasmid DNA background subtraction, and normal-

ization to GAPDH house-keeping gene) by the GEArray

Analyzer software (SuperArray Inc.). Each experiment was

performed twice with similar results, the duplicate results for

each gene being within 8% of the mean for that gene. The

mean values of the two series are presented for the genes

whose expression was at least 4% of that of GAPDH.
3. Results

3.1. Cellular and DNA platination

Fig. 1 shows total intracellular accumulation and DNA

platination of trans-Z and trans-DDP in SKOV-3 cells after 3-

h exposure to various concentrations of platinum complex.

Platinum accumulation was linearly dependent upon drug

concentration (Fig. 1a), and the cells retained their integrity

(trypan blue exclusion) even at the higher dose explored

(400 mM, not shown). Cellular accumulation of trans-Z was

almost identical to that of trans-DDP. This result correlates

http://www.superarray.com/
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with the similar n-octanol/saline partition ratios of the two

complexes (0.27 and 0.30 for trans-Z and trans-DDP, respec-

tively) which in turn indicate a similar lipophilicity. SKOV-3

DNA platination after 3-h exposure to 0–400 mM trans-Z or

trans-DDP is shown in Fig. 1b. DNA adduct formation for

trans-Z was about two-fold higher than that for trans-DDP,

this revealing a major affinity of the platinum–iminoether

complex for cellular DNA. From these results, total intra-

cellular accumulation and DNA platination after 3-h expo-

sure to IC50 concentrations of trans-Z and trans-DDP (120 and

170 mM, respectively) can be calculated. The intracellular

accumulation of trans-DDP and trans-Z corresponds to 3.6

(95% CI = 3.3–3.9) and 2.4 (95% CI = 2.3–2.5) nmol Pt/mg

protein, respectively, whereas DNA platination corresponds

to 0.17 (95% CI = 0.16–0.19) and 0.23 (95% CI = 0.21–0.25)

nmol Pt/mg DNA, respectively.
Fig. 2 – Cell growth and death of SKOV-3 cells during continuous

(&, control). (a) Adherent cells remaining as a percentage of cel

percentage of total cell number at different time points. Percenta

time points is shown in (c) and (d), respectively (trypan blue ex

adherent cells at different time points (fraction of total cells in th
3.2. Cell growth and death kinetics, and cell-cycle
progression modifications

To evaluate the effects of platinum complexes on tumour cell

growth curve, exponentially growing SKOV-3 cells were

exposed to trans-DDP or trans-Z IC50 over a period of 96 h. At

different time intervals (0, 12, 24, 48, 72, and 96 h) the viability

of adherent and non-adherent cells was measured by the

trypan blue exclusion test. In parallel, the percentage of

apoptosis among non-adherent cells was evaluated by

measuring the amount of DNA fragmentation by flow

cytometry. The number of adherent cells at each time interval

is given as percentage of cell number at time 0 (Fig. 2a). After

96 h, the percentages were 140%, 130%, and 260% for the trans-

DDP, trans-Z, and control, respectively. Although the number

of adherent cells at the end of the treatment was comparable
exposure to trans-DDP (~) or trans-Z (!) IC50 concentrations

l number at time zero, and (b) non-adherent cells as a

ge viability of adherent and non-adherent cells at different

clusion assay); (e) Percentage of apoptosis among non-

e sub-G1 peak on DNA frequency distribution histograms).
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Fig. 3 – Percentages of SKOV-3 cells in G1, S, and G2/M

phases of the cell cycle during continuous exposure to

trans-DDP (~) or trans-Z (!) IC50 concentrations (&,

control); points: means; bars: WS.D.; n: two triplicate

experiments.
for the trans-DDP- and the trans-Z-treated samples, the time-

course was rather different. In the case of trans-Z, adherent

cells progressively decreased up to 48 h, then they increased to

about 130% at 96 h. In contrast, in the case of trans-DDP,

adherent cells did not show significant variations at 12 and

24 h, then they gradually increased reaching finally about the

same level of trans-Z-treated cells.

