
Kjellström et al. Cancer Cell International 2012, 12:20
http://www.cancerci.com/content/12/1/20
PRIMARY RESEARCH Open Access
Increased toxicity of a trinuclear Pt-compound in
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Abstract

Background: Mononuclear platinum anticancer agents hold a pivotal place in the treatment of many forms of
cancers, however, there is a potential to improve response to evade resistance development and toxic side effects.
BBR3464 is a promising trinuclear platinum anticancer agent, which is a polyamine mimic. The aim was to
investigate the influence of polyamine pool reduction on the cytotoxic effects of the trinuclear platinum complex
BBR3464 and cisplatin. Polyamine pool reduction was achieved by treating cells with either the polyamine
biosynthesis inhibitor α-difluoromethylornithine (DFMO) or the polyamine analogue N1,N11-diethylnorspermine
(DENSPM).

Methods: A human squamous cell carcinoma cell line, LU-HNSCC-4, established from a primary head and neck
tumour was used to evaluate cellular effects of each drug alone or combinations thereof. High-performance liquid-
chromatography was used to quantify intracellular polyamine contents. Inductively coupled mass spectroscopy was
used to quantify intracellular platinum uptake. Cells were exposed to DFMO or DENSPM during 48 h at
concentrations ranging from 0 to 5 mM or 0 to 10 μM, respectively. Thereafter, non-treated and treated cells were
exposed to cisplatin or BBR3464 during 1 h at concentrations ranging from 0 to 100 μM. A 96-well assay was used
to determine cytotoxicity after five days after treatment.

Results: The cytotoxic effect of BBR3464 on LU-HNSCC-4 cells was increased after cells were pre-treated with
DENSPM or DFMO, and the interaction was found to be synergistic. In contrast, the interaction between cisplatin
and DFMO or DENSPM was near-additive to antagonistic. The intracellular levels of the polyamines putrescine and
spermidine were decreased after treatment with DFMO, and treatment with DENSPM resulted in an increase in
putrescine level and concomitant decrease in spermidine and spermine levels. The uptake of BBR3464 was
significantly increased after pre-treatment of the cells with DFMO, and varied dependent on the concentration of
DENSPM. The uptake of cisplatin was unchanged.

Conclusions: Taken together, these results demonstrate that combinations of polyamine synthesis inhibitors with
BBR3464 appear to be a promising approach to enhance the anticancer activity against HSCC.

Keywords: Cisplatin, BBR3464, Head and neck carcinoma, α-difluoromethylornithine, N1,N11-diethylnorspermine,
Isobologram, Polyamines
* Correspondence: johan.wennerberg@med.lu.se
1Department of Otorhinolaryngology/Head and Neck Surgery, University
Hospital, S-221 85, Lund, Sweden
Full list of author information is available at the end of the article

© 2012 Wennerberg et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

mailto:johan.wennerberg@med.lu.se
http://creativecommons.org/licenses/by/2.0


Kjellström et al. Cancer Cell International 2012, 12:20 Page 2 of 9
http://www.cancerci.com/content/12/1/20
Introduction
Although mononuclear platinum anticancer agents hold
a pivotal place in the treatment of many forms of can-
cers, there is a potential to improve response and sur-
vival in patients. Development of resistance to therapy
and toxic side effects are major problems, which have
prompted research into new platinum drugs, displaying
different mechanisms of action. One such compound is
BBR3464, which is a promising trinuclear platinum
anticancer agent. It is built up by three square-planar
platinum units and it forms different types of adduct
with DNA [1]. The structure of BBR3464 classifies it as
a polyamine analogue. Based on the result from a
screening panel with 60 cell lines, the mechanism of
action of BBR3464 has been suggested to differ com-
pared to cisplatin [2]. Furthermore, BBR3464 has been
shown to be more potent than cisplatin [2,3] and to
circumvent the resistance to cisplatin in a number of
tumour cell lines and xenografts [4-7]. BBR3464 has
also showed superior activity against p53-mutant
tumours [8].
A fruitful way of increasing the response rate of

tumours is to use complementary combinations of
drugs, e.g. an antimetabolite and one or more antican-
cer agents. The platinum anticancer drugs cisplatin and
oxaliplatin have been successfully combined with e.g. 5-
fluorouracil (5-FU) in head and neck and colon cancer,
respectively [9]. The combination of cisplatin or carbo-
platin with paclitaxel is the most common first-line
treatment for patients with advanced ovarian cancer.
For non-small-cell lung cancer combination chemother-
apy involving platinum agents is considered to be im-
portant, however, limited by toxicity and resistance
[10]. BBR3464 was successfully combined with 5-FU
against a human gastric tumour model in preclinical
in vivo studies. However, a phase I open-label dose-es-
calating study could not support administration of
BBR3464 in combination with protracted venous infu-
sion of 5-FU [11].
Naturally occurring polyamines have been recognized

as important constituents for the proliferation of normal
and malignant cells. Thus, the polyamine metabolic path-
way has been an attractive target for the treatment of
cancer. This has resulted in the development of a wide
range of inhibitors of polyamine biosynthesis, the most
thoroughly investigated being α-difluoromethylornithine
(DFMO) [12]. Treating cells with DFMO, which irrevers-
ibly binds to the polyamine biosynthetic enzyme orni-
thine decarboxylase (ODC), reduces the polyamine levels
resulting in inhibition of cell proliferation in vitro
[12,13]. Another group of substances interfering with
polyamine metabolism are polyamine analogues. N1,N11-
Diethylnorspermine (DENSPM) is a spermine analogue,
which is taken up by the cellular polyamine transport
system and thus is accumulated in the cell [14-16]. Intra-
cellular DENSPM accumulation results in activation of
the polyamine catabolic enzyme spermine/spermidine
N1-acetyltransferase (SSAT) resulting in the catabolism
of the natural polyamines putrescine, spermidine and
spermine [14-16]. DENSPM can however not take over
the function of the natural polyamines. In addition to
stimulating catabolism, DENSPM also exerts a feedback
inhibition of polyamine biosynthesis. DENSPM treat-
ment as DFMO treatment results in inhibition of cell
proliferation and has been demonstrated to induce apop-
tosis [17,18].
Cellular polyamine homeostasis is a very complex

