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ABSTRACT

Exposure to toxic chemicals, especially chemotherapeutic drugs, may induce several DNA lesions, including DNA in-
terstrand crosslinks. These crosslinks are considered toxic lesions to the dividing cells since they can induce mutations,
chromosomal rearrangements, and cell death. Many DNA interstrand crosslinks lesions can be generated by plati-
num-based chemotherapeutic agents. Satraplatin is a novel orally administered platinum-based chemotherapeutic agent.
In the present study, we investigated DNA interstrand crosslinks lesions induced by oxaliplatin and satraplatin in lym-
phocytes obtained from colorectal cancer patients and healthy volunteers. Satraplatin demonstrated an increase in inter-
strand crosslinks in a dose-dependent manner in the Comet assay (p < 0.001). In addition, satraplatin and oxaliplatin
increased significantly the number of sister chromatid exchanges up to 8.5-fold and 5.1-fold (p < 0.001) respectively,
when treated with 2 pM concentration in comparison to untreated colorectal cancer cells. Further, the yH2AX foci for-
mation was investigated by an immunofluorescence assay with oxaliplatin and satraplatin. The yH2AX foci formation
rate was increased by approximately 9-fold when lymphocytes were treated with 2 pM oxaliplatin. Satraplatin was
found to significantly induce the number of yH2AX foci by 8.5-fold and 11-fold with both 0.2 uM and 2.0 pM, respec-
tively, compared to the control volunteers that may indicate the repair system in cancer cells experiences a loss of abil-
ity to cope with the repair of DSBs. In conclusion, oxaliplatin and satraplatin effectively induced DNA interstrand
crosslinks in lymphocytes obtained from colorectal cancer patients and healthy volunteers in vitro. Here, to the best of
our knowledge we report for the first time evidence of DNA double strand breaks formation as a possible molecular
mechanism of action for satraplatin.
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1. Introduction agents such as cisplatin, carboplatin, and mitomycin C
(MMC) are used generally in the clinic and novel ICL
cancer anticancer therapeutics continue to be developed
[4,5]. The discovery and development of platinum com-
plexes is one of the great success stories in the advance-
ment of cancer chemotherapy because of the pronounced
activity of cisplatin in the treatment of testicular and ova-

rian cancers [6]. However, treatment with cisplatin is li-

Exposure to toxic chemicals, especially chemotherapeutic
drugs, may induce DNA damage, and consequently, many
chemically induced modifications may result to the DNA.
These modifications on the DNA can produce several
lesions, including DNA interstrand crosslinks. Interstrand
crosslinks are considered toxic lesions to the dividing cells

because of their capability of inducing mutations, chromo-
somal rearrangements, and cell death [1,2]. Many chemo-
therapeutic agents can initially generate covalent adducts
at DNA bases on both strands, eventually resulting in in-
terstrand crosslinks. The formation of DNA adducts
causes distortion in the DNA structure, including un-
winding and bending, and obstructs DNA replication and
transcription, thereby resulting in an enhancement in cell
death (apoptosis) in vitro and cell-cycle arrest in the G2
phase [3]. Interstrand crosslinking (ICL) based anticancer
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mited due to its severe side effects such as nephrotoxicity
and peripheral neurotoxicity [7,8]. Highly toxic DNA int-
erstrand crosslink lesions are generated by platinum-
based chemotherapeutic agents [9]. Further, the risk of
secondary malignancies is high from treatment with ICL-
inducing agents treatment [10] possibly due to mutagenic
effects of the lesions in normal cells.

In an attempt to reduce the problematic side effects of
cisplatin [11], many platinum-class derivatives were de-
veloped including oxaliplatin and satraplatin. The latter
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was introduced in the year 1993 [12] and it is still await-
ing its approval from the FDA. Satraplatin unlike other
approved platinum-based compounds (cisplatin, carbop-
latin, and oxaliplatin) is administrated orally, whereas the
others are administrated intravenously [13]. This com-
pound was considered a probable chemotherapeutic ag-
ent because it demonstrated a greater extent of cell kill-
ing in cisplatin-resistant cancers [14]. Satraplatin also de-
monstrated clinical activity against various mammalian
cancers including prostate [15,16], ovarian [12], cervical,
and lung [17] cancers.

Colorectal cancer is currently ranked as the third most
common cancer following breast and lung cancers. In the
United Kingdom, there is an average of 106 new diagno-
ses of colorectal cancer delivered on a daily basis [18].
However, the basic and molecular pharmacological ef-
fects of satraplatin are still unknown in all types of can-
cer including colorectal cancer (CRC) [19].The damage
caused to DNA by satraplatin is repaired by a mammal-
ian nucleotide excision repair pathway that is similar to
repairs done after damage by cisplatin and oxaliplatin
[20]. However, satraplatin-induced adducts are not known
to be recognized by DNA mismatch repair proteins unl-
ike those from cisplatin and carboplatin [21]. Some rese-
arch studies have suggested that satraplatin induced ad-
ducts are unable to bind to the high mobility group 1 pr-
otein, which is capable of recognizing DNA damage due
to cisplatin, and therefore trans-lesion replication is inh-
ibited [22].