The number of detached cells was calculated as a percentage

of the total numberof cells present at each timepoint (Fig. 2b). In

parallel to the precocious reduction of adherent cells, trans-Z

initiated cellular detachment at a faster rate than trans-DDP. At

24 and 48 h time intervals, approximately 8% of trans-Z-treated

cells had detached, this percentage further increasing to about

13% at 72 and 96 h incubation times. In contrast, trans-DDP did

not determine a significant increase of detached cells up to 48 h

incubation time, and only about a 5% of detached cells was

observed at 72 and 96 h. Cell viability was estimated by

measuring the number of cells with intact plasma membranes

by the trypan blue exclusion test. The percentage of viable

adherent and non-adherent cells across the different time

intervals is shown in Fig. 2c and d, respectively. The viability of

both adherent and non-adherent cells did not show significant

variations up to 24 h incubation with trans-Zor trans-DDP. In the

following time intervals, the viability of adherent and non-

adherent cells progressively decreased and reached at the end

of the treatment (96 h) the values of 60% and 10% (for adherent

and non-adherent cells, respectively), in the case of trans-Z and

80% and 30% in the case of trans-DDP.

To further investigate the type of cell death induced by

platinum complexes, both adherent and non-adherent SKOV-

3 cells were analyzed by flow cytometry staining to determine

the hypodiploid DNA (fragmented DNA) percentage. In the

case of adherent cells, the detection of apoptotic cells as sub-

G1 peak on DNA content frequency histograms gave a negative

result (not shown), likely due to the relatively low cytotoxic

effect of IC50; in contrast, apoptotic cells were detected among

non-adherent cells, and results are shown in Fig. 2e. Trans-Z

increased the number of apoptotic cells, compared with

control, in the time interval 12–72 h; then, the percentage of

apoptotic cells decreased to values similar to control. In

contrast, trans-DDP increased apoptotic cells only at 24 h time

interval, the percentage of apoptotic cells being similar to

control for all other time intervals.

Flow cytometric analysis of the effects of trans-Z or trans-

DDP on the progression of SKOV-3 cells through the cell cycle

is reported in Fig. 3. Exposure to trans-Z IC50 resulted initially

(12 and 24 h) in a reduction of cell percentage in G1-phase with

a parallel increase of cell percentages in S and G2/M phases.

The G2/M accumulation reached the maximum value after

48 h; then the G2/M accumulation gradually decreased, while

the G1 percentage increased, so that by the end of the exposure

the cell-cycle distribution of trans-Z-treated cells had

approached that of control cells. Exposure to trans-DDP IC50

produced cell-cycle modifications qualitatively similar to

those of trans-Z, i.e. an early reduction of G1 percentage along

with an increase of S- and G2/M-phase cells (12 h), followed by

a residual G2/M accumulation at 24 h. However, cell-cycle

modifications induced by trans-DDP were less marked and less

persistent than those of trans-Z, and the cell cycle distribution

approached more rapidly that of control cells.
3.3. Pathway-specific gene expression modification

The time-course of expression profile of 188 genes known to be

associated with maintaining genome stability and regulating

cell-cycle progression was analyzed by using GEArrayTM

cDNA expression array membranes, in order to determine the

treatment-induced modifications. The panel includes base

excision repair, nucleotide excision repair, mismatch excision

repair, double strand breaks repair, post-replicative repair,

and cell-cycle progression regulatory genes. We started with

this highly selected microchip for gene array instead of an all-

encompassing gene array because the selected genes entail a
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well-characterized profile governing genome stability and cell

proliferation, hence simplify data acquisition, analysis and

interpretation, and avoid rationalization of genes not func-

tionally characterized.

Results relative to the genes whose expression in treated

and/or control SKOV-3 cells was at least 4% of that of GAPDH

house-keeping gene are shown in Fig. 4A–C, and also in

Table 1. In the genome stability/DNA repair and checkpoint

functional group, the expression pattern of APEX1, NEIL3,

UNG, G22P1, DDB1, XRCC4, XRCC5, and UBE2V2 genes

appeared uniform through the 96 h incubation time and

was similar for treated and control cells (Fig. 4A). It can be

concluded that SKOV-3 cells express in a rather uniform

manner mRNAs for some endonucleases of base excision

repair (APEX1, NEIL3, UNG), damage-specific DNA binding

protein-1 (DDB-1) of nucleotide excision repair, p70 and p80

components of Ku protein (G22P1, XRCC5), XRCC4 protein of

double strand break repair, and ubiquitin-conjugating enzyme

UBE2V2.

