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Abstract

Oxaliplatin is a third generation platinum (Pt) drug with a diaminocyclohexane (DACH) entity, which has recently obtained world-
wide approval for the clinical treatment of colon cancer, and apparently operates by a different mechanism of action to the classical cis-
platin or carboplatin. Introducing a novel dual mechanism of action is one approach in designing a new platinum-based anticancer agent,
whereby an appropriate ligand, such as demethylcantharidin (DMC), is released from the parent compound to exert a cytotoxic effect, in
addition to that of the DNA-alkylating function of the platinum moiety. To investigate the likelihood of a novel dual mechanism of
anticancer action, demethylcantharidin-integrated Pt complexes: Pt(R, R-DACH)(DMC) with the same Pt-DACH moiety as oxaliplatin,
and Pt(NH;),(DMC) akin to carboplatin; were studied for their ability to induce DNA damage in HCT116 colorectal cancer cells by an
alkaline comet assay. The results showed that the DMC ligand released from the novel complexes caused additional DNA lesions when
compared with oxaliplatin and carboplatin. The comet assay also revealed that the DNA-damaging behavior of cisplatin is character-
istically different; and this study is the first to demonstrate the ability of DMC to induce DNA lesions, thus providing sufficient evidence

to explain the superior antiproliferative effect of the novel DMC-integrated complexes.

© 2007 Elsevier Inc. All rights reserved.
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Cisplatin is a classical Pt-based anticancer drug that is
widely used for the treatment of a broad spectrum of
tumors [1]. However, its use has been limited by side effects
such as nephrotoxicity and neurotoxicity, and acquired and
intrinsic resistance. Carboplatin is a second generation
platinum anticancer drug that exhibits a similar biological
profile to cisplatin but of lower potency and reduced toxic-
ity [1]. More recently, oxaliplatin has been found to be
active against colorectal cancer, which is intrinsically resis-
tant to cisplatin (Fig. 1) [2]. The cytotoxicity of oxaliplatin
is comparable to and occasionally greater than that of cis-
platin [2], but neurotoxicity is significant [1].

The cytotoxicity of classical platinum compounds is
attributed to the formation of Pt-DNA adducts through
the platination at N7-sites of purine bases in DNA, giving
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rise to 1,2-d(GpG) intrastrand cross-links [3]. In addition,
1,3-d(GpXpG) intrastrand cross-links are also a major
product of carboplatin-induced DNA lesions [4]. The
futile-cycling model involving the mismatch repair pathway
(MMR) is generally accepted as an explanation for the
cytotoxicity induced by cisplatin—-DNA adducts [2]. This
concept has been reinforced by the recent discovery of an
MMR-dependent apoptotic activation mechanism [5].
Oxaliplatin forms R, R-DACH-Pt-DNA adducts (R,
R-DACH: trans-R, R-diaminocyclohexane) via platination
at DNA resulting in 1,2-d(GpG) intrastrand cross-links [6].
In contrast to cisplatin—-DNA adducts, the MMR protein
hMutSa has a low affinity for oxaliplatin—-DNA adducts
[2]. The hydrolysis of oxaliplatin is also slower [7], and as
a consequence, forms fewer Pt—-DNA adducts than cis-
platin. Both cisplatin— and oxaliplatin—-DNA adducts are
removed to a similar extent by the NER mechanism [2],
but the latter show a lower affinity for HMGBI1, which
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Fig. 1. Chemical structures of compounds referred to in this study.

shields the NER proteins in repairing DNA lesions caused
by platinum compounds [8]. Therefore, an unique mecha-
nism of drug action originating from the Pt(R, R-DACH)
moiety has been postulated that is different from cisplatin
[2].

Demethylcantharidin (norcantharidin) is a demethylated
form of cantharidin, which is an active principle of Myl-
abris (dried body of the blister beetle) that has been used
as a traditional Chinese medicine (TCM) [9]. Both cantharidin
and demethylcantharidin (DMC) possess anticancer activ-
ity [10], and the latter, being less toxic, has been used to
treat hepatoma, oesophagus carcinoma, and gastric cancer
[9]. Previous studies showed that cantharidin and DMC
inhibited the activity of protein phosphatases, particularly
PP2A, and were able to promote the cell cycle from G,
to S phase with subsequent G,/M arrest [11]; and it has
been suggested that as a result, cells died from immature
mitosis [10]. A recent study has demonstrated that canthar-
idin can cause DNA damage, which may be the main con-
tributory factor for the cytotoxicity of DMC and
cantharidin [12]; but the actual mechanism of action
remains unclear.