Many of the compounds used as chemotherapeutic
agents exert their action in cancer cells by inducing the
formation of DNA double-strand breaks. DNA dou-
ble-strand breaks (DSBs) represent the most hazardous
type of DNA damage since a single DSB is capable of
causing cell death or disturbing the genomic integrity of
the cell [23]. DSBs are difficult to repair and extremely
harmful [24]. DSBs are more toxic in fast growing cells;
hence, agents that cause DSB formation find application
in cancer treatment. DSBs generally form when two sin-
gle-strand breaks (SSBs) occur in close proximity, or
when a SSB or certain other lesions are encountered
during DNA-replication [23]. Mediated by DSBs, DNA
lesions develop as a result of recombination between
different loci [25]. DSBs are processed by a number of
DNA repair pathways depending partly on the phases of
the cell cycle. One of the earliest DSB repair responses is
phosphorylation of the Ser-139 residue within the termi-
nal SQEY motif of the histone H2AX [26]. The phos-
phorylated form of H2AX, referred to as gammaH2AX
(yH2AX), is produced by a reaction catalysed by the
phosphatidyl-inositol 3-kinase (PI3K) family of proteins,
ATM, DNA-protein kinase catalytic subunit, and ATM
and RAD3-related (ATR). The protein kinases, ATM and
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ATR are key DNA damage response (DDR)-signalling
constituents of mammalian cells [27]. yYH2AX forms dis-
crete foci consisting of an accumulation of repair pro-
teins in large domains of chromatin around the site of the
DSB that are easily visualized by immunofluorescence
[28,29], providing a measure of the number of DSBs
within a cell [30]. The H2AX-interacting proteins in-
clude NBS1, 53BP1 and MDCI1 [31]. The observation of
intense staining of yH2AX in S phase cells and faint
staining in Gl cells in some studies [32] suggest that
yH2AX formation possibly occurs to safeguard cell cycle
checkpoints that protect the cell from genomic instability
[28].

The main aim of the present study was to measure the
interstrand crosslinks formation induced by satraplatin
against oxaliplatin. Also to investigate the induction of
DNA double strand breaks in lymphocytes obtained from
colorectal cancer patients and healthy individuals in re-
sponse to satraplatin and oxaliplatin treatments.

2. Material and Methods
2.1. Chemicals

Oxaliplatin (Cat No. 09512), Mitomycin C (Cat No. M0
503), 5-bromo-2-deoxy-uridine (BrdU) (B-9285), and fetal
bovine serum (FBS) (Cat No. F7524) were purchased
from Sigma-Aldrich (Gillingham, UK). Satraplatin (Cat
No. 129580-63-8) was purchased from LGM Pharma.
RPMI 1640 medium (Cat No.72400-013), phytohaemag-
glutinin (PHA) (Cat No0.10576-015) and penicillin-stre-
ptomycin solution (Cat No.15140-122) were obtained
from Invitrogen Ltd, UK. Anti- rabbit primary antibody
yH2AX (Phospho139) (Cat No. ab2893), Chromeo™ 488
goat anti-rabbit IgG (Cat No. ab60314) were obt- ained
from Abcam, UK. All other chemical reagents were ob-
tained from VWR International laboratory supplies in the
UK. Both satraplatin and oxaliplatin were dissolved and
diluted in dimethylsulfoxide (DMSO).

2.2. Methods

2.2.1. Blood Samples and Lymphocyte Isolation

Ethical approval (Reference no.: 04Q1202/15) for colo-
rectal cancer patients was obtained from Bradford Royal
Infirmary Hospital local Ethics Committee. Additionally,
ethical approval (Reference no.: 0405/8) was granted by
the University of Bradford Research Ethics sub-com-
mittee for healthy individuals. Peripheral blood was obt-
ained after informed consent from twenty colorectal
cancer patients and twenty healthy non-smoking volun-
teers. Blood was collected and labelled in a heparinised
anticoagulant tube, then transferred to a Falcon tube and
diluted 50:50 with saline (0.9% NaCl). Then, 6 ml of the
diluted blood was carefully layered on top of 3 ml Lym-
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phprep (Axis-shield, Norway) without disturbing the
Lymphoprep layer followed by centrifugation at 1900
rpm (800% g) for 20 minutes. The lymphocyte layer was
transferred and washed in 10ml of saline followed by
centrifugation at 1500 rpm (500% g) for 15 minutes. The
supernatant was discarded and the pellet was resus-
pended in 90% foetal bovine serum. Subsequently, the
suspension was stored in 1 ml cryovials containing 10%
DMSO at —20°C overnight; the next day the cryovials
were transferred to —80°C for storage until use.

