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Abstract. We have previously showed that platinum drugs
up-regulate SSAT and SMO and down-regulate ODC and
SAMDOC in the polyamine pathway. Several studies including
our own established that platinum drugs combined with
polyamine analog DENSPM produces synergistic increase in
SSAT activity with polyamine depletion. Since polyamine
pathway is an important therapeutic target, we investigated
whether agents containing both platinum and polyamines
have similar effects on the polyamine pathway. Two
complexes i) Pt-spermine with two cisplatin molecules linked
to a spermine in the center and ii) Pd-spermine with similar
structure i, but Pd (II) substituted for Pt (II) were analyzed
with respect to their effect on the expression of genes in
polyamine pathway, SSAT and SMO protein expression,
SSAT activity and polyamine pools. Pt-, Pd-spermine
complexes induced significant down-regulation of SMO,
arginase 2 and NRF-2, with no change in SSAT, while
cisplatin as a single agent or in combination with DENSPM
induced significant up-regulation of SSAT and SMO. The
SSAT activity was not induced by either Pt- or Pd-spermine
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in A2780 cells; SMO protein levels were significantly
elevated compared to the no-drug control and to a similar
extent as cisplatin/DENSPM. The Pd-spm treatment induced
a fall in putrescine levels to 33%, spermidine to 62% and
spermine to 72% while Pt-spm did not induce such a decline.
Comparative cytotoxicity studies in A2780 cells indicated the
potency to be cisplatin> Pd-Spm>Pt-Spm. Although both
complexes exhibit a lower potency, the degree of resistance
itself is much lower for Pt-spermine and Pd-spermine in that
order (2.5 and 7.5, respectively) compared to cisplatin (~12)
as tested in cisplatin resistant A2780/CP cells. These studies
suggest that Pd (II)-polyamine complexes may constitute a
promising group of inorganic compounds for further studies
in the development of novel chemotherapy/adjuvant
chemotherapy strategies.

Introduction

Cisplatin is the prototype platinum drug that plays a central
role in cancer chemotherapy. The mode of action of this
platinum drug and mechanisms for resistance are well docu-
mented over the years. The principal mechanism of action is
believed to be the damage to DNA by forming adducts with
it, that not only prevents DNA from replication and trans-
criptional activities, but the DNA damage also induces
down-stream signaling leading to apoptotic cell death (1).
Mechanisms of resistance to the drug include impaired drug
accumulation, inactivation of the drug by thiols, enhanced
DNA repair and altered down-stream signaling (2-5). Our
Affymetrix studies have shown that as single agents, platinum
drugs impact on the polyamine pathway, up-regulating the
key catabolic pathway gene spermine, spermidine N’-acetyl
transferase (SSAT) and down-regulating the biosynthetic
pathway genes ornithine decarboxylase (ODC) and S-adeno-
sylmethionine decaboxylase (SAMDC) (6). Our studies have
shown that while platinum drugs oxaliplatin and cisplatin are
potent inducers of SSAT gene expression, the mRNA is not
translated proportionally to SSAT activity, but when combined
with the polyamine analog N'N!/-diethylnorspermine
(DENSPM) a synergistic increase in SSAT activity occurs,
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resulting in significant polyamine pool depletion (7,8). Poly-
amines are required for cell proliferation (9) and the levels of
polyamines are higher in tumor tissue compared with the
non-tumor counterparts (10,11). Polyamine pool depletion
has been used as cancer therapeutic strategy (12). DENSPM
up-regulates SSAT and down-regulates the biosynthetic
pathway enzymes ODC and SAMDC causing depletion of
polyamine pools and this analog has been tested in Phase I
and Phase II clinical trials (13-16) and had no demonstrable
single agent activity. Our studies and others have shown that
when platinum drugs are combined with DENSPM, the
synergistic SSAT activity and polyamine pool depletion that
occurs in tumor cells is significantly greater than that by
either of the single agents (7,17,18).