process involving biosynthesis, catabolism and trans-
port through the cell membrane [19]. Thus, when cells
are depleted of their natural polyamines, the polyamine
transport system is up-regulated as a means for the
cell to normalize its polyamine pools [19-21]. Since
polyamines are continuously supplied from the gastro-
intestinal tract through food and bacteria, this is a
major obstacle for effective inhibition of tumour-cell
growth in vivo by use of biosynthesis inhibitors as sin-
gle chemotherapeutic agents. However, an up-regulated
polyamine transport system may be exploited in the
search for new chemotherapeutic drugs. Cisplatin has
been combined with inhibitors of the polyamine bio-
synthetic pathway with contradictory anti-tumour effi-
cacies [22-28].
BBR3464 is a new polyamine cisplatin analogue [1].

Because of this, we hypothesise that BBR3464 is, at least
to some extent, transported into the intracellular com-
partment by the same transport system as the naturally
occurring polyamines. Based on that hypothesis, we
investigated the antitumour effect of BBR3464 in com-
bination with DFMO or DENSPM against a squamous
carcinoma cell line of the head and neck (HNSCC), and
compared that with cisplatin.
Results
Effect of DFMO and DENSPM on polyamine levels
Treatment with 0.1 μM DENSPM or 50 μM DFMO
affected the polyamine pools as have been previously
observed [12]. DFMO treatment reduced the putrescine
content to an undetectable level already after 24 h of
treatment (Figure 1). The spermidine pool was almost
depleted by DFMO treatment after 48 hours of treat-
ment while the spermine pool was essentially unaffected.
Treatment with DENSPM resulted in increased level of
putrescine, and unchanged levels of spermidine and
spermine (Figure 1). DFMO treatment reduced the total
pool of polyamines. Based on these date we choose a 48
hours pre-treatment period with DENSPM or DFMO
before treatment with cisplatin or BBR3464.



Figure 1 The effect of 50 μM DFMO or 0.1 μM DENSPM
treatment on the polyamine content of LU-HNSCC-4 cells. The
cells were seeded and incubated for 24 h before addition of DFMO
or DENSPM at time 0 in the figure. The symbols are the means from
one experiment with n = 3 and bars represent ± SD. Control cells
(□); DFMO-treated cells (■); DENSPM-treated cells (●).

Table 1 Effect of DFMO or DENSPM on intracellular
accumulation of cisplatin and BBR 3464 in LU-HNSCC-4
cells.a

Pre-treatment Platinum accumulation (μg Pt/106 cells)

Cisplatin BBR 3464

Control medium 0.8 ± 0.1 1.0 ± 0.1

5 μM DENSPM 0.8 ± 0.1 1.2 ± 0.1

10 μM DENSPM 0.9 ± 0.1 0.7 ± 0.2

25 μM DFMO 0.9 ± 0.1 2.2 ± 0.3*

75 μM DFMO 0.8 ± 0.1 2.4 ± 0.4*

aCells were grown in the absence of DENSPM or DFMO 48 h and then the
medium was changed and fresh medium added before a 1 h exposure to
cisplatin (7.5 μM) or BBR 3464 (0.5 μM). Values are mean from three
independent experiments in each of which there were at least two
independent samples ± SEM. * p< 0.002.
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Effect of DFMO and DENSPM on cellular accumulation of
cisplatin and BBR3464
The effect of DFMO or DENSPM treatment for 48 h on
intracellular accumulation of cisplatin or BBR3464 after
a 1 h exposure time was investigated. A significant in-
crease in platinum content was found in cells that had
been growing in the presence of 25 or 75 μM DFMO for
48 h before addition of BBR3464 (p< 0.002) as com-
pared with cells grown in control medium (Table 1). The
cellular level of BBR3464 was found to be slightly higher
in cells that had been growing in the presence of 5 μM
DENSPM for 48 h, while 10 μM DENSPM decreased the
platinum accumulation as compared with control cells.
When cisplatin accumulation was investigated, neither
DFMO nor DENSPM were found to influence the
amount of platinum in the cells (Table 1).
Cytotoxicity studies
The cytotoxic effect of a 1 h exposure to BBR3464 or
cisplatin, or a 48 h exposure to DFMO or DENSPM, was
investigated. BBR3464 was found to be one order of
magnitude more cytotoxic than cisplatin (IC50: 1.2 vs.
17 μM, Figure 2). The dose-response curves for DFMO
and DENSPM treatment alone for 48 h on the cell
growth of LU-HNSCC-4 are shown in Figure 3. The
IC50 concentrations of the two drugs were 80 μM
DFMO and 0.32 μM DENSPM.
In the combination experiments, we used concentra-

tions of DFMO (10, 25, and 50 μM) or DENSPM (0.075,
0.10, and 0.20 μM) that had a< 40% effect on cell
growth on their own. When these concentrations of
DFMO or DENSPM were combined with BBR3464, cell
viability decreased compared with BBR3464 treatment
alone, as illustrated in Figure 4. We found that the IC50