We have reported the synthetic integration of DMC
with a frans-R, R-diaminocyclohexane platinum moiety
(R,R-DACH-Pt), that is akin to oxaliplatin; and a diamine
platinum moiety ((NHj),Pt), akin to carboplatin [11]
(Fig. 1). Our studies have shown that Pt(R,R-DACH)
(DMC) exhibited greater cytotoxicity than cisplatin in
colon cancer cell lines, and flow cytometric analysis indi-
cated that this compound behaved similarly to oxaliplatin
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Fig. 2. Schematic presentation of a dual mechanism of anticancer action
exerted by DMC-platinum integrated complexes.

in influencing the cell cycle of HCT116 (human colon
cancer) cells [11]. Correspondingly, Pt(NH3),(DMC) was
more potent than carboplatin, and an early induction of
apoptosis was observed despite the compounds producing
similar cell cycle distributions [11].

Therefore, based on our previous findings, it is possible
that a novel dual mechanism of drug action for the DMC—
Pt complexes exist, whereby: (i) the platinum moiety alky-
lates DNA (as do classical Pt drugs); and (ii) the leaving
ligand (DMC) induces an extra cytotoxic effect (by addi-
tional DNA damage and/or cell cycle distortion) in cancer
cells (Fig. 2) [13].

The purpose of this study was to verify the DNA dam-
age caused by the released DMC ligand from the novel
compounds, by utilizing an alkaline comet assay and deter-
mining the Olive tail moments (OTM); and graphite fur-
nace atomic absorption (GFAA) spectroscopy, to
determine the level of Pt-DNA adducts formed. Flow
cytometry was used to ensure that the DNA strand breaks
detected by the alkaline comet assay were not due to apop-
tosis and/or necrosis. The HCT116 colorectal cancer cell
line was selected because of its MMR-deficiency contribut-
ing to intrinsic cisplatin-resistance.
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Materials and methods

Chemicals and reagents. Cisplatin and carboplatin were purchased
from Strem Chemicals, Inc. (Newburyport, USA), and oxaliplatin was
supplied by W.C. Heraeus GmbH & Co. KG (Hanau, Germany). DMC
was synthesized from a Diel-Alder’s reaction between furan and maleic
anhydride, and Pt(NH;3),(DMC) and Pt(R,R-DACH)(DMC) were syn-
thesized according to procedures described previously [11].

Cell culture and drug treatment. HCT116 cells from the American Type
Culture Collection (ATCC, Rockville, MD, USA) were grown in RPMI
1640 medium, according to standard protocols. Cells were plated in tissue
culture dishes and incubated (37°C, 5% CO,) for 18-24 h before drug
treatment. Cisplatin, carboplatin, oxaliplatin, DMC, Pt(NH;),(DMC),
and Pt(R,R-DACH)(DMC) (50uM) were exposed to cells for 3h.
Untreated cells were used as the control.

Alkaline comet assay. The alkaline comet assay was performed
according to published procedures with some modifications [14]. Cells
(approximately 250,000) treated with drug were trypsinized and suspended
in 1 mL (0.5%) low melting point agarose (LMPA). A 75uL cells-LMPA
mixture was layered onto frosted microscope slides, which were pre-coated
with 1% normal agarose. After solidification at 4°C for 30min, the
embedded cells were lysed at 4°C overnight (2.5 M NaCl, 10 mM Tris,
100 mM EDTA, and 1% Triton X-100, pH 10). The slides were incubated
in an alkaline electrophoresis solution (1mM EDTA, 300mM NaOH,
pH > 13) at 4°C for 40 min; followed by electrophoresis (2 V/cm) at 4°C
for 30min and washed with neutralization buffer (0.4 M Tris, pH 8) three
times before immersion in absolute ethanol for 20min, and air dried at
room temperature. The slides were then stained with ethidium bromide
(20pg/mL) for 10min and observed with a fluorescence microscope
(Nikon ECLIPSE E600). Fifty cells were scored onto each slide and their
Olive tail moments were measured using Komet 3.1 Europe software. The
analysis was repeated in triplicate.