The genome stability/DNA repair and checkpoint genes

whose expression was modified by trans-DDP or trans-Z, are

summarized in Fig. 4B. In the case of trans-DDP, 12 h after the
Fig. 4 – Time-course analysis of the pathway-specific gene expr

(A, B) The figures summarize the expression profile of 117 geno

expression was not modified (A) or modified by the treatment

genes related to cell-cycle progression. Only results for genes wh

GAPDH housekeeping gene (white bars, control; grey bars, tran
beginning of treatment the level of expression of the growth

arrest and DNA-damage-inducible a gene (GADD45A, 21% of

GAPD) increased by more than two times with respect to

control, the gene remaining up-regulated also at 24 h. At 48 h,

the expression of the telomeric repeat binding factor 2 (TERF2,

100% of GAPD), ubiquitin protein ligase E3A (UBE3A, 20% of

GAPD), ubiquitin-activating enzyme E1 (UBE1, 13.5% of GAPD),

and SMT3 suppressor (SUMO1, 11.5% of GAPD) genes increased

by about three times. Finally, at 72 h the expression of DNA-

activated protein kinase gene (PRKDC, 22% of GAPD) increased

by about three times.

In the case of trans-Z-treated SKOV-3 cells, 12 h after the

beginning of the treatment, several genes were induced to

levels 2–3 times higher than control. They include ubiquin C

(UBC, 58% of GAPD), growth arrest and DNA-damage-induci-

ble, a (GADD45A, 24% of GAPD), RAD23 homolog A (RAD23A,

18% of GADP), ubiquitin protein ligase E3A (UBE3A, 13% of

GAPD), and RAD18 homolog (RAD18, 11% of GAPD) genes.

SKOV-3 cells maintained the up-regulation of RAD23A, UBE3A,

and RAD18 up to 72 h, and of UBC and GADD45A up to 96 h. A

second group of genes became up-regulated (by a factor of 2–3)

after 24 h and generally maintained this condition up to 72 h.
ession of SKOV-3 cells exposed to trans-DDP or trans-Z IC50.

me stability/DNA repair and checkpoint genes whose

(B). (C) The figure summarizes the expression profile of 71

ose expression was detectable are shown, as percentage of

s-DDP; black bars, trans-Z).
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Fig. 4. (Continued)
They include: DNA-activated protein kinase (PRKDC, 18% of

GAPD), replication protein A1 (RPA1, 13% of GAPD), SMT3

suppressor (SUMO1, 13% of GAPD), and RAD50 homolog

(RAD50, 12% of GAPD). A third group of genes became up-

regulated by a factor of 2–3 only after 48 h. They include

telomeric repeat binding factor 2 (TERF2, 96% of GAPD), CHK1

checkpoint homolog (CHK1, 23% of GAPD), ubiquitin-activat-

ing enzyme E1 (UBE1, 14% of GAPD), Replication protein A2

(RPA2, 12% of GAPD), and ubiquitin-conjugating enzyme E2A

(UBE2A, 12% of GAPD). The up-regulation of TERF2 decreased

gradually at 72 and 96 h; RPA2 receded to control levels at 72 h,
whereas UBE2A maintained the overexpression up to 72 h, and

CHK1 and UBE1 up to 96 h.

The expression of genes involved in cell-cycle progression

is shown in Fig. 4C. The gene expression of control cells had

mostly a bell-shaped pattern, with highest values around 48–

72 h. Transplatin-treated cells had an expression pattern

similar to that of control cells, with the exception of a three-

fold decreased expression of the MCM6 minichromosome

maintenance deficient gene (MCM6, 25% of GAPD) at 12 h,

followed at 48 h by a two-fold increased expression of the S-

phase kinase-associated protein 1A (SKP1A, 29% of GAPD),



b i o c h e m i c a l p h a r m a c o l o g y 7 2 ( 2 0 0 6 ) 2 8 0 – 2 9 2 287

Fig. 4. (Continued).
CDC20 cell division cycle 20 homolog (CDC20, 26% of GAPD),

Ki-67 antigen (MKI67, 23% of GAPD), MAD2 mitotic arrest

deficient-like 1 (MAD2L1, 17% of GAPD), and Cullin 3 (CUL3,

10% of GAPD) genes.