concentrations obtained from the drug combinations to
be within or to the left of the envelope of additivity in
the isobolograms, Figure 4, indicating additive to syner-
gistic effects.
When 0.075, 0.10, or 0.20 μM DENSPM was com-

bined with cisplatin we found the cytostatic effect of cis-
platin to increase, as illustrated in the dose-response
curves in Figure 5. From these curves, the obtained IC50

concentrations were found to be near the envelope of
additivity, indicating near-additive effects. When 10, 25,
and 50 μM DFMO were combined with cisplatin, cell
viability decreased for 10 and 25 μM DFMO and
increased for 50 μM DFMO compared with cisplatin
alone, as illustrated in the dose-response curves in
Figure 5. The obtained IC50 values were found to be on
the right of the envelope of additivity, indicating antag-
onistic to protective effects, Figure 5.
Discussion
The results presented here indicate that combination of
polyamine synthesis inhibitors with BBR3464, investigated



Figure 2 Growth inhibition of LU-HNSCC-4 cells exposed to varying concentration of cisplatin (▲) or BBR3464 (♦). Cells that had been
grown in 96-well plates for 72 h were treated with the drugs at the indicated concentrations for 1 h. Thereafter the drug containing medium was
removed and the cells incubated for 72 h before cell growth was evaluated with an MTT assay. Values represent averages of triplicate
experiments, and error bars indicate SEM.
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in an in vitro HNSCC cell line established from a primary
head and neck tumour, may be a potential regimen for head
and neck cancer chemotherapy. A clear synergistic effect
was observed when DFMO or DENSPM were combined
with BBR3464. In contrast, for combinations with cisplatin
the effect was only additive or antagonistic (protective in
one case). Interestingly, since DENSPM and BBR3464 are
polyamine analogues a competition in uptake and thus an-
tagonistic effects could have been expected. However, it
should be noted that the combination was sequential i.e.
the cells were not treated simultaneously with the two com-
pounds in any of the experiments. Thus, there should not
be any competition in uptake between DENSPM and
BBR3464.
Figure 3 Growth inhibition of LU-HNSCC-4 cells exposed to varying c
well plates and 24 hours later DFMO or DENSPM were added at the indica
Thereafter the drug containing medium was removed and the cells incuba
Values represent averages of four or more experiments, and error bars indi
Our study confirms previous results of higher antitumour
effect of BBR3464 compared with cisplatin against in vitro-
cultured tumour cell lines [2,4-8,29-31]. Several mechan-
isms for the higher antitumour effect of BBR3464 have
been suggested, e.g. increased platinum binding to DNA,
different types of DNA adducts, and that mechanisms
involved in the repair of these adducts are different from
those of cisplatin
Increased polyamine levels are associated with increased

proliferation rate, decreased apoptosis and increased ex-
pression of genes affecting tumour invasion and metastasis
[32]. Thus, the concept of treating cells with compounds
that decrease the polyamine pools has been one approach
to achieve inhibition of tumour growth. In vitro, the
oncentration of DFMO (●) or DENSPM (■). Cells were seeded in 96-
ted concentrations. The cells were incubated with the drugs for 48 h.
ted for 72 h before cell growth was evaluated with an MTT assay.
cate SEM.



Figure 4 Growth inhibition of LU-HNSCC-4 cells following treatment with BBR3464 alone or in combination with (A) DENSPM and (B)
DFMO. Cells were seeded in 96-well plates and 24 hours later DFMO or DENSPM were added at the indicated concentrations. The cells were
incubated with the drugs for 48 h. Thereafter the cells were treated with BBR3464 at the indicated concentrations. After one 1 h of BBR3464
treatment, the drug containing medium was removed and the cells incubated for 72 h before cell growth was evaluated with an MTT assay. In
the combination experiments cells were treated with different concentrations of DENSPM: 0 (□), 0.075 (●), 0.10 (♦), or 0.20 (■) μM, or DFMO: 0
(□), 10 (●), 25 (♦), or 50 (■) μM. Values represent average of triplicate experiments, and error bars indicate SEM. Isobolograms (C) and (D) for the
combination of BBR3464 with DENSPM and DFMO, respectively.
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mechanism of action of DFMO, resulting in reduced cell
proliferating, is mediated through inhibiting ODC, which
results in depletion of putrescine and spermidine [12]. The
decreased levels of putrescine and spermidine, and the
reduced cell number observed here are in accordance with
this mechanism. DENSPM, which is a spermine analogue,
was developed to inhibit the activity of both ODC and S-
adenosylmethionine decarboxylase. Furthermore, an unex-
pected effect of this analogue was the induction of the poly-
amine catabolic enzyme SSAT. The level of inhibition of
cell proliferation by DENSPM is highly dependent on the
level of induction of SSAT, which results in a massive de-
pletion of the cellular polyamine pool [15]. Furthermore, it
has been suggested that DENSPM replaces native polya-
mines at intracellular locations, without fulfilling their bio-
logical functions [33,34].
Here, we show that the intracellular levels of spermidine

and spermine were reduced, while putrescine was increased
compared to control after cells were exposed to DENSPM.
These changes of the polyamine pools could be explained
by the activated polyamine catabolism, resulting in
decreased levels of spermidine and spermine coupled to
increased levels of putrescine [35]. In our experimental
setup, DENSPM was found to inhibit cell growth more
compared with DFMO. This result is in accordance with
earlier findings showing greater antiproliferative activity of
DENSPM compared with DFMO [36]. DFMO treatment
reduced the putrescine and spermidine pools while the
spermine pool remained unchanged compared to control.
In fact DFMO treatment slightly reduced the total polya-
mine pool while DENSPM treatment did not. Thus, it
appears that the decreased spermine pool in DENSPM-
treated cells was of importance for growth inhibition pre-
sumably together with the suggestion that DENSPM
replaces native polyamine [33,34].
Although the growth of different tumour cells is sup-

pressed by treatment with polyamine biosynthesis inhibi-
tors and analogues, it has been recognized that tumours
are able to regrow when administration of these com-
pounds is interrupted [12]. Accordingly, polyamine bio-
synthesis inhibitors and analogues may be more useful
as chemotherapeutic agents when combined with an-
other drug. Indeed, sensitization of alkylating agents by
DFMO and DENSPM, have been observed [22-24,37,38].
However, other studies have found only additive or an-
tagonistic effects of combining cisplatin with polyamine