Determination of sub-G, population. Flow cytometry was employed for the
sub-G; population measurements [15]. Approximately 1x10° cells were see-
ded. After drug treatment, cells were trypsinized and fixed in 70% ethanol until
analysis. Ethanol was removed before cells were suspended in 1 mL staining
solution (10mL PBS containing 10 uL Triton X-100, 2mg DNase-free R Nase
A and 200pL of 1 mg/mL propidium iodide) for 1h in the dark at room
temperature. Each experiment was performed with 20,000 events with three
replicates on a FACScan EPICS® ALTRA™ flow cytometer (Miami, USA).
The sub-G; population was quantitated using WinMDI 2.8 software.

Quantitation of Pt-DNA adducts. 1-20 x 107 cells were seeded,
depending on the level of DNA platination. A modified phenol-chloroform
method was used for the extraction of DNA [16]. Briefly, cells were tryp-

sinized and digested (100mM NaCl, 10mM Tris, 25mM EDTA, 0.5% SDS,
0.1-1mg/ml proteinase K (cell number dependent), pH 8, 50°C, 48h). The
phenol/chloroform/isoamyl alcohol mixture (25:24:1 by volume) was added,
and the aqueous layer was collected. 0.1% SDS and 1pg/mL DNase-free
RNase were used for removing RNA at 37°C for 1h. DNA was precipi-
tated with 7.5 M ammonium acetate and absolute ethanol, rinsed with 70%
ethanol, and air dried at room temperature. The DNA pellet was dissolved
in distilled water at 37°C. A portion was mixed with TE buffer (10mM Tris,
1mM EDTA, pH 8) for DNA quantitation. The remaining portion was
mixed with a 7% w/v nitric acid (1:1 by volume), and incubated at 70°C for
18h for analysis of platinum content [17]. DNA concentration was mea-
sured as absorbance at 260nm on a Perkin-Elmer UV/Vis Spectrometer
Lambda Bio 40, after diluting the DNA sample with TNE buffer (100mM
Tris, 10mM EDTA, 2.0 M NaCl, pH 8). The platinum content was
determined by GFAA on an Hitachi Z-8200 atomic absorption spectrom-
eter. At least three independent experiments were performed.

Statistical analysis. For the alkaline comet assay; the determination of
Pt-DNA adduct levels; and the measurement of sub-G; populations;
results were expressed as means =+ standard deviation for replicate
experiments. Data for the alkaline comet assay were analyzed using one-
way ANOVA using SPSS 14.0 followed by the post-hoc LSD (least square
difference) test. The significance differences of Pt-DNA adduct levels
between two kinds of treatment were determined by a #-test.

Results
DNA damage induced by various drug treatments

DNA lesions induced by the test compounds on
HCT116 cells were detected by an alkaline comet assay
and the OTMs measured (Fig. 3). When the three platinum
drugs were compared, the tail moment for cisplatin treat-
ment was reduced when compared with the control (3.7
vs. 8.4; P<0.05), and it was the shortest among the
compounds tested. In contrast, there were increased tail
moments after carboplatin and oxaliplatin treatments (oxa-
liplatin: 23.7; carboplatin: 17.4; control: 8.4; P < 0.05); and
that for DMC was intermediate (18.5). The tail moments
for Pt(NH;),(DMC) and Pt(R, R-DACH)(DMC) were
increased relative to the control (29.1; 39.1; 8.4, respec-
tively; P <0.05). The order of OTM was as follows:
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Fig. 3. The Olive tail moment + standard deviation (n = 3) in HCT116 cells treated with 50uM drugs for 3h. *P <0.05 for drugs against the control;
#P <0.05 for Pt(NH3),(DMC) against carboplatin; TP < 0.05 for Pt(R, R-DACH)(DMC) against oxaliplatin.
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Table 1
Pt-DNA adduct levels + standard deviation in HCT116 cells treated with
50uM drugs for 3h

Treatment Pt-DNA adduct levels
(pg of Pt/pg of DNA)

Cisplatin 26.7 £9.3%

Carboplatin 0.8 4+ 0.4%°

Pt(NH;)»,(DMC) 3.0£0.9°

Oxaliplatin 12.9 +4.8%¢

Pt(R, R-DACH)(DMC) 11.6+3.7

The number of experiments performed is 3-6.
& P <0.05 for all treatments against the control.
> P <0.05 for Pt(NH;),(DMC) against carboplatin.
¢ P>0.05 for Pt(R,R-DACH)(DMC) against oxaliplatin.