2.2.2. Lymphocyte Treatment Prior to the Comet
Assay and Cell Viability

The lymphocytes were thawed in a 37°C water bath then
washed twice in PBS. The pellet was resuspended in PBS
in Eppendorf tubes and supplemented with different con-
centrations of oxaliplatin or satraplatin. The volumes of
oxaliplatin and satraplatin stock solution were always
kept at 1% of the final solution volume. Lymphocytes
were incubated with different oxaliplatin or satraplatin
end concentrations (0.02, 0.2, 2.0, 20 and 200 uM) for 1
hour at 37°C. After incubation, the cells were centrifuged
for 5 minutes at 4000 rpm (1330% g) and washed twice
with PBS. After the initial treatment with oxaliplatin or
satraplatin, the cells were similarly treated for 30 minutes
at 37°C with 50 uM H,0, also in a 1000 pl final volume.
The negative control was prepared without addition of
oxaliplatin or satraplatin while H,O, the positive control
was prepared by incubating the lymphocytes with 50 uM
H,0, only without any addition of oxaliplatin or satra-
platin.

The viability of the treated cells was measured after
the initial one-hour incubation with oxaliplatin or satr-
aplatin by using Trypan blue exclusion according to Hen-
derson et al. [33]. Treated cells were mixed 50:50 with
0.4% Trypan blue, and then 100 cells were scored for
viability using a phase-contrast microscope. Any concen-
tration providing cell viability below 75% was excluded.

2.2.3. The Comet Assay and Data Analysis

The Comet assay was carried out as previously described
[34]. In brief, treated cells were washed twice with PBS
and the supernatant was discarded except for 100 ul in
which the cell pellet was resuspended. The cells were
then mixed with 100 pl 1% low melting point (LMP)
agarose and 100 pl of this cell suspension were trans-
ferred onto each of two glass slides pre-coated with 1%
normal melting point (NMP) agarose. The slides were
placed on ice for 5 minutes then 100 pl 0.5% LMP aga-
rose were added to the slides as a third agarose layer. The
slides were placed on ice again for 5 minutes to allow the
agarose to set. The slides were placed overnight at 4°C in
lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tri-
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zma base, 1% Triton X-100 and 10% DMSO at pH 10).
The next day, the slides were transferred to an electro-
phoresis tray and submerged for 30 minutes in alkaline
electrophoresis buffer (300 mM NaOH and 1 mM EDTA,
pH >13) at 4°C for DNA unwinding. The electrophoresis
was carried out at 25 Volts and 300 mA (0.75 V/cm) for
30 minutes. Afterwards, the slides were washed three
times for 5 minutes each in neutralising buffer (0.4 M
Tris, pH 7.5), and the DNA was stained with 60 ul of
ethidium bromide (20 pg/ml). The slides were evaluated
by using an image analysis system (Komet 4, Kinetic
Imaging, Liverpool) using a CCD camera attached to a
fluorescence microscope with a final magnification of
200x%. A total of 100 cells were evaluated per specimen
and dose, 50 cells per duplicate slide. The Olive tail mo-
ment (OTM) was calculated as the product of the per-
centage DNA in the comet tail and the distance between
the centres of gravity for DNA in the head and tail [35]
and the data were presented as mean £S.E. Oxaliplatin or
satraplatin crosslinks were concluded as a decrease in
percentage of the OTM compared to that of hydrogen
peroxide (H,0,) [36].

2.2.4. Cell Culture

Under sterile conditions, 500 pl of whole blood was cul-
tured in 25 cm’ culture flasks containing 4.5 ml RPMI
1640 medium with Glutamax-I, 20% foetal bovine serum
(FBS) and 1% penicillin-streptomycin solution. PHA was
added to reach a 2.5% final concentration in order to
stimulate T-lymphocyte proliferation [37]. For the SCE
assay, 40 pl of 1.25 mM BrdU were additionally added
to each culture. The cultures were incubated at 37°C in
the presence of 5% CO; in air for 48 hours. Oxaliplatin
or satraplatin were added to the cultures at final concen-
trations of 0.02, 0.2, and 2 uM after 24 hours of incuba-
tion time [38]. The cells were arrested in metaphase stage
after 45 hours by adding colcemid at a final concentra-
tion of 0.15 pg/ml. The negative control was cultured
without the addition of oxaliplatin or satraplatin. Mito-
mycin C (final concentration of 0.4 pM) was used as a
positive control. Each experiment was done in duplicate
with both controls included [39].