Figure 5 Growth inhibition of LU-HNSCC-4 cells following treatment with cisplatin alone or in combination with DENSPM (A) and
DFMO (B). Cells were seeded in 96-well plates and 24 hours later DFMO or DENSPM were added at the indicated concentrations. The cells were
incubated with the drugs for 48 h. Thereafter the cells were treated with cisplatin at the indicated concentrations. After one 1 h of BBR3464
treatment, the drug containing medium was removed and the cells incubated for 72 h before cell growth was evaluated with an MTT assay. In
the combination experiments cells were treated with different concentrations of DENSPM: 0 (□), 0.075 (●), 0.10 (♦), or 0.20 (■) μM, or DFMO: 0
(□), 10 (●), 25 (♦), or 50 (■) μM. Values represent average of triplicate experiments, and error bars indicate SEM. Isobolograms (C) and (D) for the
combination of cisplatin with DENSPM and DFMO, respectively.
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synthesis inhibitors [28,37]. A possible explanation to
the discrepancy between these observed results might be
that the interaction of cisplatin and polyamine biosyn-
thesis inhibitors seems to be schedule dependent [24].
However, it has also been proposed that DFMO-induced
polyamine depletions alters the structure of DNA, which
may impair the ability of cisplatinum to crosslink in the
molecule [28].
In this study, we found a clear synergistic effect when

DFMO or DENSPM were combined with BBR3464. In our
experimental setup, cells were pre-treated with DFMO or
DENSPM for 48 h prior to addition of the platinum com-
plex. DFMO produced a larger synergistic effect compared
with DENSPM, as the IC50 values are furthest to the left of
the envelope of additivity in the isobolograms. A possible
explanation for this may be related to the finding of a sig-
nificantly higher platinum uptake in cells that were pre-
treated with DFMO compared with DENSPM-treated and
control cells. This change in cellular accumulation of
BBR3464, as a result of DFMO or DENSPM treatment,
suggests that the transport of BBR3464 in to the cell is
mediated by the polyamine transport system. Interestingly,
we found a decreased platinum uptake when cells were
pre-treated with higher concentrations of DENSPM. This
observation may reflect that DENSPM accumulates in the
cell and that those native polyamines, associated with nega-
tively charged molecules, e.g. DNA and RNA are replaced
by the more inert DENSPM molecule. As a consequence,
the ability of BBR3464 to enter into the cell passing through
the polyamine transport system, and subsequently reach
the intracellular targets may be reduced. Also, polyamine
analogue treatment has been shown to induce antizyme,
which would inhibit further uptake of polyamine like mole-
cules since antizyme is an inhibitor of polyamine transport
[12,39]. This may also contribute to the fact that DENSPM
treatment at high concentrations reduces the uptake of
BBR 3463. In contrast, DFMO does not substitute for the
reduced levels of native polyamines. Instead, cells deprived
of polyamines compensate by increasing the uptake of
extracellular polyamines, thus facilitating accumulation of
the cisplatinum polyamine analogue BBR3464 in the cellu-
lar compartment.
In contrast to BBR3464, cisplatin was not found to

interact synergistically with DFMO or DENSPM. At best,
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near-additive effects were found for combinations with
DENSPM, while antagonistic or protective effects were
found for combinations with DFMO. Here, we found no
difference in accumulation of cisplatin between cells pre-
treated with DFMO or DENSPM and untreated cells.
This finding is reasonable, since it has been demon-
strated that tumour cell uptake of cisplatin is regulated
through the major Cu influx transporter CTR1 [40], and
thus, is not likely to be mediated by the polyamine trans-
port system, as shown in a previous study [41].
Intriguing is the fact that very low concentrations of

DFMO enhanced the uptake and toxicity of BBR3464.
This is very promising from a cancer treatment point of
view where a low dose of DFMO could increase the tox-
icity of BBR3464 substantially. DFMO has been used as
a chemotherapeutic and chemopreventive agent in sev-
eral studies with varying success [42,43]. Ongoing phase
II and III studies show a favourable effect of combining
DFMO and the non steroidal anti-inflammatory drug
sulindac in the chemoprevention of colon cancer devel-
opment in patients with colon adenomatous polyps [44].

Conclusions
Our results argue that polyamine synthesis inhibitors
and polyamine analogues may be useful in cancer
chemotherapy in combination with BBR3464. Since
there is large numbers of polyamine synthesis inhibitors
available there is a rationale for continuous investiga-
tions along this avenue. Also, further experiments with
BBR3464 in combination with polyamine synthesis inhi-
bitors is needed to establish the effect on the growth of
human tumours in vivo.