Pt(R, R-DACH)(DMC) > Pt(NH3),(DMC) > oxaliplatin >
DMC > carboplatin > carboplatin > control > cisplatin.

Formation of Pt-DNA adducts

GFAA determines the total amount of platinum-DNA
adducts formed due to intra- and interstrand cross-links
after drug treatment. The levels of Pt—-DNA adduct formed
for each tested compound are shown in Table 1. Cisplatin
induced the highest level of Pt-DNA adducts, and carbo-
platin the lowest (range from 26.7 to 0.8 pg of Pt/ug of
DNA). The amount of cisplatin-DNA adducts was
approximately twice that formed with oxaliplatin (26.7
vs. 12.9 pg of Pt/pg of DNA). This result is consistent with
previous literature reports that cisplatin forms 2-7 times
more lesions than oxaliplatin [2,6]. When comparing the
structurally similar Pt(NH3),(DMC) and carboplatin, the
results showed that the Pt-DNA adduct level for the for-
mer was higher (3.0 vs. 0.8 pg of Pt/pg of DNA, respec-
tively; P <0.05). Pt(R, R-DACH)(DMC) and oxaliplatin
have the same platinum moiety, but when their levels of
Pt-DNA adducts were compared, no significant difference
was observed (11.6 vs. 12.9 pg of Pt/pg of DNA, respec-
tively; P > 0.05). Interestingly, Pt(R, R-DACH)(DMC) also
formed fewer Pt-DNA adducts than cisplatin (11.6 wvs.
26.7 pg of Pt/ug of DNA, respectively; P < 0.05).

Assessment of sub-G; population by flow cytometry

In an attempt to determine whether the presence of
DNA fragments as indicated by the alkaline comet assay
was a result of apoptosis and/or necrosis, the sub-G; pop-
ulation was measured using flow cytometry. No signifi-
cantly high sub-G; populations were found for any of the
drug treatments when compared with the control (control:
0.91 £ 0.27%; drug treatments: 0.41-1.00%).

Discussion

The alkaline comet assay shows the net effect of plati-
num drug-induced DNA lesions resulting from the forma-
tion of inter- and intrastrand cross-links, as measured by
OTMs. It has been suggested from various literature

reports, that DNA migration is retarded by interstrand
DNA cross-links [14,18,19], but facilitated by intrastrand
cross-links. The latter effect is probably due to single strand
breaks resulting from alkylated bases that are undergoing
DNA repair [19], and that these bases are alkali-labile
[20]. The general understanding is that 5-10% interstrand
cross-links are formed with cisplatin treatment [3]; whereas
for carboplatin, intrastrand cross-links apparently predom-
inate, and 3-4% interstrand cross-links are detected only at
very high concentrations of the drug (e.g. cells exposed to
700 uM for 12h) [4]. Analogous to carboplatin, oxaliplatin
induces either significantly low or negligible levels of inter-
strand cross-links [2,6].

In this study, treatment with cisplatin resulted in a
reduced OTM relative to the control (Fig. 3), concurring
with the report by Wozniak et al. [18]. The data suggest
that a significant level of cisplatin-induced interstrand
DNA cross-links has been generated, as demonstrated by
the retardation of DNA migration during the electrophore-
sis step of the alkaline comet assay [14,18,19]. In contrast,
treatment with oxaliplatin and carboplatin produced
increased OTMs when compared with the control
(Fig. 3), which is also consistent with literature findings
[21].

The relatively low carboplatin concentrations used in
this study (50uM, 3h) apparently limited the degree of
interstrand DNA cross-links formed, when compared to
cisplatin. The slow dissociation of the cyclobutyldicarboxy-
late ligand (CBDCA) from carboplatin may explain why
fewer interstrand DNA cross-links are formed. With
regards to oxaliplatin, it is highly probable that the steric
bulk of the DACH moiety hindered the formation of inter-
strand DNA cross-links. A summary of the correlation
between inter- and intrastrand DNA cross-links with
OTM, illustrating the characteristically different behavior
of cisplatin, oxaliplatin, and carboplatin, is depicted in
Fig. 4.