2.2.5. Sister Chromatid Exchange

The assay carried out as previously described [40].The
culture medium was transferred into Falcon tubes and
centrifuged at 1000 rpm (330% g) for 10 minutes. The
cells were incubated in a hypotonic solution (75 mM KCl)
for 15 minutes at 37°C followed by a further centrifuga-
tion step. The cells were incubated three times in fixative
(Carnoy’s solution = 1:3 acetic acid/methanol), each time
followed by a centrifugation step. The cells were kept at
4°C overnight in fixative. Slides with metaphase spreads
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were prepared by dropping 2 equally distant spots each
of 20 pl cell suspension onto clean glass slides. Slides
were left to “age” for one week at 37°C. For SCE detec-
tion, the slides were placed in 1pg/ml bisbenzimide for
25 minutes. After a short wash in water, slides were
placed under a UV A/B lamp for 90 minutes covered
with PBS buffer. Next, the slides were transferred in 2 x
SSC at 60°C for 30 minutes, followed by staining in 5%
Giemsa in phosphate buffer for 5 minutes. Slides were
left to dry before mounting with DPX. Two slides were
prepared per culture and a total of 50 metaphases were
evaluated per treatment. All slides were blindly coded
prior to scoring using a bright-field light microscope with
1000% magnification.

The proliferation rate index (PRI) was determined ac-
cording to the formula: PRI = (M1 + 2M2 + 3M3)/N;
where M1, M2 and M3 reflect the first, second and the
third mitosis respectively while N represents the total
cells scored.

2.2.6. Immunofluorescence Detection

Lymphocyte Treatment

Separated lymphocytes were incubated with different
concentrations (0.02, 0.2 and 2 uM) of oxaliplatin or sa-
traplatin as a final concentration for 1h at 37°C in Ep-
pendorf” tubes containing 79% of RPMI 1640 media
with Glutamax-I, 20% foetal bovine serum (FBS) and
1% penicillin-streptomycin solution. Next the cells were
centrifuged for 5 minutes at 4000 rpm (1330% g) and the
cells were washed twice with PBS then cells were resus-
pended in RPMI 1640 media and incubated at 37°C for
16 hours [41].

The washing steps with PBS were repeated twice then
the cells were resuspended in 100 pl PBS and dropped on
clean slides. Once the slides dried the cells were fixed in
4% formaldehyde solution for 15 minutes at room tem-
perature (RT). The cells were washed with PBS for 5
minutes three times followed by incubation in permeabi-
lising solution (0.1% Triton X-100 in PBS) for 10 min-
utes at RT. The unspecific binding sites were blocked for
one hour in antibody blocking buffer (1% BSA in PBT).
The cells were incubated with the anti-rabbit primary an-
tibody yH2AX (Phosphol39) (Abcam, 2893) in anti-
body blocking buffer (1:100) for 45 minutes at RT then
the cells were incubated with Chromeo™ 488 goat anti-
rabbit IgG (Abcam, 60314) in 1% BSA/PBT (1:250) for
45 minutes in the dark after washing twice with PBS.
Afterwards, the cells were washed three times with PBS,
and the nuclear DNA was stained with DAPI (5 mg/ml).
ProLong” Gold antifade reagent was used as mounting
media then the slides were covered by cover slips and
left to dry on a flat surface in the dark. Untreated cells
were used as the negative control without the addition of
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oxaliplatin or satraplatin. Ethyl methanesulfonate (EMS)
(final concentration of 1.5 mM) was used as a positive
control [42]. Each experiment was done in duplicate with
both controls included A total of 100 cells was analysed
by a fluorescence microscope connected with a CCD ca-
mera (Nikon Digital Sight DS-SMC, Surrey, UK) with
1000% magnification. Two slides were prepared per treat-
ment and all of them were coded prior to analysis.

2.2.7. Statistical Analysis

Statistical analysis was carried out by using the statistical
software SPSS 13.0. The data were presented as mean
+SE and the data normality was assessed by using nor-
mal probability plots. To analyse the significance be-
tween the different treatment concentrations, the data
were analysed by one-way ANOVA followed by Dun-
nett’s post hoc test for significant differences. The level
of significance was considered at p < 0.05.

3. Results

3.1. DNA Crosslinks Formation Induced by
Oxaliplatin and Satraplatin

To qualitatively measure the DNA crosslinking action of
oxaliplatin and satraplatin in vitro, the treatment of lym-
phocytes for the alkaline Comet assay was modified.
This modification allowed the detection of the formation
of DNA crosslinks via the pseudo-reduction in DNA
damage induced by H,0O,. Colorectal cancer patient lym-
phocytes were treated with increasing concentrations of
either oxaliplatin or satraplatin (0.02 uM - 200 uM). De-
spite an increase in the oxaliplatin and satraplatin con-
centrations, our data showed that in vitro treatment of
lymphocytes resulted in a dose-dependent decrease of in-
duced DNA damage, measured with the Comet parame-
ter Olive tail moment (OTM) (Figure 1(a)). Oxaliplatin
concentrations of 0.02, 2, and 200 uM resulted in ap-
proximately 44, 66, and 70% decreased OTM, respect-
tively, compared to the H,O, control. The data were sta-
tistically significant with p < 0.01.