Methods
Drugs and chemicals
BBR3464 was generously provided by Dr Ernesto Menta
from Novuspharma S.p.A. (Monza, Italy), now Cell Thera-
peutics Europe S.r.I. (Bresso, Italy), and was dissolved in
saline immediately before use. Cisplatin was purchased
from Pharmalink AB (Stockholm, Sweden). DENSPM was
purchased from Tocris Cookson (Bristol, UK), and DFMO
was purchased from Lonza Inc. (Allendale, NJ). DENSPM
and DFMO were dissolved in phosphate-buffered saline
(PBS, GIBCO, Paisly, Scotland) and the pH was adjusted
to 7.4 with NaOH before use.

Cell line and growth conditions
An established tumour line, LU-HNSCC-4, originating
from HNSCC of the floor of the mouth was used in this
study [45]. Cells were maintained in logarithmic growth
as monolayer cultures in DMEM medium (GIBCO) sup-
plemented with 10% heat-inactivated fetal calf serum
and antibiotics (GIBCO) (100 units/ml penicillin and
100 units/ml streptomycin), in a humidified 5% CO2 at-
mosphere at 37°C.

MTT assay
The MTT assay based on the tetrazolium dye was used
to evaluate the effect of the drugs on cell growth [46].
Briefly, cells were harvested by trypsinization, electronic-
ally counted (NucleoCounter™, ChemoMetec A/S, Edi-
son, NJ), seeded (1500 cells / well) in 96-well plates, and
allowed to adhere overnight before addition of drug. In
the case of treatment with DENSPM or DFMO alone,
the drugs were added to medium and cells were incu-
bated for 48 h at concentrations ranging from 0 to
10 μM and 0 to 5 mM, respectively. After removal of the
medium containing DFMO or DENSPM, cells were
allowed to regrow in drug-free medium for 72 h before
the cell growth was determined using the MTT assay. In
the case when cells were treated with cisplatin or
BBR3464 alone, drugs were added in medium and cells
were incubated for 1 h at concentrations ranging from 0
to 100 μM or 0 to 10 μM, respectively. Thereafter, the
drug-containing medium was removed, and cells were
allowed to regrow in drug-free medium for 72 h before
cell growth was determined using the MTT assay.
The concentrations of DENSPM and DFMO chosen

for the further studies described below were based on
the results of the MTT assays described above.
In the combination experiments, cells were seeded in

96-well plates and allowed to adhere overnight. Then,
cells were treated with DENSPM (0.075, 0.1, or 0.2 μM)
or DFMO (10, 25, or 50 μM) during 48 h. Thereafter,
the drug containing medium was removed, and cells
were exposed for 1 h to cisplatin or BBR3464, at concen-
trations ranging from 0 to 100 μM or 0 to 10 μM, re-
spectively. After drug removal, cells were allowed to
regrow in drug-free medium for 72 h before the effect
on cell growth was determined and the drug interactions
were analysed by means of isobologram plotting, see
below. The cytotoxicity experiments were performed in
at least triplicate.

Test for synergy
For each experiment, the IC50 values were determined as
the concentration of drug causing a 50% growth inhib-
ition compared to control. For each combination, the
IC50 values were calculated, and the data from these
experiments was analysed using an isobologram method
[47]. In brief, the IC50-isobolgram shows the doses
required to inhibit cell growth by 50% after exposure to
cisplatin or BBR3464 alone, DENSPM or DFMO alone,
or combinations thereof. In this analysis, it was taken
into consideration that the cytostatic effect of each drug
produced non-linear dose-response curves. Therefore,
the area between the two lines in Figures 4 and 5
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indicates the “envelope of additivity”. The results from
each cell survival curve were merged and plotted. Dots
located to the left, within, or to the right of the “enve-
lope of additivity” indicate synergy, additivity and antag-
onism, respectively, between the two drugs.

Intracellular accumulation
For the investigation of the intracellular accumulation of
cisplatin and BBR3464, cells were seeded in tissue cul-
ture dishes (6 cm diameter) in triplicate and 24 hours
later, they were exposed to DENSPM (5 or 10 μM) or
DFMO (25 or 75 μM) or drug-free medium. Forty-eight
hours after DENSPM or DFMO exposure, drug-contain-
ing medium was removed and cells were treated with
0.5 μM BBR3464 or 7.5 μM cisplatin for 1 h. The plat-
inum accumulation was then analysed by inductively
coupled plasma mass-spectrometry (Thermo X7,
Thermo Elemental, Winsford, UK). All accumulation
experiments were performed in at least duplicate and
the experiment was repeated three times. Briefly, cells
were washed three times with ice-cold PBS, harvested by
trypsinization and counted and digested in 70% HNO3

for 2 h at 65°C. The samples were then diluted to a 2%
acid solution before analysis. The samples were intro-
duced in a segment-flow mode and analysed in peak-
jumping mode, 100 sweeps and 1 point per peak, 30 ms
dwell time for platinum (Pt195) and 10 ms dwell time for
bismuth (Bi209) used as an internal standard. The detec-
tion limit calculated as three times the standard devi-
ation (SD) of the blank was 0.02 μg/L. All samples were
prepared in duplicate and the method imprecision, cal-
culated as the coefficient of variation for duplicate mea-
surements, was 1.6%.

Measurement of polyamines
Cells were seeded in tissue culture dishes (6 cm diam-
eter) in triplicate and, 24 hours later, cells were exposed
to DENSPM (0.1 μM) or DFMO (50 μM). Cells were
collected for polyamine analysis at the time of seeding
and then 1 – 3 days after seeding. Briefly, cells were har-
vested, washed three times with ice-cold PBS and
counted. Cell pellets were stored at -20º until analysis.
Chromatographic separation and quantitative determin-
ation of the polyamines in cell extracts in 0.2 M perchlo-
ric acid were carried out using high-performance liquid
chromatography (Hewlett-Packard 1100), with O-phtal-
dialdehyde as the reagent [48]. The experiment was per-
formed twice.