The biogenic polyamine spermine is able to form chelates
with several metal ions providing flexible linkers and confer-
ring hydrophobic character to the molecule, which is important
for drug uptake and enables a distinct interaction with DNA
when compared to cisplatin. The quest for new anticancer
agents is not limited to the investigation of new ligands, but
also accounts for the substitution of platinum by other metal
centers such as palladium. In fact, despite the initial belief
that Pd (II) compounds were inactive as antineoplastic agents,
many have been synthesized and shown to be not only more
active than cisplatin (19-21), but also more effective than their
Pt (IT) counterparts (22-24). In this regard, multinuclear Pt
(II)- and Pd (II)-spermine complexes comprising cisplatin-
like moieties linked by variable length alkanediammine chains
were synthesized and constitute a promising class of anticancer
agents, the most successful case being the trinuclear compound
BBR3464 (25). These spermine complexes have been shown
to possess antiproliferative properties towards human cancer
cells lines (22,23,26), the Pd (II)-spermine complex having a
damaging interaction with both DNA and the cytoskeleton
(Fiuza et al, unpublished data).

Since our studies have shown that platinum drugs in
combination with polyamine analog DENSPM impact the
polyamine pathway, we hypothesized that the Pt-spermine
and Pd-spermine complexes may similarly affect the expression
of polyamine pathway genes and SSAT activity. As single
agents these compounds consist of either two cisplatin moieties,
or Pd II substituted for Pt II in cisplatin molecule, each conju-
gated to the polyamine spermine in the center (Fig. 1). The
study presented here characterizes the effect of Pt-spermine
and Pd-spermine on the expression of genes in the polyamine
pathway and the genes involved in platinum drug action that
were identified using oxaliplatin/DENSPM and cisplatin/
DENSPM combinations in A2780 ovarian carcinoma cell line
(27.28). Further, the ability of these new agents to affect the
proteins levels of SSAT and SMO, and SSAT activity in these
cells is tested relative to cisplatin/DENSPM. In addition,
comparative cytotoxicity studies of these complexes with
cisplatin were performed in parental A2780 cells and in a
cisplatin resistant variant A2780/CP.

Materials and methods

Cell lines and materials. The A2780 human ovarian carcinoma
cell line and the cisplatin resistant A2780/CP cell line were a
gift from Dr R. Ozols (Fox Chase Cancer Center, Philadelphia,
PA). Cisplatin was purchased from Sigma-Aldrich (St. Louis,

MO). DENSPM was generously provided by Dr R. Merriman
from Pfizer Pharmaceuticals (Ann Arbor, MI). The Pt-
spermine and Pd-spermine complexes have been synthesized
as described before (26). ['*“C]-acetyl-Coenzyme A (no. NEC-
313) was purchased from Perkin Elmer Life Sciences, Inc.
(Waltham, MA). Protein assay reagents were from Bio-Rad
laboratory (Hercules, CA).

Drug treatment conditions for polyamine pathway effects.
Our previous studies have shown that high synergistic SSAT
induction (both mRNA and activity) is achieved after a simul-
taneous treatment of cells by platinum drugs (10 xM) and
DENSPM (10 M) for 20 h, cells were washed thoroughly
with PBS and incubated in drug-free medium for 24 h (7,8,17).
The post drug treatment incubation of 24 h in drug-free
medium was based on our previous studies (6) which
indicated that both cisplatin and oxaliplatin induced mRNA
levels that increase with time after drug exposure with a
maximum at 16-24 h. Similar concentrations of 10 uM were
chosen for comparative studies for Pt-spermine and Pd-
spermine cells with 20 h exposures and 24 h incubation in drug
free medium. At this point, cells were collected and assayed
for SSAT gene expression, enzyme activity and polyamine
pools.

Gene expression using Tagman® low density array. We have
custom designed a 32 gene array using Tagman Low Density
Array (TLDA) technology (Applied Biosystems Inc. Foster
City, CA). TLDA was carried out using the 384-well micro-
fluidic card, with 30 target genes and 2 endogenous standards.
For the 32 gene format the assays were run in triplicate with 4
sample capacity per card. The TLDA cards with pre-deposited
gene expression assays were purchased from AB (Foster City,
CA). The card includes all the polyamine target genes, genes
relevant to platinum drug action, along with some of the
important cell cycle, apoptosis and antioxidant pathway
genes with B-actin and GAPDH as the endogenous standard
(Table I).