The OTM reduction induced by satraplatin was 49, 67,
and 75% when the lymphocytes from colorectal cancer
patients were treated correspondingly with 0.02, 2, and
200 pM. The OTM reduction was statistically significant
with satraplatin concentrations relative to control treat-
ment with H,O, (p <0.01).

In healthy volunteers, oxaliplatin treatments of 0.2, 2,
20, and 200 pM resulted in an apparent reduction of
OTM by approximately 18%, 25% (p < 0.05), 30% (p <
0.05), and 44% (p < 0.01), respectively, when compared
to the positive control (50 uM H,0,) (Figure 1(b)).

Healthy lymphocytes treated with various satraplatin
concentrations produced a statistically significant reduc-
tion in mean OTM with p < 0.01. Further, the rate of
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Figure 1. Cross-links induced by satraplatin and oxaliplatin. (a) Lymphocytes from colorectal cancer patients, untreated
(control) or treated with different concentrations of satraplatin or oxaliplatin followed by treatment with 50 uM H,0,; (b)
Lymphocytes from healthy control individuals, untreated (control) or treated with different concentrations of satraplatin or
oxaliplatin. The data are presented as the mean + SE of Olive tail moments (OTM). Data normality was assessed using nor-
mal probability plots. The data were analysed by one-way ANOVA followed by Dunnett’s post hoc test for significant differ-
ences compared to the positive control, 50 uM H,O, (*p < 0.05, **p < 0.01, ***p < 0.001).

decrease was inversely proportional to the concentration
of satraplatin used. Thus, while the least reduction in
mean OTM of ~30% was observed with 0.02 pM satra-
platin, the maximum reduction of ~75% was noted in the
case of healthy lymphocytes incubated with 200 uM sat-
raplatin (Figure 1(b)).

3.2. Sister Chromatid Exchange (SCE) Induction
by Oxaliplatin and Satraplatin

The DNA damage induced by oxaliplatin and satraplatin
was investigated with the sister chromatid exchange
(SCE) assay. SCE data for colorectal cancer patients and
healthy control lymphocytes incubated with oxaliplatin
or satraplatin for 48 hours are summarised in Table 1.
The number of SCEs formed per metaphase was signifi-
cantly increased in colorectal cancer lymphocytes from
the 6.5-fold (p < 0.01) to 8.5-fold (p < 0.001) when
treated with 0.2 pM and 2 pM satraplatin correspond-
ingly in comparison to untreated colorectal cancer cell
(control). In addition, the SCEs frequencies induced by
satraplatin increased approximately 1.7-fold in case of
both oxaliplatin treatments (0.2 uM and 2 uM).

The proliferative rate index (PRI) decreased from the
untreated colorectal cancer cell (control) value of 2.51 +
0.37 to 1.82 £ 0.22 and 1.49 £ 0.83 in the presence of 2
uM of either oxaliplatin or satraplatin, respectively.

Incubation of lymphocytes obtained from healthy vol-
unteers with concentration of 0.2 pM either of oxaliplatin
or satraplatin significantly increased the mean number of
exchanges to approximately 17 and 30 SCE per meta-
phase, respectively, compared to 2 SCE per metaphase in
untreated lymphocytes. The data indicated that when
compared to the negative control the induced SCE fre-
quency significantly increased by 7-fold (p < 0.01) and
12-fold (p < 0.001) in the treatment of 2 uM of ox-
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aliplatin and satraplatin, correspondingly (Table 1).

Table 1. Sister Chromatid Exchange (SCE). The mean of
the number of SCE £ SE was measured between healthy
controls and colorectal cancer patients’ cells treated with
oxaliplatin and satraplatin. The results were normally dis-
tributed. Therefore, the data were analysed by one-way
ANOVA followed by Dunnett’s post hoc test for significant
differences compared to the untreated control as appropri-
ate for each group (*p < 0.01,**p< 0.01, ***p < 0.001).

Treatment  Concentration SCE/Cell PRI + SE
Control - 2.48 230+0.25
MMC 0.4 uM 25.74%* 2.54+0.49
Oxaliplatin ~ 0.02 uM 13.31* 2224091
Healthy Oxaliplatin 0.2 uM 17.35% 2.08 £0.53
Individuals o .jiotatin 2 uM 23.24%%  1.80 +0.66
Satraplatin 0.02 uM 15.15% 2.32+091.
Satraplatin 0.2 uM 30.21*%*%  1.83+0.53
Satraplatin 2 uM 40.02%**  1.27 £ 0.66
Control - 5.10 2.51+0.37
MMC 0.4 uM 27.12%%* 2.67+0.31
Oxaliplatin 0.02 uM 15.61%* 2.41+0.57
Colorectal Oxaliplatin 0.2 uM 19.23* 2.16 +0.68
Cancer
Patients Oxaliplatin 2 pM 26.13*%*%  1.82+0.22
Satraplatin 0.02 uM 17.73* 2.45+0.52
Satraplatin 0.2 uM 33.34%*  1.99+0.61
Satraplatin 2 uM 42.51%*%*  1.49+0.83
JCT
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3.3. Phosphorylation of Histone H2AX Induced
by Oxaliplatin and Satraplatin