In the case of trans-Z-treated SKOV-3 cells, twelve hours

after the beginning of the treatment the MCM6 gene expres-

sion was three-fold decreased (MCM6, 23% of GAPD), whereas

two genes were induced to levels two times higher than
control, the S-phase kinase-associated protein 1A (SKP1A, 11%

of GAPD), and the CDC28 protein kinase regulatory subunit 1B

(CKS1B, 10% of GAPD). The up-regulation of SKP1A and CKS1B

was maintained up to 96 h. Other genes became up-regulated

at 24, 48, or 72 h incubation time. Two-fold up-regulated at

24 h were: MCM4 minichromosome maintenance deficient 4

(MCM4, 14% of GAPD), cyclin B1 (CCNB1, 14% of GAPD), and

CDC28 protein kinase regulatory subunit 2 (CKS2, 10% of
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Table 1 – Time-course of expression of selected genome stability/DNA repair, and checkpoint/cell cycle progression genes
in SKOV-3 cells treated with equitoxic concentrations of trans-DDP or trans-Za

Gene Treatment 0 h 12 h 24 h 48 h 72 h 96 h

APEX1 Control 9 12.1 12 13 10 11

trans-DDP 9 9 8 15 12 10

trans-Z 9 11 12 14 12 10

NEIL3 Control 5 5 4.9 5.2 7 6

trans-DDP 5 5.3 5.2 5.6 6.1 6

trans-Z 5 6 5.1 7 7 5.1

UNG Control 6 6 5.3 5.2 6 5.1

trans-DDP 6 5.8 5.4 6 5.1 5.3

trans-Z 6 5.2 5.2 6 7 5.3

G22P1 Control 26 27 35 37 27 31

trans-DDP 26 26 31 35 30 28

trans-Z 26 33 30 41 28 30

DDB1 Control 8 9 9 10 10 8

trans-DDP 8 8 10 9 10 9

trans-Z 8 8 10 11 12 8

XRCC5 Control 31 30 27 33 36 27

trans-DDP 31 24 23 27 24 28

trans-Z 31 25 27 36 28 30

XRCC4 Control 12.1 14 9 10 10 9

trans-DDP 12.1 13 11 10 12 8

trans-Z 12.1 11 9 10 11 10

UBE2V2 Control 5 5.3 5 7 5 6

trans-DDP 5 5.1 6 8 5 7

trans-Z 5 5.2 5.2 7 6 7

GADD45 Control 7 8 6 5.6 6.7 6

trans-DDP 7 21 14 7 8 5.6

trans-Z 7 24 17 13 17 20

TERF-2 Control 40 30 21 27 41 35

trans-DDP 40 35 27 100 60 45

trans-Z 40 32 27 96 55 52

UBE3A Control 10 5 5.5 8 5.6 11

trans-DDP 10 5 6 20 6 9

trans-Z 10 13 11 22 21 15

UBE1 Control 6 9 7 5 6 4.8

trans-DDP 6 10 8 13.5 6 5.3

trans-Z 6 12 7 14 14.5 12

PRCDC Control 10 7 8 9 8 12

trans-DDP 10 6 9 10 22 10

trans-Z 10 7 18 18 24 11

UBC Control 28 18 35 50 66 39

trans-DDP 28 26 30 85 49 53

trans-Z 28 58 76 95 123 95

RAD23A Control 9.1 6.2 10.2 9 8.4 11

trans-DDP 10 8 9 18 10 10

trans-Z 10 18 20 22 17 13

RAD18 Control 5.4 4.5 5.6 6.1 5 5.3

trans-DDP 5.4 5 5.4 5.4 4 5.7

trans-Z 5.4 11 17 11 10.2 5.9

RPA1 Control 5 4 5 4 4 4

trans-DDP 5 5.1 4 5 5 5

trans-Z 5 4 13 14 12 5

SUMO1 Control 11 10 5.5 4.5 6 13

trans-DDP 11 10 6 11.5 7.5 11

trans-Z 11 15 13 14 18 11
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Table 1 (Continued )