TLDA was performed using ABI 7900 HT Fast Real-
Time RT-PCR system with SDS 2.2 software. The concept
behind it is the same as for the original Tagman Real-Time
RT-PCR assays using gene specific primers and probes and
quantification using comparative CT method with the endo-
genous standards run simultaneously on these low density
arrays. The results presented here are using B-actin as the
endogenous standard as has been customary for platinum,
polyamine combination studies. The RQ shown in the gene
expression plots is the relative quantification measure that
calculates the relative quantities of expression of each of the
target genes in different samples relative to a corresponding
calibrator. In our experiments the calibrator is the control
where cells were not treated with any drug. TLDA uses
approximately 50 p1 of cDNA sample plus 50 1 of Universal
Master Mix (AB, Foster City, CA) in each of the eight ports
(which equates to 1 pul of the cDNA sample, mixed with 1 pul
of Universal Master Mix per well). Centrifugal capillary
action then pulls the cDNA from the loading ports, into the
48 reaction chambers containing the genes of interest. The
total RNA extraction and cDNA generation were as described
previously using RNeasy columns (Qiagen, Valencia, CA)
and Superscript I respectively (7).
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Table I. Genes on Tagman low density array.
Gene symbol Gene name Ref. NM no.
Polyamines
ODCl1 Ornithine decarboxylase 1 NM_002539
AMDI1 Adenosylmethionine decarboxylase 1 NM_001634
SRM Spermidine synthase NM_003132
SMS Spermine synthase NM_004595
SAT Spermidine/spermine N1-acetyltransferase 1 NM_002970
SMOX Spermine oxidase NM_175839
PAOX Polyamine oxidase (exo-N4-amino) NM_152911
ARG2 Arginase, type 11 NM_001172
NFE2L2 Nuclear factor, erythroid derived 2, like 2 NM_006164
Platinum
SLC22A1 Solute carrier family 22 (organic cation transporter), member 1 NM_003057
SLC22A2 Solute carrier family 22 (organic cation transporter), member 2 NM_153191
ERCC1 Excision repair cross-complementing rodent repair deficiency, complementation NM_001983
group 1 (includes overlapping antisense sequence) (Homo sapiens)
XPA Xeroderma pigmentosum, complementation group A NM_000380
GCLC Glutamate-cysteine ligase (y-glutamylcysteine synthetase) NM_001498
GGT1 v-glutamyltransferase 1 NM_013430
SLC22A1 Solute carrier family 22 (organic cation transporter), member 1 NM_003057
SLC22A2 Solute carrier family 22 (organic cation transporter), member 2 NM_153191
ERCC1 Excision repair cross-complementing rodent repair deficiency, complementation NM_001983
group 1 (includes overlapping antisense sequence) (Homo sapiens)
Antioxidant
GPX1 Glutathione peroxidase 1 NM_000581
SOD1 Superoxide dismutase 1 NM_000454
GSR Glutathione reductase NM_000637
PTGS2 Prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase and NM_000963
cyclooxygenase)
0GG1 8-oxoguanine DNA glycosylase NM_016819
NFKB1 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 (p105) NM_003998
PPARG Peroxisome proliferative activated receptor, y NM_138712
GPX1 Glutathione peroxidase 1 NM_000581
Cell cycle
CDKNIA Cyclin-dependent kinase inhibitor 1A (p21, Cipl) NM_078467
MDM?2 Transformed 3T3 cell double minute 2, p53 binding protein (mouse) NM_002392
CCND1 Cyclin D1 NM_053056
PCNA Proliferating cell nuclear antigen NM_002592
Apoptosis
BCL2 B-cell CLL/lymphoma 2 NM_000633
BAX BCL2-associated X protein NM_138761
FAS Fas (TNF receptor superfamily, member 6) NM_000043
BIRCS Baculoviral IAP repeat-containing 5 (survivin) NM_001168
Control
ACTB actin, B NM_001101

Western blots for SSAT and SMO. The cells were lysed in  onto 12 and 10% SDS-PAGE gels, respectively, followed
RIPA buffer and equal amounts of total protein from different by transfer to polyvinylindene difluoride membrane and
cell lines were loaded (for SSAT 80 ug and for SMO 60 yg) immunoblotted with specific antibodies. SSAT was detected
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Table II. Comparison of changes in gene expression (increase or decrease relative to untreated control)® in A2780 cells
following treatment with Pt (II) spermine, Pd (II) spermine and Cispt, DENSPM or Cispt/DENSPM under the same treatment

conditions.