The yH2AX foci formation was investigated by the im-
munofluorescence assay in lymphocytes gained from co-
lorectal cancer patients and healthy volunteers. As shown
in Figure 2, an increased number of yH2AX foci forma-
tions were observed after treatment of the lymphocytes
with oxaliplatin or satraplatin. In colorectal cancer cells,
treatment with 0.02 uM oxaliplatin was enough to gener-
ate more of yH2AX foci than in untreated cells by 4.5-
fold. Additionally, foci formation rate was increased by
approximately 7-fold when lymphocytes treated with 0.2
uM and by 9-fold with 2 uM oxaliplatin (Figures 3(a) and
(b)). In comparison to the positive EMS-treated cells 2
UM oxaliplatin increased the number of yH2AX foci ob-
served per cell nearly by 29%. Foci yielded per cell were
significantly enhanced with the highest concentration of
oxaliplatin used with p < 0.001 and p < 0.01 in all other
cases.

After satraplatin treatments in cancer cells, the inci-
dence of the foci formation was increased with the in-
creased concentrations of satraplatin (Figure 3(a)). The
yH2AX foci induction values indicated a good correla-
tion (r = 0.86) with the concentrations of 0.02 pM, 0.2
uM and 2 puM satraplatin. Compared to the number of
foci generated by control, both 0.2 pM and 2.0 uM satra-
platin registered significant increases in the number of
yH2AX foci by 8.5-fold and 11-fold, respectively. The
induction of yH2AX foci was statistically significant (p <
0.01) with 0.02 uM satraplatin, and p < 0.001 in both of
the concentrations of satraplatin 0.2 uM and 2.0 pM.

Treatment of healthy cells with the 0.02 uM, 0.2 pM,
and 2 uM concentrations of oxaliplatin produced a higher
induction of foci by 17%, 20%, and 24%, respectively,
compared to untreated healthy cells (Figure 3(b)).

The formation of yH2AX foci increased from 2% in
untreated healthy cells to 38% when treated with 2 uM

80 -
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2 60 | xx patints+
2 2 liplati
=50 | e oxaliplatin
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EMS
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satraplatin. As indicated, the treatment of healthy cells
with satraplatin was observed to induce a significantly (p
< 0.01) higher yH2AX foci formation in healthy cells as
against those healthy cells that received no treatment.

4. Discussion

Satraplatin (JM-216), or bis (acetato) ammine dichloro
(cyclohexylamine) platinum (IV), is a novel platinum (IV)
compound that is administrated orally unlike all platinum
(IT) class of compounds. Upon administration of satrapl-
atin, a number of metabolites (JM118, JM383, JIM518,
IM559 and JM149) are formed [43]. Satraplatin and
other platinum-based compounds exhibit anti-tumour act-
ivity via the formation of DNA crosslinks in vitro [44]
which in turn results in specific cellular responses, namely,
apoptosis and inhibition of transcription leading to arrest

DAPI yH2AX

Merge

Control

Satraplation
@uM)
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Figure 2. yH2AX phosphorylation in lymphocytes from co-
lorectal cancer patients presented in untreated cells (con-
trol) and treated cells with 2 uM either of satraplatin or
oxaliplatin. DNA is counterstained with DAPI and the nu-
clei size may vary due to treatment. The image is analysed
with Nikon Digital Sight DS-SMC, Surrey, UK with 1000x
magnification.
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Figure 3. yH2AX foci induction by satraplatin and oxaliplatin in lymphocytes from (a) colorectal cancer patient or (b) healthy
controls after treatment with different concentrations of satraplatin or oxaliplatin. Data were analysed by one-way ANOVA
followed by Dunnett’s post hoc test for significant differences compared to the untreated control for each group (*p < 0.05,

**p < 0.01, ***p < 0.001).
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of cell replication [45-47]. It has been amply demon-
strated that the primary mechanism of cell death induced
by platinum compounds is through the formation of
DNA adducts [45,48,49]. The present study investigates
the effect of oxaliplatin versus satraplatin in terms of in-
terstrand crosslinking action, SCE frequencies in S phase
and induction of DNA double-strand breaks detected by
yH2AX foci formation in lymphocytes from colorectal
cancer patients and healthy individuals in vitro.