The tail moment due to DMC treatment was increased
relative to the control (Fig. 3), and it is apparent that
DMC can cause DNA damage. This concurs with a similar
finding that cantharidin could induce DNA damage as
shown by a comet assay [12]; however, the damage causing
mechanism remains unclear. It has been proposed that can-
tharidin may increase the oxidative stress in cells that sub-
sequently lead to DNA damage [12]. Studies to date have
provided some indirect evidence for a possible relationship
between DNA damage induced by oxidative stress, and the
cytotoxicity caused by cantharidin and DMC-like
derivatives.

An earlier study conducted by Kok et al. using a DNA
precipitation assay, reported a significant DNA strand
break in KB cells (oral cancer) after treatment with DMC
[22]. This DNA strand break is likely due to an apoptotic
event rather than DNA lesions caused by DMC. This argu-
ment is supported by other findings that a significant sub-
G; population and a DNA ladder were observed when
colon cancer cells [11], oral cancer cells [23], and human
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leukemia cells [24] were treated with DMC under similar
conditions. In this current study, flow cytometry results
did not show a significantly high sub-G; population for
all drugs when compared with the control. Thus, it appears
that the results of the alkaline comet assay were due mainly
to DNA lesions generated by different drugs without apop-
totic and/or necrotic influence. This study is the first to
demonstrate the use of a comet assay to establish DMC-
induced DNA damage in HCT 116 cells.

Due to the structural similarity between
Pt(NH;),(DMC) and carboplatin, and that of Pt(R R-
DACH)(DMC) and oxaliplatin, their OTMs were com-
pared. The results indicated that there was no significant
difference in the level of Pt-DNA adducts formed between
Pt(R,R-DACH)(DMC) and oxaliplatin (Table 1); but the
tail moment for Pt(R,R-DACH)(DMC) was increased
(Fig. 3), which can be attributed to the DMC ligand being
released from Pt(R,R-DACH)(DMC) that induced addi-
tional DNA lesions. A similar analogy can be made for
the Pt(NH;3),(DMC) complex where the level of Pt-DNA
adducts was high with respect to carboplatin (Table 1).
An increased tail moment for Pt(NH3),(DMC) can be
partly attributed to DNA damage induced by the released
DMC ligand, and to the high level of Pt-DNA adducts
formed.

Previously, we have shown by flow cytometry that
Pt(NH3),(DMC) was able to trigger an early onset of apop-
tosis when compared with carboplatin, and that it was
more potent [11]. This observation can now be explained
by the likelihood of more serious DNA damage caused

by Pt(NH3),(DMC) relative to carboplatin; arising in part
from more Pt-DNA adducts being formed, and the
released DMC inducing DNA damage.

Although Pt(R,R-DACH)(DMC) induced more DNA
lesions than oxaliplatin, the cytotoxicity of the two com-
pounds is similar [11,25,26], as were their cell cycle distribu-
tion patterns [11]. Therefore it can be deduced that in this
case, the common R, R-DACH-Pt moiety in the two com-
pounds apparently dictated cytotoxicity.

Furthermore, the results showed that the levels of Pt—
DNA adduct formed for the DACH-containing Pt drugs
were lower than for cisplatin, but in fact, oxaliplatin and
Pt(R,R-DACH)(DMC) were more potent [11,25]. Hence
it is reasonable to conclude that platinum compounds con-
taining the R, R-DACH moiety are more effective antipro-
liferative agents.

In summary, the alkaline comet assay has enabled the
correlation of the degree of intrastrand and interstrand
cross-links formed in Pt-treated HCT116 cells based on
OTM measurements; and allowed the demonstration of
the characteristically different DNA-damaging behavior
of the established Pt anticancer drugs and novel DMC-Pt
complexes. From the results, it was also apparent that
the DMC ligand released from Pt(R, R-DACH)(DMC)
and Pt(NH;3),(DMC) complexes caused additional DNA
lesions when compared with oxaliplatin and carboplatin,
which would explain the superior antiproliferative effect
of DMC-integrated Pt compounds.

This study has further highlighted that the innovative
integration of DACH and DMC ligands with a Pt-moiety
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resulted in highly potent anticancer agents; and that the
mechanism of action is distinctly different from that of cis-
platin and carboplatin.
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