Gene CisPt DENSPM CisPt/DEN Pt (IT)-spermine Pd (II)-spermine
SSAT 33 3 49 NC NC
SMO 6 3 59 0.18 0.13
SAMDC 0.6 NC 05 NC NC
ARG2 2.3 NC 24 0.33 0.38
NRF2 1.75 NC 2.1 0.42 0.46
FAS 16 NC 17 1.7 NC
BAX 4.5 NC 35 1.7 1.5
BCL2 043 NC 0.37 0.5 0.5
BIRCS5 (Survivin) 03 NC 04 NC NC
P21 93 NC 51 5 2.7
MDM?2 26 NC 29.7 NC NC
PCNA 33 NC 2.8 1.5 1.6
ERCC1 4 NC 2.6 0.6 0.6
GGT1 NC NC NC 023 0.25
OCT,1 3 NC 2.3 NC NC
0GGl1 NC NC 0.6 0.65 0.62
PPARG NC NC 0.5 0.6 NC
PTGS2 (Cox2) 1.8 0.7 NC 0.45 04

*Values are RQ (relative expression, treated/control); rounded off. NC, no change. RQ value >1 denotes up-regulation and the value itself
describes the fold increase in expression; RQ value <1 denotes down-regulation and the value itself is expression as a fraction of control.

as described previously (29,30) and SMO protein was detected
using a SMO-specific antibody developed by our laboratories
(Vujcic et al, unpublished). Untreated cells were used as a
control. NIH3T3 cells treated with DENSPM and A2780
treated with oxaliplatin and DENSPM were used as positive
control for SSAT. HCT-116 cells treated with DENSPM, and
A2780 treated with oxaliplatin and DENSPM were used as
positive controls for SMO.

SSAT activity. SSAT activity assay was performed as described
previously (31). In brief, the reaction mixture contained
[*C]lacetylCoA (60 mCi/mmol, NEN Radiochemicals,
Waltham, MA) spermidine and cell extract in Tris-HCI buffer,
pH 7.5. The ["*C]acetylated spermidine product generated by
the enzyme reaction is captured on discs followed by counting
of radioactivity. Protein in the cell lysate was determined by
the Bradford assay (32). The activity reported is pmol/min/mg
protein.

Polyamine pools. Intracellular polyamine pools and acetylated
polyamine pools were extracted with 0.6 N perchloric acid,
dansylated and analyzed using reverse phase HPLC with
fluorescence detection as previously described (33). Protein
was determined by Bradford assay (32). Polyamine pools were
expressed as pmol/mg protein.

Cytotoxicity assays. Cells were plated in a 96-well plate
(1x103 cells/well) on day 0 followed by exposure to cisplatin,
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Figure 1. Structures of cisplatin (A), Pt, Pd-spermine complexes (B) and
spermine (C).

Pt-spermine or Pd-spermine on day 1. Cells were exposed to
drug concentrations ranging from 0.1 to 100 M for 72 h, at
which point cells were fixed and subjected to the sulfor-
hodamine-B micro-culture colorimetric assay (SRB) (34).
Percent survival were determined as [OD570 (treated cells)/
OD570 (untreated cells)]*100.
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Figure 2. Expression of genes represented on TLDA in A2780 human ovarian carcinoma cells treated with Pt-spermine and Pd-spermine complexes. Bars are
log,, RQ. RQ is the quantity of expression of a given gene relative to the drug untreated control. Bars going upward represent up-regulation and those going
downwards down-regulation. Error bars are the confidence intervals compared to the no-drug controls in the first position of each cluster.
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Figure 3. Expression of genes represented on TLDA in A2780 ovarian carcinoma cells treated with cisplatin, DENSPM or cisplatin/DENSPM. Bars are log,,RQ.
RQ is the quantity of expression of a given gene relative to the drug untreated control. Bars going upward represent up-regulation and those going downwards
down-regulation. Error bars are the confidence intervals compared to the no-drug controls in the third position of each cluster.
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Figure 4. Western blot analysis of SSAT (A) and SMO (B). A2780 cells were treated with Pd-spermine, Pt-spermine or cisplatin/DENSPM, all at 10 uM
concentration each for 20 h followed by 24 h incubation in drug free medium. The cells were harvested thereafter and 60-80 ug of whole cell extracts were
used for Western blot and probed with human SSAT antibody (A) or SMO antibody (B). Untreated cells were used as control for both. NIH3T3 cells treated
with DENSPM were used as a positive control for SSAT (A) and HCT-116 cells treated with oxaliplatin/DENSPM were used as a positive control for SMO (B).
A2780 cells treated with oxaliplain/DENSPM were also used as a positive control for SSAT and SMO. Note that fold changes could not be presented in 4A,

as controls had no measurable SSAT protein.