Statistics
All values report the mean ± standard error of the mean
(SEM) unless otherwise specified. Differences between
groups were analysed using ANOVA and then unpaired
t-test (RS/1, Brooks Automation, Inc., Chelmsford, MA
U.S.A.).

Abbreviations
DENSPM: N1,N11-diethylnorspermine; DFMO: α-difluoromethylornithine; 5-
FU: 5-fluorouracil; HNSCC: Squamous carcinoma cell line of the head and
neck; ODC: Ornithine decarboxylase; SSAT: Spermine/spermidine N1-
acetyltransferase.

Competing interests
The authors declare that they have no competing interests.

Acknowledgements
This work was supported by the Foundations of the University Hospital of
Lund, the Swedish Cancer Society (1304-B04-18XAC and 4839-B03-01PAC),
the King Gustaf V Jubilee fund (04-4251), Laryngfonden, Govermental
funding of clinical research within the NHS, Region of Scania R&D funding,
the Royal Physiographical Society in Lund, the Kamprad Foundation, the
Gunnar, Arvid and Elisabeth Nilssons Cancer Foundation, the Per-Eric and
Ulla Schyberg Foundation and the Crafoord Foundation.

Author details
1Department of Otorhinolaryngology/Head and Neck Surgery, University
Hospital, S-221 85, Lund, Sweden. 2Department of Oncology, University
Hospital, S-221 85, Lund, Sweden. 3Ferring Pharmaceuticals A/S, DK-2300,
Copenhagen S, Denmark. 4Department of Cell and Organism Biology, Lund
University, S-223 62, Lund, Sweden.

Ethical permission
Ethics Committee of Lund University (approval No. LU 376-01).

Authors’contributions
JK participated in the design of the study, performed most of the
experiments, and drafted the manuscript. JW conceived of the study, and
participated in its design and coordination and helped to draft the
manuscript. SMO helped in polyamine analysis and final drafting of the
manuscript. All authors read and approved the final manuscript.

Received: 5 April 2012 Accepted: 28 May 2012
Published: 28 May 2012

References
1. Brabec V, Kasparkova J, Vrana O, Novakova O, Cox JW, Qu Y, Farrell N: DNA

modifications by a novel bifunctional trinuclear platinum phase I
anticancer agent. Biochemistry 1999, 38:6781–6790.

2. Manzotti C, Pratesi G, Menta E, Di Domenico R, Cavalletti E, Fiebig HH,
Kelland LR, Farrell N, Polizzi D, Supino R, Pezzoni G, Zunino F: BBR3464: a
novel triplatinum complex, exhibiting a preclinical profile of antitumor
efficacy different from cisplatin. Clin Cancer Res 2000, 6:2626–2634.

3. Riccardi A, Ferlini C, Meco D, Mastrangelo R, Scambia G, Riccardi R:
Antitumour activity of oxaliplatin in neuroblastoma cell lines. Eur J
Cancer 1999, 35:86–90.

4. Orlandi L, Colella G, Bearzatto A, Abolafio G, Manzotti C, Daidone MG,
Zaffaroni N: Effects of a novel trinuclear platinum complex in cisplatin-
sensitive and cisplatin-resistant human ovarian cancer cell lines:
interference with cell cycle progression and induction of apoptosis. Eur J
Cancer 2001, 37:649–659.

5. Perego P, Caserini C, Gatti L, Carenini N, Romanelli S, Supino R, Colangelo D,
Viano I, Leone R, Spinelli S, Pezzoni G, Manzotti C, Farrell N, Zunino F: A
novel trinuclear platinum complex overcomes cisplatin resistance in an
osteosarcoma cell system. Mol Pharmacol 1999, 55:528–534.

6. Perego P, Gatti L, Caserini C, Supino R, Colangelo D, Leone R, Spinelli S,
Farrell N, Zunino F: The cellular basis of the efficacy of the trinuclear
platinum complex BBR3464 against cisplatin-resistant cells. J Inorg
Biochem 1999, 77:59–64.

7. Servidei T, Ferlini C, Riccardi A, Meco D, Scambia G, Segni G, Manzotti C,
Riccardi R: The novel trinuclear platinum complex BBR3464 induces a
cellular response different from cisplatin. Eur J Cancer 2001, 37:930–938.

8. Pratesi G, Perego P, Polizzi D, Righetti SC, Supino R, Caserini C, Manzotti C,
Giuliani FC, Pezzoni G, Tognella S, Spinelli S, Farrell N, Zunino F: A novel
charged trinuclear platinum complex effective against cisplatin-resistant



Kjellström et al. Cancer Cell International 2012, 12:20 Page 9 of 9
http://www.cancerci.com/content/12/1/20
tumours: hypersensitivity of p53-mutant human tumour xenografts. Br J
Cancer 1999, 80:1912–1919.

9. Peters GJ, van der Wilt CL, van Moorsel CJ, Kroep JR, Bergman AM, Ackland
SP: Basis for effective combination cancer chemotherapy with
antimetabolites. Pharmacol Ther 2000, 87:227–253.

10. Cosaert J, Quoix E: Platinum drugs in the treatment of non-small-cell lung
cancer. Br J Cancer 2002, 87:825–833.

11. Gourley C, Cassidy J, Edwards C, Samuel L, Bisset D, Camboni G, Young A,
Boyle D, Jodrell D: A phase I study of the trinuclear platinum compound,
BBR3464, in combination with protracted venous infusional 5-
fluorouracil in patients with advanced cancer. Cancer Chemother
Pharmacol 2004, 53:95–101.