Gene Treatment 0 h 12 h 24 h 48 h 72 h 96 h

RAD50 Control 4 4.6 4.8 5.1 4.9 5.3

trans-DDP 4 5 4.8 6 5 6

trans-Z 4 4.8 12.6 13 11 5.5

RPA2 Control 7 4.8 5 5.4 5 5

trans-DDP 7 5 5 5 6 6

trans-Z 7 5 5.5 12 5.2 5.4

CHK1 Control 4 4.5 5 11 10 4.6

trans-DDP 4 4.7 4.7 15 7 5.1

trans-Z 4 4.7 5.8 23 30 30

UBE2A Control 5.4 5.8 5.5 4.9 5.7 6

trans-DDP 5.4 4.8 5.4 5.6 5.7 5.6

trans-Z 5.4 5 5.5 12 11.4 5

MCM6 Control 33 72 43 28 36 18

trans-DDP 33 25 74 23 45 21

trans-Z 33 23 52 24 37 27

SKP1 Control 6 5 7 14.4 17 10

trans-DDP 6 8 4 29 15 11

trans-Z 6 11 21 31 46 39

CDC20 Control 5 5 10 13 4.8 5.1

trans-DDP 5 7 8 26 5.2 4.8

trans-Z 5 5 13 32 43 37

MKI67 Control 4 5 5 11 9 4.5

trans-DDP 4 7 4 23 9 4.1

trans-Z 4 4.8 5.3 19 17 20

MAD2L1 Control 4 5 6.1 8.4 10 4.8

trans-DDP 4 6 4.5 17 9 4.5

trans-Z 4 5.2 8.7 13 21 17

CUL3 Control 4 4.8 4.9 5.1 5 5.8

trans-DDP 4 5 4.9 10 5.9 5.5

trans-Z 4 6.7 7 11 19 12

CKS1B Control 5 4.5 4.8 10 10 5

trans-DDP 5 4.6 4.6 14 8.5 5.8

trans-Z 5 10 14 26 30 30

MCM4 Control 5.8 5.4 5 5.8 9 4.8

trans-DDP 5.8 4.9 5 6 6.2 5.5

trans-Z 5.8 4.5 14 13 17 12

CCNB1 Control 4.6 5.2 7 19 5.5 5.6

trans-DDP 4.6 5 6 18 5.4 5.5

trans-Z 4.6 4 14 34 35 35

CKS2 Control 4.3 5 4.5 14 12 5

trans-DDP 4.3 6 5 18 8 4.8

trans-Z 4.3 8 10 27 31 31

CCNB2 Control 4.8 5.4 5.9 11 5.6 5.3

trans-DDP 4.8 4.8 4.1 10 4.8 5

trans-Z 4.8 4.2 5 17 14 14

RBX1 Control 5 5.8 6.6 19 15 5.4

trans-DDP 5 6.7 5 23 11 12

trans-Z 5 9.5 11.4 20 35 33

CCNC Control 5.1 4.8 5.4 12 4.8 4.6

trans-DDP 5.1 5 4 10 4 5.1

trans-Z 5.1 4 8 14 19 16

PRC1 Control 6 4.5 5.9 7 6 4.5

trans-DDP 6 4 5 10 6 4.4

trans-Z 6 4.5 6.5 12 17 20
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Table 1 (Continued )

Gene Treatment 0 h 12 h 24 h 48 h 72 h 96 h

CCNG1 Control 5.4 5 4.8 13 4.9 4.5

trans-DDP 5.4 5.1 5.1 12 4 4.1

trans-Z 5.4 4.8 5 14 16 12

a Exponentially growing SKOV-3 cells were exposed to IC50 concentrations of trans-DDP or trans-Z (170 and 120 mM, respectively) over a 96 h

continuous treatment. At different time points (0, 12, 24, 48, 72, and 96 h), the expression profile of 188 genes known to be associated with

maintaining genome stability/DNA repair, and regulating checkpoint/cell cycle progression was analyzed by using GEArrayTM Q series cDNA

expression array membranes (SuperArray Inc., Bethesda, MD, USA). After hybridization, data were acquired with a phosphor screen scanner,

and analysed (pUC 18 plasmid DNA background subtraction, and normalization to GAPDH house-keeping gene). Each experiment was

performed twice with similar results, the duplicate results for each gene being within 8% of the mean for that gene. The mean values of the two

series are presented for the genes whose expression was at least 4% of that of GAPDH.
GAPD). Two-fold up-regulated at 48 h were: CDC20 cell

division cycle 20 homolog (CDC20, 32% of GAPD), Antigen

identified by monoclonal antibody Ki-67 (MKI67, 19% of GAPD),

cyclin B2 (CCNB2, 17% of GAPD), and cullin 3 (CUL3, 11% of

GAPD). Finally, two-/three-fold up-regulated at 72 h were:

ring-box 1 (RBX1, 35% of GAPD), MAD2 mitotic arrest deficient-

like 1 (MAD2L1, 21% of GAPD), cyclin C (CCNC, 19% of GAPD),

Protein regulator of cytokinesis 1 (PRC1, 17% of GAPD), and

cyclin G1 (CCNG1, 16% of GADP). Up-regulated genes generally

maintained similar overexpression levels in the following

treatment times, in some cases further increasing their

overexpression with respect to control (CCNB1, CDC20,

CKS2, and RBX1).
4. Discussion

In the search for new platinum drugs different from cisplatin

and classical analogues there has been, in recent years, an

increasing interest in trans platinum complexes. Among them,

the DNA-damaging platinum–iminoether complex trans-

[PtCl2(NH3){Z-HN = C(OMe)Me}] (trans-Z) is characterized by

having: (i) spectrum of action different from that of cisplatin as

well as from that of transplatin, (ii) efficacy towards cisplatin-

resistant tumour cells, and (iii) in vivo activity similar to that of

cisplatin towards murine tumours and human SKOV-3

xenografts [14,15]. Mechanistic investigations of trans-Z have

shown that DNA interaction properties of this antitumour-

active trans platinum compound are very similar to those of

the antitumour-inactive trans-DDP [14]. However, the two

compounds might be different in their ability of reaching

cellular DNA, and it has been reported that iminoether ligands

favour cellular accumulation of platinum compounds [8,9].

Moreover, although trans-Z and trans-DDP form the same type

of adducts at the same sites on DNA, the overall three-

dimensional structure of the adducts is different, and there-

fore could be differently recognised by cellular proteins. This

study compares cellular accumulation and DNA platination of

SKOV-3 ovarian cancer cells after trans-DDP or trans-Z, and

focuses on cellular response to treatment. Thus growth

inhibition and cell death, cell-cycle progression, and gene

expression modifications of SKOV-3 cells exposed to IC50

concentrations of trans-Z or trans-DDP have been analyzed in

parallel. Our aim was to explore the determinants of cellular

response to trans-Z or trans-DDP, i.e. which cellular pathways

were activated during the treatment, and which different
cellular processing of drug-induced damage could contribute

to explain the molecular basis of trans-Z antitumour activity in

the SKOV-3 system.

The results of cellular accumulation and DNA platination

indicate that trans-Z and trans-DDP enter cells with the same

efficacy. However, trans-Z shows a two-fold higher affinity for

cellular DNA. A possible explanation for such a difference is

that the bulky iminoether group can retard ligand substitution

reactions at the chloride ligands, thereby reducing undesired

reactions between trans-Z and cellular components, and

facilitating its interaction with DNA.

As to the effect of treatment upon cell growth and cell-cycle

progression, trans-DDP determines an initial and transient

cytostatic effect, paralleled by a moderate increase of

apoptosis and by sequential arrests in S and G2/M phases of

the cell-cycle. In contrast, trans-Z determines an initial

cytotoxic effect, along with a more persistent and marked

increase of apoptosis and a more marked and prolonged arrest

in S and G2/M phases of the cell-cycle.

Pathway-specific gene expression modifications indicate

that trans-DDP-treated cells transiently increase the expression

of GADD45A gene, in coincidence with the cytostatic effect and

the arrests in S and G2/M phases. GADD45A transcript levels are

generally increased by environmental stresses (growth arrest

conditions and DNA-damaging treatments). GADD45A tran-

scription can be stimulated by p53-dependent or -independent

mechanisms, and the corresponding protein activates the p38/

JNK pathway, thus playing a regulating role in cell-cycle arrest

and in the balance between survival and apoptosis [20].

Interestingly, trans-DDP determines also an early decrease of

MCM6 transcription, whose corresponding protein belongs to

the MCM complex, which regulates DNA replication [21]. These

early modifications are followed by the overexpression of genes

involved in regulating telomere protection (TERF2), S-phase

(proliferation-related Ki-67 antigen), and M-phase (CDC20 and

MAD2L1)), this happening in concomitance with proliferation

restart and cell-cycle arrest release. In parallel, some ubiquitin

system genes (ubiquitin protein ligases UBE3A and CUL3 and

ubiquitin-like SUMO-1) appear up-regulated, thus indicating

that also protein degradation and post-translational modifica-

tions are involved in cellular response during trans-DDP

treatment. Finally, there is a late up-regulation of the catalytic

subunit of the DNA-dependent protein kinase (PRKDC), while

the genes coding for the regulatory component Ku of the

enzyme (G22P1 and XRCC5) are transcribed without modifica-

tions with respect to control.



b i o c h e m i c a l p h a r m a c o l o g y 7 2 ( 2 0 0 6 ) 2 8 0 – 2 9 2 291
The same genes whose expression is modified by trans-DDP

are also modified by trans-Z. However, trans-Z determines an

up-regulation more persistent in the case of GADD45A, CDC20,

MKI67, CUL3, and MAD2L1, and more precocious and

persistent in the case of UBE3A, SUMO-1, and PRKDC.