Results

Effect of Pt-spermine and Pd-spermine on gene expression.
The effect of the Pt- and Pd (II) spermine agents on our
custom panel of 30 genes relevant to platinum and polyamine
drug action (TLDA) in comparison to cisplatin/DENSPM was
studied in A2780 ovarian carcinoma cells. A representative
experiment for the gene expression data obtained from the
Pt (II) spermine and Pd (II) spermine complexes is shown in
Fig. 2. Data from cisplatin, DENSPM or cisplatin/DENSPM
treatment of A2780 cells is shown in Fig. 3. Key for the genes
on the TLDA card is included in Table I. The gene expression
plots in Figs. 1 and 2 show the log RQ for each of the genes.
RQ is the gene expression normalized to (-actin for each of
the genes in each sample and presented relative to the no-drug
control. The log plots of RQ show the down-regulation of
genes much better than the linear plots and present a balanced
view of the up or down-regulated genes which makes it easier
to compare the gene expression differences between treatments.
The gene expression plots show the data in alphabetical order
(as dictated by the software) and not as genes in select groups
shown in Table I. Note that the order of plots for each gene
and for each of the treatments in Figs. 2 and 3 are also in
alphabetical order; thus, no-drug controls are shown in the
3rd position in Fig. 3. The error bars here represent the
confidence interval (CI) based on a t-test and not standard
deviations. The CI for each of the genes in no-drug controls
represents the variability of control replicates for those specific
genes and makes it easier to select the CI non-overlapping
genes between drug treated and controls as the significantly
up- or down-regulated genes after the drug treatments. Of
those genes that showed significant changes, the extent of
up- or down-regulation (RQ values) after each of the drug
treatments relative to the no-drug controls is summarized in
Table II.

As seen from log RQ plots (Fig. 2) the Pt and Pd complexes
have a very similar profile of up- or down-regulation of the
genes represented on this card, suggesting that it may be the
polyamine portion of the molecule conferring the changes in
gene expression rather than the metal. The Pt-spermine and
Pd-spermine complexes induced more down-regulation of
genes than up-regulation (Fig. 2), as opposed to cisplatin and

Table III. Spermidine/Spermine N! acetyltransferase (SSAT)?
activity after treatment with Pt-spermine or Pd-spermine.

Treatment SSAT activity
(pmols/min/mg)
Control 15.54£3.3
Pd-Spm 11.5+4.6
Pt-Spm 12.1+0.8

2A2780 cells were treated with Pd-spermine or Pt-Spermine (10 M)
for 20 h followed by 24 h in drug free medium. The cells were
harvested thereafter and assayed for SSAT. Untreated cells were
used as controls. Data are an average of 3 measurements.

cisplatin/DENSPM combinations that induced more up-
regulation of genes (Fig. 3). From the plots and the data
summarized in Table II, it can be seen that the most significant
differences (directional differences in expression) are in genes
related to the polyamine pathway. Pt-, Pd-spermine complexes
induced significant down-regulation of SMO, arginase 2 and
NRF-2, while no significant change was noted for SSAT.
Under the same treatment conditions, cisplatin as single agent
or in combination with DENSPM induced significant up-
regulation of both SSAT and SMO and down-regulated
SAMDC. For the most part, Pt- and Pd-spermine complexes
showed similar effects on apoptosis and cell cycle genes as
cisplatin and cisplatin/DENSPM (1FAS, 1BAX, |BCL-2,
1p21, 1PCNA), but to a significantly lower degree. While
cisplatin or cisplatin/DENSPM up-regulated ERCC1, the Pt-,
Pd-spermine complexes down-regulated the expression of this
gene. BIRCS (survivin) was down-regulated by cisplatin and
cisplatin/DENSPM combination while the Pt- and Pd-spermine
complexes did not have an effect on this gene. Pt-, Pd-spermine
complexes down-regulated the PTGS2 (Cox-2) gene.

SSAT and SMO protein or activity. Consistent with the gene
expression data, the SSAT protein (Fig. 4A) or activity
(Table IIT) was not induced by either Pt- or Pd-spermine in
A2780 cells. Induction of SSAT protein is evident under the
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Table I'V. Polyamine pools after treatment with Pt-spermine or Pd-spermine.