12. Cohen S: A Guide to the Polyamines. Oxford: Oxford University Press Inc;
1998.

13. Heby O: Role of polyamines in the control of cell proliferation and
differentiation. Differentiation 1981, 19:1–20.

14. Porter CW, Bergeron RJ: Enzyme regulation as an approach to
interference with polyamine biosynthesis–an alternative to enzyme
inhibition. Adv Enzyme Regul 1988, 27:57–79.

15. Porter CW, Ganis B, Libby PR, Bergeron RJ: Correlations between
polyamine analogue-induced increases in spermidine/spermine N1-
acetyltransferase activity, polyamine pool depletion, and growth
inhibition in human melanoma cell lines. Cancer Res 1991, 51:3715–3720.

16. Seiler N: Thirty years of polyamine-related approaches to cancer therapy.
Retrospect and prospect. Part 2. Structural analogues and derivatives.
Curr Drug Targets 2003, 4:565–585.

17. Alm K, Berntsson PS, Kramer DL, Porter CW, Oredsson S: Treatment of cells
with the polyamine analog N1, N11-diethylorspermine retards S phase
progression within one cell cycle. Eur J Biochem 2000, 267:4157–4164.

18. Hegardt C, Johannsson OT, Oredsson S: Rapid caspase-dependent cell
death in cultured human breast cancer cells induced by the polyamine
N1, N11-diethylorspermine. Eur J Biochem 2002, 269:1033–1039.

19. Seiler N, Delcros JG, Moulinoux JP: Polyamine transport in mammalian
cells. An update. Int J Biochem Cell Biol 1996, 28:843–861.

20. Alhonen-Hongisto L, Seppanen P, Janne J: Intracellular putrescine and
spermidine deprivation induces increased uptake of the natural
polyamines and methylglyoxal bis(guanylhydrazone). Biochem J 1980,
192:941–945.

21. Persson L, Holm I, Ask A, Heby O: Curative effect of DL-2-
difluoromethylornithine on mice bearing mutant L1210 leukemia cells
deficient in polyamine uptake. Cancer Res 1988, 48:4807–4811.

22. Allen ED, Natale RB: Effect of alpha-difluoromethylornithine alone and in
combination with doxorubicin hydrochloride, cis-
diamminedichloroplatinum (II), and vinblastine sulfate on the growth of
P3J cells in vitro. Cancer Res 1986, 46:3550–3555.

23. Chang BK, Black O Jr, Gutman R: Inhibition of growth of human or
hamster pancreatic cancer cell lines by alpha-difluoromethylornithine
alone and combined with cis-diamminedichloroplatinum (II). Cancer Res
1984, 44:5100–5104.

24. Chang BK, Gutman R, Chou TC: Schedule-dependent interaction of alpha-
difluoromethylornithine and cis-diamminedichloroplatinum(II) against
human and hamster pancreatic cancer cell lines. Cancer Res 1987,
47:2247–2250.

25. Hawthorne TR, Austin JK Jr: Synergism of the polyamine analogue, N1,
N11-bisethylnorspermine with cis-diaminedichloroplatinum (II) against
murine neoplastic cell lines in vitro and in vivo. Cancer Lett 1986, 99:99–
107.

26. Kurihara H, Matsuzaki S, Tamura M, Sugimoto H, Tsukahara T, Yamazaki H:
alpha-Difluoromethylornithine increases the anti-tumor effect of cis-
diamminedichloroplatinum in G-XII rat glioma. Neurol Med Chir (Tokyo)
1995, 35:215–220.

27. Marverti G, Piccinini G, Ghiaroni S, Barbieri D, Quaglino D, Moruzzi MS: N1,
N12-bis(ethyl)spermine effect on growth of cis-
diamminedichloroplatinum (II)-sensitive and -resistant human ovarian-
carcinoma cell lines. Int J Cancer 1998, 78:33–40.

28. Oredsson SM, Deen DF, Marton LJ: Decreased cytotoxicity of cis-
diamminedichloroplatinum (II) by alpha-difluoromethylornithine
depletion of polyamines in 9 L rat brain tumor cells in vitro. Cancer Res
1982, 42:1296–1299.

29. Perego P, Gatti L, Righetti SC, Beretta GL, Carenini N, Corna E, Dal Bo L,
Tinelli S, Colangelo D, Leone R, Apostoli P, Lombardi L, Beggiolin G, Piazzoni
L, Zunino F: Development of resistance to a trinuclear platinum complex
in ovarian carcinoma cells. Int J Cancer 2003, 105:617–624.

30. Riccardi A, Meco D, Ferlini C, Servidei T, Carelli G, Segni G, Manzotti C,
Riccardi R: In vitro and in vivo antitumor activity of the novel trinuclear
platinum complex BBR3464 in neuroblastoma. Cancer Chemother
Pharmacol 2001, 47:498–504.

31. Roberts JD, Peroutka J, Farrell N: Cellular pharmacology of polynuclear
platinum anti-cancer agents. J Inorg Biochem 1999, 77:51–57.

32. Gerner EW, Meyskens FL Jr: Polyamines and cancer: old molecules, new
understanding. Nat Rev Cancer 2004, 4:781–792.

33. Basu HS, Feuerstein BG, Deen DF, Lubich WP, Bergeron RJ, Samejima K,
Marton LJ: Correlation between the effects of polyamine analogues on
DNA conformation and cell growth. Cancer Res 1989, 49:5591–5597.

34. Bergeron RJ, Hawthorne TR, Vinson JR, Beck DE Jr, Ingeno MJ: Role of the
methylene backbone in the antiproliferative activity of polyamine
analogues on L1210 cells. Cancer Res 1989, 49:2959–2964.