Importantly, cellular response to trans-Z includes also the

overexpression of a number of other genes whose function is

related to DNA repair, such as RPA1, RPA2, RAD23A, and

RAD50. RPA1 and RPA2 genes code for single-strand DNA

binding proteins largely involved in DNA metabolism and

repair [22], and RAD23A and RAD50 encode for proteins

involved in the nucleotide excision repair and in the double

strand break repair, respectively [23,24]. Moreover, both

RAD23A and RAD50 proteins interact with other proteins that

connect DNA repair and cell-cycle progression, so they have a

general role in the global cellular response to DNA damage

[25]. Trans-Z treatment also up-regulates the cell-cycle

checkpoint CHK1 gene, thus indicating an involvement of

the ATR/CHK1 pathway, which likely contributes to the

observed G2/M block [26]. A number of other genes whose

products control cell-cycle progression are also induced by

trans-Z. Interestingly, their up-regulation coincides with

proliferation restarting and endures throughout the subse-

quent normalization of cell-cycle distribution. Among them,

cyclins B1, B2, C, and G1, cyclin-dependent kinase regulatory

subunits CKS1 and CKS2, replication protein MCM4, cytokin-

esis protein PRC1, as well as ubiquitin genes with functions

related to DNA repair (RAD18, UBE2A) and cell-cycle progres-

sion (UBC, UBE1, SKP1, RBX).

An overall analysis of the pathway-specific gene expres-

sion modifications induced by treatment indicates that

phenotypic effects of trans-DDP are driven by an initial and

transient up-regulation of some genes related to cell-cycle

checkpoint and arrest networks. In contrast, the more

dramatic phenotypic effects of trans-Z are driven by a

persistent up-regulation of more numerous genes, involved

in cell-cycle checkpoint and arrest networks, and in genome

stability and DNA repair. Therefore, molecular and cellular

events have been identified which are produced by trans-Z but

not by trans-DDP, and which likely represent the mechanistic

basis of the antitumour activity of trans-Z in the SKOV-3

system.

Since DNA represents the pharmacological target of both

trans-DDP and trans-Z, and cellular DNA platination levels are

quite similar after 3-h exposure to IC50 concentrations, it can

be hypothesized that the different cellular response to trans-

DDP and trans-Z depends upon a different persistence of Pt–

DNA adducts, longer for trans-Z than for trans-DDP. This in

turn could be due to a more prolonged cellular entrance of

trans-Z as well as to intrinsic features of the trans-Z-DNA

monofunctional adducts [14]. While further measurements of

cellular DNA platination and Pt–DNA adduct removal are

needed for a definite evidence of the above hypothesis, it can

be speculated that the major kinetic stability of trans-Z could

prolong cell penetration with respect to trans-DDP, which no

longer enters cells after 3 h incubation, as a consequence of

reaction with the culture medium [27]. On the other hand,

DNA monofunctional adducts of trans-Z are more stable than

the corresponding adducts of trans-DDP [14], and the forma-

tion of persistent monofunctional adducts appears to be a
common feature of platinum complexes with iminoethers [6].

Interestingly, DNA monofunctional adducts of the parent

complex trans-[PtCl2(E-iminoether)2] have been recently

shown to form easily DNA–protein ternary complexes [28],

thus further indicating that intrinsic features of Pt–iminoether

monofunctional adducts can play a central mechanistic role.

In conclusion, the results indicate that SKOV-3 cellular

pathways activated by the antitumour-active trans-Z are

different from those activated by trans-DDP. Importantly,

the pathway-specific gene expression modifications analysed

by microarrays are validated in the present work by the

correlations with the parallel biological assays of cellular

proliferation, cell cycle perturbation, and apoptosis. This

initial knowledge of the damage processing provides an

important basis for more detailed functional investigations

of genes modified by trans-Z (RT-PCR, RNAi). In a near future,

we can reasonably expect to be able of defining the whole

picture of genes, gene products, and pathways that drive

pharmacological response of tumour cells to trans-Z, thus

laying the basis for the comprehension of the therapeutic

potential and for the rational design of antitumour trans

platinum compounds.
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