Treatment Putrescine Spermidine Spermine
(pmols/mg protein) (pmols/mg protein) (pmols/mg protein)
Control 2,151+£537 28,269+1,187 20,347+703
Pd-spermine 714+401 17,606+1,359 14,673+1,344
Pt-spermine 2.479+627 33,379+6,142 25,838+4,948

A2780 cells were treated with Pd-spermine or Pt-Spermine (10 xM ) for 20 h followed by 24 h in drug free medium. The cells were
harvested thereafter and assayed for polyamine pools. Untreated cells were used as controls. Data are an average of 3 measurements.
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Figure 5. Relative cytotoxic potency of cisplatin, Pt-spermine and Pd-spermine
in A2780 cells. Cells were plated in a 96 well plate (1x103 cells/well) on day
‘0, followed by treatment with cisplatin or Pd-Spermine or Pt-spermine on
day 1 at concentrations ranging from 0.1 to 100 xM for 72 h. Cells were
then fixed and subjected to sulforhodamine-B-microculture colorimetric
assay (SRB). Percent survival was determined as (ODsy;, treated cells/ODs;,
untreated cells) x100. Data presented are an average of 2 separate experi-
ments, each experiment consisting of 5 replicates of each agent tested.

same conditions for cisplatin/DENSPM combination (Fig. 4A).
Although SMO gene expression showed a significant down-
regulation after both Pt- and Pd-spermine, interestingly SMO
protein levels were significantly elevated compared to the no-
drug control and to a similar extent as the cisplatin/DENSPM
treated cells (Fig. 4B).

Polyamine pools. Changes in polyamine pools in A2780 cells
after Pt-spermine or Pd-spermine are shown in Table IV. The
Pd-spm treatment decreased putrescine levels to 33%, sper-
midine to 62% and spermine to 72% relative to the no-drug
controls, while Pt-spm did not induce such a decline.

Cytotoxicity profiles of the Pt- and Pd-spermine complexes in
relation to cisplain in A2780 cells. Comparative cytotoxicity
profiles of cisplatin, Pt-Spm and Pd-Spm in A2780 cells
shown in Fig. 5 indicate the potency to be cisplatin>Pd-
Spm>Pt-Spm with ICy, values of 0.51, 1.25 and 15.72 uM,

respectively.

Cross-resistance patterns of the complexes with cisplatin in a
cisplatin resistant ovarian carcinoma cell line A2780/CP.
The A2780/CP cell line is ~12-fold resistant to cisplatin
(Fig. 6). A comparison of the Pt-spermine and Pd-spermine
cytotoxicity in A2780/CP cells and parental A2780 cells
indicate that their potency is lower than cisplatin, however,
the Pt-spermine exhibits only a 2.5-fold cross resistance
and the Pd-spermine exhibiting ~7.5-fold cross resistance.
Thus, cisplatin resistant cells appear to be sensitive to Pt-
spermine.

Discussion

A significant body of studies accumulated in the last several
years indicate that platinum drugs have an effect on the poly-
amine pathway (6,7,17,18,35,36). Our own Affymetrix
experiments with oxaliplatin and cisplatin indicate that both
of these drugs up-regulated the polyamine catabolic pathway
enzymes SSAT and SMO and down-regulated the bio-
synthetic pathway enzymes SAMDC and ODC (6). A study
from our laboratory and others have shown that while
platinum drugs are potent inducers of SSAT gene expression,
the gene expression does not translate into activity (7,17,18).
However, when oxaliplatin is combined with a polyamine
analog such as DENSPM a synergistic increase in SSAT
activity occurs (7,17,18) with concurrent polyamine pool
depletion (7,17). We hypothesized that Pt-, Pd-spermine
complexes may possibly have an impact on polyamine
pathway and polyamine pools since they represent a composite
of two cisplatin molecules (or Pd-diammine dichloride
molecules) that are linked to a spermine in the center.