35. Alhonen L, Karppinen A, Uusi-Oukari M, Vujcic S, Korhonen VP, Halmekyto
M, Kramer DL, Hines R, Janne J, Porter CW: Correlation of polyamine and
growth responses to N1, N11-diethylnorspermine in primary fetal
fibroblasts derived from transgenic mice overexpressing spermidine/
spermine N1-acetyltransferase. J Biol Chem 1998, 273:1964–1969.

36. Chang BK, Liang Y, Miller DW, Bergeron RJ, Porter CW, Wang G: Effects of
diethyl spermine analogues in human bladder cancer cell lines in
culture. J Urol 1993, 150:1293–1297.

37. Hunter KJ, Deen DF, Pellarin M, Marton LJ: Effect of alpha-
difluoromethylornithine on 1,3-bis(2-chloroethyl)-1-nitrosourea and cis-
diamminedichloroplatinum(II) cytotoxicity, DNA interstrand cross-linking,
and growth in human brain tumor cell lines in vitro. Cancer Res 1990,
50:2769–2772.

38. Marton LJ: Effects of treatment with DNA-directed cancer
chemotherapeutic agents after polyamine depletion. Pharmacol Ther
1987, 32:183–190.

39. Mitchell JL, Simkus CL, Thane TK, Tokarz P, Bonar MM, Frydman B, Valasinas
AL, Reddy VK, Marton LJ: Antizyme induction mediates feedback
limitation of the incorporation of specific polyamine analogues in tissue
culture. Biochem J 2004, 384:271–279.

40. Safaei R, Howell SB: Copper transporters regulate the cellular
pharmacology and sensitivity to Pt drugs. Crit Rev Oncol Hematol 2005,
53:13–23.

41. Gosland MP, Gillespie MN, Tsuboi CP, Tofiq S, Olson JW, Crooks PA, Aziz SM:
Reversal of doxorubicin, etoposide, vinblastine, and taxol resistance in
multidrug resistant human sarcoma cells by a polymer of spermine.
Cancer Chemother Pharmacol 1996, 37:593–600.

42. Seiler N: Thirty years of polyamine-related approaches to cancer therapy.
Retrospect and prospect. Part 1. Selective enzyme inhibitors. Curr Drug
Targ 2003, 4:537–564.

43. Raul F: Revival of 2-(difluoromethyl)ornithine (DFMO), an inhibitor of
polyamine biosynthesis, as a cancer chemopreventive agent. Biochem
Soc Trans 2007, 35:353–355.

44. Gerner EW, Meyskens FL Jr, Goldschmid S, Lance P, Pelot D: Rationale for,
and design of, a clinical trial targeting polyamine metabolism for colon
cancer chemoprevention. Amino Acids 2007, 33:189–195.

45. Yamatodani T, Ekblad L, Kjellén E, Johnsson A, Mineta H, Wennerberg J:
Epidermal growth factor receptor status and persistent activation of Akt
and p44/42 MAPK pathways correlate with the effect of cetuximab in
head and neck and colon cancer cell lines. J Cancer Res Clin Oncol 2009,
135:395–402.

46. Carmichael J, DeGraff WG, Gazdar AF, Minna JD, Mitchell JB: Evaluation of a
tetrazolium-based semiautomated colorimetric assay: assessment of
radiosensitivity. Cancer Res 1987, 47:943–946.

47. Kano Y, Suzuki K, Akutsu M, Suda K, Inoue Y, Yoshida M, Sakamoto S, Miura
Y: Effects of CPT-11 in combination with other anti-cancer agents in
culture. Int J Cancer 1992, 50:604–610.

48. Seiler N, Knödgen B: Determination of poly-amines and related
compounds by reverse-phase high-performance liquid chromatography:
improved separation systems. J Chromatogr Biomed Appl 1985, 339:45–57.

doi:10.1186/1475-2867-12-20
Cite this article as: Kjellström et al.: Increased toxicity of a trinuclear Pt-
compound in a human squamous carcinoma cell line by polyamine
depletion. Cancer Cell International 2012 12:20.


	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Results
	Effect of DFMO and DENSPM on polyamine levels
	Effect of DFMO and DENSPM on cellular accumulation of cisplatin and BBR3464
	Cytotoxicity studies

	Discussion
	link_Fig1
	link_Tab1
	link_Fig2
	link_Fig3
	link_Fig4
	link_Fig5
	Conclusions
	Methods
	Drugs and chemicals
	Cell line and growth conditions
	MTT assay
	Test for synergy
	Intracellular accumulation
	Measurement of polyamines
	Statistics

	Competing interests
	Acknowledgements
	Author details
	Ethical permission
	Authors&rsquo;contributions
	References
	link_CR1
	link_CR2
	link_CR3
	link_CR4
	link_CR5
	link_CR6
	link_CR7
	link_CR8
	link_CR9
	link_CR10
	link_CR11
	link_CR12
	link_CR13
	link_CR14
	link_CR15
	link_CR16
	link_CR17
	link_CR18
	link_CR19
	link_CR20
	link_CR21
	link_CR22
	link_CR23
	link_CR24
	link_CR25
	link_CR26
	link_CR27
	link_CR28
	link_CR29
	link_CR30
	link_CR31
	link_CR32
	link_CR33
	link_CR34
	link_CR35
	link_CR36
	link_CR37
	link_CR38
	link_CR39
	link_CR40
	link_CR41
	link_CR42
	link_CR43
	link_CR44
	link_CR45
	link_CR46
	link_CR47
	link_CR48