Peripheral blood lymphocytes appear to be the cells of
choice due to the fact that in a variety of cancers, these
cells demonstrate basal DNA damage [50] Many chemo-
and radiotherapeutic agents have consequently been stu0
died to establish increased baseline DNA damage and
diminished repair efficiency following exposure in can-
cer patients [51]. These appear to be the best choice of
surrogate human cells due to the fact that the collection
of lymphocytes is sufficiently non-invasive in compa-
rison to collection of other target tissues.

Using a modified treatment for the alkaline Comet
assay the induction of crosslinks by satraplatin versus
oxaliplatin was investigated. Hence, lymphocytes were
pre-treated in vitro with different concentrations of satra-
platin or oxaliplatin (0.02 uM - 200 pM) to induce cross-
links followed by an exposure to 50 uM H,0, which
reduced alkali labile sites as well as strongly induced
single-and double-strand breaks in the DNA. The red-
uced detection of these breaks due to crosslinked DNA
served to identify the action of a cross-linking agent us-
ing the Comet assay. Our results showed a dose-depen-
dent decrease in OTM up to 75% (p < 0.01) for the
highest concentration of satraplatin; i.e. a decrease of the
migration of DNA fragments and open ends in the electr-
ophoretic field due to an increased amount of crosslinks
(Figures 1(a) and (b)). However, a direct relation be-
tween satraplatin-induced DNA crosslinks and satraplatin
concentrations has also been detected. This could be ex-
plained by the fact that satraplatin is capable of forming
intrastrand and interstrand crosslinks between the ad-
jacent purine bases, which is similar to how cisplatin
binds to the DNA [52]. Oxaliplatin forms intrastrand
crosslinks between two adjacent guanine residues and
between guanine-adenosine mainly at the reactive N7-
position. Oxaliplatin also forms interstrand crosslinks,
which represent 10% of the total number of adducts [53].
The mode of action of many chemotherapeutic drugs of
importance in cancer treatment is through production of
DNA interstrand crosslinks detectible by the comet assay
in cells exposed to the drug [54]. It has recently been de-
monstrated that oxaliplatin-induced crosslinks were detec-
ted by the alkaline Comet assay using a H460 tumour
cell line and patients’ lymphocytes. This suggests that the
Comet assay provides the means for predicting patient
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response to chemotherapy with platinum compounds [45].
Similar studies indicated that the alkaline Comet assay is
widely applicable for detecting DNA cross-linking action
induced by a variety of DNA cross-linking agents [36,
55].

To determine whether the DNA damage induced by
satraplatin and oxaliplatin has an effect on chromosomes
during S phase, the SCE assay was employed. Here, to
our knowledge, we report for the first time that treatment
of lymphocytes from colorectal cancer patients with 2
UM satraplatin was sufficient to induce a significant 8.5-
fold increase (p < 0.001) in the number of sister chro-
matid exchanges (Table 1). On an equimolar basis, the
data indicated that SCE frequencies induced by satr-
aplatin was a 1.7-fold more than oxaliplatin induced SCE
in both colorectal cancer cells and healthy cells when
treated with 0.2 uM and 2 pM. It is long known, that
Satraplatin was found 2 - 7 times more potent than cis-
platin for lung cancer cell lines [17]. Another study sho-
wed that JM 118 one of satraplatin metabolites was up to
16 times more potent against prostate cancer cell lines
than its parent satraplatin [15,16]. Our data from colo-
rectal cancer cells indicated that the proliferation rate
index (PRI) decreased significantly up to 1.49 + 0.83 (p
< 0.01) and 1.82 £ 0.22 (p < 0.001) when treated with
satraplatin and oxaliplatin in the highest concentration.
Interstrand crosslink repair would necessitate both nu-
cleotide excision and recombinational repair pathways
[56]. During replication, the decreased DNA synthesis is
partially responsible in the chemotherapeutic effect of
drugs which form bulky adducts on the DNA. The post-
replication repair pathway in mammalian cells is one
possible way that allows cells to overcome replication
blocks caused by these adducts [57].

Adduct lesions induced by satraplatin and oxaliplatin
may bypass the replication process successfully after pro-
ducing a replication fork collapse. DNA replication con-
tinues even in the presence of DNA adducts leading to
DNA translesion synthesis and to miscoding errors in the
newly synthesised DNA [58]. Platinum-adducts may be
successfully bypassed by translesional DNA polym-
erases [59] and several translesional DNA polymerases
are capable of even bypassing platinum-adducts [22,60,
61]. DNA polymerase £ is able to synthesise DNA with
greater efficiency in the presence of oxaliplatin adducts
than those of cisplatin [57]. The efficiency and fidelity of
such a bypass of these induced adducts by these transl-
esional polymerases is likely to have an effect on mutag-
enicity.