Using TLDA we were able to compare the effect of these
complexes with that of cisplatin and cisplatin/DENSPM
combination on the expression of genes not only in the
polyamine pathway, but also those in other pathways relevant
to platinum drug action. As indicated from the data presented,
cisplatin up-regulated the expression of FAS, BAX, P21,
MDM-2 and PCNA and down-regulated the expression of the
anti-apoptotic gene BCL-2 as known from its mode of action
(5). Combining DENSPM with cisplatin, did not alter cisplatin
effects on these genes. The Pt- and Pd-spermine complexes
showed qualitatively similar changes as cisplatin (or cisplatin/
DENSPM) in the expression of the above mentioned cell
cycle and apoptosis genes although with a much lower
magnitude, indicating that these complexes may kill the cells
with similar mechanisms as cisplatin.
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The most significant difference between cisplatin (or
cisplatin/DENSPM) and the Pt-, Pd-spermines were found in
their potential to affect on the polyamine pathway. When
cisplatin up-regulated the expression of SSAT and SMO
genes, the Pt- or Pd-spermine treated A2780 cells exhibited
down-regulation of SMO and no-change in the expression of
SSAT compared to the no-drug controls. Unlike cisplatin, the
Pt-, Pd-spermine complexes down-regulated the expression
of ARG2 and NRF2. Although SMO gene expression is down-
regulated, it is intriguing that SMO protein levels are compa-
ratively elevated by Pt-, Pd-spermine complexes similar to
cisplatin/DENSPM or oxaliplatin/DENSPM treated cells. It
may possibly be that these complexes stimulate translation,
and stabilize the SMO protein similar to that known for poly-
amine interactions with SSAT (37). However, this remains to
be determined.

It is quite interesting that while both complexes induced
an increase in SMO protein and had no effect on SSAT
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Figure 6. Cross resistance patterns for Pt (II) spermine and Pd (II) spermine
in A2780/CP cisplatin resistant cells. Comparison of cytotoxicity in A2780
vs. A2780/CP cells for (A) cisplatin, (B) Pd-spermine and (C) Pt-spermine
complexes. Data presented are an average of 2-3 separate experiments, each
experiment consisting of 5 replicates of each agent tested.

protein or activity, only the Pd-spm treatment induced a fall
in putrescine levels to 33%, spermidine to 62% and spermine
to 72% relative to the no-drug controls. It is unclear exactly
what these changes are due to, since at the gene expression
level neither of these compounds had an effect on the biosyn-
thetic pathway genes ODC and SAMDC. It may also be related
to intracellular concentration and/or metabolism attained for
these complexes and further studies are necessary to unravel
some of these differences.

We also tested the cytotoxicity profiles of these compounds
in comparison to cisplatin in the A2780 ovarian carcinoma
cells, the cells used for the gene expression and polyamine
pathway alterations discussed above. These studies indicated
the potency for these 3 agents to be cisplatin > Pd-Spm > Pt-
Spm with ICs, values of 0.52, 1.32 and 12.7 uM, respectively.
Thus some of the differences seen between Pt-spermine and
Pd-spermine may be related to the potency of these compounds,
related to differences in uptake, further metabolism, or effective
concentrations for reaching the target. We also tested the two
drugs for their cytotoxicity in a cisplatin resistant cell line
(A2780/CP) relative to the parental cell line, to understand
their cross resistance patterns to cisplatin. As evident from
the data, although both drugs exhibit a lower potency relative
to cisplatin, the degree of resistance itself is much lower for
Pt-spermine and Pd-spermine in that order (2.5 and 7.5,
respectively) compared to cisplatin (~12). While Pt-spermine
may be more effective in cisplatin resistant cells in vitro,
because of the very low potency, the concentrations required
to kill the cells may not be achievable in an in vivo setting.
However, the overall data with respect to polyamine pool
depletion as well as the potency and cross-resistance patterns
suggest that the Pd-spermine complex may prove to be a useful
agent for further investigations in vitro and in vivo.



ONCOLOGY REPORTS 24: 15-24, 2010

Our previously obtained results point to a different
mechanism of action of Pd-spermine as compared to cDDP,
leading to a synergetic interaction when these two agents are
co-administered. It was also verified that Pd-spermine is
responsible for a damaging interaction with DNA, although
the exact nature of this interplay remains to be understood
(experiments performed by the authors to check for
interstrand crosslinks with DNA were not conclusive, Fiuza
et al, unpublished data). In light of these results, Pd (II)-
polyamine complexes constitute a promising group of
inorganic compounds for the development of novel chemo-
therapy/adjuvant chemotherapy strategies.
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