In order to investigate DNA double-strand break indu-
ction induced by satraplatin, immunofluorescence dete-
ction of yH2AX foci formation was used. yH2AX is a
sensitive marker of DNA double-strand breaks produced
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by chemotherapeutics that cause double-strand breaks
[26]. In the present study, treatment of lymphocytes from
colorectal cancer patients with different concentrations of
oxaliplatin and satraplatin caused significant DNA dou-
ble-strand breaks as observed from the data on yH2AX
foci in individual cells (Figures 3(a) and (b)). Our data
indicated that the damage caused by satraplatin followed
a dose-related linear increase in the number of yH2AX
foci produced per cell. Furthermore, the yH2AX foci
formation varied linearly with the oxaliplatin dose em-
ployed. To the best of our knowledge, these results repr-
esent for the first time that yH2AX foci formation was
detected in lymphocytes either from colorectal cancer or
from healthy individuals after satraplatin treatments. The
measurement of yH2AX is closely related to the number
of DNA strand breaks, and level of cell death [62]. Ther-
efore, based on the results obtained in the present study it
can be inferred that satraplatin causes more DNA double-
strand breaks and, perhaps, cell death as compared to eq-
uimolar oxaliplatin. The reason for this could be the hig-
her interstrand crosslinks formation and cellular accum-
ulation exhibited by satraplatin as compared with oxali-
platin. Satraplatin potentially produces DNA adducts that
are more resistant to DNA nucleotide excision repair
enzymes [63]. A recent study reported a fourfold higher
accumulation of satraplatin than did oxaliplatin with
CRC cell lines [19].

Following exposure to genotoxic agents, DNA repli-
cation is generally blocked through inhibition of repli-
cation initiation and through inhibition of DNA chain
elongation when high doses of genotoxicants are used
[64]. Many ICL agents can also obstruct DNA replication
fork progression in dividing cells, resulting in the for-
mation of DSBs [41]. It is believed that the activity of
endonucleases at the sites of stalled replication forks
causes DSBs [65]. The blockage of DNA replication re-
sults in the formation of yH2AX foci at sites of stalled
replication forks [66]. Several proteins support the re-
plication fork in its action of correction of replication
errors or DNA strand breakages so that the cell cycle can
continue. The stalled replication forks can resume DNA
synthesis after the replication block has been removed,
that is, after DNA damage has been resolved [67]. It is
yet to be confirmed whether the generation of yH2AX at
the sites of stalled replication forks is triggered by the
stalled replication forks themselves [66] or occurs as a
result of DSB formation [68]. Time course experiments
conducted on a Chinese hamster ovary cell line exposed
to ionising radiation and alkylating agents showed a de-
crease in the yH2AX foci number at sites of replication
forks that undergo repair; however, unrepaired DSBs are
likely to cause chromosomal aberrations if a cell under-
goes mitosis, subsequently leading to cell death [69].
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The results of this study showing significantly higher
levels of yH2AX foci in lymphocytes of colorectal cancer
patients in relation to lymphocytes from healthy donors
would indicate that the repair system in cancer cells
experiences a loss of ability to cope with the repair of
DSBs when treated with either oxaliplatin or satr- aplatin.
Persistence of yH2AX foci after exposure to interstrand
crosslinking agents such as Pt-based com- pounds
cisplatin, oxaliplatin, and satraplatin, could refl- ect a
defective homologous repair system that is unable to repair
replication-associated DSBs [41].

The clinical diagnostic uses of yH2AX are based on
the fact that yH2AX levels essentially reflect endogenous
genomic instability in tissues and, as such, serve to indi-
cate pre-cancerous lesions [70]. It may be more relevant
to measure DSBs for anticancer agents whose efficacy is
dependent on the patient’s metabolism. A patient’s sen-
sitivity to ICL cancer anticancer therapeutics could be
evaluated by yH2AX measurements done in peripheral
blood lymphocytes or skin samples at different times
during or after treatment [70]. Following radiotherapy, in
vivo measurements of yH2AX in white blood cells
showed a very good linear correlation between the
number of yH2AX foci per lymphocytes and radiation
dose [71]. While the level of DSBs as measured by the
surrogate yH2AX in blood cells may provide information
on the effect of anticancer therapy, the response of
tumour cells to the same treatment could be dependent on
several factors including an altered gene expression and
the proportion of S-phase cells [70].

In conclusion, satraplatin effectively induced DNA
interstrand crosslinks in lymphocytes obtained from co-
lorectal cancer patients and healthy volunteers in vitro.
Phosphorylation of H2AX is a process that is crucial for
the recognition and repair of DNA double strand breaks.
The measurement of yH2AX is closely related to the
number of DNA strand breaks. An important clinical
application of yH2AX measurements is to determine the
levels DSBs generated by chemotherapeutic compounds
as a marker of treatment efficacy. Further, yH2AX meas-
urements would be useful to determine the sensitivity or
resistance to DNA damaging anticancer agents.
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